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PREFACE 

The Military Vehicle Power Plant Cooling Handbook is intended to serve as a basic reference 
for the vehicle cooling system designer. The material presented was compiled from reports, 
publications, interviews, and data provided by various agencies. 

A brief introduction has been included before each chapter to describe the basic material that 
is presented. In most instances, the reader will select only the information of immediate interest 
and not try to read the complete handbook. It is the intent that these introductions will assist the 
reader in locating the desired data. 

Titles and identifying numbers of specifications, regulations, and other official publications 
are given for the purpose of informing the user of the existence of these documents, however, care 
should be taken to ensure that the current edition is obtained. 

This handbook will be of particular value to the users and program managers in their role in 
the development of new vehicles. It will serve as a guide to (a) the generation of realistic vehicle 
specifications, (b) total system integration in cooling system design, and (c) a complete cooling 
system development and corrective action program in the vehicle development cycle. There are 
numerous incidents in the histories of military vehicle development where inadequate cooling 
capabilities have contributed to the inability of a vehicle to perform its mission in the extremes 
of the military environments. These failures stem from (a) inadequate specifications and 
requirements from which the designer must establish his detailed requirements, (b) incomplete 
analysis of the total vehicle system impacts on the cooling system performance, (c) incomplete 
development cycle provisions in the overall development project planning which cuts short the 
proper evaluation of the cooling system performance and corrective action prior to issue of 
production vehicles to the user. This chain of events too frequently results in cooling system 
induced failures and/or limited mission capability along with expensive retrofit modification 
programs. Proper cooling system designs will further aid in the conservation of energy by 
efficiently utilizing the power necessary to provide for effective vehicle cooling. The proper use 
of this handbook by the user, program managers, and designers will aid in assuring that 
inadequately cooled vehicles do not find their way into the hands of the fighting troops. 

DEFINITIONS FOR MASS, WEIGHT, and FORCE". Terms used concerning mass, weight, 
and force are often confused and therefore require clarification. The mass of a body is constant, 
whereas the weight varies from place to place proportionately to the force of gravity. 

The concept of mass involves the quantity or amount of material under consideration. In the 
various English systems the unit for mass is the pound mass, designated Ibm, which was originally 
specified as the mass of a certain platinum cylinder in the Tower of London. 

'Based on definitions from Fundamentals of Classical Thermodynamics, by G.J. Von Wylen and 
R.E. Sonntag, used by permission of John Wiley and Sons, New York, N.Y. 
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In the English Engineering system of units the concept of force is established as an 
independent quantity and the unit for force is defined in terms of an experimental procedure as 
follows. Let the standard pound mass be suspended in the earth's gravitational field at a location 
where the acceleration due to gravity is 32.174 ft/sec2. The force with which the standard pound 
mass is attracted to the earth (the buoyant effects of the atmosphere on the standard pound mass 
must also be standardized) is defined as the unit for force and is termed a pound force(lbf). Note 
that we now have arbitrary and independent definitions for force, mass, length, and time. Since 
these are related by Newton's second law we can write 

F= ma , lbf 

where 

m = mass in lbm 

a  = rate of acceleration, ft/sec2 

Note that gc is a constant that relates the units of force, mass, length, and 
time. 

For the system of units defined above, namely, the English Engineering System, we have 

1 lbf =   1 lbm x|2.174 ft/sec2 

therefore 

&  =  32.174 lbm-ft 
lbf-sec2 

Note that gc has both a numerical value and dimensions in this system and is referred to as 
the gravitational conversion constant. Since it would not be evident whether pound mass or pound 
force is being referred to, it should be emphasized that the term "pound" and the symbol "lb" 
should never be used by itself. 

Engineers have commonly used the pound (lb) both as a unit of mass and as a unit of force. 
When they speak of the volume of ten pounds of water, they mean ten pounds mass (lbm). A 
pressure of ten pounds per square inch refers to a force of ten pounds (lbf)- Weight is the force 
of gravity. The ten pounds (mass) of water referred to above would not weigh exactly ten pounds 
in a given locality unless the acceleration of gravity were 32.174 ft/sec2. 

Therefore, in this Handbook, the term "lb" will be specifically defined: The term "lbm" will 
be used when defining a quantity or amount of material, and the term "lbf" or "lb" will be used 
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when referring to a force. 

The original handbook was prepared by Teledyne Continental Motors, General Products 
Division, for the Engineering Handbook Office of Research Triangle Institute, prime contractor 
to the US Army Materiel Command. Technical supervision and guidance in this work were 
supplied by an ad hoc working group with membership from the major commands of the US 
Army Materiel Command. The final selection and approval of the data included in this 
handbook were made by the Chairman of the group, Mr. Edward J. Rambie of the US Army 
Tank-Automotive Command. 

Appreciation is expressed to the following for assistance provided during the original 
preparation of the handbook: Airscrew Howden Ltd.; Aud-NSU Auto Union; Buffalo Forge 
Co.; Carborundum Company; Cummins Engine Co., Inc.; Curtiss-Wright Corp.; Detroit Diesel, 
Allison Div., General Motors Corp.; Harrison Radiator Div., General Motors Corp.; Joy 
Manufacturing Co.; Dr. Jiunn P. Chiou, Consultant; Kysor of Cadillac; Lau Industries, Modine 
Manufacturing Co.; McCord Corp., Heat Transfer Div.; Motoren-Und Turbinen-Union 
Friedrichshafen GMBH; Phillips Research Laboratories; Schwitzer Div., Wallace-Murray Corp.; 
Standard Thompson Corp., Control Products Division; Standard Controls, Inc.: Scoville Mfg. 
Co.; and Young Radiator Company. 

The updated handbook was prepared by the Tank Automotive Research, Development and 
Engineering Center (TARDEC). Technical supervision and guidance in this work were supplied 
by the Mobility/Propulsion Area. Southwest Research Institute was contracted to update 
chapters 2, 4 and 5 along with section 1-4.5.4 of chapter 1 and sections 3-6.7 and 3-6.8 of chapter 
3.   All other updating and data approval were made by the Propulsion Product Support Team. 

This handbook can be obtained from the Defense Technical Informational Center (DTIC). 
The Reference Service Branch, DTIC-BRR, will assist in document identification, ordering and 
related questions. Telephone numbers for that office are (703) 767-9040 or DSN 427-9040. 
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CHAPTER 1 

INTRODUCTION TO THE MILITARY COOLING SYSTEM 

This chapter describes the unique military environment with emphasis on the 
effects on vehicle cooling systems. Various military vehicle cooling systems are 
described and related to the severity of use in the extremes of the military 
environment. Special kits to adapt the vehicle to special conditions are discussed. 
Reliability, maintenance, and general cooling system design requirements are 
presented. 

1-1   SCOPE 

The overall purpose of this handbook is 
to define systematic procedures for the 
design and development of cooling systems 
for military ground vehicle. 

This document applies to all facilities 
and personnel engaged in the design and 
development of cooling systems for military 
ground vehicles. 

In too many instances, military vehicles 
cooling systems have failed to perform 
satisfactorily under the severe environmental 
extremes in which they must operate. Thus, 
one purpose of this handbook is to convey to 
engineers, who may have a limited 
knowledge of the military environment, the 
difficult and rigorous conditions that are 
considered normal military operating 
conditions. Two further purposes are: 

1. To present records of previous design 
experience to forestall duplication of past 
efforts. 

2. To preserve unique technical 
knowledge which might otherwise be lost. 

A successful cooling system design is not 
determined by the selection of individual 
parts and components.  Rather it is the result 

of careful analysis of the operational 
requirements, peculiar system installation 
problems, and the integration of the cooling 
system into the complete vehicle. Only when 
the effects of all related vehicle systems are 
considered can a successful cooling system 
design be created. 

The military vehicle fleet represents an 
unusual mix of vehicles developed to an 
unusual set of design requirements. 

Designers of military equipment always 
will be faced with multiple choices of 
hardware - choices that range from complete 
vehicles to small individual components. 
The designer must choose an innovative 
military design, off-the-shelf commercial 
design, or a militarized version of a 
commercial design. In some areas the choice 
is clear. There are no commercial 
equivalents of such heavy armored vehicles 
as tanks, assault vehicles, and gun-motor 
carriages. However, these vehicles represent 
only a small percentage of the total military 
fleet. By necessity then, these types of 
vehicles always will require a purely military 
design and development approach (See Ref. 
4). 

The majority of the military fleet is 
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composed of wheeled vehicles — trucks, 
sedans, and utility vehicles. In most cases 
there are commercial counterparts of these 
vehicle and many commercial vehicles are 
used by the military. 

For most military vehicle applications, 
the use of commercial components or end 
items must be diligentiy weighed, judiciously 
selected, and carefully applied. 

To provide some basis of comparison for 
selection of military materiel, it is desirable 
to review the differences among methods of 
operation, maintenance, and environment in 
commercial and military vehicle operations. 
Commercial trucks and industrial vehicles 
supply sufficient time for adequate 
maintenance during the vehicle life cycle and 
operate their vehicles within the limits of 
design durability. Most trucks, except for 
those specifically designed for off-road use, 
generally operate in a clean environment. 
The roads are surfaced, grades have been 
reduced to reasonable slopes, and with 
today's network of highways, vehicles can be 
designed around nearly optimum operating 
conditions. 

The military environment is one that has 
no commercial counterpart. The area of 
operations may be anywhere in the world, 
the vehicles may travel on highways or cross 
country, the vehicles may or may not be 
maintained on schedule, and they may or 
may not be used for the purpose for which 
they were designed, particularly during 
combat situations. 

A military vehicle is the hardware result 
of an extensive and lengthy system 
development cycle. The need for a vehicle 
to fulfill a specific role may be specified by 
user personnel friendly forces or the US 
Army  Training  and  Doctrine  Command 

(TRADOC), by development agency such as 
the US Army Tank Automotive Command 
(USATACOM), or by a commercial 
contractor. Generally, a written description 
is prepared which will describe the vehicle 
and its performance requirements, weapon 
systems, if any and will describe the role or 
mission it is to perform. This description 
usually is circulated among the various Army 
commands for their comments prior to 
final ization. 

When general approval of the vehicle, 
vehicle configuration, and mission has been 
received, a more detailed document is 
prepared which cites detailed specifics of 
design, performance, and the intended 
mission requirements. A development group 
is selected, a development schedule prepared, 
and funding is provided. Before the vehicle 
is released for field use, an extensive series 
of tests are performed to verify the suitability 
of the vehicle for Army use and to determine 
compliance with the system specification 
(See Ref.5). 

One of the purposes of the system 
development and test cycle is to surface and 
resolve hardware and logistic problems. 
Based on the initial design approach, the 
problems encountered may or may not have 
been anticipated. The intent in all cases is to 
resolve all difficulties before the vehicle is 
fielded. Historically, however, this 
reduction of theory to practice has not been 
foolproof since most vehicles have suffered 
"growing pains" after being fielded. One of 
the most significant problems affecting 
vehicles has been inadequate cooling. This 
has been so, even when commercial vehicles 
with no history of cooling problems in 
commercial operation have been used for 
military application. 

One  of the   factors   contributing  to 
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inadequate cooling has been the terrain where 
the vehicles are required to operate. Military 
vehicles are generally required to operate in 
all types of different terrain. Most military 
vehicles must have the capability of leaving 
a paved road and driving cross country. In 
military practice there are no terrain 
limitations except for those which, by trial, 
cannot be traversed. These conditions, if not 
considered in the initial cooling system 
design, can impose additional power 
requirements with more severe vehicle 
cooling requirements. 

Military vehicles may operate in an 
overloaded condition. This overloaded 
condition may be compounded further by 
operation of a vehicle in the wrong gear 
range. The weight of the load often is 
determined by the size limitations of the 
vehicle body which may sometimes result in 
overloading the vehicle particularly under 
combat conditions. 

Maintenance of military vehicles, 
generally in combat zones, may be 
inadequate. To fulfill its many missions, the 
military fleet must be diverse, and in its 
diversity it becomes extremely complex, 
which makes an effective maintenance 
program more difficult. 

It is apparent that there are significant 
differences between the commercial and the 
military use of vehicles. In most areas these 
differences will have an impact on cooling 
requirements. 

One of the major problems confronting 
the military vehicle cooling system designer, 
particularly in combat vehicles, is the 
extremely limited space in which to install 
the power package. As a result, the cooling 
airflow path seldom can be ideal and it is 
necessary to use baffles, seals, grilles, and 

ducts   to  provide  or  direct  the  air  for 
satisfactory cooling. 

Ballistic grilles, brush screens, guards, 
and vehicle-mounted accessories contribute to 
air side pressure drops that are not present in 
commercial vehicles. These requirements 
are peculiar to the military environment and 
must be considered in the initial cooling 
system design. 

Severe vehicle vibrations, unpredictable 
degradation factors such as radiator or heat 
exchanger fin damage, scaling, plugging, and 
similar effects directly related to the military 
operating environment produce cooling 
system failures. Adequate consideration of 
these factors in an initial cooling design 
should result in a vehicle fully capable of 
satisfactory operation under all 
environmental conditions experienced during 
military operations. It must be noted that 
vehicles used in commercial operation may 
have serious cooling problems when used 
directly for military operations without 
suitable modifications. 

The causes of vehicle cooling system 
failures can be classified as follows: 

1.    Inadequate vehicle analysis and 
specifications including: 

a. Inadequate       vehicle       and 
component cooling specifications 

b. Inadequate   sizing   of   fans, 
pumps, and heat exchangers 

c. Improper fan/pump speed and 
fluid flow rates 

d. Unsuitable component and fluid 
operating temperature limits 
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e.    Insufficient reserve or safety 
factor 

f.    Inadequate technical 
information 

2. System difficulties such as: 

a. Coolant loss due to after boil, 
aeration, and leakage 

b. Deterioration and degradation 

c. Defects   causing   restrictions, 
aeration, cavitation, etc. 

3. Incomplete and/or inadequate testing 
(which may allow a system to be fielded and 
thus be a failure when it should have failed 
during test) 

4. Inadequate maintenance and operating 
procedures 

5. Failure of a pressurized system 

6. Defective components 

7. Inadequate armor protection. 

Table 1-1 presents a summary of cooling 
performance for a number of military 
vehicles. It is apparent that the performance 
of the cooling system for some of these 
vehicles is unsatisfactory. It is the goal of 
this handbook to assist the designer in 
providing adequate cooling systems for 
military vehicles. 

1-1.1 CONVENTIONAL COOLING 
SYSTEMS FOR RECIPROCATING 
INTERNAL COMBUSTION 
ENGINES 

The internal combustion engine parts 

exposed to the burning gases absorb heat 
during the combustion process, and this heat 
must be dissipated to the atmosphere at the 
same rate at which it is absorbed. This heat 
transfer rate establishes thermal equilibrium 
conditions under given operating conditions. 

Both liquid-cooled or air-cooled engines 
can be used. For liquid-cooled engines an 
ethylene glycol and water mixture generally 
is used as a cooling media when high jacket 
temperatures are desired and for protection 
against freezing in low temperature 
operation. 

The boiling point of ethylene glycol is 
387°F and when mixed with water in the 
correct proportions will lower the freezing 
point of the solution to below -65 °F for 
arctic operations. The range of engine 
operating temperatures is bounded by the 
thermostat setting and coolant boiling point. 
Since a mixture of ethylene glycol and water 
has a higher boiling point than pure water, 
the mixture allows a higher operating 
temperature. Since the specific heat of the 
mixture is lower than water, a larger volume 
of coolant will be required for the same heat 
transfer surface. 

Air-cooling eliminates the necessity of 
water or other water-antifreeze cooling 
media, coolant jackets, pumps, radiators, and 
related coolant connections, but necessitates 
individual cylinder head construction, 
finning, baffles, and fans or blowers for 
vehicle installations. Lubricating oil-cooling 
is usually mandatory. Fins of various 
lengths and shapes adequately spaced are 
used as cooling surfaces for air-cooled 
engines. Either air-cooled or liquid-cooled 
engines are successful if the vehicle cooling 
system is designed properly. 

Engine temperature depends on the 
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particular engine and operating condition. 
This temperature must fall within an 
acceptable range between maximum and 
minimum cooling conditions. Both 
overheating and overcooling should be 
avoided. For liquid-cooled engines the 
temperature limits are expressed as oil 
temperature and engine outlet coolant 
temperatures. The coolant limits are usually 
160°F minimum and 230°F (plus 
approximately 3°F per psi of radiator cap 
setting) maximum. Oil temperature 
specifications for liquid-cooled engines are 
the same as those for air-cooled engines. For 
air cooled engines the temperature limits are 
expressed in terms of lubricating oil 
temperature range and maximum cylinder 
head temperatures. The temperature limits 
usually range from 130°F minimum to 250°F 
maximum desired for steady state operation 
for lubrication oil temperature, and 500°F 
for the maximum cylinder head temperature. 
These temperature limits must be maintained 
over a wide range of operating conditions. 
Failure to do so will produce engine 
problems resulting from overheating or 
overcooling. 

Excessively high engine temperature in 
gasoline engines not only cause "knock" and 
loss of power, but also will results in damage 
to bearings and other moving parts. Cylinder 
heads and engine blocks often are warped 
and cracked, especially when coolant is 
added immediately after overheating without 
allowing the engine to cool. Overheating 
causes coolant boiling. If the vehicle is 
operated with boiling coolant, steam pressure 
forces large quantities of coolant out of the 
system through the radiator overflow pipe. 
More violent boiling then occurs, and still 
more coolant is lost. Finally, coolant 
circulation stops, and cooling fails 
completely. This means that operating an 
engine with the coolant boiling for even a 

short length of time actually may be driving 
that engine to destruction. 

Although less sudden in effect than 
overheating, overcooling may be equally 
dangerous to the engine. Low engine 
operating temperature, especially during 
freezing weather, results in excessive fuel 
consumption,, dilution of engine oil by 
unburned fuel, and formation of sludge from 
condensation of water (a product of 
combustion) in the crankcase. Lubrication 
failure may follow sludge formation and lead 
to serious engine damage. Burned fuel 
vapors also mix with water in the crankcase 
and form corrosive acids that attack engine 
parts. 

For large liquid-cooled diesel engines, 
the heat removed from the cylinder heads by 
the cooling medium varies from 15% to 20% 
of energy input. The heat removed varies 
from 20% to 35% for gasoline engines, and 
may be as high as 40% at one-third load. 
These values indicate a heat loss ranging 
from 40 to 50% of the brake horsepower 
output for large diesel engines and 100% to 
150% of the brake horsepower output for 
gasoline engines (Ref. 1). 

Piston cooling in both air- and liquid- 
cooled engines is accomplished by heat 
transfer to the cylinder walls and lubricant. 
In most air-cooled diesel engines, an 
appreciable quantity of oil is directed against 
the underside of the piston to maintain 
acceptable temperatures. 

In high output, liquid-cooled engines, the 
coolant is directed at the hottest spot, usually 
the exhaust valve seat, to minimize the 
formation of vapor bubbles that could form 
and cling to the surface causing overheating. 
In vertical engines, the coolant usually flows 
upward, around the cylinder barrels into the 
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cylinder head cooling jacket, and to the 
outlet. 

1-1.2 CONVENTIONAL COOLING 
SYSTEMS FOR ROTATING 
ENGINES 

1-1.2.1 Gas Turbine Engine 

Gas turbine engines normally are air- 
cooled and require adequate inlet and exhaust 
ducting for satisfactory operation. The air 
generally is bled off from the engine 
compressor. Internal cooling passages 
sometimes are provided in the turbine blades 
of high power output engines 

Turbine engine vehicle installations 
normally require an oil-to-air heat exchanger 
to provide cooling for the turbine engine 
lubricating oil. This heat exchanger and the 
exhaust ducting are the major components of 
the turbine engine cooling system. 

The turbine engine power output is 
influenced greatly by inlet temperature, and 
provisions must be made to prevent heated 
air recirculation and heating of the oil-cooler 
inlet system by thermal radiation. Any 
ducting required to the engine air inlet and 
exhaust outlet should be of sufficient size to 
minimize the air pressure drops. Intake or 
"compressor" noise from a turbine engine 
normally will require silencing. 

1-1.2.2 Rotating Combustion Engine 

The Wankel and other rotating 
combustion engine cooling systems basically 
are the same as the reciprocating combustion 
engine cooling systems and may be air 
cooled or liquid-cooled. The engine housing 
may be finned for air-cooling or provided 
with coolant passages for liquid-cooling. A 
conventional type coolant pump and radiator 
are used with the liquid-cooled design. Fig. 
1-1 illustrates a typical rotary engine liquid- 

COOLANT TO ENGINE 

COOLANT PUMP 

COOLANT   FROM ENGINE 

RADIATOR 

Figure 1-1. Rotary Engine Cooling System Diagram 
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cooling system. Because of the localized 
combustion heating of the rotary engine 
housing, uneven thermal stresses may 
develop. To minimize stress levels, the 
cooling jackets or fins normally are located 
in the areas exposed to combustion gases. In 
this configuration, induction air/fuel cooling 
and lubricating oil flow maintain the rotor at 
acceptable temperature levels. The engine 
rotor is cooled by circulating the lubricating 
oil through passages within the rotor. The 
oil pump draws oil from the sump, pushes it 
through a filter and then into a heat 
exchanger. Still under pressure, the oil 
continues straight into the hub of the rotor, 

circulates inside it, and flows out from the 
hub sides into the sump, where the pump can 
pick it up again. The NSU engine oil and 
coolant flow is depicted in Fig. 1-2. 
Detailed descriptions of the engine cooling 
and heat rejection characteristics of rotating 
engines are presented in Chapter 2. 

1-2     COOLING REQUIREMENTS 

Military ground vehicle cooling systems 
usually are designed for climatic conditions 
as outlined in AR 70-38 and discussed in 
detail under eight climatic categories (Ref. 
2). Each category has been differentiated on 

COOLANT 
TO RADIATOR 

COOLANT 
FROM  RADIATOR 

HEAT  EXCHANGER 

COOLANT PUMP 

OIL FILTER 

OIL PUMP 

OIL SCREEN 

WATER 

OIL 

ROTOR HUB 

Figure 1-2. NSU KKM 502 Wankel Engine Cooling System 
(From THE WANKEL ENGINE, by Jan Norbye. Copyright © 1971 

by the author.   Reprinted with the permission of the publisher, 
Chi/ton Book Company, Radnor, Pennsylvania.) 
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the basis of temperature and/or humidity 
extremes as shown in Table 1-2. Vehicle 
specifications will define the required 
operating conditions. The specifications will 
also state if the use of kits are permitted to 
meet the environmental requirements. A 
power plant must be able to operate through 
its full operating range, without overheating, 
in the specified ambient temperatures even 
though housed in an enclosed compartment 
ventilated through a restrictive type grille. 
The power plant also must operate equally 
well at low ambient temperatures, as defined 
by the system specifications, without 
degradation of performance. 

Lubricating oil temperature limitations 
based on results of high temperature 
oxidation tests have been recommended by 
the US Army Coating and Chemical 
Laboratory. These values have been 
established at 250°F for sustained engine 
operation at rated load and speed for MIL-L- 
2104 lubricant. For short periods, not 
exceeding 15 min, and allowable temperature 
of 270 °F can be tolerated. These 
temperature limitations are based upon 
results of the high temperature oxidation rate 
that approximately doubles for every 18°F 
increase above 150°F. These higher 
temperatures also increase the possibility of 
bearing corrosion that could result in early 
engine failure. 

If MIL-L-2104 oils are used as automatic 
transmission or gearbox fluids, the maximum 
allowable temperature is 300°F (Ref 3) 
because localized hot spots in transmissions 
and gearboxes are not as severe as in an 
engine. 

Wheeled vehicle power train 
components, located downstream from the 

engine heat and subjected to conducted heat 
from the transmission and radiated heat from 
the exhaust system, often are found to exceed 
the maximum oil temperature limits and 
premature failure can occur. 

1-3 TYPICAL COOLING SYSTEMS 

1-3.1 CONVENTIONAL TRUCKS 

1-3.1.1 Liquid-cooled 

A conventional liquid-cooling system, 
illustrated in Fig. 1-3, is typical of the 
system used in the Truck, Cargo, 5-ton, 6 x 
6, M939A2. 

This type cooling system consists of the 
engine radiator, radiator hoses, coolant 
thermostat, coolant pump, cooling fan, and 
fan belts. Coolant is circulated by the belt 
driven coolant pump through the oil cooler, 
and through the crankcase block coolant 
jacket where it flows around the cylinder 
walls and then into the cylinder heads. After 
circulating through the cylinder heads, the 
coolant flows into the coolant 
header/manifold. Then it flows to the intake 
manifold jacket and finally to the bypass 
thermostat housing where the thermostat 
controls the coolant flow to the radiator. A 
fan mounted on the coolant pump shaft 
provides airflow through the radiator. 

The purpose of the thermostat is to 
maintain a constant engine coolant 
temperature regardless of engine speed, load, 
coolant flow, ambient temperature and 
pressure, and the system operating pressure. 
However, when the engine heat rejection 
equals or exceeds the radiator heat transfer 
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TABLE 1-2 

SUMMARY OF TEMPERATURE, SOLAR RADIATION, AND RELATIVE HUMIDITY 
DAILY EXTREMES (Ref. 2) 

CLIMATIC 

CATEGORY 

OPERATIONAL CONDITIONS 
STORAGE AND TRANSIT 

CONDITIONS 

AMBIENT AIR 
TEMPERATURE, 

SOLAR 
RADIATION, 
Btu/Ft2-hr 

AMBIENT 
RELATIVE 
HUMIDITY, 

% 

INDUCED AIR 
TEMPERATURE, 

•F 

INDUCED 
RELATIVE 
HUMIDITY, 

% 

1 
WET-WARM 

Nearly 
constant 75 Negligible 95 to 100 

Nearly 
constant 8 0 95 to 100 

2 
WET-HOT 78 to 95 0 to 360 74 to 100 90 to 160 10 to 85 

3 
HUMID-HOT 

COASTAL 

DESERT 
85 to 100 0 to 360 63 to 90 90 to 160 10 to 85 

4 
HOT-DRY 90 to 125 0 to 360 5 to 20 90 to 160 2 to 50 

5 
INTERMEDIATE 

HOT-DRY 
70 to 110 0 to 360 20 to 85 70 to 145 5 to 50 

6 
INTERMEDIATE 

COLD 
-5 to -25 Negligible 

Tending 
toward 

saturation 
-10 to -30 

Tending 
toward 

saturation 

7 
COLD -35 to -50 Negligible 

Tending 
toward 

saturation 
-35 to -50 

Tending 
toward 

saturation 

8 
EXTREME COLD -60 to -70 Negligible 

Tending 
toward 

saturation 
-60 to -70 

Tending 
toward 

saturation 

Note:  Kits may be allowable to meet 

Category   7   and   8   conditions. 
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II— 

1 INLET 

2. FAN 
3. DRIVE BELT 
4. RADIATOR OVERFLOW TANK 
5. OVERFLOW TANK PRESSURE CAP 
6. THERMOSTAT 

7. HEATER LINE 

I. ENGINE BLOCK DRAIN PLUG 

9. CORE HOLE PLUG 

10   COOLANT PUMP 

11. HEATER LINE 
12. RADIATOR HOSE 
13. OIL COOLER LINE 
14. HOSE CLAMP 
15. OUTLET 
16. RADIATOR DRAIN COCK 

17. RADIATOR CORE 

IS. OVERFLOW TUBE 

19. RADIATOR TANK 

Figure  1-3.      Typical   Cooling System  Components   (Ref.   12) 
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capacity the coolant will boil regardless of 
the thermostat action. 

During the warm-up period when the 
thermostat is closed, provisions must be 
made to circulate coolant through the engine 
to prevent hot spots from developing. A 
coolant bypass or bleed hole in the 
thermostat permits this circulation through 
the engine (see Fig. 1-4). When the 
thermostat fully opens, the bypass is closed 
to prevent coolant flow through the bypass 
circuit which would cause a loss in radiator 
cooling efficiency. Fig 1-5 shows the 
circulation of coolant in the engine coolant 
jacket. 

Fig. 1-6 shows a schematic diagram 
indicating a vehicle engine oil cooling 
system. This cooler assembly system is an 
integral engine component. For cooling 
system design considerations, engine heat 
rejection to the lubricating oil is included in 
the total engine heat rejection rate. 

In addition to the engine heat rejection, 
other factors such as airflow restriction 
caused by accessory installations, additional 
loads such as the alternator, air compressor, 
recirculation of hot air and exhaust gases, 
and the effects of restriction of air flow 
through the entire system must be 
considered. 

1-3.1.2       Family of Medium Tactical 
Vehicles (FMTV) 

The FMTV cooling system elevation 
view is shown in Fig. 1-7. This cooling 
system consists of a radiator, charge air 
cooler, transmission oil shell and tube heat 
exchanger, surge tank, auxiliary transmission 
cooler on the heavy vehicle variants, fan, fan 
clutch, hoses, and clamps. 

The heavy duty coolant system is 
configured with the Charge Air Cooler 
(CAC) located in front of the radiator in 
approximately a vertical plane to receive 
RAM air. The radiator is located between 
the charge air cooler and the fan mounted on 
the engine crankshaft. The radiator is tilted 
at an angle of 20 degrees to allow the 
necessary length for the proper core area. 
This cooler is to be cleaned easily. The eight 
blade fan is driven directly off the 
crankshaft. The only belt in the system is the 
water pump drive which is a separate belt 
between the crankshaft pulley and the water 
pump (the alternator is driven off another 
belt). This approach reduced the reliance on 
a complex belt driven cooling fan/pulley 
arrangement for engine/transmission cooling. 
The benefits will be realized through 
improved engine cooling efficiency with 
higher reliability growth factors and 
maintenance repair ratios. The transmission 
oil to water heat exchangers are located at the 
front edge of the engine oil pan to minimize 
the drop in water side pressure drop, thereby 
increasing water pump flow to improve the 
heat transfer through the radiator. 

On the tractor and wrecker models, an 
additional oil to air heat exchanger is 
provided in series with the oil to water shell 
and tube heat exchanger. The gross vehicle 
weight of these variants requires this 
additional heat exchanger to cool the engine 
and transmission during the sixty percent 
Tractive Effort. This heat exchanger is 
located above the deep water fording line and 
incorporates a heavy duty water proof motor. 
A graphic outline schematic of the cooling 
system is provided in Fig. 1-8. 

The cooling air flow path for the radiator 
and charge air coolers begins at the front of 
the truck cab tunnel through openings in the 
cab grille and the bumper.  A 
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THERMOSTAT 
HOUSING 

COOLANT 
MANIFOLD 

COOLANT 
PUMP 

OIL 
COOLER 

ENGINE COOLANT 
INLET 

ENGINE COOLANT 
OUTLET 

-• TOTAL FLOW 
— BYPASS FLOW 
— FLOW THROUGH 

THERMOSTAT BLEED HOLE 
(A)      CONVENTIONAL COOLING SYSTEM 

CLOSED (cold ) THERMOSTAT COOLANT FLOW 
(nonbloclcing   type)1 

THERMOSTAT 
HOUSING 

COOLANT 
MANIFOLD 

COOLANT 
PUMP 

OIL 
COOLER 

ENGINE COOLANT 
INLET 

ENGINE COOLANT 
OUTLET 

(B)    CONVENTIONAL COOLING SYSTEM 
OPEN (hot) THERMOSTAT COOLANT FLOW 

(nonbloclcing  type) 

Figure  1-4.Coolant  Flow With  Coolant Bypass  and Bleed Hoi*  in  Thermostat   (Ref.   8) 
(Courtesy of Detroit Diesel  Allison Division,   General Motors  Corporation) 
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THERMOSTAT MOUSING 
\        ^THEAMi 

FRONT CVLINOER 
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splash shield prevents mud, water from 
hitting the coolers during off road operation. 
Air to the radiator passes through the charge 
air core and underneath the core: thereby 
ensuring air will get to the radiator even if 
the charge air cooler becomes completely 
fouled. Cooling air for the auxiliary oil to 
water cooler on the wrecker and tractor 
enters from behind the cab and is discharged 
to the passenger side of the vehicle. This air 
arrangement for the cooling system 
minimizes fan operating time and reduces 
both fuel consumption and noise. All vehicle 
variants have a single pass cooler for 
logistics commonality. 

1-3.2  SPECIAL PURPOSE VEHICLES 

1-3.2.1 High Mobility Multipurpose 
Wheeled Vehicle (HMMWV) 

The HMMWVA1 is shown in Fig. 1-9. 

The HMMWVA1 power package includes a 
6.2 liter Diesel LL4 engine, Hydra-Matic 
THM 400-3L80 transmission. 

The cooling system consists of a 
radiator, water crossover, coolant thermostat, 
coolant pump, surge tank, sucker fan, on/off 
oil pressure actuated fan clutch, water pump, 
drain cock, radiator shroud, air-to-oil tube 
and fin transmission oil cooler, hydraulic air 
to oil power steering cooler and engine oil 
cooler. The cooling system of the 
HMMWV is shown in Fig. 1-10. 

The radiator directs coolant through a 
series of fins and baffles so outside air drawn 
by the fan can dissipate excess engine heat 
before the coolant is recirculated through the 
engine. The radiator shroud permits a 
greater concentration of air to be pulled 
through the radiator. The coolant thermostat 
shuts off the coolant return flow to the 
radiator until a temperature of 190°F is 

2SHHf4 

w 

1. FAN 
2. 90* HOSE 
3. EXPANSION TANK 
4. PAGE ASSEMBLY 

5. WATER PIPE ASSEMBLY 
6. AIR DUCT 
7. RADIATOR WATERCOOLER 
8. CHARGE AW COOLER ICACI 

Figure  1-1.   FMTV Cooling System Elevation  View. 
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Hfa Li' 
1. Surge Tank 
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3. Cheek Valve 
4. Manually-Operated Valve 
5. Solenoid-Operated Valve 
6. Cab Heater 
7. Temperature Switch 
0. Battery Heating Colls 
9. Motor—Driven Circulating 

10. Webaeto Arctic Coolant 
11. Swing Fire Heater Heat 

Exchanger 

12. Air Compressor 
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And Tractor Only) 
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16. engine Water  Pump 
17. Transmission  Fluid  Cooler 
18. Radiator 
19 ••' Thermostat 

Figure   1-8.      FMTV Cooling System  Schematic. 
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reached. Coolant is then directed to the 
radiator through the radiator inlet hose. The 
water crossover collects coolant from 
cylinder heads and channels it to the 
thermostat housing where it is redirected 
through the cooling system. 

The engine and transmission oil cooler is 
positioned directly in front of the radiator 
where the engine oil flows through the lower 
half of the cooler and the transmission oil 
flows through the upper half of the cooler. 
The power steering cooler is part of the 
steering control system and is positioned 
ahead of the engine and transmission oil 
cooler. 

The fan clutch is hydraulically actuated 
by pressure from the hydraulic control valve 
to control fan operation. The hydraulic 
pressure is supplied by the power steering 
pump. The time delay module sends a 
delayed signal to the fan clutch solenoid for 

delay of fan actuation to provide needed 
horsepower for engine acceleration. 

The water pump is driven by V-belts and 
provides circulation of coolant through the 
cooling system. 

1-3.2.2       Carrier, Armored Personnel 
M113A3 

The M113A3 Armored Personnel 
Carrier, shown in Fig. 1-11, is full-tracked, 
diesel-powered, combat loaded weight of 
27,000 lbs, and is designed to transport 12 
troops or cargo plus driver. It is capable of 
amphibious operation across lakes and 
streams, of extended cross-country travel 
over rough terrain and of high speed 
operation on improved roads. 

The vehicle power package is a General 
Motors 6V53T Diesel engine (rated 
horsepower 275 HP) and Allison model 

Figure  1-9.   High Mobility Multi-Purpose  Wheeled  Vehicle   (HMMMV) 
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X200-4 transmission. Careful design 
attention to cooling component selections and 
placement, compartment restrictions to 
airflow, inlet and exhaust grille restrictions, 
and compartment sealing to prevent 
recirculation of heated air is necessary to 
arrive at a satisfactory vehicle cooling 
system. 

The cooling system design requirements 
are to cool adequately (maximum top tank 
temperature 230 °F) while the vehicle 
operates at .65 TE/GVW ratio in an ambient 
temperature of 120 °F. 

The radiator of the M113A3 is 
responsible to dissipate the heat from both 
the engine and the transmission to the cooling 
air. The cooling air enters the vehicle 
through the inlet grille, it then flows through 
the radiator, the power plant compartment, 
the fan and then it flows out of the vehicle 
through the exhaust grille.  Fig 1-12 

illustrates this cooling air flow path. 

A hydroviscous clutch fan drive system 
is used on the M113A3. It is basically a 
torque transmitting device. The torque 
transmitting capability is a function of clutch 
applied pressure. The higher the pressure, 
the greater the torque transmitting capability 
and the higher the fan RPM if other 
design/operating parameters are unchanged. 
The clutch applied pressure is controlled by 
the coolant temperature at the top/inlet tank 
of the engine radiator. Therefore, the fan 
speed (or the cooling air flow rate provided 
by the fan) is a function of the top tank 
temperature of the radiator. The amount of 
the cooling air provided by the fan is directly 
related to the cooling load demands. When 
the cooling load increases, the top tank 
temperature of the radiator increases, the 
clutch apply pressure increases, and the fan 
speed increases. Consequently the amount of 
the cooling air provided increases and the top 

Figure 1-11.     Armored  Personnel   Carrier M113A3 
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Turoorcharged 6V53T diesel engine 

Radiator 

Muffler 

X200-4 transmission 

Final drive units 

Figure  1-12.      M113A3   Cooling Air Flow  P«th. 

tank temperature of the engine radiator is 
stabilized. 

1-3.2.3       ARMORED COMBAT 
EARTHMOVER, M9 ACE 

The M9 ACE is an armored high-speed 
tractor capable of performing multiple 
functions - bulldozing, scraping, rough 
grading, hauling and as a prime mover. The 
speed of the tractor provides an ability to 
convoy with, or travel cross-country in 
support of, armor and mechanized units. 
The tractor has a swimming capability and 
provides operator protection similar to that of 
the Ml 13 APC. 

The power train consists of a Cummins 
V903, liquid-cooled diesel engine driving 
through a transfer case which transmits 
engine   power   to   a   Clark   power   shift 

transmission (six speeds forward, two speeds 
reverse, and torque converter input) located 
beneath the engine. A combination universal 
joint/drive shaft couples the transmission to 
a geared steer unit which provides steering 
and braking and delivers power to the final 
drives and sprockets located on each side of 
the vehicle. The cooling system schematic is 
shown in Fig. 1-13. 

1-3.2.4 PALATIZED 
SYSTEM (PLS) 

LOADING 

The PLS has a pressurized cooling 
system that protects the engine by removing 
the heat generated during the combustion 
process. The cooling system is shown in 
Fig. 1-14. The pr ssure within the cooling 
system is limited b^ a pressure release in the 
radiator filler cap. The hot coolant flows 
from the engine to the radiator tank and 
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Figure   1-13.   Armored   Combat   Eartiunover,   M9 ACS  Cooling System  Sch.emm.tic 

Figure  1-14.      PLS   Cooling System   -   (1)   Rm.dia.tor  filler  cmp,    (2)   Engine, 
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through the radiator core where a stream of 
air removes heat. This stream of air is 
drawn through the core by the fan. The 
hydraulic fan activates when the cooling 
temperature reaches 175 degrees F. A water 
pump draws coolant from the radiator and 
pushes it through the engine, repeating the 
cooling process. Thermostats mounted in 
each coolant outlet elbow remain closed until 
the coolant approaches a predetermined 
temperature when they open. When coolant 
temperature drops below thermostat rating, 
the thermostats close. An air vent line 
between the radiator and water pump inlet 
removes any air trapped in the engine when 
the cooling system is being filled. A heat 
exchanger is mounted in the rear of the 
radiator tank for cooling the transmission 
oil. An air to oil cooler mounted atop the 
core cools the hydraulic oil. 

1-3.3 COMBAT VEHICLES 

1-3.3.1   Air-cooled Engines 

1-3.3.1.1    M1A1 Abrams 

The M1A1 Abrams Tank is shown in 
Fig. 1-15. It's power pack consists of the 
AGT-1500 turbine engine, X1100-3b 
transmission, final drive, air cleaner system, 
scavenging blower, and cooling system. The 
power pack and accessories are designed for 
ease of maintenance and can be removed 
quickly and easily. 

The engine and transmission oil cooling 
is accomplished by the primary and auxiliary 
cooling systems shown in Fig. 1-16. The 
primary (engine and transmission) cooling 
system consists of a fan, fan drive system, 
cooling duct, transmission oil cooler, and 

Figure  1-15.      Tank M1A1 Abrams. 
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engine oil cooler. A separate transmission 
auxiliary cooling system consists of a fan, 
fan drive system, cooling duct, and 
transmission auxiliary oil cooler. The 
systems maintain the oil temperatures within 
acceptable limits under all climatic extremes 
and operating conditions. The cooling 
system is designed to provide adequate 
cooling at a tractive effort of .67 times gross 
vehicle weight with NBC on and an ambient 
air temperature at 125 °F. 

The fans for both systems operate at 
1.732 times engine output speed except 
during deep water fording when they are 
disengaged. Two-stage cooling fans are used 
to obtain the required static air pressure rise 
and airflow at low fan speeds and to reduce 
fan noise. 

and the primary transmission cooler, which 
is mounted adjacent to the engine cooler, has 
a fin spacing of 15 fins per inch. The denser 
engine cooler core is located directly behind 
the fan to obtain a high cooler effectiveness, 
which is required for engine oil cooling. The 
primary transmission cooler core density and 
the transmission obstruction results in an 
airflow restriction equivalent to the engine 
cooler and therefore balances the flow 
between the two coolers. The auxiliary 
transmission cooler has 11 fins per inch. 
This cooler is smaller than the combined area 
of the engine and primary transmission oil 
coolers, which results in a higher cooler air 
flow face velocity. The cooler fin spacing is 
opened up to reduce the static pressure drop 
through the cooler and optimize the system 
capability. 

The coolers are 6 inches thick and fin 
spacing is varied to balance the air flow and 
maximize the system heat rejection. The 
engine cooler fin spacing is 18 fins per inch 

The fan drive clutch is a spring engaged 
electric clutch that mounts inside the fan 
input housing. The clutch friction surfaces 
operate dry and direcdy engage an adapter on 

PRIMARY 
TRANSMISSION 
OIL COOLER 

ENGINE EXHAUST DUCT 

TURRET HYDRAULIC 
OIL COOLER 

ENGINE 
OIL COOLER 

AUXIUARY 
TRANSMISSION 
OIL COOLER 

Figure  1-16.     M1A1  Primary and Auxiliary Cooling Systt 
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the fan blades. The bearings in the clutch 
are sealed and are used to support the fan 
drive output and gear shaft. This 
arrangement allows the clutch to be 
incorporated in the fan drive without 
significantly increasing the distance between 
the fan and the fan drive shaft, thereby 
reducing the overall length of the cooling 
system. The fan drives gears and bearings 
are continuously cooled and lubricated with 
transmission oil. The cooling system inlet 
grilles are sized for 19,700 cfm with 
minimum restriction and maximum ballistics 
protection. 

1-3.3.2   Liquid-cooled Engines 

1-3.3.2.1   Bradley Fighting Vehicle 

The Bradley Fighting Vehicle (BFV) is 
shown in Fig. 1-17. The BFV power plant 
and drive train consists of the Cummins 

VTA-903T, 600 HP diesel engine, HMPT- 
500-3 transmission, propeller shafts, final 
drives, and drive sprockets. The power pack 
and accessories can be removed and 
groundhopped without requiring the coolant 
lines to be disconnected. The cooling system 
installation, shown in Fig. 1-18, cools the 
engine oil and transmission fluid. It consists 
of a fan, fan drive, fan speed control 
assembly, radiator, coolant pump, auxiliary 
tank, transmission and engine oil coolers, 
and thermostats. The cooling system 
contains a 50/50 mix of antifreeze and water. 
The coolant is cycled through the engine oil 
cooler and the transmission oil cooler by the 
engine mounted, fan belt driven coolant 
pump shown in Fig. 1-19. This process 
maintains the engine and transmission 
temperature at a safe level. Normal 
operation can range from about 150°F to 
225 °F. The engine and transmission oil 
coolers    are    both    coolant-to-oil    heat 

Figure  1-17.   Bradley Fighting Vahiclt 
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exchangers. As the coolant flows through 
the engine block, cylinder heads, oil cooler 
and transmission oil cooler it absorbs heat. 
The heated coolant then flows to the radiator 
where heat is transferred to outside air. This 
transfer is accomplished from air drawn 
through the radiator by the vane axial fan. 
The fan is driven by the power take off 
through the fan drive. Fan speed is regulated 
by a temperature sensitive fan speed control 
assembly. The speed control bypass knob, 
when depressed, causes the fan to operate at 
maximum speed. 

a full-tracked aluminum-armored vehicle 
mounting a 155 mm Howitzer. The vehicle 
power package includes a Detroit Diesel 
8V71T, turbocharged engine and an Allison 
model XTG-411-4 transmission. 

A schematic diagram of the vehicle 
cooling system is shown in Fig. 1-21. The 
engine is mounted transversely adjacent to 
the transmission. Cooling air is drawn 
through the intake grilles by two gear driven 
fans. The fans draw air through the radiator 
across the engine and out the exhaust grilles. 

1-3.3.2.2 Howitzer, 
propelled, 
M109A6 

Medium, 
155 

Self 
mm. 

The M109A6, as shown in Fig. 1-20, is 

The thermostat housing assembly for this 
cooling system is mounted externally 
from the engine, requiring additional piping 
and coolant connections. 

Figure 1-20.     Medium Self-Propelled Howitzer M109A6. 
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1-4     SPECIAL MILITARY 
CONSIDERATIONS 

1-4.1 SEVERITY OF MILITARY USAGE 

Military vehicles are exposed to extreme 
environmental conditions and are required to 
survive with no severe impairment of their 
operation. The military vehicle and its 
components must be designed to perform 
satisfactorily under all conditions of combat 
operation. They are required to have the full 
design capacity of operation in all types of 

weather and climatic conditions, and must 
possess a high degree of off-the-road 
mobility on all types of unfavorable terrain. 
Many vehicles also have fording or 
amphibious requirements specified. They 
must be capable of withstanding extreme 
vibrations, shocks, and violent twisting 
experienced during cross-country travel over 
difficult terrain. They must be able to 
operate for long periods with very little or no 
maintenance. Additional      military 
requirements necessitate that the vehicles be 
of minimum size and weight to facilitate 

Ik 
1. SURGE TANK-TO-RADIATOR HOSE 
2. SURGE TANK-TO-RADIATOR HOSE 
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6. CROSSOVER TUIE-TO-RADIATOR VENT HOSE 
7. RADIATOR 
8. CROSSOVER TUK 
9. CROSSOVER Tul£ TEE 

10. CROSSOVER TUK-TO-SURGE TANK HOSE 

Figure   1-21.      Howitzer,   M109,   Cooling System  Sch.emm.tic  Diagram   (Ref.    7) 
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airborne operations. They must be designed 
to withstand human abuse caused by such 
factors as overload, misuse, improper 
maintenance, lack of maintenance, and 
neglect which make the design task 
extremely difficult. 

Additionally, all military materiel must 
be capable of safe storage and transportation 
without permanent impairment of its 
capabilities from the effects cause by these 
conditions. All materiels specified must be 
examined for shelf life, preservation 
requirements, surface treatment required, and 
suitability for the expected environmental 
extremes. 

A compilation of quantitative data on 
shocks and vibrations normally experienced 
by military vehicles during various operating 
conditions is shown in Table 1-3. The values 
given are presented only as a guide to give 
the designer general information regarding 
vehicle shock characteristics. The latest 
applicable AR's should be referred to for 
latest available information. 

1 -4.1.1       Cross-country operation 

Cross-country operation requires that 
military vehicles traverse terrain having 
equivalents of obstacles such as vertical 
walls, trenches, and ditches; soil 
compositions ranging from hard-packed soil 
to sand, mud, swamp, and marsh; and fore 
and aft grades of up to 60 percent with side 
slopes to 40 percent. Vehicle cooling system 
designs must be compatible with the cooling 
loads required under these conditions. The 
power necessary under these conditions 
requires the maximum engine power output 
at minimum speeds.  These characteristics 

impose maximum cooling system loads. 

1-4.1.1.1    High Impact Loadings 

High impact loads such as those imposed 
during rail shipment, air-drop, or ballistic 
impact of vehicles should be considered in 
the design of the cooling system. The test 
procedures established the MIL-STD-810 
specify impact tests with railroad car speeds 
of 8, 9, and 10 mph. The equipment is 
impacted twice in each direction of 
equipment orientation at each of the specific 
speeds. 

The off-road/cross-country operation of 
military vehicles results in high stress and 
load conditions on all vehicle components. 
The vehicle speeds under these operating 
conditions normally are limited only to the 
maximum speed that can be tolerated by the 
operator. 

1 -4.1.1.2   Terrain Characteristics 

Off-highway terrain characteristics 
impose additional design constraints for the 
vehicle and cooling system components. The 
more severe areas of travel will include 
longitudinal slopes with grades to 60 percent, 
and side slopes to 40 percent, hogbacks, 
ditches, racks, embankments, random log 
obstacles, brush, tree stumps, dust, and mud. 
Most vehicles have requirements for towing 
trailers, weapons, and for off-highway 
recovery operations that impose extremely 
high cooling system loads. Vulnerable 
cooling system components must be protected 
by splash pans, brush guards, and rock 
shields as required. Location of air inlet and 
outlet grilles must be considered carefully to 
prevent debris from blocking the grilles, 
radiators, fins, or heat exchangers.  During 
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TABLE 1-3 
SHOCK AND VIBRATION DATA (Ref. 45) 

Type of Operation Part of Vehicle 

VIBRATION 

Shock 

Considered (Accel 

-g) 

Vert ical Longitudinal Transverse 

g Hz g Hz g Hz 

Hull 4 500 3.8 500 2.3 520 
High Speed on Instr. Panel 2.6 300 1.8 400 2 350 
Hard Pavement Eng. Mount. 12.5 450 15 900 14.1 650 

Generator 10.3 650 18.7 700 18 800 

Medium Speed Hull 2.3 540 2 520 0.6 430 
Of f-the-road Instr. Panel 1.2 120 1 .3 120 0 .9 120 

Eng. Mount. 11.4 500 18.7 900 11.3 850 

Generator 8 650 10 700 25.4 900 

Hull 8 5 500 10.8 850 13 700 
Instr. Panel 11 550 10 750 14 900 
Eng. Mount. 9.4 300 3.6 350 
Generator 5.4 10 2.5 400 
Axle (Semitrailer) 36.4 150 21.9 400 12.2 100 

Low Speed Fifth Wheel Plate 14.5 100 4 .8 250 2.8 30 
Rough Terrain Cargo Bed Above 

Fifth Wheel 3 3 0.8 16 
Cargo Bed Above 

Axle (Semitrailer) 0.4 90 

Side Wall of Van 

Semitrailer 2.4 20 3.3 400 

Shipment by Truck Vehicle Assembly 8 2 300 2 300 2 300 

Shipment by Rail Vehicle Assembly 20 2 70 2 70 2 70 

Vehicle Assembly 
Shipment by Fixed- Fwd 9 5 300 5 300 
wing Aircraft Side 

Vert (up) 
Aft 

1.5 
3 

1.5 
5 
0.5 

300 
10 

0.25 10 

Vehicle Assembly 4 

Shipment by Rotary- Fwd 1.5 

wing Aircraft Side 

Vert (up) 
Aft 

2 
2 

Parachute Drop Vehicle Assembly 16 

Ballistic Impact Turret 20 
(0.75 
in. 

ampl) 

50 1000 140 600 

HE Blast Turret and Hull 25 
(1.0 
in. 

ampl) 

NOTE: The values given are presentee as a gi lide or iy- 
Check appl icable AR's for late st avai! .able i nforma tion. 
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a vehicle test and evaluation program, 
problem areas are defined and design 
modifications are incorporated to minimize 
these difficulties. 

1-4.1.2       Environmental Extremes for 
Worldwide Usage 

The vehicle—configured with all its 
equipment—must be capable of performing 
all appropriate and intended missions, tasks, 
and functions under the conditions specified 
in climatic Categories 1 through 6 of Table 
1-2 without the use of aids in kit form. The 
power plant cooling system should be 
designed to provide cooling for normal 
vehicle operation in ambient air temperatures 
up to and including 125°F. With the use of 
aids in kit form, the vehicle must perform all 
appropriate and intended missions, tasks, and 
functions under the climatic conditions 
specified in Categories 7 and 8 of Table 1-2. 

It should perhaps be noted that AR 70-38 
allows for meeting the "hot-dry" climate 
(125°F) by use of modification kits. This 
generally has not been the practice for 
cooling system design. Past experience with 
efforts to correct cooling system overheating 
problems would indicate that such an 
approach would have many pitfalls. 
Changing one part of the system, such as the 
larger radiator for example, will not be 
successful if the most critical heat transfer 
point is elsewhere in the system. It is 
believed that in general the kit approach 
would not be economical because of the 
many cooling system components that would 
be affected. 

Environmental extremes produce various 
temperature effects on components. High 
temperature effects are permanent set of 
packings, hardening of seals and gaskets, and 
binding of parts due to differential expansion 
of dissimilar metals.    Rubber and plastics 

may tend to discolor, crack, bulge, check, or 
craze. Closure and sealing strips may 
partially melt and adhere to contacting parts. 
Low temperature effects similarly cause 
differential contraction of metal parts, loss of 
resiliency of packing and gaskets, and 
congealing of lubricants. 

High altitude ground operation 
specifications vary. Altitudes up to 14,000 ft 
have been specified for certain vehicles. 
There is the need for the vehicle to be able to 
perform its function at the specified altitude 
although at a reduced level of performance. 
At high altitude, the cooling system power 
requirements remain nearly the same while 
the lower temperature (ambient) reduces the 
cooling capacity required. 

A temperature vs altitude chart is 
contained in Table 1-4. It should be noted 

TABLE 1-4 

TEMPERATURE vs ALTITUDE 

Altitude, ft Temperature, 
°F 

0 59.0 
1000 55.4 

2000 51.9 
3000 48.3 
4000 44.7 

5000 41.2 
6000 37.6 
7000 34.0 

8000 30.5 

9000 26.9 

10000 23.3 

11000 19.8 
12000 16.2 

13000 12.6 
14000 9.1 
15000 5.5 
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that there is a decrease in temperature as the 
altitude increases within the 
atmosphere. A warm water environment for 
amphibious vehicles could be of significance 
for vehicles with keel coolers. MIL-STD- 
210 (Ref. 14) calls for 95°F maximum water 
surface temperature. Cooling system designs 
should consider this requirement. 

Solar radiation will contribute additional 
heat loads to the vehicle cooling and air 
conditioning systems. Solar radiation also 
causes heating of equipment and photo 
degradation such as fading of colors, 
checking of paints, and deterioration of 
natural rubber and plastics. 

Humidity produces corrosion of metals 
which will increase the fouling factor on heat 
transfer surfaces. Absorption of moisture by 
insulating materials may result in degradation 
of their electrical and thermal properties. 

Representative shock and vibration data 
recorded in actual firing tests are shown in 
Table 1-3. The values given are presented 
only as a guide to given the designer general 
information regarding vehicle shock 
characteristics. They should not be 
interpreted as being maximum values nor the 
only values that can occur. 

Gun recoil loads transmitted externally 
to the vehicle can be obtained by calculations 
made according to procedures outlined in 
AMCP 706-342, Recoil Systems or AMCP 
706-356, Automotive Suspensions (Refs. 15 
and 16). 

1-4.1.4 Lack of Maintenance 

Lack of maintenance is one of the 
detrimental characteristics leading to early 
failure of equipment. Lack of maintenance 
usually occurs for reasons such as: 

1-4.1.3       Heavy    Armament    Firing 
Impact Loads 

The effects of heavy armament firing 
impact loads on the power package/cooling 
system assembly cannot be calculated 
readily. It often requires elaborate 
measurement procedures for complete 
evaluation. The power package/cooling 
system is a contributor to the complex 
vibrations of the vehicle. It is also acted 
upon by shocks and vibrations experienced 
and/or generated by the vehicle, the vehicle 
armament, and the powered equipment 
within the vehicle. In addition to the 
structural design characteristics of the 
cooling system components, attention must 
be given to the deflections caused by heavy 
armament firing. Adequate fan-to-radiator 
and/or shrouding clearance must be provided 
along with secure support for coolant lines, 
hoses, and related components. 

1. Repair parts not available 

2. Unscheduled 
requirements 

maintenance 

3. The inability to determine that an 
impending problem exists 

4. When mission requirements preclude 
maintenance actions (battle conditions). 

In order to decrease the maintenance 
time required for component/assemblies, 
careful consideration should be given to 
maintainability. Ease of maintenance and 
modular replacement component/assemblies 
are prime considerations in cooling system 
designs. General     information     on 
maintenance can be obtained from AMCP 
706-134 (Ref. 26). 
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1-4.1.5 Operation 
Personnel 

by      Military 

It is virtually important for the design 
engineer to consider the skills required and 
the personnel available to operate and 
maintain the equipment he designs. 
Equipment cannot be successfully maintained 
if it requires skill levels higher than those 
available. If the maintenance skill level 
required or time needed for a specific task is 
in excess of that available, the equipment 
becomes a liability instead of an asset 
because it is no longer available to perform 
its intended mission. Since it is difficult to 
obtain and retain skilled military maintenance 
personnel, every effort must be expended by 
the designer to build-in maintenance features 
that minimize the requirements for highly 
skilled technicians to perform maintenance. 
It follows that as the complexity of 
equipment increases, the time required to 
train the operator and maintenance specialist 
also increases. 

1-4.1.6       Air-drop/Transportability 
Capabilities 

In the past, air-drop and/or air- 
transportation requirements usually were 
given consideration after completion of a 
design and fabrication of test prototypes. 
The item was adapted to the air-drop 
environment by utilizing available provisions 
and structural members. Occasionally, the 
basic design was such that suitable 
modifications could not be accomplished, and 
the item was determined incapable of being 
air-dropped. Only a limited number of 
vehicle types are now required to have an 
air-drop capability, however, most have the 
air-transportability requirement. Due to the 
large quantities of supplies and equipment 
requiring delivery by aircraft, the old method 

of adapting an item to air-transport and/or 
air-drop after the design was completed is no 
longer adequate. It is necessary that the 
capability for air-transport and/or air-drop be 
incorporated into the basic design of materiel 
having these requirements. 

Materiel developed for transport in Air 
Force aircraft must meet all limitations 
imposed by the individual characteristics of 
the aircraft. MIL-A-8421 (USAF), Air 
Transportability Requirements, defines the 
aerial specifications for air-transportability of 
materiel (Ref. 17). These requirements must 
be considered in the overall cooling system 
design. The cooling system and its 
components must be able to withstand the 
environments of the air-drop and/or transport 
and still be capable of immediate, effective 
deployment. 

Factors to be considered in designing for 
air-drop and/or air-transport are altitude, low 
temperature, temperature extremes, 
vibration, shock, and combined factors of 
temperature, humidity, and altitude. The 
aircraft to be used dictates the overall vehicle 
dimension limitations. Provisions for slings 
and tiedowns should be located in a manner 
to prevent radiator and cooling system 
component damage. 

Design considerations for the reduced 
atmospheric pressure of altitude should 
include effects such as leakage of fluids from 
gasket-sealed enclosures and rupture of 
pressurized containers. Under low pressure 
conditions, low density materials change 
their physical and chemical properties. 
Damage due to low pressure may be 
augmented or accelerated by contraction or 
embrittlement of the cooling system 
components, and fluid congealing induced by 
low temperature. 
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Low temperatures at high altitudes cause 
differential contraction of metal parts, loss of 
resiliency of packing and gaskets, and 
congealing of lubricants. In addition, a 
temperature shock may occur during air 
shipments and air-drops caused by the 
extreme changes in temperature of the 
surrounding atmosphere. Cracking and 
rupture of materials due to dimensional 
changes by expansion or contraction are the 
primary difficulties to be anticipated. 

Additional information is available from 
MIL-STD-669 (Ref. 18) and AMCP 706- 
130, Design for Air Transport and Airdrop of 
Materiel (Ref. 19). 

1-4.1.7       Design    for    Shock    and 
Vibration 

Automotive assemblies are subjected 
constantly to a complex system of forces 
whose magnitude and orientation vary with 
time. This complex force system is 
composed of forces that fall into one of two 
general categories: 

1. Determinate Forces. Those forces 
that can be readily determined by 
computation and simple measurement. 

2. Indeterminate Forces. Those forces 
that cannot be calculated readily and require 
elaborate measuring procedures, complex 
equipment, and sophisticated mathematical 
techniques for their evaluation. 

Typical determinate forces are those 
imposed by the weight of the various 
components and contents of the vehicle, 
those forces due to acceleration of the 
vehicle, and those due to characteristics such 
as engine torque. 

Examples of indeterminate forces are 
those resulting from shock and vibration. 
These are encountered when the vehicle is 
traveling over rough terrain, air-dropped, 
during rail shipment, or when subjected to 
high energy blast or ballistic impact. A 
rigorous method for evaluating the 
indeterminate forces during the design phase, 
and correctly relating them to the stresses 
experienced by the vehicle, is not known at 
present. The method generally employed by 
designers is to determine the acceleration 
produced by the shock force, and express this 
as a multiple of g, the acceleration due to 
gravity. This number is then applied as a 
multiplying factor to the mass under 
consideration to determine the magnitude of 
the shock force experienced by the member. 
The procedure of using the g-multiple of the 
peak acceleration in determining the 
magnitude of the shock forces is a popular, 
but technically unsound, method. It results 
in vehicles capable of safely withstanding 
sustained loads many times greater than those 
normally experienced by the vehicle. This 
practice tends to produce overdesigned 
vehicles with their attendant excess weight 
and cost. 

As automotive vehicle experiences 
certain effects as a result of shocks and 
vibrations which usually are overlooked by 
the designer. It is only after field trials 
reveal deficiencies in the design that 
corrective modifications are made. Even 
then it is often not apparent, therefore not 
realized, that the failure or malfunction is 
directly attributable to vibration or shock 
loading and could have been prevented had 
the designer been cognizant of the effects of 
vibration upon the vehicle components. The 
most familiar effects of shock and vibration 
loads are in their ability to produce structural 
failures, occasioned by the actual rupture or 
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breaking of the structural material, or by 
producing such severe deflections in 
members as to strain them beyond their 
elastic limits and causae them to malfunction 
or to become otherwise unsatisfactory due to 
permanent structural deformation. 

The design of radiators must consider the 
effects of shock and vibration encountered in 
actual operating conditions. See MIL-STD- 
810, Environmental Test Methods, (Ref. 21), 
and MIL-R-45306 (Ref. 20). 

1-4.2 BALLISTIC PROTECTION 

1-4.2.1 Necessity 
Protection 

for      Ballistic 

Ballistic protection is provided for power 
plant assemblies on all combat vehicles. The 
requirement for this protection is mandatory 
to permit the vehicles to fulfill their intended 
missions. 

Combat vehicle power package 
installations normally are shielded by the 
vehicle armor, however, the cooling air inlet, 
engine exhaust, and cooling air exit areas 
must be provided with ballistic grilles. 
These grilles must be capable of providing 
the required level of protection while 
offering minimum restriction to the air flow. 
The location of these grilles also must 
provide for minimum entry of debris. 

1-4.2.2       Ballistic   Grilles   and  Their 
Impact On Cooling Airflow 

Ballistic grilles serve to promote 
protection for the vehicle power package and 
related components—such as hoses, lines, 
radiators or heat exchangers, and accessories- 
-against projectiles, bullet splash, and 
fragments. The grilles also provide inlet air 

passages for power package cooling air and 
engine induction air. Passages for cooling 
air and the engine exhaust products also are 
covered by ballistic grilles. The grille 
functions of protection and minimum 
restriction to airflow are not compatible, 
since the larger the passages for air entrance, 
the easier it becomes for fragments to enter 
the engine compartment. As a consequence, 
many grille designs have been developed in 
an attempt to satisfy the requirements for 
maximum protection against attack and 
minimum airflow restriction. Fig. 1-22 
illustrates typical grille configurations that 
have been evaluated. From the vehicle 
design viewpoint, both the weight of the 
grilles and the area required for airflow 
become important. For information on the 
design of grilles refer to AMCP 706-357 
(Ref. 22). 
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Figure  1-22.      Cross  Section   of 
Various Ballistic  Grill* 

Configurations 

1-4.2.3       Impact of Ballistic 
Requirements   on   Cooling 
System Design 

The restriction to airflow caused by 
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ballistic grilles imposes additional power 
requirements on the cooling fan. The grilles 
impose resistance to airflow, and a pressure 
drop occurs that results in a reduction of 
airflow. To overcome the air pressure drop 
and decreased flow, sufficient cooling fan 
capacity with the accompanying increased 
power requirement is necessary. Pressure 
drops incurred in both the inlet and discharge 
air grilles must be considered in cooling 
system designs. Chapter 6 discusses grille 
design and airflow characteristics. 

1-4.3 TACTICAL    EMPLOYMENT   OF 
COMBAT VEHICLES 

1-4.3.1       Tank-Infantry Teams 

Some military operations require tanks 
and dismounted infantry to work together as 
a team (Ref. 23) and operate sufficiently 
close together to provide mutual support. 
The infantry may move between tanks, or 
immediately in the rear of them. As the 
advance progresses, the relative positions of 
tanks and infantry are adjusted according to 
the enemy resistance and the terrain. This 
permits close coordination and maximum 
mutual support, but sacrifices speed. This 
low speed operation may create problems in 
the vehicle cooling system and the location 
where the cooling air exhausts may be an 
important consideration. The designer 
should be aware of this type of operation and 
take into consideration the effects of 
prolonged operation at very low speeds when 
designing the cooling system, as well as 
design considerations for operations requiring 
heavy duty cycles. 

1-4.3.2       Use    of    Top    Deck    for 
Carrying Personnel 

The use to which military vehicles are 
subjected under combat conditions is limited 

only by the situation at hand and, as a result, 
initial design considerations should include a 
review of as many of these situations as 
possible. It is common for infantry 
personnel to ride on vehicle top decks, in 
addition to carrying miscellaneous gear, 
especially during troop maneuvering in a 
combat zone. This should be considered 
when designing for the placement and 
airflow direction of grilles. 

1-4.4 RELIABILITY AND DURABILITY 

1-4.4.1 Importance of Reliability 
and Durability in Military 
Operations 

Reliability, a fundamental characteristic 
of materiel and equipment, is of major 
consequence in military usage. It is 
expressed as the probability that material and 
equipment will perform their intended 
functions for a specified period under stated 
operating conditions. Just a few years ago, 
reliability requirements seldom were included 
in design specifications. Today, this 
quantitative property of machines and 
systems increasingly is included in Military 
Specifications along with explicitly stated 
acceptance criteria, test conditions, and 
evaluation data. Progress also has been 
made in the reliability improvement, 
particularly in component parts where failure 
rate reduction, in the early hours of part life, 
has been reduced in many cases by factors of 
10 to 20. These reliability gains, however, 
have not always kept pace with the increase 
in system complexity. If current trends 
continue, a substantial design breakthrough 
will be required merely to keep pace with the 
increase in system complexity. It appears 
that the trend in system complexity is still 
increasing, and no product can be assumed to 
be 100 percent reliable. 
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Reliability for a system, made up of a 
number of independent components, is the 
product of the individual reliabilities. For 
example, an assembly consisting of three 
components, each having a reliability of 90 
percent, will have an overall reliability of 
only 72.9 percent (0.903). Similarly, 100 
components, each with a 99 percent 
reliability, will have an overall reliability of 
36.6 percent, i.e. 0.99100. From this 
relationship, the difficulty of obtaining a high 
degree of reliability with highly complex 
systems is apparent. 

Durability is defined as the ability of a 
component, subsystem, or system, to render 
satisfactory performance over an extended 
period of continuous operation under the 
service conditions for which it was designed. 

Test requirements have been established 
to evaluate the reliability and durability of 
military vehicles and are shown in Table 1-5 
and 1-6. 

1-4.4.2       Importance     of     Cooling 
System in Overall Reliability 

The design of the cooling system for a 
military vehicle is governed by restrictions 
that limit and control features of the complete 
power package assembly. These limits affect 
dimensional, as well as functional 
characteristics. However, the reliability of 
the cooling system/power package assembly 
must not be compromised if the vehicle is to 
perform its intended missions. Reliability 
requirements must be considered to permit 
the cooling system to function under the 
following applicable characteristics of the 
military environment: 

1. High shock and vibration 

2. Extreme temperature ranges 

3. Operation in: 

a. Extreme dust 

b. Deep mud 

c. Snow and ice. 

4. Amphibious operations (sea and fresh 
water) 

5. Operation under conditions conducive 
to corrosion and fungus growth 

6. Operation on grades and side slopes 

7. Extended operation at low and high 
speed 

8. Operator abuse in the form of 
overload, misuse, neglect, and improper 
maintenance 

9. Air drop operations. 

Many requirements are not compatible, 
thus it becomes the designers' difficult task 
to design, select, and arrange the components 
to meet all functional and reliability goals. 

1-4.4.3       Methods      of     Achieving 
Cooling System Reliability 

1-4.4.3.1    Use of Proven Components 

Most commercial vehicles and 
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TABLE 1-5 

MILEAGE CYCLE FOR TRACKED VEHICLES (Ref. 41) 

gGroup Cycles 

Miles Per Cycle 

Roads Cross-Country 
iota± 

Paved Secondary Level Hilly Miles 1000 
Mi/Op 

hr 

I 4 225 225 400 400 5000 

II 4 350 350 400 400 •6000 b10(water) 
c50 

III 4 225 225 400 400 •5000 

IV  A 

B 

4 

4 350 350 400 400 6000 

2000 

d2000 

V 4 225 225 400 400 5000 100(Water) 

VI 1 .... 200 500 700 (e) 

VII 1 100 .... 400 500 400 

VIII .... .... .... .... .... f50 

IX 1 .... .... 100 (Mud) .... 8 

X .... .... .... 50 50 10(Water) 

aOne-half of mileage is run with applicable towed load (except for cargo tractors 
that have towed load 100 percent of operation) , but towed load operation may be 
omitted if basic vehicle has proved satisfactory. 

"Approximately 2 hr of water operation per cycle to total 10 hr. 

cTime includes all functions of wrecker equipment. Care will have to be used to 
avoid excessive temperatures in hydraulic systems. Operation should be temporarily 
stopped for cooldown if fluid temperatures exceed specified limits of the output of 
the motor, usually 215*F. 

dVehicles are operated the required mileage followed by performance of work, the 
total operation and work to be 2000 hr. 

'Accessories are operated for the time specified by the applicable documents. 

'Except when unspooling, winches are tested at rated capacity, but care should be 
used to avoid damage to worm-driven winches. Normal cycling should include time for 
one spooling and unspooling with subsequent rest periods of equal time. Overall 
test time will have to be sufficient to provide 8 hr of actual winching time. 

'See MTP 2-2-507 for vehicle types in each group. 
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components have been proven unsatisfactory 
in combat operations simply because the 
military environment is far more severe than 
the operating conditions for which 
commercial components are designed. This 
leads us to the conclusion that the reliability 
of the vehicle cooling system must be based 
on components specifically designed for 
military applications. Wherever possible, 
proven Military Standard parts should be 
used in the cooling system design. New 
component designs should be based on 
similar Military Standard parts, and all 
Military Specifications relating to the original 
part should be cited as applicable to the new 
design also. 

1-4.4.3.2   Minimizing the Number of 
Components 

Design for maximum simplicity with a 
minimum number of components is required 
since reliability has a direction relationship to 
the complexity of the design. This point 
should be self-evident; however, it is often 
overlooked by the designer. This happens 
when too much attention is given to the 
functional requirements of a system while 
excluding considerations for design 
simplification. After the designer has 
developed a concept that fulfills the 
functional requirements, a complete analysis 
should be made to determine if the design 
can be simplified. Reliability and durability 
generally are improved where components 
can be made simple, sturdy, and similar to 
previously proven designs. 

1-4.4.3.3   Redundant Design 

For maximum reliability of military 
vehicle cooling systems, redundant design of 
components is mandatory. A redundant 
design permits continued operation after 
failure   of   the   primary   item   so   that 

performance will not be degraded to the 
extent of unacceptable levels. 

Application of a redundant design 
requires careful consideration of the effects 
and consequences of component failures and 
system complexity. For complex component 
functions—where there is a greater 
probability of marginal failures or 
performance degradation—the provision of 
redundant design could be so complex that 
the total reliability of the system would be 
reduced. The designer is cautioned to apply 
redundancy in design with discretion because 
of the impact on system complexity and cost. 

The vehicle cooling system also should 
be designed with a reserve factor for 
degradation caused by heat exchanger 
plugging, scaling and related field operation 
factors. This reserve factor also provides a 
margin for vehicle weight growth that 
normally occurs during a vehicle life cycle. 

1-4.5 MAINTENANCE REQUIREMENTS 
(Refs. 26, 27, and 28) 

1-4.5.1       Accessibility 

Accessibility can be defined as the 
relative ease with which an assembly or 
component can be approached for repair, 
replacement, or service. A component is 
accessible if the steps required are few and 
simple; inaccessible if the steps are many and 
difficult to perform. Inaccessibility cannot 
be tolerated in US Army equipment to be 
used in combat. Access must be provided to 
all points, subassemblies and components 
that require or may require testing, servicing, 
adjusting, removal, replacement, or repair. 
The type, size, shape, and location of access 
should be based upon a thorough 
understanding of the following: 
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1. Special operational requirements (if 
any) and environment of the unit 

2. Frequency with which the access must 
be entered 

3. Maintenance functions to be 
performed through the access 

4. Time requirements for the 
performance of these functions 

5. Types of tools and accessories 
required to perform these functions   . 

6. Work clearances required for 
performance of these functions 

7. Distance the technician must reach 
within the access 

8. Visual requirements of the technician 
in performing the task 

9. Mounting of modules, subassemblies, 
and elements behind the access 

10. Hazards involved in or related to the 
use of the access, e.g. heat, sharp edges, etc. 

11. Size, shape, weight, and clearance 
requirements of logical combinations of 
human appendages, tools, winter gloves and 
clothes, modules, etc., that must enter the 
access. 

Most actions to replace components 
(coolant pumps, radiators, etc.) are allocated 
to the Organization level; repair of these type 
components is allocated to the Direct Support 
level. Only major repairs such as an engine 
overhaul might be allocated to the General 
Support level. Instructions for army 
maintenance personnel at the Organizational 
and Direct Support levels are contained in 

TM 38-750 (Ref. 28). Maintenance 
requirements in general should be consistent 
with these instructions. 

1-4.5.2       Module Replacement 

There is an increasing trend toward 
partially repairable and nonrepairable designs 
in industrial and military equipment. This 
trend is reflected in the increasing use of 
unitized or modular construction. 
Unitization refers to the separate of 
equipment into physical and functionally 
distinct units to facilitate removal and 
replacement. The concept of unitization and 
modularization creates a divisible 
configuration more easily maintained. 
Troubleshooting and repair of unitized 
assemblies, therefore, can be performed 
more rapidly. Utilization of these techniques 
to the fullest extent improves accessibility, 
makes possible a higher degree of 
standardization, provides a workable base for 
simplification, and provides the best 
approach to maintainability in all 
maintenance levels. Another important 
advantage of unitized or modular 
construction, from a maintenance viewpoint, 
is the division of maintenance responsibility. 
Modular replacement can be accomplished in 
the field with relatively low skill levels and 
few tools. 

1-4.5.3       Simplicity 

There is a general tendency on the part 
of many present-day designers of equipment 
to produce an overly complex product. In 
many cases, the equipment uses too many 
parts, has too close operating tolerances, is 
expensive to build, and is difficult to 
maintain. Equipment design should represent 
the simplest configuration possible consistent 
with functional requirements, expected 
service, and performance conditions. 
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Simplification, although the most 
difficult maintainability factor to achieve, is 
the most productive. By simplification of 
otherwise complex equipment, a monstrosity 
can be transformed into a working piece of 
equipment. Simplification should be the 
constant goal of every design engineer. 

1-4.5.4 Coolants, 
Lubricants 

Fuels,       and 

1-4.5.4.1    Coolants 

Coolants for internal combustion engines 
are typically aqueous solutions of ethylene 
glycol. Inhibitors added to the ethylene 
glycol prevent the formation of scale and 
rust. Distilled water is ideal for cooling 
applications. Water containing alkali or 
other impurities causing cooling-system 
scaling and rust formations often cannot be 
avoided. Provision of adequate reserve 
cooling capacity in the system is desirable to 
minimize the cooling degradation effects of 
these formations. There is a requirement that 
whenever possible the equipment use only 
those supplies in the Army supply system. 
Antifreeze compounds in accordance with 
MIL-A-11755, Antifreeze, Arctic Type, and 
Federal Specification        A-A-870, 
Antifreeze/Coolant, Engine: Ethylene Glycol, 
Inhibited Concentrated, should be specified 
for use in low temperature environments 
(Refs. 31 and 32). 

into two general groups: gasoline and diesel 
fuels. Gasoline is defined as fuel used in 
spark ignition internal combustion engines. 
Detailed requirements for gasoline for use in 
military vehicles are given in MIL-G-3056, 
Gasoline, Automotive, Combat (Ref. 34). 
Similarly, diesel fuel is defined as fuel used 
in compression ignition internal combustion 
engines. Detailed specifications for diesel 
fuels for use in military vehicles are given in 
Federal Specifications A-A-52557, Fuel, Oil, 
Diesel; For Posts, Camps, and Stations, 
(Ref. 35). Turbine engine fuel (JP8) has 
been targeted for use in all military power 
plant specifications, replacing gasoline and 
diesel fuel where possible. Specifications for 
JP-8 are provided in MIL-T-5624 (Ref. 39). 
For guidance on fuels planned for use in 
various classes of equipment see AMCP 700- 
28 (Ref. 36). 

Lubricants used in military automotive 
vehicles include the engine oils, gear oils, 
preservative oils, hydraulic fluids, and 
greases. These are supplied in various 
grades and types to cover the wide range of 
climatic conditions in which military 
equipment is expected to function. Detailed 
requirements for these items are given in the 
Military Specifications listed in Table 1-7. 

The reader is referred to AMCP 706- 
123, Hydraulic Fluids, for additional 
information (Ref. 37). 

1-4.5.4.2   Fuels and Lubricants 

A vehicle cooling system may use fuels, 
lubricating oils, hydraulic fluids, and other 
liquids as heat transfer mediums. These 
liquids absorb heat from the vehicle 
components and transfer this heat to the air 
through the use of heat exchangers. 

Fuels for military vehicles are classified 

1-4.5.5       Complete   Power  Package 
Removal 

Combat vehicles, with their inherent 
confined engine compartments, present an 
access problem for repair, maintenance, 
service, and inspection of the power package 
assembly. This lack of accessibility makes it 
almost mandatory that the power package 
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(engine, transmission, and cooling system) 
be removable as a complete unit. It also is a 
normal requirement that the power package 
be capable of being operated outside of the 
vehicle using vehicle power, controls, 
instruments, and fuel. This permits a full 
evaluation and check-out of power package 
condition prior to installation in the vehicle. 
Oil, coolant and fuel leaks, improper 
adjustments, and similar failures can be 
found prior to installation in the vehicle. 
Space limitations often would prevent 
correction of these types of problems with 
the power package installed. 

1-4.6 INFRARED (IR) SIGNATURE 

1-4.6.1        Description 
Phenomena 

of IR 

The term "infrared" is applied to 
radiation that lies just beyond the limit of the 
red portion of the visible spectrum with 
wavelengths between 760 mfj. and 1 mm. IR 
radiation is emitted naturally by all materials 
at all temperatures above absolute zero. 
Materials emit radiation at varying intensities 
depending on their temperature and surface 
characteristics. 

1-4.6.2       IR Suppression for Combat 
Vehicles 

Infrared radiation originating in the 
engine compartment of combat vehicles 
exposes the vehicle to detection. The 
infrared problem and some of the methods 
necessary to control or adequately suppress 
infrared radiation are presented. 

1-4.6.3       The IR Radiation Problem 

The problem confronting the vehicle 
designer is to lower the intensity of the 
radiation from the combat vehicle to a level 
where the range of detection will neutralize 
the effectiveness of various devices 
employing IR detectors. The IR device 
generally can be classified into three types 
whose operation is based on the sensitivity of 
substances to small changes in infrared 
radiation: 

1. Heat homing missiles 

2. IR detectors 

3. Mines or booby traps. 

1-4.6.3.1    Necessity for Suppression 

The necessity for IR suppression has 
been confirmed by radiation tests that show 
the combat vehicle extremely vulnerable to 
infrared sensitive devices. Therefore, unless 
IR suppression measures are adopted the 
tactical use of combat vehicles will be 
hampered seriously. 

1-4.6.3.2 Degree     of 
Required 

Suppression 

The degree of suppression practical at 
this point is that which is required to 
neutralize the effectiveness of the ground-to- 
ground and the air-to-ground heat homing 
missiles using a line of sight trajectory. In 
general, the greater the degree of suppression 
the less chance of detection. Additional 
suppression should be provided when it can 
be obtained without appreciable cost or 
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TABLE 1-7 

LUBRICATING OILS, HYDRAULIC FLUIDS, AND GREASES 
USED IN MILITARY AUTOMOTIVE EQUIPMENT 

SPECIFICATION DESCRIPTION 

MIL-L-2104 Lubricating Oil, Internal Combustion Engine, Combat/Tactical 
Service 

MIL-L-46167 Lubricating Oil, Internal Combustion Engine, Arctic 

MIL-L-6086 Lubricating Oil, Gear, Petroleum Base 

MIL-H-17672 Hydraulic Fluid, Petroleum, Inhibited 

MIL-G-23549 Grease, General Purpose 

MIL-A-11755 Antifreeze, Arctic Type 

MIL-A-46153 Antifreeze, Ethylene Glycol, Inhibited, Heavy Duty, Single 
Package 

MIL-A-53009 Additive, Antifreeze Extender, Liquid Cooling Systems 

MIL-G-3056 Gasoline, Automotive, Combat 

MIL-T-5624 Turbine Fuel, Aviation, Grades JP-4, JP-5, and JP-5/JP-8 St. 

MIL-F-46162 Fuel, Diesel, Referee Grade 

MIL-T-83133 Turbine Fuel, Aviation, Kerosene Types, NATO F-34 (JP-8) and 
NATO F-3 5 

compromise in design. 

1-4.6.3.3   Military  Importance  of  IR 
Signature 

A vehicle signature is defined as a 
descriptive set of qualitative and quantitative 
measurements characterizing the salient 
features of the vehicle as a target. Infrared 
emission from a vehicle can be collected 
optically, filtered, detected, and amplified by 
optical and radiation-type pyrometers such as 
the bolometer. Temperature variations as 
small as 0.01 deg F can be detected. Thus, 
it becomes evident that IR radiometry plays 
a key role in detection systems for military 
applications. Fig. 1-23 illustrates vehicle 

signature data. 

1-4.6.3.4 . Reducing IR Radiation to a 
Minimum 

It might appear that little could be 
accomplished by the reduction of IR 
radiation to minimize vehicle signature; 
however, this is not the case. The IR 
detector compares the vehicle radiation 
against background radiation which can be 
significant. Therefore, any reduction in 
vehicle IR radiation will reduce the 
possibility of the vehicle being detected. 
Typical projected IR radiation patterns for 
wheeled and tracked vehicles are shown in 
Figs. 1-24 and 1-25, respectively. 
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Figure  1-23.      Vehicle  IR Radiation  Signature   (USATACOM) 

EXHAUST OUTLET (OR FORDING KIT) 

RADIATION SENSED 
BY GROUND  SYSTEMS 

PRIMARY RADIATION 

Figure 1-24.     Typical  Projected IR Radiation Patterns  for Wheeled Vehicles 
(USATACOM) 
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1-4.6.4       Techniques    Used    in 
Radiation Minimization 

IR 1-4.6.4.1.1  Concealing  Mufflers 
Exhaust Pipes 

and 

1-4.6.4.1    Recommended Procedures 
for IR Suppression 

Through an extensive IR suppression 
program, IR suppression methods have been 
developed and design parameters determined. 
This determination has enabled a procedure 
to be established for the design of vehicles or 
IR modification kits which, based on test 
results, will provide effective IR suppression. 

Directional exhaust louvers can 
effectively lower the air and ground IR 
detection envelope. Designs similar to the 
XM803 Experimental Tank exhaust 
directional vanes can be used to direct the 
exhaust gases and/or cooling air discharge 
toward the ground. The visual acceleration 
smoke characteristics of diesel engines also is 
dispersed effectively with this design. 

To further simply the insulation problem 
and to facilitate mixing of the cooling air and 
exhaust gas, while at the same time not 
adversely affecting cooling, it is 
recommended that the muffler and exhaust 
pipes be concealed within the vehicle and 
located in the waste cooling air stream 
(preferably in an exit duct). 

1-4.6.4.1.2 Insulated  Shield for  Exit 
Grilles 

Since an air-to-ground attack is liable to 
come from any direction, it is recommended 
that an insulated shield or flap be provided 
which can be temporarily lowered in front of 
the exit grilles when being attached. It is 
recommended only as a temporary measure, 
since it may restrict the airflow and cause 
vehicle cooling problems. 

PERSONNEL 
HEATER DUCT 

FINAL ORIVE 
AND SUSPENSION 

RADIATION   PROJECTED 
TOWARD GROUND 

Figure  1-25.      Typical   Projected  IR Radiation  Patterns  for  Tracked  Vehicles 
(TJSATACOM) 
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1-4.6.4.1.3 Minimize Exit Grille Areas 

Since radiation varies directly as the 
surface area, the exit area should be held as 
small as possible. In other words, an exit 
grille or armored outlet that produces 
minimum restrictions to airflow should be 
used to permit a maximum of airflow with a 
minimum grille surface area. In addition, a 
small exit area simplifies the problem of 
temporarily shielding the grille. 

1-4.6.4.1.4 Location of Hot Surfaces 

Exit grilles and surfaces that cannot be 
maintained at the specified temperature 
should be located at the rear of the tank. 
This is recommended so that in case of attack 
by a ground-to-ground missile the only 
vulnerable direction would be the rear. This 
situation seldom occurs during combat 
operation. 

1-4.6.4.1.5  Mixing      Exhaust 
Cooling Air 

With 

A device designed to reduce the 
temperature of combustion gases from the 
vehicle and to minimize the effectiveness of 
IR detecting is an exhaust cooler. The most 
common exhaust coolers use the principles of 
air bleed cooling as shown in Fig. 1-26. The 
exhaust gases are diluted and cooled by 
mixing them with atmospheric air before 
discharge. 

1-4.6.4.1.6 Shielding and Insulating 

Shielding and insulating hot cooling 
system components effectively reduce their 
IR radiation. Insulating pads should be 
applied to the inner surfaces of the power 
package compartment as shown in Fig. 1-27, 
and shielding of exhaust pipes and mufflers 
can  be  accomplished  by  constructing  a 

shielding structure or IR deck over the 
external exposed portion of these 
components. The designer's attention to 
these areas during the integration of the 
power package/vehicle systems can reduce 
greatly the vehicle IR signature. 

1-4.6.4.1.7 Location of Exhaust 

The power package exhaust system must 
be located to minimize heat transfer and/or 
hot air recirculation to the cooling system 
while still retaining effective suppression of 
IR radiation. The vehicle exhaust outlet 
should be directed horizontally, or lower, to 
reduce the air and ground IR detection 
envelope as defined in Figs. 1-24 and 1-25. 

1-4.6.5       Suppression    Methods   to 
Meet Future Requirements 

With the continued development of IR 
detectors and heat homing missiles, it is very 
possible in the future that in order to provide 

VENTURI 

ATMOSPHERIC AIR 

EN6INE EXHAUST PIPE 

Figure  1-26.      Exhaust   Cooler 

adequate suppression the design point 
conditions will have to be revised. Should 
this be the case, it may be necessary to take 
measures to reduce the radiation from such 
components as the final drives, shock 
absorbers, wheels, track, as well as decrease 
the effect of heating by the sun and changing 
ambient temperatures.   Further lowering of 
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INSULATION 

LOUVERED 
RADIATOR 
GRILLE 

Figure   1-27.      Reduction   of IR Radiation   (VSATACOM) 

exhaust gas temperatures also may be 
necessary. The following methods are 
envisioned to affect some of these reductions: 

1. Final Drives: 

a. Cover the final drives with a: 

(1) Shield that provides a small air 
space between the shield and final drive 

(2) Layer of plastic foam insulation 
and force the heat from the final drive to be 
dissipated from the inside of the hull 

b. Locate the final drives within the 
hull of the vehicle. 

2. Exhaust Gas: 

a. Use a muffler in the waste cooling 
air stream to cool the exhaust gas below its 
ignition point before it is mixed with the 
cooling air and thereby prevent the burning 
of unburned fuel in the exhaust gas. 

b. Use an exhaust ejector to pump air 
to cool the exhaust gases. 

3. Effect of heating by the sun and 
changing ambient temperatures. The effect 
of heating by the sun and changing ambient 
temperatures on the temperature differential 
between the vehicle and its background can 
be decreased by: 

a. Coating the vehicle with a layer of 
plastic foam insulation to minimize the 
quantity of heat conducted away from the 
surface and absorbed by the hull and, 
thereby, allow the vehicle surfaces to cool 
rapidly and eliminate the temperature 
differential due to changing ambient. 

b. Painting the vehicle with a paint 
that has a low emissivity to reduce the 
quantity of heat absorbed by the surface, 
preventing high surface temperatures and 
minimizing the temperature differential due 
to heating by the sun. 

Applying insulation and painting can be 
accomplished with almost equal ease either 
during production of a vehicle or at any time 
thereafter. 
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1-4.6.6 Camouflage 
Suppression 

in IR 

It is believed that the design procedures 
discussed represent the practical limits in IR 
suppression which can be accomplished 
through vehicle design. It appears that 
further improvement will have to come 
through camouflage techniques. The 
measures discussed for minimizing the effect 
of the sun and changing temperatures, if 
adopted, actually could be camouflage 
technique. It should be noted that the use of 
low emissivity paint probably can be refined 
further to provide paints who emissivity will 
be matched as far as possible with that of the 
background whether it be sand, snow, or 
vegetation. 

The plastic foam insulation mentioned in 
par. 1-4.6.5 is being adapted by MERDC for 
application to vehicle surfaces by spraying. 
While it has actually not been applied to a 
tank, it promised to have all the 
characteristics necessary for such application, 
namely, ease of application, resistance to 
abrasion and wear, bonds to most surfaces, 
and is not affected by water, gasoline, or oil. 

1-4.6.7       Example of IR Suppression 
Test Data 

Skin temperature readings of the top 
deck were taken during a M60 Vehicle 
cooling test at the TACOM Propulsion 
Systems Division test facility. Tests were 
conducted with and without simulated solar 
radiation and with and without an IR shield 
installed to the top deck. 

With solar radiation and without IR 
shielding the average skin temperature was 
194°F. Without solar radiation and without 
IR shielding the average skin temperature 
was 174°F. Without solar radiation and with 

IR shielding   the average skin temperature 
was 119°F. 

1-4.7 DEPOT STORAGE 

Comprehensive storage capabilities are 
required for all military materiel to permit 
rapid replacement of vehicle casualties during 
hostilities. The materiel must be capable of 
safe storage (and transportation) without 
permanent impairment of its capabilities from 
the effects of extreme climatic conditions. It 
further must be capable of being returned to 
operating status in a minimum time span. 
These capabilities contribute to minimum 
deployment time to threatened theaters. 

Various levels of protection have been 
defined to meet specific technical 
requirements up to Level A, which is defined 
as preservation and packaging that will afford 
adequate protection against corrosion, 
deterioration, and physical damage during 
shipment, handling, indeterminate storage, 
and worldwide redistribution. The vehicles 
are prepared in a mobile condition, i.e., 
vehicles capable of being moved on their 
wheels/tracks (Ref. 38). All cooling system 
components must meet these requirements 
under environmental conditions given for 
storage in Table 1-2. 

1-4.8 SPECIAL KITS 

1-4.8.1 Winterization Kits 

The function of a cooling system is not 
only to remove unwanted heat from the 
system; it also provides heat to the system, 
when it is required, to assure safe and 
efficient operation of the vehicle power 
plant. 

Experience in World War II emphasized 
the need for vehicles capable of sustained 
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fighting ability within any geographical area 
during any season of the year. In recognition 
of this need, AR 70-38 states that automotive 
materiel developed by the Army should be 
capable of acceptable performance 
throughout the ambient temperature range of 
-25° to 125°F with no aids or assistance 
other than standard accessories, and to -65°F 
with employment of specialized aids in kit 
form (Ref. 2). 

Winterization kits are those appliances 
that are necessary to assure dependable 
vehicle starting and operation in the 
temperature range of -65° to -25 °F. The 
basic equipment and materials for extreme 
cold-weather operation of vehicles are arctic- 
type fuels, lubricants, coolants, and engine 
primers. High-capacity heating equipment 
provides sufficient heat for starting power 
plants and maintaining batteries at the proper 
temperature for continuous charging with the 
standard electrical generating system. 

1-4.8.1.1    Heating of Power Package 
Components 

The techniques of applying heat to 
military vehicles for starting in cold 
environments are the results of extensive 
testing and developmental efforts. Two 
methods have been developed-the standby- 
heat method and the quick-heat method. 

warm and ready to start. Heat usually is 
supplied to liquid-cooled plants by a 
thermosyphon system, thus avoiding pumps 
and fans that drain batteries. Heat can be 
supplied by hot water coils, and thereby, 
minimize the danger of overheating. Since 
space is usually at a premium, the relatively 
small size of the standby heater is a distinct 
advantage. Fig. 1-28 illustrates the standby- 
heat winterization kit used on the 
SHERIDAN, M551. The SHERIDAN, 
M551 winterization assembly is an integrated 
winterization and cooling system that permits 
vehicle operation in all required climatic 
extremes. 

The quick-heat method, which is well 
adapted to the present air-cooled engines, 
provides a combustion heater having 
sufficient capacity to start a cold engine in a 
short period of time. For current engines, 
starts in less than an hour can be achieved at 
low ambients by using quick-heat units 
producing from 30,000 to 100,000 Btu/hr. 
Several design problems are presented by the 
quick-heat method. Among these are 
prevention of damage to electrical and 
nonmetallic components and the avoidance of 
heating the batteries too rapidly. 
Conventional rubber-cased batteries cannot 
be heated faster than about 1 deg F per min; 
supplying heat at a faster rate may cause 
damage. 

The standby-heat method uses a 
comparatively small heater that operates 
continuously when the vehicle is idle. It 
must produce sufficient heat to compensate 
for losses while keeping the power plant at a 
temperature high enough to ensure starting. 
For vehicles having engine displacements of 
100 to 300 CID, 20,000 Btu/hr, properly 
distributed, will maintain satisfactory 
temperatures at all desired points. When 
standby-heat is used, the vehicle is always 

Quick-heating eliminates the need for 
continuously heating equipment while not in 
service. The life of the combustion heater is 
greater, and maintenance is less than in 
standby-heaters designed for constant 
operation. Both standby and combustion 
heaters have desirable characteristics, and 
both are currently in use. There is a trend 
towards a combination of the two systems. 
This combination heater is capable of 
bringing a thoroughly cold-soaked power 
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Figure   1-28.      SHERIDAN,   M551,   Standby  Wintoriration Kit   (Rat.   13) 
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plant from -65 °F to starting temperature in 
45 to 60 min. The heater is thermostatically 
controlled so that it can be used as a standby 
or a quick-heater as desired. 

1-4.8.1.2   Restriction of Cooling Air 

In extreme cold environments, the result 
of winds (or air movement produced by fans) 
produces a tremendous cooling effect, and 
for rapid warm-up and satisfactory engine 
operation these effects must be minimized by 
restriction or obstruction of the air 
movement. 

Thermostatically controlled fans (see 
Chapter 4), winterization baffles, or shutters- 
-either manually or thermostatically 
controlled—provide an effective means of 
reducing the wind chill effect of cooling air 
movement at extremely low ambients. 
Failsafe automatic thermostatic controls are 
preferred since they eliminate the element of 
human error. 

Thermostatically controlled shutters 
mounted ahead of the radiator (see Fig. 5-3) 
are controlled automatically by a thermostatic 
element installed in the upper or lower 
reservoir of the cooling system radiator. The 
normal settings of these shutters are fully 
open with engine coolant temperature above 
180°F and fully closed when the coolant 
temperature is 160°F and below. A manual 
override is provided to operate the vanes and 
to hold them in the open position. 

1-4.8.2       Fording Kits 

The ability to operate in reasonable 
depths of water greatly enhances the mobility 
of military equipment; hence, if specified, 
vehicles must meet defined fording 
requirements. 

Current requirements make a distinction 
between shallow- and deep-water fording. 
The shallow-water fording is applied to 
standard tactical vehicles operating without 
the addition of special kits (although they 
may have factory-installed items, such as 
intake and exhaust extensions and waterproof 
ignition systems). The basic vehicle must be 
capable of fording a specified depth of water 
without any special preparation. Deep-water 
fording on the other hand implies the usage 
of special equipment, usually installed in the 
field by the vehicle crew prior to the fording 
operation. The deep-water fording kit may 
interfere, to some extent, with the normal 
functioning of the vehicle on land, but is 
easily and quickly removable immediately 
after use. Important considerations in the 
design of fording kits are ease of installation, 
jettisonability, and a high degree of 
reliability. 

The vehicle cooling system must not be 
affected adversely during or after completion 
of the fording operations. 

1-4.8.3       Fording Requirement 
Effects on Cooling System 
Design 

The following vehicle requirements 
apply to fording operations and must be 
considered for their impact on the cooling 
system performance: 

1. Cooling fans must automatically 
disengage when the fan blades are 
submerged. 

2. Water must not be allowed to enter 
any of the various transmissions, 
differentials, gearboxes, or final drive 
assemblies, normally vented to the 
atmosphere. 
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3. One or more exhaust stacks must be 
provided to allow exhaust gases to escape 
above the water level. 

4. The main, and any auxiliary engine, 
air intake must be above the water level or in 
the crew compartment and must be 
adequately sealed. 

5. All sealing must be accomplished in 
a most simple manner so that it is jettisonable 
immediately upon completion of the fording 
operation to permit the vehicle to regain 
immediately its original firepower, mobility, 
and cooling capacity. 

1-4.8.3.1    Electric 
Motors 

and      Hydraulic 

Electric and hydraulic motors must 
undergo submersion without damage. 
Although not all components of a vehicle are 
required to operate while submerged, none of 
them should be damaged as a result of 
submersion. Critical parts must be enclosed 
in watertight housings to permit submersion, 
and provisions must be made for the removal 
of excess heat within the housing. The 
watertight enclosures should be ventilated to 
prevent undesirable condensation of moisture 
resulting from the sudden temperature change 
normally associated with immersion. This 
moisture condensation can cause short 
circuits, can jam contacts if the moisture 
freeze, and cause equipment to deteriorate 
generally. 

1-4.8.3.2   Sealing of Power 
Transmission Components 

Power transmission components must be 
adequately sealed and water must not be 
allowed to enter any of the various 
transmission, differentials, gearboxes, or 
final drive assemblies, normally vented to the 

atmosphere. These vents cannot be sealed 
prior to fording. If they are sealed, the 
sudden cooling of the unit upon submerging 
creates a temporary partial vacuum within the 
housing. The resultant pressure difference 
would cause serious water leakage into the 
housing through the shaft seals. Provisions 
must be made to vent the various housings to 
the atmosphere while the vehicle is fording. 

1-4.8.3.3   Fan        Fording 
Switches 

Cut-off 

Vehicles using a magnetic fan drive 
clutch assembly require a provision for 
declutching the fan drive during deep-water 
fording operations. A single-pole, single- 
throw switch such as the MS39061-1 is used 
for this purpose. This type of fan drive 
control introduces "human error" into the 
fording operation and, where possible, 
designs normally use automatic declutching 
devices. 

If the electrical system should fail, the 
fan should be able to be locked mechanically 
by hand. 

1-4.8.3.4   Mechanically Driven Fans 

The most common type of mechanically 
driven fan is the axial flow, belt driven 
assembly. No special provisions for fording 
are necessary because the belt drives will slip 
when the fan is submerged. 

1-4.8.3.5   Turbine Shielding 

Turbine engines present a unique 
problem when fording because of the high 
temperature of engine components. The 
turbine engine must be shielded adequately 
from water to prevent damage that would 
result from sudden cooling if the unit were 
immersed. 
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1-4.8.4       Effects of Kits on Vehicle 
Cooling Systems 

1-4.8.4.1    Winches 

Installation of a front mounted winch on 
the Truck, Cargo, 2-1/2-ton, M35, partially 
restricts airflow to the cooling system 
radiator. Fig. 1-29 illustrates the radiator 
area obstructed by installation of the winch. 
The vehicle cooling system design must 
provide sufficient additional capacity to 
correct for this type of restriction. 
Conversely, winch installations have been 
made to serve as an air recirculation baffle 
by closing the space between the winch and 
the radiator with the winch mounting 
platform. 

1-4.8.4.2    On-vehicle Equipment 

(A) WITHOUT WINCH 

The requirements to stow on-vehicle 
equipment (OVE) can result in degradation 
of the vehicle cooling system by restriction 
and/or recirculation of cooling air. 
Modifications can be made by using 
deflectors to minimize recirculation of the 
exhausting cooling air. 

1-4.8.4.3 High    Demand 
Equipment 

Electrical 

Radios, bilge pumps, battery charging, 
ventilation blowers, lights, heaters, vision 
devices, and similar equipment can require 
high electrical loads while the vehicle engine 
is running at idle speeds. These loads can 
contribute to cooling system problems if not 
considered in the initial design. Normal 
vehicle requirements for electrical power 
specify sufficient generator output at engine 
idle speeds to operate all applicable electrical 
equipment in the vehicle. 

(B) WITH WINCH 

Figure   1-29.    Radiator  Restriction 
Caused by  Winch   Insta.lla.tion 

(Ref. 40) 
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2.0 LIST OF SYMBOLS 

A = area, ft2 

a = acceleration, ft/sec2 

BHP = brake horsepower, bhp 

/ = coefficient of friction, dimensionless 

g = acceleration due to gravity, 32.2 ft/sec2 

Hz = frequency, cycles/sec 

h = enthalpy, Btu/lbm 

K = loss coefficient, dimensionless 

k = ratio of specific heats, dimensionless 

P = pressure, PS I 

Q = heat flow, Btu/sec, Btu/min 

RPM = speed, revolutions/min 

T = temperature, °F 

TE = tractive effort, lb 

U = overall heat transfer coefficient, Btu/sec-ft2-°F 

V = speed relative to air, mph 

W = weight, lb 

r\ = efficiency, percent 

9 = grade angle, deg 

Y = ratio of specific heats 
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Subscripts: 

a = axle, addition, ambient, inlet 

c = crankshaft, clutch, coolant, cylinder head, 
compressor 

d = driving axle 

e = equivalent 

/ = equivalent, engine 

g = generator, gas, gear 

m = motor 

p = pressure, piston 

r = ratio, rejection, rear, outlet, radius 

t = transmission, thermal 

v = volume 

1 = air resistance, admitted 

2 = rolling resistance, exhausted 
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CHAPTER 2 

MILITARY VEHICLE POWER PLANT - SOURCES OF HEAT 

Basic vehicle and transmission system construction and characteristics are 
discussed along with their heat rejection contributions. Miscellaneous components 
and their heat rejection characteristics also are discussed with respect to their 
relationship to the total vehicle heat rejection that must be dissipated to ensure 
operation at safe design levels. 

2-1   BASIC ENGINE HEAT 
TRANSFER    (Ref. 1) 

The engine cooling process involves the 
flow of heat, originating from the engine 
combustion gases and friction, through the 
engine walls into the cooling media. In both 
liquid- and air-cooled engines, the final heat 
transfer is into the cooling air. 

Forced convection is the term used to 
describe the heat transfer mechanism between 
a solid surface and a fluid in relative motion 
when the motion is induced. Most engine 
heat transfer is by forced convection. A 
reasonably accurate prediction of engine heat 
losses, based on fuel-air ratio and gas flow, 
can be obtained by the procedure outlined in 
Ref. 1. This analysis assumes an average 
heat transfer coefficient for the cylinder 
walls. The primary interest is in this analysis 
is in the total heat transferred from the gases 
and not the local values of heat flow and wall 
temperatures. 

2-1.1   MILITARY VEHICLE POWER 
PLANTS 

atmosphere. Classification of engines may 
be based on the utilization of the working 
fluid of the engine. An external combustion 
engine has the working fluid separated from 
the heat source, and an internal combustion 
engine has the working fluid included in the 
products of combustion of the fuel-air 
mixture within the engine. These may be 
classified as reciprocating, rotary, compound 
or thrust engines - depending on the use and 
movement of the working fluid. 

An additional classification of engines is 
determined by the method of cooling: 

1. An air-cooled engine rejects the heat 
of the engine directly to the atmosphere via 
the cylinder fins, oil heat exchanger , and 
other engine surfaces. 

2. For a liquid-cooled engine, the 
coolant absorbs the heat of the engine as it 
passes through the engine coolant jacket and 
oil-cooler. The coolant heat then is 
transferred to the atmosphere through a 
radiator. Liquid cooling systems may be 
classified further in the following manner: 

The engine is the primary source of heat 
in a vehicle. Part of the engine heat is 
transferred directly to the coolant for 
rejection to the atmosphere. Part of the 
remaining heat is used as work. A small 
amount is radiated to the surroundings and 
the remainder is exhausted directly to the 

a. The thermo-syphon type system is a 
liquid cooling system where the coolant 
circulation is induced by the weight 
differential of the hot water in the engine and 
the lower temperature of the water in the 
radiator. This system seldom is used in 
current high output engines because of the 
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low coolant flow velocities. 

b. The atmosphere cooling system is 
vented directly to atmospheric pressure. This 
type of cooling system is limited by the 
212°F sea level boiling point of water, since 
the system capacity is reached at this point. 

c. The pressure cooling system uses a 
pressure type radiator cap. This allows a 
build-up of pressure in the system above 
atmospheric, increasing the temperature at 
which the coolant boils. Most liquid coolant 
systems are of this type. 

d. The steam or vapor-phase cooling 
system is basically a liquid system that 
operates at the boiling temperature of the 
coolant. The radiator in this system acts as 
a condenser that removes heat from the steam 
before it is returned to the engine. This 
system offers the advantages of a constant 
operating temperature; however, no vapor- 
phase systems currently are used for military 
vehicles. 

e. Special cooling systems have been 
provided for specific applications such as the 
use of diesel fuel as a coolant to overcome 
cold weather fuel icing. This system would 
not be applicable to high output engines 
because of the low specific heat of diesel 
fuel. 

2-1.2 BASIC AIR STANDARD 
CYCLES   (Refs. 2, 3, and 35) 

Due to the complexity of the actual 
thermodynamic and chemical processes in 
combustion engines, idealized processes must 
be used to ease the task of quantitative 
analysis. An idealized process called the 
basic air standard cycle has been widely used 
to represent combustion engine processes 
because it lends itself to rapid mathematical 

handling and is based on a few simple 
assumptions. An air standard cycle assumes 
air to be the working medium in place of the 
actual media which usually includes other 
gases and products of combustion. The air 
standard cycle may be used to study engine 
conditions such as operating temperatures, 
pressures, volumes, and efficiencies. They 
also may be used in estimating comparative 
heat rejection for the various types of 
engines. Actual engine performance will 
vary from the theoretical air standard cycle 
results, because of the differences in the 
actual engine working media. Actual 
efficiencies are always much lower than the 
air standard efficiencies. 

The following air cycles used for 
analyzing combustion and vapor cycles: 

1. Carnot 

2. Otto 

3. Diesel 

4. Brayton 

5. Rankine 

6. Dual 

7. Compound 

8. Stirling. 

A tabulation of the characteristics of these 
cycles is shown in Table 2-1. Pressure- 
volume diagrams for these cycles also are 
shown in Figs. 2-1, 2-2, and 2-3. 

The reader is also referred to Refs. 1, 2, 
3, 19, and 35 for additional information on 
the thermodynamics of engines. 
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TABLE 2-1 

CHARACTERISTICS OF THERMODYNAMIC CYCLES 

CYCLE PV DIAGRAM THERMAL EFFICIENCY CHARACTERISTICS 

Carnot Fig. 2-1, (A) nt = 1 " 460 + Tr ab isothermal heat rejection 

be isentropic compression 
-»W«    T     iA cd isothermal heat addition 

da isentropic expansion 

Otto Fig. 2-1, (B) n, = i - _L_ ab isentropic compression 

rv
kl be constant-volume heat addition 

cd isentropic expansion 
da constant-volume heat rejection 

Diesel Fig. 2-1, (C) nc = i - ^L_ f Lk - 1 1 ab isentropic compression 
r/-1 L k(L-l). be constant-pressure heat addition 

cd isentropic expansion 
da constant volume heat rejection 

Dual Fig. 2-1, (D) nt  = 1- 1  rrpL
K - 1 ab isentropic compression 

Cycle 
rv
kl lrp-l + kr„ (L-l)J 

bb1 constant-volume heat addition 

b*c constant-pressure heat addition 
cd isentropic expansion 
da constant-volume heat rejection 

Brayton Fig. 2-2, (A) Hr = 1  "    1 ab isentropic compression 
r   <k-l)/K be constant-pressure heat addition 

cd isentropic expansion 
da constant-pressure heat rejection 

Stirling Fig. 2-2,  (B) nt = 1 - 460 + Tr ab isothermal compression 

460 + TA 
be constant-volume heat addition 
cd isothermal expansion 
da constant-volume heat rejection 

Rankine Fig. 2-2, (C) nt = 1 hb - h ab constant pressure admission 
be isentropic expansion 
cd constant pressure exhaust hb - h< 

Legend: 

nc = thermal efficiency, percent expressed 
as decimal 

hb = enthalpy of the steam admitted, Btu/lbm 

hc = enthalpy of the steam exhausted, Btu/lbm 

hd = enthalpy of liquid in steam exhaust, 
Btu/lbm 

TA = temperature of heat 
source, °F 

Tr = temperature of heat sink, 
°F 

L = cutoff or load ratio, 
Vb/Vc (Vc is determined by 
the fuel injection process) 

k  = specific heat ratio at constant pressure rp = constant-volume pressure 
and constant volume, dimensionless ratio (Pb/P.) 

rv = compression ratio Vb/Va, 
dimensionless 
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2-1.3  VARIATIONS OF STANDARD 
THERMODYNAMIC CYCLES 

Many engine design variations exist that 
use combined and/or modified 
thermodynamic cycles. These variations are 
incorporated to alter specific characteristics 
such as: 

1. Improvement of the cycle efficiency 
by utilization of exhaust heat 

2. Improvement in fuel economy 

3. Increased brake specific power output 

4. Reduced weight and size of the power 
plant for a given output 

5. Use of low-ignition quality fuels. 

Design methods used to accomplish these 
characteristics include: 

1. Otto or diesel engines using 
superchargers, turbochargers, and 
aftercoolers in various combinations 

2. Gas turbine engines using 
intercoolers, regenerators, and aftercoolers in 
various combinations 

3. Free piston engines to act as a gas 
producer for a Brayton cycle engine 

4. Variable compression ratio engines 

5. Hybrid engines such as the 
differential compound engine. 

With the exception of the hybrid engines, 
all of these designs have been used in 
contemporary military applications. 

2-1.4 CONVENTIONAL    RECIPROCA- 
TING ENGINE HEAT REJECTION 

The two methods of transferring heat 
from the engine to the atmosphere are direct 
or air-cooling, and indirect or liquid-cooling. 
In the direct air-cooling system, air is blown 
directly onto finned engine cylinders and 
cylinder heads. In the indirect or liquid- 
cooled system, coolant is circulated through 
the engine. Heat from the engine cylinders 
and cylinder heads is transferred to the 
coolant. The hot coolant then passes through 
a radiator where the heat is transferred to the 
air (see Ref. 27). 

In any type of combat vehicle, and 
particularly in tanks, the difficulties of 
cooling are tremendous, because the engine 
is virtually enclosed. Either air-cooling or 
liquid-cooling systems, properly designed, 
are acceptable. The choice of either an air- 
cooled or liquid-cooled engine for a 
particular vehicle usually is based on a trade- 
off study that evaluates all vehicle system 
specifications (see par. 8-4). The cooling 
system designer then must determine the 
optimum design required to provide an 
adequate cooling system. 

If the cooling system designer is using a 
fully developed engine, the heat rejection 
rate will be available readily from actual 
testing. If a new engine is being developed 
an estimate of the heat rejection rate must be 
made. 

2-1.5 METHOD USED TO ESTIMATE 
ENGINE HEAT REJECTION 

It is frequently necessary to estimate the 
heat rejection rate for engines that are still in 
the design stage. The starting point in 
estimating the heat rejection rate is a 
comparison with existing engines with known 
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heat rejection rates and similar design 
characteristics. Design characteristics that 
must be assessed in determining the 
similarity of a set of engines includes bore 
size, bore to stroke ratio, mean piston speed, 
combustion mode, combustion chamber 
shape, the existence of a pre-chamber, and 
the relative rating. An understanding of the 
relationship of various engine operating 
principles also is necessary to arrive at an 
accurate heat rejection rate estimate. The 
following principles must be considered: 

1. Heat rejection rate will vary ± 5 
percent between engines of the same model. 

2. Heat rejection rate at no load is a 
linear function with speed. 

3. Heat rejection rate increases in 
proportion to increased horsepower output. 

4. Heat loss to the combustion chamber 
walls varies inversely with the bore/stroke 
ratio. 

5. Ignition timing of spark ignition 
engines strongly influences low speed part- 
throttle heat rejection rate. 

summarized to the effect that engine heat 
rejection rate is determined by the: 

1. Mean temperature of the combustion 
gases 

2. Engine heat transfer characteristics 

3. Area exposed to the combustion 
gases. 

Computer programs are widely available 
that are capable of predicting in-cylinder gas 
temperatures and pressures (Ref. 37). 
Utilizing these cycle simulation programs, it 
is possible to use empirical correlations, such 
as that by Woschni (Ref. 38), to 
quantitatively predict the heat transfer from 
an engine. User required inputs include 
piston, head, and liner mean surface 
temperatures and exposed heat transfer areas. 
The ability to account for the effects of 
different levels of gas motion in the cylinder 
is limited, however speed, load, air/fuel 
ratio, compression ratio, and combustion 
timing effects are accounted for in the 
Woschni correlation. Clearly, the accuracy 
of such predictions depends on the ability of 
the user to input accurate values. 

6. Increasing the fuel-air ratio beyond 
stoichiometry in spark ignition engines 
decreases the heat loss by using the fuel as a 
coolant (heat of vaporization); however, this 
reduces the engine efficiency. 

7. Increasing the compression ratio will 
increase engine thermal efficiency up to a 
level that depends on the increase in friction 
that occurs as the compression ratio is 
increased. The heat loss per brake 
horsepower developed by the engine is 
decreased by the increase in efficiency. 

The    given    characteristics    can    be 

Friction correlations are also available in 
cycle simulation computer programs. Since 
friction power is dissipated as heat, an 
accurate prediction of the friction is 
important for estimating the total thermal 
loading on the coolant and oil. 

In general the engine heat rejection to the 
coolant, exhaust gases, and by radiation is 
slightly higher in a spark ignition than a 
compression ignition engine. However, the 
engine heat generated due to friction is 
slightly higher in a compression ignition 
engine. 
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A discussion of internal combustion 
engine heat rejection and cooling 
requirements that may be of interest to the 
reader is found in Ref. 28. 

Figs. 2-4A through 2-9B show the 
performance and heat rejection characteristics 
of diesel engines used to power 
contemporary military vehicles. Vehicle 
performance characteristics as well as heat 
rejection and cooling system parameters are 
included. 

Fig. 2-10 shows the brake specific heat 
rejection for the Detroit Diesel 8V71T engine 
as used in the M109 and M992 vehicles. 
The baseline engine, as shown by the solid 
line in the figure, was used in the vehicles 
until increased mission requirements and 
vehicle weight began to require excessive 
power from the engine to operate the radiator 
cooling fans. A low heat rejection engine 
was developed to address this problem. The 
reduced heat rejection rate of the modified 
engine is shown by the dotted line in Fig. 2- 
10. 

Low heat rejection engines have been 
developed with the intent of increasing 
engine efficiency and decreasing the amount 
of heat that must be transferred by the 
cooling system. While developments to date 
have not led to significant improvements in 
engine efficiency, the amount of heat rejected 
to cooling systems has been reduced by 
roughly 30% in some engines (Ref. 39 and 
40). The energy that would normally be 
rejected to the coolant ends up in the exhaust 
gases. The increased exhaust gas energy can 
be used by a turbine to increase the engine 
boost level (provided the high exhaust gas 
temperatures can be withstood by the turbine 
impeller) or by a turbocompounder to either 
increase engine output or engine efficiency. 

Table 2-2 summarizes the cooling system 
characteristics of a number of military 
vehicles. 

2-1.6   COOLANTS 

2-1.6.1   Lubricating Oil 

Engine lubricating oil absorbs heat from 
combustion gases and also absorbs heat 
generated by mechanical friction. Adequate 
oil cooling must be provided to keep the 
lubricating oil temperature within an 
acceptable level. Either an air-cooled or 
liquid-cooled system may be used. Fig. 2-11 
illustrates a typical integral liquid-cooled 
engine oil cooler. 

The distribution of the total heat flow 
among radiation, jacket cooling, and engine 
oil cooling varies with the engine design and 
cooling system arrangement. High output 
diesel engines with oil-cooled pistons reject 
approximately 5 to 10 percent of the total 
input heat into the engine oil. 

Oil properties depend greatly on 
temperature and lubricant type. The 
maximum bulk oil temperature in the sump 
for petroleum based oils is around 260°F. 
Above this temperature, the lubricant reaches 
temperatures at the top piston ring that can 
result in oxidation and subsequent deposits in 
the ring grooves. Synthetic oils are 
becoming available that can sustain higher 
peak temperatures without decomposition. 
Important thermal properties such as the 
specific heat ratio and thermal conductivity 
depend on the type of oil being used as well 
as the temperature. MIL-PRF-2104 provides 
specifications for internal combustion engine 
oils for military/tactical use and MIL-PRF- 
46167 provides similar specifications for oils 
used during operation in arctic conditions. 
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General Oeta 

 8087-7140 
o<  Cylinders 8 

tore and Stroke. I n(aa\) 4.84x5.00X123x127) 
tlsplannsnt-in, (l>  736(12.1) 
Compression titio ,  18.0:1* 
Puton toeed-ft/.iirKayain)   1730X533) 
valve* Per Cylinder 

Intake not AmiCAtlf. 
Exneust 4 

Cxssbustlon Systaa. DIRECT  I«JECTtcAI 
Entire: lype 63.5* VEt • 2 CTCLE 
aspiration........................ TuaaVXsyUbvEO 

Configuration 

Turbocharger TV8S13(1.39 A/TO 
Chart* Air Cooling Systaa JUAC 
Slower Type 11-fUI 
•lo»«r Driv« Ratio 1.95:1 
low Idle Speed-r/aln 600 
Haaiaua Ho Load Speed-r/am Z2S0 
Thrust Bearing Load liait 
Coneinuous-1b(on   60CX 2670) 
Intermittent-Ibf(11)    1*00(8000) 

Engine Crenkcese Vent Systaja OPEN 
Haxieua Pressure- in RjOaPe) 5.5(0.87) 

Physical till 

Sile 
length- InXaa)  49.3(1252) 
width-Infos)  37.5(953) 
Height-in(a>>  49.4(1255) 
weight.dry lb<kg>  2420(1100) 

Center of Cravity Olatance 
frost «.F.O.I,   (a esis>-in(aau  13.3(338) 
above Crankshaft  <y exis)-in(a»>  11.4(790) 
night of Crankshaft fz axis)-ln(sn)... 0.0(0.0) 

Installation Drawing    235O0948CIEF. > 
Haaiaua Allowable Static tending Hpaint 
at tear Face of PW H-ig Ibf ft(» •> 60CK814) 

fuel   SYStesi 

Fuel   Injector Part eo./Tiatng   5234775/1.520 
Cart Cade 0201 
Fuel CensuspClen-lb/nr(kg/hr)   186.5(84.6) 
Fuel Consuxptton-gal/hru/hr)  26.7(101) 
fuel   Spill  Rate  lb/nrlke/hr) 389(176) 
Fuel  Spill Rate sal/hrd/hr) 55.K210) 
fatal  ruel  Flow-lb/hr<kg/hr) 576(261) 
Total   Fuel   ( low gal/hrd/hr) 82.3(312) 
Haaiaua furl   Inlet Teap.-'FCC)    UCK60) 
Haaiaua Allowable Fuel Puap Suction 

Clean Svstea-in Hg(kPa) 6(20) 
Dirty Syatea-in «g(kPa>   12(41) 

Fuel  Filter Micron Site 
Priaary - Hlcron. 30 

•Heron.   12 

lubrication Syltue 

Oil Pressure s 
tated Speed-lb(4in (kPe)   49-70(338-483) 
l«. Idle-Ibf/in (real  5(34) 

In Pan Oil  Teapereture-*F(*C) 200-250(93-121) 
Oil Fleu-gal/ainU/Bin) 37(140) 
Oil Pan Capacity 
meh-qT(l)  2J<22> 
lov-qta)  17(16) 

fatal Entire Oil Capacity with 
filters-qt(L)   25(24) 

typass Oil  Filter Orifice  tn(ew.) 0.101(2.57) 
Engine angularity Halts 

Front up -  degrees....   20 
Front down • degrees... . 30 
tide tilt - degrees POT AVAILAM.C 

Coollne Svstee 

Engine Heat tejection-lru/alMUO  17000(300) 
Engine Radiated Heat-ttu/eirXkv) 2(00(43.2) 
Coolant  Flowoal/erinCiy.in)   187(708) 
Tfiaraaatat 
Start to 0pen-*F(*C)  177(81) 
fully Open-,F(*C)  197(92) 

Kastasja Water Puap Inlat 
taatrlctlan-ln ngXkPe) 0.0(0.0) 

Engine Coolant Capec(ry-qt(0 29.0(27.4) 
"Iniaui Pressure Cep-lbf/in'ffcpa) 9.0(62.1) 
nannani coolant Praaaur*2(EJtclusiue 

of Pressure Cap)-lb«/ln (k»a) HOT AVAIIABU 
Haaiaua Tap Tank teaperature-*FCC).... 210(99) 
Htniaua Top Tank Teaperature-f(t).... 160(71) 
niniaua Coolant Fill late- 
*al»"inCl/ain) 3.0(11.4) 

Coaling  Index 
Hinfaua Air to tofl-'FC'o  112(44.4) 
Haaiaua Air  to Uater 0lff.-*F(*C>    100(55.6) 
• aa Air  Flow •  Hi le/hrUavhr)   13(24) 

Oeaeration-Air  Infection 
Capacity-ft  /airXa /am] 0.8(0.023) 

Orowdoun - Hiniaua Requireww-nc   (or  10X 
of Cooling Systaa Capacfty whichever 
Is laraar)-qt(L) 4.0(3.8) 

Air SvstSPi 

Haaiaua Allauabt* Teaperature tisa 
(AaOlent Air to Engine Inlet)-'FCC).. 30(16.7) 

Air Intake Restriction Paulaua Unit 
Oirty Air Cleaner-in HJKkPi) 20(3.0) 
Clean Air Cleaner-le Kto(kBa)  12(3.0) 

Engine Air Flew -   ft /afn(aj /ain)    1330(42.3) 
Engine Air toa/Manifold Pressure- 
In so(kPa) 38.7(198) 

Intake Pipe Oia.-infaaO 6.0(132) 

tshaust Systaa 

Exhaust   Ieaperature-'F(*C)  
Haaiaua Allowable tack 

Pressure-In ao(kPa)  
ie—nil J Eakauat Pipe 01a. 
Single- I fata*)  
Ouat-lnxaa)  

Eaheuet trake Has. Allowable tack 
Presaure-in tg(kPa)  

Electrical  Svsttva 

3330(94.3) 
693(368) 

3.0(10.1) 

6.0(152) 
HOT amiCAau 

HOI   APPtlCAtlF 

ln.uasaiili.il lattery CapacitytCCA a 0*F> 
12 Volt Systaa 
Above 32"f(frc)-A  
tetow S2,F(0*C)-A  
24 Volt Systaa 
Above 32*f(0*C)-A  
•alow 32V(0-C1-A  

Haaiaua Allowable «*slstenc« of 
starting Circuit 

12 volt rystea -  oha_  
24 volt systaa - ana.  

—••— 

1900 
2300 

930 
1250 

0.0012 
0.002 

Power Outcast-bhp(aU)  
Sated Speed-r/ain  
Peat Torque-lb ft(« ail  
Pask Teresa: ,tpe od- r/ain.  
•HP-Ibf/ln (kPa)  
Friction Power 

Sated Speed-tnptku)  
Peek Torque Speed btuxky)  

altitude Capability-ft(a)  
Torque Aval lebte at 800 r/Bjin- 
Ib ft  (« a)  

300(373) 
2100 
147fK19»3> 
1200 
122(841) 

106(79) 
39(79) 

,   r00O0C30SO) 

.  800(1085) 

tart talon Data 

noise - dt(A) a la tor AVAILAILE 

Certification Approval SO STATE 1990 

Ideed 
r/ain 

2100 
1930 
1800 
1500 
1200 
1000 

bnpOU) 

500X373) 
498(372) 
482(360) 
416(310) 
336(231) 
270(201) 

UK 
lb ft(l •) lb/t*»P hr 

(g/ku hr> 

1230(1693) .373X227) 
1141(1818) .339(218) 
1406X1906) .352(214) 
1457(1973) .349(212) 
1470X1993) -352(214) 
1418X1413) .337(2171 

Alt values at rated speed and power and with standard engine 
hardware unless otherwise noted. 

Curve ao.    E4 8087-VI 
Date:    10-31-90 
lev./Date: 
Snt.  2  of  4 

Figure 2-4B.      Engine Specification  Data for the HET KIOTO 
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ENGINE SPECIFICATION 

genera] Engine Description: 

Model 
Number of cylinders 
Bore and stroke - in (mm) 
Displacement - 1n3 (litre) 
Compression ratio 
Firing order 
Clockwise rotation (RH) 
Counter clockwise rotation (LH) 

Dimensions & weight (approx.) 
Length - in (mm) 
Width - in (mm) 
Height - in (mm) 
Weight - lbs (kg) 

7123-7396 
12 
4.25 x 5 (108 x 127) 
852 (13.97) 
17:1 

1L- •5R- •1R-6L-2L-6R-2R-4L-3L-4R- •3R-5L 
_ 

63.0 (1600) 
50.1   (1273) 
43.3 (1100) 
3360 (1524) 

Technical  Engine Specifications: 

Injector (timing) 
Turbocharger 
Engine speed - r/min 
Brake horsepower - bhp (kW) 
Bmep - lb/in2 (kPa) 
Peak torque - lb-ft (N-m) 3 r/min 
Fuel consumption - lb/hr (kg/hr) 
Specific fuel  cons. - lb/bhp«hr (g/kW-hr) 
Fuel pump suction at pump inlet 

Maximum -  in Hg (kPa) 
Clean system 
Dirty system 

Airflow - ftVmin (m3/min) 
Alrbox pressure, min. - in Hg (kPa) 
A1r intake restriction, max 

(Dry type air cleaner) 
Full  load - dirty 

- clean 
Exhaust temp. - °F (°C) 
Exhaust flow - ftJ/min (m3/min) 
Exhaust back press., max. - in Hg (kPa) 

Full load 
Coolant flow - gal/min (litre/min) 
Coolant normal  operating temp. - °F (°C) 
Heat rejection - Btu/min (kW) 
Coolant inlet restriction, max. - in Hg (kPa) 
Lubricating oil press., normal - lb/in^ (kPa) 
Lubricating oil  temp., in-pan - °F (°C) 

i H20 (kPa) 

N8O LLAfl&J 
T19A40 (1.29 A/R HSG.) 

_25QD_ 
6QQ am 
112  (772) 
1A70  (1993)  P  1600 
2^ fun 
^ofi (?w 

6  (20) 
12 (41) 
2*>30   (68.8) 
33.0   (13?) 

20 (5.0) 
12 (3.0) 
•P   ^qq) 
5480 (158) 

3 Q0.2)  . 
278 (1052) 
170 (77) 
22180   (390) 3 3 (10^2 
60 (414: 

200-250 (93-121) 

Figure 2-5B.      Engine Specification Data   for   the HBT M746 
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Model:   6V-92TIA 

Rating: 550 bhp @ 2400 r/min 
1300lb-ft @ 1950 r/min 

1350 
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Figrura  2-6A.      Performance  Curve  for  the Armored  Gun  Systt 
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MILITARY SPECIFICATION SHEET 

General Data 
 aon-noo 

rdCyMOT • 
Boce end Straw - in. «in. (mm i mm) 4 84 * SOO (1061127) 
»spiacemer<-in»(L) SS2 
Compression Ratio 15*1 
PitWn Speed-Mtran(rtin«lri) 2000 
Fje^auelVMveeFarCyenoer 4 
ComBuston H— DIRECT INJECTION 
Engine Type   63* OEG VEE - 2CYCLE 
Aspkation TVR60CHARGED 

Con figuration 
ln|ecaori Device   EUI 
Turbooftemer  T\m40S(i.39A/TA) 
Blower Type  BYPASS 
——rMwUMb 2-06:1 
Cner^AkCooengSyetem CIJWAC 
Low idle Speed-r/mk,  700 
High toW Speed — t/mln ....................... 2SS0 
Ervjkvj Cmrfccase Irani System Opan 

Physical Data 
avac 

h-m.(mm) 39(991) 
)-h.(im) 40.9(1039) 
«-kv(IMri|  4890242) 

Wekjt*.dTy-*><kgJ 2020(916) 
Wekjrt.we<-*>(k0) 2117 (SCO) 

0— Ol Qnw»y OHMncn. 
From R. F. O B. (i uto) - kv (mm) 9 4 (233) 
AKweCranksfxall(yaxis)-IA(mrTi) 102(258) 
Right of Crankshaft (z axis) - la M   0(0) 

kuuuft>n0n«<ng  «9?aa*0(R»f) 

Mechanical Data 
ThrustBMATIOLoadUn*.Conumnus-»>(N) ...600<2«69) 
Thrust Bae/Ing Load UmH M./mto.m - b (K)   ... 1800(8007) 
Muimum Aaowabkj SuUc Bending Momant 

e< Rear Face ol Block-M(N-m) 0(0) 
AotSaortalMeetiaraealOala E4-6O0O-0O-1 

Fuel Syalam 
ruel mteorx - Part Number  5235530 
ta(aaronTkMnrjHalgN-ln. 1.480 
FuelCon«unvaon-«Vlv(kgmr)    204.1(926) 
FMIConeumpik>n-gal/hr(Lfhr)  2S2(ii0S) 
Fual Spa Rait -brnr(ko/hr) 378(172) 
Fuel Spa Flaw-galmr(Lmr) 54.1(205) 
Total Fual Flow -MvaajBl, 582(264) 
Tow Fual Flow-oaimrO-mr) 63.3 piS) 
Majdmum Fual KM Temperekjre --F (-C) 140(80) 
Uailmuni ABawabie Fual Pump Suction 

CM Syalam- In. HgprPa) 8(20) 
Okty System-in HgftPa) 12(41) 

Fual Faar Ska. Primary - micron* 30 
Foal Paw sir*. Secondary - nacrona It 
SmokeControlDaaaa»Seeing-m.  NotApptcabia 

Lubrication Syalam 
OH Pressure il Raled Speed - «ym.» (kPa) 49-70(338-4*3) 
OHPm«uonlLowlr»a-«VlnJ(l<P«) 5(34) 
in Pan O* Temperature - "F (-C) 200-250 (S3-n 3) 
C«Flow-o»l/mln(UmJn)  40(151) 
Oi Pan Capacity: 

Hloh Um« - Q1 (L) 20(19) 

LowUm«-qt(L)  1«(1JJ 
Total Engine Ol Capacity wtlti FBers - <» (L) 22(31) 
Bypass OtFlur OrBce- In. (mm) 0.101(2.57) 
EngewAnr/jtamyUmta. Front Up - degree* 20 
Engtn. AnguUrtty Umai. Front Oown-degrees  ..30 
Engine Angutartty Umte. Sio* TSt - degrees S 

ElactricalSyatam 
M-commended BatMry Capacity (CCA O 0*F): 

12 Vo« System. Above 32f   1900 
12 Vo*. System. Below 32*F  2500 
24 M Syalam, Above 3TF 850 
24 Vo*. System, OaHjar 32T  12S0 

Majrimum Raalatanea ol Starting Circuit 
12 Vok Syalam -ohma 0.0012 
24 Vo* System - onma  0.002 

Cooling System 
Engine Maal nilicjon - Bturmkl (kW) 17200(302) 
Er^kviRaraaledHeet-BhirminOiVV) 2750(48.4) 
CooUnlFlc^-garVnannjitan) 170(644) 
UWntumCooranFtaa-raaUnmlUHen) 153(578) 
Tnaiiimalat 

Start to Open --F ("O   177(61) 
Fo»yOpan-"FfO 167(82) 

Ua»r>umwaerPunT<nMRest'"ion-*n-Hg(kP>)    .3(10.1) 
Engine Coolani Capacity-01 (L)   26.5(25) 
Mir*•** Pressure Cap - totlrv* (kPa)  9(62) 
Mai. Coolant Pressure (Exclusive ol Praasura Cap) - 

tVln.» (kPi) 15(103) 
Maxrmum Top Tar* Temperature --F (*C) 210(69) 
Minimum Top Tank Temperature --F (-C)  160(71) 
Mnroim Coolant FB Rate - gaVmm (Umtn) 3(11-4) 
(luntm A* Injection Capacity - rtirrnln (mVmki)    0.6(0.017) 
MeitmumOiawqownftar4Ukerrionl-qi(L)   4(3JB) 
Ounton True - minutes 30 

AlrSyatem 
Manmum Allowable Temperature Fuse (Ambient Air 

toEnojnaWat)-,FrC) »(is.7) 
Uaumum Air wake Restriction 

Dirty Air Cleaner - m. M,0 (kPa)   20(5) 
Clean Air Cleaner -In. HjO (kPi)  12(3) 

ErvgMAkFtow-nMnkMmVmln) 1420(402) 
Lngevj Ak Bo«/ManSoM Pressure - m. Hg (kPa) 61(206) 
Hacommended nuke Pipe Outer Diameter. 

Single-in. (mm) 6(152) 
Dual - In. (mm) Not Applicable 

Maiomom C/ankcase Pressure - In. HjO (kPe) 3(0.75) 

Exhaust System 
t unjust Flow- ftVnin (m'/mln) 3540(1003) 
f nhaust Temperature - f rC)    850(452) 
uawmum Atowable Back Prastore - m Mg (kP») 2.5(6.4) 
l^acommeridedEie^aualPipaOlernalar 

SVigie - m (mm) 5(127) 
Dual-in. (mm) Not Applicable 

Perl ormanoe Data 
BMEP-tVtn» (kPa) 164(1134) 
Fnoton Peerer. 

FUted Speed - *ip (kW)   103(77) 
Peak Torque Speed - Ihp (kW) 66(51) 

Altitude Capeoikty - tl (m) 12000(3660) 
Torque AvslaMa at 600 fman - (Ml (N4ti) Not ApptcaHe 

Engine Rated Rated Rated BSFC 

Speed Powtf Torque WWlpJr 
r/mm bhp(kW) MlnUn) (gtlniMir) 

2400 550(410) 1204(1632) ujli (226) 
2200 536(400) 1280(1735) 0 365(222) 
1950 463(360) 1300(1763) 0 359(216) 

1800 423(316) 1234(1673) 0 356(2171 

1600 340(254) 1116(1513) 0 359(218) 
1400 256(181) 960(1302) 0J64(221) 

Figure 2-ffB.      Sngine Specification Data  for  tie Armored Gun  Systt 
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ENGINE SPECIFICATION 
8V-92TA, TV8117   (1.39 A/R) 

FEDERAL CERTIFICATION 
General Engine Description: 

Model 
Number of cylinders 
Bore and stroke - in. (mm) 

Displacement - in.    (liters) 

Compression ratio 
Firing order 

Clockwise rotation (RH) 
Counter clockwise rotation (LH) 

Dimensions & weight (approx.) 
Length - in. (mm) 
Width - in.  (mm) 
Height - in. (mm) 
Weight - lbs. (kg) 

Technical Engine Specifications; 
Injector 
Engine speed - RPM 
Brake horsepower - BHP (k\V) 
BMEP - PSI (kPa) 
Peak torque LBFT (N-m)g RPM - 

Fuel consumption - LB/HR (kg/HR) 
Specific fuel cons. - LB/BHP HR (g/kW HR) 
Fuel pump suction at pump inlet 

Maximum - in. Hg (kPa) 
Clean system 
Dirty system 

Airflow - CFM (m3/min.) 
Airbox pressure, Min. - in. Hg (kPa) 
Air intake restriction, max. in. H2O (kPa) 

(Dry type air cleaner) 
Full load - dirty 

- clean   (recomnended) 
Exhaust temp. - "F (*C) 
Exhaust flaw - CFM (m3/min.) 
Exhaust back press., max. in Hg (kPa) 

Full load 

1981,  1982 

8087-7800 
8 
4. 84 x S (123 x 127) 

736  (12.1) 

17:1 

1L-3R-3L- 4R-4L-2R-2L-1R 
1L-1R-2L-2R-4L-4R-3L-3R 

44   (1118) 
38 (965) 

50  (1270) 
2415   (1095) 

9A90 <a 1.466 
2100 

445   (332) 
114.01  (785.56) 
1250   (1695) @ 1300 

162.0  (73.5) 
.364  (221) 

6   (20.3) 
12   <40.6) 
1380(39.08) 

38.2  (129) 

ZQtQ    (S.P) 
12.0   (3.0) 

721  (383) 
3035(85.94) 

3t9 (10,2) 

Coolant flow - GPM (liter/min.) 
Coolant normal operating temp. • F (*C) 
Heat rejection - BTU/Mln.   (KM) 
Coolant inlet restriction, max. - in. Hg (kPa) 
Lubricating oil press, normal - psi (kPa) 
Lubricating oil temp., in-pan *F (*C) 

187  (708) 

17Q -195 (77-91) 
*13525   (238) 

3-0    I10.Z) 
49 - 70    (338 - 483) 

700. - ato m - 121) 

•CALCULATED VALUE 
**MDST BE A POSITIVE  PRESSURE WITH RAPID 

WARM-UP SYSTEMS 

E4-8081-32-68 
Sheet 2 of 2 

Figure  2-IB.      Engine Specification Data   for  the HBMTT 
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ENC1NE  SPfCIFICATICM Mtl 

Central Bit. 

Hodrl 8V92TA 
AXaeber of Cylinders 8 
tor* and StrokoiiMae)  4.84*5.00(123.127) 
Oieplaceaene-in (l>    734(12.1) 
Caapreaaien Utlt   18.0:1* 
Platan tcHd-(t/aiNWain)    1750(533) 
Valvee »tr cylinder 

Intake  MOr APPllCAIlE 
Exhaust  t 

Coetxaiion Into*. OIIECT INJECTION 
Engine Type 63.5- VK  - 2 CICLt 
Aspiration.  rutJOCHMCED 

TurtaMiaraer  TV8513(1.J9 *y«) 
Charge Air Cooling Syetea  JUAC 
Haver type.  IT-MSS 
Haw Orlva latlo  1.95:1 
Law idle t pa art r/nin  600 
Maxiaua No load Spced-r/afn.  2250 
Ihnjet •••ring total t-ta.it 
Cont.ruoua-ttrf(N)  600(2670) 
interarlttent-lbt(N)  IBOO<SOOO) 

Engine Crankcaaa Vanl Syetea  OPEN 
Mai[1aui Preieure-tn HfKkfmi  3.5(0.47) 

"•Yr'tel W 

Stic 
Length-infaa)  49.3(1252) 
width-Intaa)  37.5(953) 
Height-tn<an>  49.4(1255) 
ueight.dry-tMkg)  2420(1100) 

Center of Gravity Pittance 
Froa t.F.0.1. (• aniD-imano    13.3(338) 
Above Crankeheft  (y axfe)-in(ea>    11.4(290) 
light el Crankshaft (I um- irx-j»)... 0.0(0.0) 

Installation Craving  23S0094SIKF.) 
Maxiaua AUouaMa static lending mini 
at tear Face of FV asg-lbf ft(N a) 600(814) 

futl SYltea 

fuel Injactor f>art No./Tlalng  5234775/1.520 
Cart Coda  0201 
fuel Canauaptian-lb/tirlkayhr)  186.5(84.6) 
Fuel Coruueption-gat/aru/hr)  26.7(101) 
Fuel Spill tate-lb/rirtka/lu-)  389(176) 
Fuel Split tate-tel/hrd/tir)  55.6(210) 
latat Fuel  riow-lb/nr(kg/hr)  376(261) 
total Fuel FlouB*(/hr(l/hr)  82.3(312) 
Hexteua Fuel  Inlet feap.-'FCC)  140<6C) 
Maxiaua Mlnaott Fuel Puap Suction 

Clean Syetea-in ng(kf>a)  6(20) 
Otrty Systoa-in NeXkPa)  12(41) 

Fuel Filter Mlcren Site 
Friaary • nitron.  30 
Secondary • Mlcren  12 

lubrication Sviteia 

Oil Presaure ? 
latad Speed-lbfiin'(kPa)  40.70(338-483) 
leu Idle-tbf/in (k»a>  5(34) 

In Pan Oil Ieaperature-*F(»C)  200-230(93-121) 
Oil  fleu-eel/nin<L/ain)  37(140) 
Oil Pan Capacity 

Ntgh-otU)  23(22) 
lev-cmi)  17(16> 

lotit Engine OH Capacity with 
fllten-qt(l)  25(24) 

typa** Oil Fitter Orifice-infant)  0.101(2.57) 
Infint Angularity Haiti 

Franc uo • degrees  20 
Franc down - degrees  30 
Side tilt • degrees  NOT AVAILABLE 

Coolina System 

Engine Meat lejectlon-lcu/ain<rU)  
Eniine ladlacod Heat-ltu/erirKkU)  
Coolant Flewaat/ainfL/atn)  
Iheraoatat 
start ca open *F(*C)  
Fully Opan-'FCC)  

Maxiaua water Puap Inlet 
lestrictian-ln MeXkPa)  

Engine Coolant Capectty-qtU)  
Niniaua Prassur* Cap-lbf/in (kPa)  
Maxiaua Coolant Preieure,(E*rlu*iv» 

of frruurt Cap)-(bf/<n (tPe)  
Maxiaua lop Tank Taepe*-ature-*F(*C>  
Niniaua lop Tank Taaparature-*F(*C>  
Miniaua Coolant Fill aete- 
gel/aind/ain)  

Cooling Index 
Minlau) Air to Soil-VCC)  
Maxiaua Air ta Water elf f. -vec)  
tea Air Flau • Hileyiw-<ka/hr)  

Oaearation-Air  Infection 
Capacity-ft Mi Ma/ain)  

Drawdown - Niniaua afecaiireaent (or ICC 
of Coolint Svstea Capaxity-uhichever 
it larger >-qt(l.)  

15200(267)- 
2400(43.2) 
187(708) 

177(81) 
1t7(92) 

0.0(0.0) 
29.0(27.4) 
5.0(62.1) 

NOT  AVAUAtU 
210(99) 
160(71) 

3.0(11.4) 

112(64.4) 
100C5S.4) 
15(24) 

0.8(0.023) 

4.0(3.8) 

Air Svstea 

Maxiaua Altniahla taaperature lite 
(Aabienc Air te engine lnlet)-*F(*C).. 30(16.7) 

Air Intake last net ion Maxiaua liait 
Dirty Air Cleaner-in s-OfkP.) 20(5.0) 
Clean Air Cleaner-ie NfoxkOa)  12(3.0) 

Engine Air Flau -  Ft /afntaVain)    1550(42.5) 
Eniine Air lox/rtanifold Presaure- 

in NgckPa) 58.7(198) 
tecoaaendod  Intake Pipe Oia.-intern) 6.0(152) 

Exhaust Svatea 

Eahauet  f lov-f t3/ain<«5/ain) 3330(94.3) 
Exhaust taaearrscure-'FCC)   695(368) 
Maxiaua Allowed* lack 
Pressure-in ag(kPa) 3.0(10.1) 

leciaaiiiied Eahauet Pipe Oia. 
Single- in(ai) 6.0(152) 
Dual-lrxae) aOT APP1ICAK.E 

Exhaust trake Max. Allowable lack 
Freaaure-in Bg(kPa) dOT APPIICAJLE 

Electrical Svatea 

ieyCCCA a 0*F) teccaaended lottery I 
12 Volt  Svatea 
Above 32*F(0*«-A   1900 
Aelov 32TWO-A.   2500 

24 Volt Systea 
Above J2*F(0-O-A °50 
felon 32'F(0*C)-A  1250 

Maxiaua Allowable tesistarce of 
Starting Circuit 

12 volt syatea • ana.  0.0012 
24 volt systea - ana. 0.002 

performance Data 

rover output-tmptkU)  500(373) 
latad Spead-rnein  2100 
Peak loroue-lb ft(N a>  1470(1993) 
Peak lorojue^Speca-rAain  1200 
UfEP-lbf/ln (xPa)  «2(»41) 
Friction Povev 
lated Spaed ateptaaO  106(79) 
Peak toroue Speed-bhp<kW)  39(29) 

Altitude Capablllty-ftfa)  10900(3050) 
Tareue Available at BOO r/am 

lb It t» a)  800(1085) 

faitaion Oeta 

Moiaa - <S(A) a la.  NOT AVAILABLE 
Certification Approval SO STATE 1990 

Enaine 
Soeeo paver lan- lili 
r/ain btaxku) ib till a> vWon*, hr 

(ayaWKr) 

2100 500(373) 1250(1695) .373(227) 
1950 500(373) 1347(112*) .359(218) 
1800 500(373) 1459(1978) .352(214) 
1600 446(333) «4a4(1«t5> .349(212) 
1400 391 (HZ) 1447(1909) .349(212) 
1200 3364251) 1470(1993) .352(214) 
MOO 270(201) 1418(1423) .357(217) 

Figure 2-8B.      Engine Specification Cat*   for  the PLS 
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nicmt gfctfiCATioM DATA 

uml mi 
   7083-7391 
of Cylinders • 

•art am Strata, in(aa)  4.2Si5.0O( 108x127) 
MiaXaaal—-tfai 568(9.3) 
CosBresxten tatls  17:1 
Piston iptd-lt/mtntm/mtnl    1917(584) 
Valve* Per Cylinder 

Intake NOT umiCUU 
Eihul 4 

Catui I an systea. DIRECT KJECTICN 

Engine Type 63.5* VEE • 2 CTCLE 
Uplratlon.. nMOCMUtSES 

Turbocfceraer TV8405 (1.39 A/I) . 
Chart* Air cooling System. lot 
Slower Typa  UOX MM tr-PASS 
Hoar Drive utia  1.95:1 
law Idl* Speed-r/ain 5S0 
Mexieue ae-losd Speed-r/ain.   2500 
Thrust (caring Load Halt 
Continuous-lbf(ll> 600(2470) 
Intermittent-IW(«)   1800(8000) 

Engine Crankcese Vent systea.   OPES 
Haitaue Pressure-In MjOXkPe) 3.5(0.87) 

—*•—*—— 
size 
lansth-lniea) 42.5(1075) 
width-Iftfaa)  54.9(1394) 
•eight- InXaa) 41.4X1057) 
Welftit.dry-IMkf) 2495(1132) 
Weleat.utt-lbXkl) 2636(1196) 

Center of Gravity Distance 
(rM l.r.0.1. (x axls)-m(ea)   12.5(317.4) 
Above Ci era: shift (y axID-lnXaa) 6.73(170.8) 
Itent o< Crankshaft Ci axis)- in<ao)... 2.02(51.4) 

Installation Braving  ac 10054 
Hex leu* Allowable static lending Noaant 
at leer face o( >u Msa-ibf tt(« •) 0 

*mt trow 
Fuel  Injector/1 loins  7590/1.460- 
fvel Injactlan Pwap/Ttalng ROT APPLICABLE 
Fuel Canauptlen-ib/nr<kt/hr)   162.6(73.7) 
Fuel Canauaption-sal/hr(L/kr)  23.3(88.1) 
Fuel  tail I  sst*-lb/t.r(k*/hrj  475.3(215.6) 
Fuel Spilt Iste-asl/hrO/lir)  68.0(257.4) 
Tatal Fuel  Flow-Ib/hrUg/hr)  637.9(269.3) 
laul Fuel flo*-s«l/»tra/1>r>  91.3(345.5) 
Maxuaxs AlleusMs Fuel Pump Suction 
Clan Systea-ln (g(tP») 6(20) 
• lrtrty*taa-ln «|(kPa)    12(41) 

Fuel Filter Micron Sit* 
Prleary - Micron. SO 
Secondary - Micron.  12 

lubrication Svateo 

Oil Pressure . 
• •ted Speerf-lbfiln (kp*>  SO(J45) 
Loo idl*-lbf/tn'(kPa>  5(34) 

In ran Oil l*apererure.-F("C)  200 250(93 121 > 
Oil  Flow-gel/aiiXl/ein)  39(148) 
Oil Pan capacity 
sigh-c-tu)  36(34) 
low-ot(L)  31(20) 
Total Inplne oil Capacity with 
(llters-am)  40<J8) 

Engine Angularity liaitc 
Front up • aapTOat  32 
Front down • degree*....  32 
Side tilt  • degree*  23 

fwion o*» 
CD-gaylir  130* 
eT>eayhr  ITS* 
D -oa/nr  6290* 

... no 

... 0.2 

... 0.3 

... 100* 

2J 
lated Spaad 
Peak lorqu. Spaad 

Mia* • «(*) 8 am 

Coellna Svgtoa 

Engine Mat • ejection-etu/alnxku)... 
Engine ladiatad 8*st-ltW/a(n(klO  
Coolant Flew-iol/elnXL/aln).,...  
Nlnlaue coolant Flow-».l/ain(Ly»in>- 

Start to Open-*F(*C)  ..  
Fully Open-FCC)  

Hexixue water Pvap Inlat 
•estrlctten-tn ag(kpe)  

Engine Coolant Cepecl rr-«t(l)  
Miniau* rreeeure Cap Ibf/ln (kPs)  
nsxiaul Coolant FTrsturcjftxcluslv* 
of Pressure Cap)-lbf/1n MM  

HaxUmn Top Tank Temperature-*TX*C>.... 
Mlnlaaa Tap Tank Tsaptr.ture "FCC).... 
a In leu* Coolant fill Sate- 
sal/ain(Ueln)  

Cooling index 
MlniauaAIr to aoll-V(-C)  
Naxleua Air to Water 0lff.-*F|*C)  

Oeaeret Ion-Air Injactlan 
Capacity Ft/aln(aVain)  

Orevdoun • Mintaua Seoul resent (or I0X 
of Cooling Syoteai Cxpecl ty-UMche~*r 
Is Laraar>-«t<l>  

Air tvstaa 

11880(208.9) 
1395(24.5) 
126(477) 
113(429) 
FUU. HOOCIUG 
107(73 > 
187(86) 

3.0(10.2; 
31(29.3) 
14.0(96.5) 

HOT AVAILAtU 
230(110} 

.WOXTI) 

3.0(11.4) 

117(47) 
95(52,8) 

0.8(0.023) 

4.0(3.8) 

Haxi 

Mexleua si I si sail* Taaparacuro elie 
(sapient Air ta engine lnt*t>-*F('C>.. 30(16.7) 

Air Intake Restriction Mexleua Halt 
Olrty air Cleaner-In SJXtT.) 20(5.0) 
ciaan Air cleaner-ie sixes.)  12X3.0) 

Engine Air Flaw -  ft /winXeValn)  1400(39.6) 
Engine Air Rox/MenlFold Pressure 

in Sg(tp.)  56.0(189.1) 
kecoraandad Intake Pipe Ole.-inXeei).... 6.0(152) 

aaoxaoB crtTJB 

Exhaust rloa-ft3/Mn(s3«rln>  $210(90.9) 
T*aprraDjr*--F(-C) 770X410) 

Allowable lack 
In M(kPa)   3.0(10.2) 

In in nil il Exhaust Plea Ola. 
SIngtr-irXau 4.0(152) 
Oual-lnbaal - "OT APPUCAIU 

Electrical Svmtea 

Si in 111 lattery CapacltyXCCA 8 0*F> 
12 Volt tystaa 
Above $rf(0*CVA.   1900 
•elow 3rF(0*O-A. 2S00 

24 Volt tysta. 
Above 32*rC0*C>-A 950 
aelow 32*F((T*C)-A. «» 

Haxlaii Allowable taalatanes of 
Starting Circuit 

12 volt eyataa - aha................. 8.0012 
24 volt eyataa) -  aha. .  0.082 

QofJoflssBoj note 

440(328) Power Output-bhpekU)  
Full Load Spsod-r/*)1n.  
Peak Tarouflb ft(« a)  1135(1567) 
Peak lornue .Ipsorl ryaasv 1200 
8MEP-|b«/lnc(kPa> 133.4(920) 
Friction Power 
tatad Spaad aaptsaO  107(80) 
Peak Tarcvie Spaad-fhpfku)  48(36) 

Altitude CapaWllty-ftloJ  IOT AVAILABU 
lortjje Available at 800 r/snn- 
Ib ft (« al  580(786) 

2100 

1400 
1200 

Power 
bhptkW) 

440(328) 
414X300) 
400X2*9) 
371XZ77) 
34SX2S4) 
303(226) 
264(197) 

Tarsus. OSPC 
lb ft(N a) Ib/bnp ar 

(f/kw kr) 

1005(1562) 
VJ3SX1404) 
1051(1426) 
1083(1460) 
11UX1S13> 
1137(1541) 
ItSSXISaT) 

.369(225) 
JtKMtl 
.301X210) 
.361(219) 
.362(220) 
.365X222) 
.370(225) 

* levised 

Mechanical Osts Sheet: E4-7000-34-1 

All values at rated speed end power end with standsnd engine 
hardware unless otherwise noted. 

la.    041-7081-34-20 
•ate:   8 5 91 
lev./este: 2/3-27-02 
tht. 2 of 2 

Figure 2-9B.      Engine Specification Data,  for  the M109A6 PALADIN,  H992 
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TABLE 2-2 

COOLING SYSTEM SUMMARY OF MILITARY VEHICLE INSTALLATIONS 

Engine Vehicle 
Model 

HP Flow 

Gross 
9rpm 
(Net) 

Max 
Fan 

Percent 
in Fan 

Coolant 

gpm 

Cooling 
Air 

cfm 

Eng 

Oil 

gpm 

GM 6.2L LL4 
Diesel 

HMMWV Al (155) 
93600 

28.7 18.1 66 H 5848 H 3.5 H 

GM 6.5L 1,57 
Diesel 

HMMWV A2 (160) 
93400 

28.7 17.9 64 H 5848 H 4.1 H 

GM 6.5tc 
165 Diesel 

HMMWV ECV (190) 
93400 

18.8 9.8 83 H X X 

Cummins 
NHC250 

M939 24092100 17.9 7.5 88 4 60 9.57 

Cummins NHC250 M939A1 24092100 17.9 7.5 88 4 60 9.57 

Cummins 6CTA8.3 M939A2 24092100 27.0 11.3 65 521H 11.65 

DD 8V92TA HEMTT 44592100 X X 187 1380 X 

DDC8V92TA DDECII HET 500 40 8.0 187 X X 

DDC8V92TA DDECII PLS 500 40 8.0 X X X 

DDC 8V92TA LVS 445 X X X X X 

AGT1500 M1A1 1500 
93000 

42.0 3.0 X 7500 8.7 

Cummins VTA-903-T M2/M3A1 50092600 90 18.0 127 H 17,000 T 36 H 

Cummins VTA-903- 
T600 

M2/M3A2 60092600 100 16.6 150 H 17,000 T 40 H 

DD 8V71T M109A6 45092300 38.0 8.4 143 N 1420 N 39 N 

DD 6V53 M113A1 21292800 16.7 7.9 87 H X 24 H 

DD 6V53 M113A2 21292800 23.9 11.3 87 H X 24 H 

DD 6V53T M113A3 27592800 27.5 10.0 85 H 11,200 H 34 H 

Cummins V-903 M9 ACE 29592600 X X 150 H 610 X 

Legend: H = @ max. HP, T = @ max. torque, N = @ Nominal, X = not available 
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OIL PUMP ENGINE 
COOLANT PUMP 

ENGINE OIL COOLER 

RADIATOR 

OIL GALLERY 

Figure  2-11.   Integral   Engine  Oil 
Cooler   (Ref.   27)   (Release granted by- 

Society of Automotive Engineers, 
Inc.,   Paper No.   SP-284) 

2-1.6.2  Air 

The thermodynamic properties of air are 
presented in Figs. 3-41, 3-46, and Ref. 1. 
Selected properties of air at 70°F and 14.7 
psia are presented for convenience. 

1. Thermal conductivity = 0.015 
Btu/hr-ft2(°F/ft) 

2. Density = 0.075 lbm/ft3* 

3. Specific heat = 0.24 Btu/lbm-°F* 

•Refers to Preface for a discussion of units. 

2-1.6.3  Liquids 

Liquid coolants generally having a water 
based with varying amounts of ethylene 
glycol added as necessary to provide 
protection against freezing as well as 
corrosion protection. Fig. 2-12 illustrates 
the effect of varying the concentration of 
ethylene   glycol   and   the   heat   transfer 

characteristics for 30 and 70 percent 
solutions. An increase in the concentration 
of ethylene glycol reduces the heat transfer 
rate to the coolant for the same mean 
temperature difference between fluids. This 
effect is accounted for mainly by the 
difference in specific heat values for water 
(1.0 Btu/lbm-°F) and ethylene glycol (0.602 
Btu/lbm-°F). 

In place of ethylene glycol, propylene 
glycol may be used. Some studies have 
shown improved protection against liner 
cavitation corrosion from the use of 
propylene glycol (Ref. 41). As with ethylene 
glycol, an aqueous solution of propylene 
glycol is typically used Fig. 2-13 compares 
the freeze protection provided by propylene 
and ethylene glycol solutions. Fig. 2-14 
compares physical and thermal properties of 
the two coolants. Propylene glycol is being 
pushed for commercial use mainly due to its 
low toxicity. Ethylene glycol is highly toxic. 

2-1.7   CYLINDER COOLING FINS 
(Refs. 2 and 13) 

Three basic shapes of cylinder cooling 
fins are shown in Fig. 2-15. The top find is 
in the form of a rectangular cross section 
with constant thickness along the length. A 
fin could be machined in this manner, but 
attempting to cast a fin to this shape would 
be difficult because of the lack of draft. This 
shape also results in waste of material. The 
second fin is triangular in cross section and 
although it fulfills all thermal requirements, 
has the disadvantage of having a sharp edge, 
making difficult handling, and low strength 
near the outside diameter. The third find is 
trapezoidal in cross section. The removal of 
heat from the cylinder wall to the outer 
diameter results in the heat flow diminishing 
as the outside diameter is approached and fin 
thickness gradually is reduced for better 
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lT3-Tc).°? 

120 600 580 560 540 520 SOB 

* ISO 

V) 

200       220 
TEMPERATURE. °F 

260 280 

A   «= PISTOH AREA, f l2 

0 • HEAT FLOW. Btv/sec 

rf • 6AS TEMPERATURE. *F 

Tc  = COOLAKT TEMPERATURE. *F 

ye = OVERALL HEAT TRAHSFER COEFFICIENT. Bt«/S«e-ft2-*F 

Figure 2-12.      Effect  of  Coolant  Temperature and  Coolant  Composition  on Heat 
Transfer  for  a   12-cylinder,   Liquid-cooled,   980   IHP,   Aircraft  Engine   (Ref.   1) 

CReprinted  from  the  Internal   Combustion Engine in  Theory and Practice,   the MIT Press) 
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Concentration of Antifreeze 
(Volume %) 

0 
20 
30 
40 
50 
60 

80 
100 

Freezing Point of Coolant I' R 

Propylene Glyco) Ethyiene Glycol 

Base Base 

Antifreeze Antifreeze 

32 32 

19 16 

10 4 

-6 -12 

-27 -34 

-56 -62 

-71 -57 

-76 -5 

Figure 2-13.      Freeze  Protection   of Propylene  *nd  Bthylene  Glycol   Base  Antifreezes 

Molecular Weight 

Specific gravity 25' C 

Refractive index 25* C 

Boling point * C 

Freezing point ° C 

Specific heat (Btu/lb/° F) 25" C 

Thermal conductivity (Btu/hr/ft2/* F/ft) 25* C 
Viscosity (cp) 25° C 

Surface tension (dynes/cm) 25* C 
Rash point • C 

P.Q EG 
62.1 76.1 
1.033 1.110 

1.431 1.430 

187.2 197.3 

Supercools -13 

0.60 0.58 

.12 .17 

44.0 16.5 

36 47 
104 115 

Figure 2-14.      Thermal   and  Phyaicm.1   Properties  of Bthylene and  Propylene Glycol 
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utilization of material. This fin can be cast 
with comparative ease and has good strength 
characteristics. Generally, it is advantageous 
to have a large number of thin fins, provided 
the ability to manufacture is maintained and 
they are not spaced so close that the airflow 
between them is reduced. The problem of 
fin plugging with foreign material also must 
be given consideration in deciding on the 
spacing of fins. An air-cooled engine will 
require a fin area that is from 5 to 20 times 
the internal hot gas area. 

2-1.8  EXHAUST MANIFOLDS 

Piston engine heat rejected into the 
exhaust system represents a large percentage 
of the energy contained in the fuel. The 
recovery portion of this energy can be 
accomplished by the use of a turbocharger, 
turbocompounder, or air exhaust gas ejector. 

In combat vehicles, the exhaust system 
usually is insulated and shielded to prevent 
damage to accessories installed in the engine 
compartment, to minimize radiated heat 
transfer into the compartment, and to 
decrease the IR signal emission. Insulation 
of the exhaust system increases the amount of 
energy available at the turbine and results in 
increased manifold wall temperatures and 
hence increased thermal expansion. Design 
considerations should consider the increased 
expansion. 

Heat rejection from the exhaust gases to 
the engine coolant occurs in the exhaust port 
resulting in unnecessary thermal loading of 
the coolant and reduced exhaust gas energy 
for utilization in an exhaust gas turbine. 
Insulation of the exhaust ports through the 
use of cast in air gaps, heat shields, and 
ceramic coatings as well as sensible design of 
exhaust ports can reduce the amount of heat 
rejection that occurs. 

fOOOSmSBmBOBSOmOi a  RECTANGULAR 

as 

-    TRIANGULAR 

-- TRAPEZOIDAL 

Figure 2-lS.Bm.sic  Shape  of 
Cylinder Fins 

2-1.9  GAS TURBINE ENGINE HEAT 
REJECTION 

2-1.9.1   Lubricating Oil 

Vehicle installations of gas turbine 
engines normally require a provision for an 
oil-to-air heat exchanger. The heat rejection 
to the lubricating oil varies with engine 
design but normally ranges from 6 to 10 
percent of the rated power output. Fig. 2-16 
illustrates the turbine engine oil cooler 
installation for the Allison GT-404 engine. 

2-1.9.2  Exhaust System 

The turbine exhaust system performs the 
function of removing the exhaust gas from 
the engine and discharging it to the 
atmosphere. Heat rejected in the turbine 
engine exhaust is not a major concern for the 
vehicle cooling system designer, however the 
installation must consider insulation of the 
exhaust system from other components, 
compartment ventilation, IR shielding, and 
provisions for thermal expansion of the 
exhaust system in addition to ballistic 
protection in combat vehicles. 
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A regenerative heat cycle often is used to 
improve turbine engine thermal efficiency by 
extracting heat from the exhaust and using it 
to preheat the cold combustion intake air. A 
gas-to-air heat exchanger is used for this 
purpose. 

2-1.10  OTHER TYPES OF VEHICLE 
ENGINES 

2 1.10.1   Stirling Engine 

The Stirling-cycle engine is a potential 
power source for future military vehicles and 
electrical generating units, however the cost 
of existing units is prohibitive. Efficiencies 
that can be achieved are equivalent to that of 
a good diesel engine (40% brake thermal 
efficiency), however a well designed Stirling 
engine should operate quieter than a diesel 
engine. Stirling engines operate by igniting 
fuel in a combustion chamber to provide the 
heat to expand a gas within an external 
cylinder. Heat is transferred to the external 
cylinder from the combustion chamber via a 

working fluid. To achieve high operating 
efficiencies, the working fluid must be under 
high pressures and will be at high 
temperatures. Both liquid-cooled and air- 
cooled engines have been evaluated for 
military applications (see Ref. 4), however 
due to the need for effective cooling of the 
lower part of the power cylinders, Stirling 
cycle engines lend themselves to marine 
applications due to the plentiful supply of 
cooling water. Cutaway views of typical 
Stirling engines are shown in Figs. 2-17 and 
2-18. 

The Stirling engine is an external 
combustion engine using a combustion circuit 
external to the engine working cylinder that 
is a closed circuit and uses a working fluid 
such as hydrogen or helium. The cooling 
system can be either a circulating liquid 
system or air-cooled system similar to 
conventional internal combustion engine 
cooling systems. A typical liquid-cooled 
system schematic is shown in Fig. 2-19. 
Cooling is provided for the engine and 
individual components such as the fuel nozzle 
and the hydrogen compressor. The coolant 
flows through the engine cooler and to the 
top tank of the radiator. Two additional 
parallel flow paths to the radiator are 
provided at the engine cooler inlet: the fuel 
nozzle circuit and the buffer space circuit. 
At the engine cooler outlet, a portion of this 
flow is directed through the exhaust gas heat 
exchanger and the passenger compartment 
heater core. 

Fig. 2-20 illustrates the engine 
performance for a single cylinder Stirling 
engine. Heat rejection characteristics of a 
small Stirling engine are shown in Table 2-3. 

Stirling engine vehicle installations have 
been made by Philips Research Laboratories, 
Endhoven, Netherlands. 
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Figure  2-17.   Cut-*w»y View of  the Stirling Engine   (Ref.   S) 
(Release  granted  by Society of Automotive  Engineers,   Inc. 

Paper  No.    690731) 

They project a heat rejection rate of 2 hp 
per output horsepower for automotive 
applications and 1.4 hp of heat rejected per 
output horsepower for their industrial 
engines. This represents an efficiency of 33 
and 42 percent, respectively, which is good 
in comparison with contemporary automobile 
engines. The heat rejected to the engine oil 
system is about 10 percent of the heat input 
for automotive applications and 7 percent for 
industrial engines. 

The vee configuration engine shown in 
Fig. 2-18 is presently in the prototype stage 
for vehicle application and uses hydrogen as 
the working fluid. The engine has a specific 
weight and volume comparable with current 
gasoline engines. With further development, 
engines of 3 lb/BHP and 0.05 frVBHP are 
expected. 

For vehicle applications, the coolant for 
the Stirling engine must dissipate 
approximately two and one-half times the 
heat dissipated by a diesel engine of 
comparable power, at the lowest possible 
coolant temperature, to obtain high engine 
efficiency. Trade-offs in Stirling engine 
efficiency could be made to reduce the 
radiator size required for a specific 
application. 

2-1.10.2 Rotating Combustion 
Engine (Wankel) 

The Wankel engine is a positive 
displacement engine which uses a three-lobe 
rotor rotating in a trochoidal housing and 
produces three combustion events for each 
revolution of a rotor. The engine can be 
either air-cooled or liquid-cooled. Typical 
engine cooling arrangements are shown in 
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Fig. 2-21. 

The combustion chamber in a Wankel 
engine has a large surface area to volume 
ratio. The large surface area results in 
higher levels of heat rejection compared to 
typical reciprocating engines as a percentage 
of the input fuel energy (Ref. 42). Fuel 
consumption is penalized by the increased 
heat rejection rate as well as by the difficulty 
in achieving a high compression ratio. Fig. 
2-22 illustrates the exhaust gas temperatures 
and related heat rejection to the coolant and 
lubricating oil for the NSU engine Model 
KKM 250-7 (Ref. 7) and the Model KKM 2 
x 500 cm3. 

Figure 2-18.   Typical  Configuration of a   Vac- 
type  Double-acting  Stirling Engine   (Ref. 

30)(Courtesy of Railway Gazette 
International.   From   "Combustion   Engine 

Progress',   1973) 

are generally referred to as rankine 
bottoming cycles and can either increase 
overall power plant efficiency, as previously 
mentioned, or increase the total power 
output. These cycles require a condenser 
with an externally supplied coolant to remove 
heat. The amount of heat requiring removal 
in the condenser will depend on the 
regenerator used, the pressure difference 
across the pump, and the working fluid. 

2-1.11   OTHER TYPES OF ENGINE 
POWER SOURCES 

2-1.11.1 Fuel Cells (Refs. 31 and 32) 

A fuel cell is an electrochemical cell that 
changes the chemical energy of a fuel and an 
oxidant to electric energy through a 
continuous isothermal process. Unlike 
batteries, fuel cells are not considered to be 
energy storage devices, but rather energy 
conversion devices, converting chemical into 
electrical energy. 

A fuel and oxidant are required for the 
fuel cell to operate. Hydrogen, or a 
hydrogen rich gas, is typically used as fuel. 
Oxygen is provided as the oxidant. The 
electrochemical reaction of the fuel and 
oxidant produces water and heat in addition 
to electric energy. The generated heat must 
be removed to maintain the isothermal 
reaction. 

2-1.10.3  Rankine Cycle Engine 

Limited development of rankine cycle 
engines for vehicle applications is taking 
place due to the excessive size and weight of 
developed units. An exception is the use of 
regenerative rankine cycles intended to utilize 
the waste exhaust gas energy to improve 
overall power plant efficiency. These cycles 

Reformers are used to produce hydrogen 
fuel for fuel cells from typical hydrocarbon 
fuels. The reformers lower the overall fuel 
conversion efficiency and generate additional 
heat that must be removed. 

Overall fuel higher heating value 
efficiencies for fuel cells with reformers 
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Figure 2-20.Single  Cylinder Stirling Engine Performance  Characteristics   (Ref.5) 
(Release granted by Society of Automotive Bngineers,   Inc.,   Paper No.   690731) 
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TABLE 2-3 

STIRLING ENGINE HEAT BALANCE GPU 3, 15 HORSEPOWER (Ref. 5) 

Bfcu/hr % 

Heat in 
Fuel 109,617.6 68.5 
Preheated air 50,515.4 31.5 
Total 160,133.0 100.0 

Heat out 
Engine power 24,050.7 15.0 
Cooler water 43,431.6 27.1 
Buffer water 2,572.4 1.6 
Engine oil 1,994.7 1.2 

Nozzle water 1,707.9 1.1 
Exhaust gas 78,577.1 49.1 
Radiation loss, calculated 721.5 0.5 
Convection loss, calculated 526.1 0.3 
Unaccounted for 6,551.0 4.1 

Releaee Granted by Society of Automotive Engineers,   Inc.,   Paper No.   690731 

depends on the type of cell and raw fuel 
used, however as seen in Fig. 2-23, 
efficiencies are typically between 40% and 
60%. Fig. 2-24 displays the efficiencies for 
the different fuel cell types and lists the heat 
rejection temperature. Fig. 2-25 compares 
the efficiency of a fuel cell system to an SI 
engine over a range of loads. Given the 
efficiencies listed in the figures mentioned, 
the heat that must be removed by the cooling 
system is in the range of 60% to 40% of the 
added fuel higher heating value. 

Weight, size, initial cost, and durability 
may limit the military applications of fuel 
cells. 

2-1.11.2 Stored Electrical Energy 

Batteries reject heat during both 
discharging and recharging. The heat 
rejected depends on the efficiency of the 
process that is occurring. Recharging 
efficiencies are generally about 90%, 
however this efficiency decreases as the 
battery approaches a full charge resulting in 
increased heat production. Discharge 
efficiencies are generally around 80%. Some 
heating of batteries can tend to increase their 
efficiency, however when the battery 
temperature reaches a threshold value, the 
battery efficiency will drop. Convective 
cooling of batteries is typically sufficient to 
prevent overheating. Ventilation provided to 
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remove gases produced during recharging 
and discharging can also be used to cool the 
batteries. 

2-1.11.3  Nuclear Energy 

It is very doubtful if a nuclear reactor 
system will be feasible for vehicle application 
in the very near future. The cost of such a 
system would be high, and the required 
shielding has been found to be excessively 
heavy. 

2-1.11.4  Combination Power Plants 

Hybrid vehicles utilizing small internal 
combustion engines together with hydraulic 
or electric drive systems have been developed 
for the main purpose of improving vehicle 
fuel consumption. Military applications of 
such concepts may involve the potential to 
utilize a quiet drive (electric) when stealth is 
required with the combustion engine being 
used to recharge batteries and provide 
propulsion at other times. 

2-2  TRANSMISSION AND DRIVE 
COMPONENTS 

2-2.1 Multiple Ratio 
Transmissions 

Gear 

Multiple ratio gear transmission are 
defined as transmissions capable of 
producing step gear ratio changes. For 
nonautomatic transmissions, these changes 
are selected manually by the vehicle 
operator, and a clutch mechanism is required 
to disconnect the power transfer to the 
transmission during gear ratio change. Table 
2-4 is a glossary of commonly used power 
train terms. 

It is usually desirable that the engine be 
operated   only   at   speeds   between   the 

maximum torque point and maximum rated 
speed. To accomplish this, transmission 
ratios must be selected so that the available 
engine range in rpm can be converted to the 
required vehicle speed range, while still 
providing the necessary power at the 
wheels/sprockets to satisfy vehicle 
performance. The selection of the number of 
ratio steps and the amount of the ratio 
reduction per step is called "engine 
matching." This defines the purpose of a 
transmission, which is to make the available 
engine performance match the required 
vehicle performance as closely as practical. 
Fig. 2-26 shows transmission performance 
where 8 ratios prevent dangerous engine 
overspeed and where 5 ratios do not. The 5- 
ratio transmission requires engine operation 
below the peak torque speed at several points 
as well as requiring over maximum rated safe 
speeds. Representative efficiency values 
for five-speed manual transmission 
efficiency under maximum load conditions 
are shown in Fig. 2-27. Typical of most 
manual transmissions, a direct drive gear is 
incorporated where the input and output 
shafts are linked through a cone clutch. This 
eliminates the load carrying requirement 
imposed and its associated efficiency 
reduction through the layshaft gearing, thus 
providing the maximum transmission 
operating efficiencies. Typical manual 
transmission efficiencies range from 90 to 99 
percent (Ref 2a). In addition, the type of 
lubricant affects the efficiency of the 
transmission as shown in Fig 2-28 by as 
much as 9 percent. 

Representative efficiency values for 
four-speed automatic transmission efficiency 
under maximum load conditions are shown in 
Fig 2-29. Typical of most automatic 
transmissions, operation in the higher gears 
occurs with the torque converter lockup 
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TABLE 2-4 

A GLOSSARY OF POWER TRAIN TERMS {USATACOM) 

TERM & SYMBOL 

1.      Fluid Coupling: 

CD 

DESCRIPTION 

a centrifugal oil pump 
mounted face-to-face with a 
centrifugal motor where 
engine power is transmitted 
wholly by the fluid. There 
is no mechanical connection 
between input and output. 
Input torque always equals 
output torque. 

REMARKS 

Not used in 
present day power 
trains due to 
poor efficiency 
and no torque 
multiplication. 

Torque Converter: 

0 
® 

3.  Transmission: 

3a. Manu 
Tran 

al 
smissi on: 

M 

3b. Powe 
Tran 

r Shif 
smissi 

t 
on: 

PS 

a component similar to a fluid 
coupling. In it, torque 
multiplication is achieved 
by redirecting the oil flow 
within the converter. 
There is no mechanical connec- 
tion between input and output. 
The term hydrodynamic is often 
used to describe this item, 
because power is transmitted 
by the change in velocity of 
the fluid. 

a component with one input and 
one output, having the ability 
to change ratios. Gears, 
hydraulic devices, etc., are 
used internally to accomplish 
the ratio change. 

a stepped gear transmission 
which requires the operator 
to declutch and shift from 
one gear (ratio) to the next. 

a stepped gear transmission 
with internal clutches, one 
for each ratio. Operator 
works a valve to select 
desired gear. Shift can be 
made under power. 

-Popular when used 
in conjunction with 
a power shift 
transmission. 
Efficiency is 
usually 83? or less. 

-May have a direct 
drive "lock-up" 
clutch: gives 99+X 
efficiency at no 
torque multiplica- 
tion. 

-Requires a manual 
disconnect clutch. 
-Not presently used 
in track laying 
vehicles. 

Popular when used 
with a torque 
converter. 
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TABLE 2-4 (Continued) 

3b 1. Automatic 
Transmission: 

3c. Hydrostatic 
Transmission: 

3d. Hydromechanical 
Transmission: 

4.  Steering Unit: 

5.  Power Train or 
Steering Trans- 
mission 

a power shift transmission, 
that shifts automatically. 

a type of transmission where 
power is transmitted wholly 
by fluid under pressure. A 
variable positive displace- 
ment pump (driven by the 
engine) circulates oil to a 
fixed (usually) positive dis- 
placement motor. There is 
no mechanical connection 
between input and output. 

a combination of a hydro- 
static transmission and a 
mechanical transmission where 
a percentage of the power is 
carried hydraulically and the 
remainder mechanically. 
Provides infinitely variable 
ratios. 

a component having one input 
and two outputs (one for each 
vehicle track) where a speed 
difference between the two 
outputs can be obtained to 
achieve vehicle steering. 

A wide variety of gear train 
schemes and components are 
used by manufacturers for 
various types of steer units. 
(Ref. AMCP 706-355). Clutches, 
brakes, hydrostatic units, 
hydromechanical units, and 
other means are used to control 
the speed difference between 
outputs for vehicle steering. 

By assembling a combination 
of the above listed components, 
a vehicle power train is 
obtained. This may be several 
individual components, or it 
may be one unit, with the 
various components internal. 

Provides infinitely 
variable ratio 
changing. Provides 
design versatility 
since pump can be 
remote from the 
motor. 
Poor efficiency. 

Provides more ratio 
coverage than 
hydrostatic. Has 
superior efficiency 
and volume. 

Brakes for a track 
laying vehicle are 
normally included 
in a steer unit. 
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clutch engaged as shown in gears 1 and 2. 
Dramatic improvements in transmission 
efficiency are realized when the lockup 
clutch is engaged as shown in Fig 2-30, 
which shows an efficiency improvement of 
approximately 15 percent over operation with 
an unlocked converter. Automatic 
transmission efficiencies range from 70 to 90 
percent (Ref 2b). 

2-2.1.1   Clutches 

Friction clutches are couplings that 
permit a pair of shafts with unequal angular 
velocities to be smoothly engaged and 
disengaged when desired. They are required 
for vehicles using sliding gear mechanical 
transmissions. Since few US Army combat 
vehicles use this type of transmission, this 
application for single and multiple disc 
clutches are limited, in most cases, to 
noncombat vehicles. 

The conventional clutch normally has no 
impact on the vehicle cooling system design 
since the heat generated is dissipated into the 
flywheel and clutch assembly. The quantity 
of heat generated is negligible and can be 
disregarded. Oil-cooled friction clutches 
often are used in construction equipment and 
special vehicles. These installations require 
heat exchangers to cool the oil. A complete 
discussion of friction clutches is found in 
AMCP 706-355 (Ref. 3). 

The greatest loss of power in an 
automatic transmission is directly related to 
use of the torque converter, especially during 
startup operation, where the output to input 
"speeds" of the transmission are small. As 
shown in Fig 2-31, these effid ncies can be 
as low as 30 percent. In addition, the type of 
converter affects the efficiency; for example, 
Fig 2-31 shows both single and dual stage 
converter efficiencies (Ref 3a). 

Automatic transmissions use various 
types of pumps which have significantly 
different efficiencies. Representative 
efficiency values for the most frequently used 
types of fixed displacement pumps are shown 
in Fig. 2-32 (Ref 3b). 

2-2.1.2    Power Losses and Efficiency 

Power losses are experienced in: 

1. Engine accessories 

2. Transmissions (bearing preload and 
other mechanical problems can cause 
excessive heat) 

3. Transfer cases 

4. Final drives or axles 

5. Sprockets 

6. Tracks. 

The amount of loss varies with: 

1. Load 

2. Gear ratio 

3. Converter or lock-up 

4. Amount of steer. 

Table 2-5 can show typical efficiencies if a 
very gross estimate must be made. Emphasis 
on cooling system analysis must be to specify 
data on each significant component. Table 2- 
6 shows driveline efficiencies with grade and 
speed conditions combined. This table shows 
the effect of operating at various speed and 
slope conditions. 

Fig.    2-33    shows    a   representative 
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transmission sump temperature rise with a 
water-cooled heat exchanger. This is shown 
as a function of run time obtained from 
dynamometer testing at 30 mph on a 4.8 
percent grade at 100°F ambient temperature. 
Note that temperature continues to rise but 
does not quite stabilize at the top gear; 
therefore, a downshift is necessary (Ref. 3c). 

The heat rejection ability of four different 
oil-to-water cooler styles is shown in Fig. 2- 
34 (Ref. 3d). The performance improvement 
of a water-cooled heat exchanger versus an 
air-cooled heat exchanger is shown in Fig 2- 
34 (Ref. 3d). 

The performance of a heat exchanger 
configuration is based upon frontal area, fin 
density, tube rows, air flow rate and average 
temperature difference. Since the driving 
force behind the transfer of heat from the 
engine coolant to the ambient air is a 
temperature differential, it is important to 
note the impact that reduced coolant flow 
rates have on the average temperature 
difference. Typical values for a 350BHp 
(261KW) engine at rated speed with a 
conventional water jacket-charge air cooling 
system, based upon a 8600BTU/min heat 
rejection to the coolant, are as follows: 

Maximum Inlet Temperature: 212 F/ 100C 
Outlet Temperature: 200 F/ 93 C 
Average Coolant Temperature: 206 F/ 97 C 
Coolant Flow Rate: 95GPM/ 6 1/sec 
(Ref. 3e). 

The "worst case" cooling condition for 
an automatic transmission equipped vehicle 
will be between peak horsepower and peak 
torque ratings. The actual engine speed and 
converter heat load is a function of the 
engine torque characteristic curve and 
converter efficiency for the particular 
application (Ref. 3f)- 

2-2.2        CROSS DRIVE 
TRANSMISSIONS 

A cross drive transmission is a single 
item that combines the transmission and steer 
function for a tracked vehicle, and that may 
or may not contain steering brakes. A 
number of different power train combinations 
are possible as shown in Table 2-7. The 
cross drive transmission is used in track- 
laying vehicles and normally contains a 
hydraulic torque converter, gear train with 
forward and reverse speeds, and controlled 
planetary gear sets for steering. A simple 
clutch-brake or a more complicated 
regenerative steering system may be 
incorporated (Ref. 8). Fig. 2-35 shows a 
cross drive transmission schematic using 
steering brakes with a steering differential to 
produce regenerative steering. Transmission 
efficiencies vary with the particular design, 
however, the torque converter and internal 
brakes require cooling. This cooling 
requirement becomes a part of the vehicle 
cooling system heat load. The cooling 
requirements are determined by transmission 
efficiency and range from 10 to 30 percent, 
or more, of the horsepower input to the 
transmission. 

2-2.2.1   Internal Brakes 

The cross drive transmission often 
incorporates a built-in braking system for the 
vehicle. The heat generated by the brake 
system is absorbed by the transmission 
cooling oil. This heat is a part of the total 
transmission cooling load and is not 
considered separately for the cooling system 
design. 

A cross drive transmission without an 
internal braking system usually is installed in 
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TABLE 2-6 

SUMMARY OF VEHICLE DRIVELINE SYSTEM EFFICIENCIES DURING 
FULL-THROTTLE OPERATION (Ref. 3) 

Road Speed, Engine speed, Driveline 
Vehicle Slope, ! mph rpm Efficiency, % 

M41A1 No. 
806 0 6.6 .... 76.0 

20 5.9 2320 64.0 
30 4.9 2240 65.0 
40 3.3 2180 57.0 
50 2.6 2150 53.5 
60 1.7 2170 38.5 

M4 8A1 No. 
117 0 5.0 • . • . 76.0 

20 5.8 2275 72.1 
30 4.7 2220 76.0 
40 3.2 2180 66.7 
50 2.3 2150 57.1 
60 1.7 2165 48.3 

NOTE: THIS TABLE IS FOR REFERENCE ONLY. THE EFFICIENCY OF ANY 
POWER TRANSMITTING SYSTEM WILL VARY WITH THE MECHANICAL 
SYSTEM DESIGN. 

the same compartment with the external 
brakes. The brakes normally are mounted 
between the transmission output shaft and the 
vehicle final drives. This type of installation 
requires air circulation through the 
transmission/brake compartment. 

2-2.2.2  Steering Clutches 

Steering clutches are incorporated in 
cross drive transmission designs. These 
clutches can be either the dry (friction) type 

or wet type where oil is supplied to the 
friction surfaces for cooling purposes. Heat 
absorbed by the oil is dissipated by passing 
the oil through an oil-to-air cooler. This heat 
load is part of the total transmission heat 
rejection as defined in par. 2-2.2. The 
cooling discussion in par. 2-2.2.1 for internal 
brakes also applies to the internal wet-type 
steering clutches or steering brakes. Fig. 2- 
36 illustrates the application of wet-type 
steering clutches to the XT-500 transmission 
(Ref. 3). 
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TABLE 2-7 

POWER TRAIN COMBINATIONS iUSATACOM) 

COMBINATION 

1. Torque converter, 
power shift trans., 
& mech. steer unit 

y * PS 

DESCRIPTION 

This configuration is 
typical of many units 
presently in production.    The 
variety   of combinations of 
steering gear trains is too 
numerous to discuss each in 
detai1. 

REMARKS 

-Fixed ratio steer 
at any vehicle 
speed. 

-Slip a clutch to 
steer. 

-Will not steer at 
converter stall. 

la. 

Steer- 

^^^-L*    P5   hr* 

^   Ratio-/ 

i 

T 
2. Torque converter, 

power shift trans., 
& hydrostatic 
steer. 

One common variant of this 
scheme has the drive for the 
steer input taken off between 
the torque converter and the 
transmission input. 

This configuration has a 
hydrostatic pump driven from 
the transmission input.    No 
power is carried through the 
steer circuit when vehicle is 
driven straight. 

-Steer ratio changes 
with each gear 
range. 

-Will not steer at 
converter stall. 

-Provides infinite 
steer ratios. 

-Steer changes with 
gear ratio. 

-May not give 
adequate steer near 
converter stall. 
-Probably has 
limited track speed 
differential for 
water steer. 
-Heavy steer loads 
stall the vehicle. 
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TABLE 2-7 (Continued) 

2a.Torque converter, 
power shift trans. 
& engine driven 
hydrostatic steer 

^prizCS]- 
-L<->- 

© 
PS 

1 

This is same as Item 2. 
except steer circuit is 
driven by the engine to 
improve steer when torque 
converter is near stall. 

-Steer ratio changes 
with vehicle speed. 
-Poor steer with 
engine at idle, i.e., 
coasting at high 
speed at closed 
throttle. 

3. Hydromechanical 
Power Train 

HM 

HM 

This is a system with two 
hydromechanical transmissions 
back to back. Get ratio by 
varying both together; 
get steer by biasing one 
versus the other. 

-Infinitely variable 
ratio and steer. 
-Double utilization 
of components (use 
same unit for 
ratio and steer). 

- Limited ratio 
coverage. 

-Very compact. 

3a.Hydromechanical 
power train with 
added mechanical 
ratio. 

This is same as Item 3, 
except an additional 
mechanical power path Is 
provided. 

A  * HM 

f 
1 1 

M 

-Good ratio coverage. 

-Very  difficult to 
synchronize 
shifting of the 
mechanical trans- 
missions; steering 
is erratic unless 
shifts are exact. 

-Good efficiency. 

-Steer ratio varies 
with vehicle speed. 
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TABLE 2-7 (Continued) 

3b.Hydromechani cal 
power train with 
added hydro- 
mechanical  ratio 

This is same as 3, 
except an additional hydro- 
mechanical  power path is 
provided. 

The "upper" trans,  is used 
for added ratio.   The 
"lowers" are used for both 
ratio and steer. 

-Infinitely variable 
ratio and steer. 

-Good efficiency. 

-No step changes 1n 
added ratio path. 

-Steer ratio varies 
with vehicle speed. 

-Good ratio coverage. 

-Requires three 
hydraulic units. 

-Good interchange- 
ability of 
components. 

STEERWG a REVERSE STEERING BRAKE BANO 

STEERING 8 
REVERSE 
PINION 

DIFFERENTIAL 
SHAFT 

PRIMARY SHAFT 

Figure  2-35.      Merritt-Brown   Cross Drive   Transmission   (Ref.   3) 

DIFFERENTIAL 
GEAR 

DIFFERENTIAL 
SHAFT 

2-58 



Figure  2-36.      Transmission XT-500   (Ref.   3) 

Simple clutch-brake steering systems are 
used in few US military vehicles because of 
performance limitations. This system is 
satisfactory only for length/tread ratios of 
less than 1.3:1 and cannot provide pivot 
steering (see Ref. 23, par. 2-3.4). 

2-2.3   HYDRAULIC DRIVES 

2-2.3.1   Hydrostatic 

A hydrostatic transmission basically 
consists of a variable displacement hydraulic 
pump that is capable of reversing the 
direction of the output flow without a change 
in the direction of pump rotation, and one or 
more hydraulic motors. The hydrostatic 
transmission offers an infinitely variable, 

stepless, output speed independent of input 
speed between the extremes of the operating 
ratios. 

There are a few current military 
automotive or tactical vehicle applications of 
a pure hydrostatic transmission, however, 
construction equipment and mobile 
equipment applications are numerous. 
Between the pure hydrostatic and pure 
mechanical transmission are hybrid 
assemblies. They retain the desirable 
characteristics of both mechanical and 
hydrostatic      transmissions. These 
hydromechanical units are being evaluated 
for both wheeled and tracked military 
vehicles. A schematic diagram comparison 
of typical hydrostatic and hydromechanical 
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transmissions using the same size hydraulic 
units is shown in Figs. 2-37(A) and (B). 
Figs. 2-37(A) and (B) also show how a 
hydromechanical set-up using the same size 
hydraulic units can provide better efficiency 
and greater torque but at the expense of some 
speed range. Note that the speed range is - 
4000 to +4000 rpm in hydrostatic and is - 
1600 to +4000 rpm in hydromechanical. 

Fig. 2-37(C) illustrates a typical 
hydrostatic transmission efficiency curve for 
a tracked vehicle compared with a single 
range hydromechanical. The efficiency 
values at low speeds are very low and, as a 
result, the transmission heat rejection rate at 
full engine load and vehicle speeds below 10 
mph can be from 35 to 90 percent of the net 
engine output. This heat load must be 
dissipated by the vehicle cooling system. 
Fig. 2-38 shows a comparison of the 
efficiency of hydrostatic and 
hydromechanical transmissions as a function 
of vehicle speed. 

For discussion of vehicle performance 
predictions refer to SAE J688 Truck Ability 
Prediction Procedure (Ref. 9), Commercial 
Vehicle Performance and Fuel Economy 
(Ref. 10), AMCP 706-355 (Ref. 3), and 
AMCP 706-356 (Ref. 23). Computer 
simulations are available that expand the 
basic prediction techniques to include 
dynamic performance simulation. 

2-2.3.2  Hydrokinetic 

The hydrokinetic torque converter type 
transmissions have been used successfully for 
tracked and wheeled military vehicles These 
transmissions consist basically of & torque 
converter with a lock-up clutch and multi- 
speed planetary gear sets. Fig. 2-39 
illustrates an example of the predicted vehicle 

performance of a four speed torque converter 
type Allison Model TX-200 transmission 
with a 2.5:1 torque ratio installed in a 17,000 
lb GVW vehicle. 

The heat rejection characteristics for this 
transmission can be determined from Fig. 2- 
40. Cooling specifications for military 
vehicles often require that the vehicle cooling 
system be adequate to permit the vehicle to 
perform continuously at the point where the 
wheels or tracks would slip. This point 
occurs when the vehicle track or wheel to the 
ground coefficient of friction is maximum 
and is often assumed that the tractive effort 
TE equals approximately 75 percent of the 
weight on the drive axles. This value will 
vary with different types of soil or ground 
surface conditions and can exceed this value. 

TE =fWd , lb (tractive effort)     (2-1) 

where 

/   =      coefficient       of       friction, 
dimensionless 

Wd=      weight on driving axles, lb 

The maximum tractive effort for a 
17,000-lb. vehicle as shown in Fig. 2-33 is 
assumed to occur at 

TE = 0.75 x 17,000 = 12,250 lb. 

This corresponds to a vehicle speed of 
4.8 mph for first gear converter operation. 
At this point the heat rejection is 

Qr = (Input HP) ~ (Sprocket HP), 
Btu/min (2-2) 

therefore 
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OUTPUT: 

FORWARD 
S93 lb ft   MAX TORQUE 
4000 rpai MAX SPEEO 

REVERSE 
$93 lb ft   MAX TORQUE 
1610 tpm MAX SPEED 

INPUT 

70/30 DIFFERENTIAL 

0^ 
(A) HYOROMECHANICAL TRANSMISSION 

OUTPUT: 
415 lk*t   MAX TORQUE 
4000 rpm  MAX SPEED 
FORWARD A REVERSE 

8.7i.V 
REV. 
PUMP 

8.7 to./ 
REV. 
MOTOR 

INPUT 

i   1 
l==B 

(B) HYDROSTATIC TRANSMISSION 
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Qr = 238 " 160 = 78 hp (from Fig. 2-40) 

or 

42.4 x 78 = 3307 Btu/min 

The predicted vehicle performance curve 
represents a specific vehicle installation and 
is not necessarily the same characteristic that 
would be obtained with this transmission and 
different system components such as another 
engine, a different torque converter, a 
different vehicle gear ratio, or other 
variations. 

In practice, a hydrokinetic torque 
converter type transmission is matched to a 
particular engine to permit the engine to 
operate at the best conditions and produce 
the best engine/transmission package to meet 
the vehicle performance specifications. 

Vehicle powertrain efficiency 
characteristics for a vehicle powertrain 
consisting of a hydrokinetic transmission and 
a 200 bhp diesel engine are shown in Fig. 2- 
41. 

2-2.3.3  Hydromechanical 

The hydromechanical type transmission 
consists of combined mechanical and 
hydraulic power paths to retain the infinitely 
variable characteristics of the hydrostatic 
transmission while attaining the higher 
efficiencies of a mechanical drive 
transmission. 

The comparative performance of the 
hydrostatic and the hydromechanical 
transmissions is shown in Fig. 2-37(C). The 
heat rejection requirements for a 
hydromechanical transmission can be 
obtained   from   the   vehicle   performance 

curves as discussed in par. 2-2.3.2. 

2-2.4  ELECTRIC DRIVES 

Electric drive systems for military 
vehicles have been evaluated for improved 
performance and design flexibility. The 
efficiency, size, and rating of an electric 
motor and any related controllers determines 
the heat rejection characteristics. Motor 
controllers can provide a significant fraction 
of the total heat rejection. High power 
density electric motors require forced cooling 
circuits similar to those found in combustion 
engines. For purposes other than vehicle 
propulsion, electric motors are typically 
small enough and have low enough power 
densities to be cooled via either forced or 
natural convection. 

An efficiency map for a vehicle electric 
drive system utilizing a brushless permanent 
magnet DC motor and regenerative motor 
controllers is shown in Fig. 2-42. 

One example of an application of electric 
drive systems is that used for the Ml 13 
Armored Personnel Carrier (Ref. 12). 
Fig. 2-43 illustrates the basic components for 
the electric drive system. 

2-2.4.1   Cooling Requirements 

Oil-cooling was selected for the inverters 
and motors because significant size reduction 
was possible in the motors by using oil- 
cooled rotors and in the inverters by using 
oil-cooled plates functioning as heat sinks for 
the power semiconductors. Environmental 
protection from dust, humidity, and salt 
spray — which are common to a military 
tracked vehicle - also was accomplished 
more easily with oil-cooling. An attempt to 
duct cooling air, within the confines of the 
vehicle, to the components requiring it would 
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have been a very difficult if not impossible 
task because of space limitations. An outline 
of this oil-cooling system is shown in Fig. 2- 
44. The semiconductors in the inverter 
require heat extraction at a lower temperature 
than that of the engine (150°F as compared 
to an engine coolant temperature of 220°F). 
This requires an additional heat exchanger 
installed on the suction side of the normal 
vehicle engine-cooling fan, assuring 
minimum air temperature for cooling the oil. 
The cooler has a large cross section to 
minimize inlet losses between the heat 
exchanger and the fan. 

units is directed under pressure back to the 
reservoir. Scavenging is not required. The 
other main branch of the flow divider carries 
cooling and lubricating oil to the main 
propulsion motors. A fraction of the oil 
lubricates the main alternator bearings. Two 
engine-driven scavenging pumps are 
employed; one to evacuate the oil from the 
propulsion motor, and the other to remove 
the oil from the main alternator. 

Pressure relief valves are used to protect 
the main system and to by-pass the cooler if 
the oil viscosity is high. 

Oil is pumped from a reservoir, by an 
engine-driven pump, to a thermostatic valve. 
Then it is directed through the cooler or a 
by-pass, depending on the oil temperature. 

A flow divider downstream from the 
heat exchanger directs flow to the inverters 
and a DC power supply.   Flow from these 

2-2.4.2 Power 
Efficiency 

Losses and 

Calculated component efficiencies and 
the resultant total system efficiency are 
shown in Fig. 2-45. It can be seen from Fig. 
2-45 that the peak performance of the electric 
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mechanical vehicles are similar, with each 
surpassing the other at selected points 
throughout the speed range. At certain 
points the mechanical power train has better 
efficiency. The total power of the engine is 
not available throughout the speed range, as 
in the case with the electric drive system. 
The particular gear ratios affect the engine 
speed, and when the transmission is in torque 
converter range at very low speeds, the 
engine speed is lowered to its maximum 
torque point. With the electric drive, the 
engine may operate continuously at its 
maximum horsepower point. 

2-2.5    TRANSFER CASES AND FINAL 
DRIVES 

assembly, but usually should be. In the case 
of the final drive units, the heat generated is 
within the confines of the engine- 
transmission compartment and must be 
considered as part of the cooling system 
load. This would be an average magnitude 
of 2 percent of the BHP input. Wheeled 
vehicle transfer cases usually are located in a 
very severe environment (downstream from 
the engine heat and subjected to conducted 
heat transmission). As a result, they are 
often found to exceed the desired oil 
temperature limits. Damaged and leaking 
seals, coking of lubricants, and subsequent 
bearing failures are not uncommon. 

2-2.6   HYDRAULIC RETARDERS 

The transfer case and final drives are 
gear trains that transfer the engine power to 
the driving axles. The transfer case normally 
is used in wheeled vehicles and final drives 
in tracked vehicles. Controlled differentials 
and combination controlled differential 
transfer gear boxes also are in general use. 

The transfer unit usually is provided 
with a two-speed shift for extending the 
performance capabilities of the vehicle and 
also may contain one or more overriding 
sprag clutches for the front wheel drive. The 
overrunning feature of the sprag clutch 
permits power to be supplied to the front 
wheels, in one direction only, when the rear 
wheels slip. A second sprag clutch unit is 
provided to transmit power to the front 
wheels during reverse operation. 

An average efficiency value for a 
conventional transfer case or final drive 
assembly is 98 percent. In the case of a 
wheeled vehicle, the heat generated in the 
transfer case is not considered a part of the 
required cooling system capacity because no 
special provisions are made to cool the 

Hydraulic retarders often are provided in 
the transmission or attached to the transfer 
case. The cooling requirements for these 
devices vary with gross vehicle weight, 
percent grade, grade speed, and other vehicle 
design characteristics. The retarder heat load 
is added to the cooling system during braking 
while the engine heat load is minimum. For 
this reason, it may be possible to obtain 
satisfactory retarder heat rejection without 
additional cooling system capacity, however, 
desert testing at Yuma Proving Ground has 
indicated that the retarder oil temperatures 
may exceed the maximum recommended 
temperatures for the oils used (Ref. 14). It is 
not unusual for retarder heat loads to equal 
or exceed the engine BHP rating. 

2-3   MISCELLANEOUS HEAT 
SOURCES 

2-3.1   Hydraulic Systems 

Many military vehicles use hydraulic 
systems for operation of the vehicle 
subsystems. These subsystems include 
power steering for automotive applications, 
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turret and suspension hydraulics for combat 
vehicles, and complete vehicle control and 
work functions for construction equipment 
such as graders, dozers, and loaders. 

Power losses associated with converting 
mechanical energy into fluid power generate 
heat. A large part of the generated heat ends 
up in the hydraulic fluid which, in smaller 
hydraulic systems, is not a problem since 
radiation from wall surfaces in pipes, 
reservoirs, cylinders, pumps, and valves 
prevents the oil from exceeding critical 
temperatures. However, in larger hydraulic 
systems, sufficient wall surface area may not 
exist to radiate enough heat. To prevent the 
oil from overheating in such systems, a 
hydraulic oil cooler must be used. 

2-3.1.1   Motors 

Hydraulic motors are heat sources with 
the amount of heat generated being 
dependent on the motor design, size and 
efficiency. The heat rejected normally is not 
a major consideration in the vehicle cooling 
system design because of the large area for 
heat dissipation in the complete hydraulic 
system; however, if the cooling system fan is 
driven by a hydraulic motor, the heat 
rejection may be significant for consideration 
in the overall cooling system design. 

2-3.1.2  Pumps 

A hydraulic pump supplies fluid under 
pressure into a system. The heat generated 
by the pump is transferred into the fluid and 
normally is dissipated throughout the system 
reservoir, lines, valves, and components. 
The heat generated is dependent on pump 
design, size, and efficiency. The heat 
generated by hydraulic pumps usually is not 
considered in the vehicle cooling system 
design. 

Recommended temperature limits for 
hydraulic oils are supplied in the MIL-H- 
6083 and MIL-H-5606 Hydraulic Oils (Refs. 
24 and 25) specifications. 

TvpeofSvstem 

Limits for 
Sustained 
Operation 

Limits for 
Short Periods 

(not exceeding 
15 min} 

Open System 
(Open reservoir) 

160*F - 

Closed System 
(Enclosed 
reservoir) 

275'F ~ 

Sealed System 
(Pressurized 
reservoir) 

- 500'F 

The hydraulic systems may be installed in 
vehicle engine compartments, which can 
reach temperatures of 200°F at ambient 
temperatures of 125°F. This type of 
installation would have little or no cooling 
margin for other than a sealed system. 

2-3.2    ELECTRIC      MOTORS 
GENERATORS 

AND 

Electric motors and generators are heat 
sources in any vehicle installation, and the 
heat rejection is a function of their 
efficiency. The r\m of an electric motor is 

r|m = (input-losses)/input, percent (2-3) 

and the efficiency of x\g of a generator is 

r\g = (output)/(output + losses), percent 
(2-4) 

Electrical apparatus ratings are based on 
the maximum temperature at which the 
material (usually the insulation) in the 
apparatus may be operated continuously. Air 
cooling usually is provided by built-in fans 
or, in the case of high output units, forced 
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water or oil cooling systems. Motor 
controllers can also reject significant heat and 
may require forced air or liquid cooling. 

Vehicle cooling system requirements 
should consider the heat load of electric 
motors and generators particularly if they are 
installed in a confined compartment. 

2-3.3   FUEL INJECTION PUMPS 

Engine fuel injection pumps and 
injectors require a surplus of fuel to provide 
for cooling. Normally the fuel supplied to 
the injection pump is about 300 percent of 
the quantity of fuel burned in the engine. 
Roughly one-third of the fuel is injected and 
the remaining two-thirds cools and lubricates 
the injection pump and injectors and is 
returned to the vehicle fuel tank (see Fig. 2- 
46). The return of a heated fuel to the tank 
often results in a gradual temperature 
increase of the fuel in the tank causing vapor 
handling problems and/or fuel oxidation. 
Fuel coolers may be required to eliminate 
this condition. 

on the intended use for the air. The 
temperature rise across a compressor can be 
calculated using the following relation. 

Ar-I —1 

I 

*).] 
v    i/ 

where state 1 is prior to the compressor and 
state 2 is after the compressor. 

2-3.5 ENVIRONMENTAL CONTROL 
UNITS (Ref. 29) 

Air conditioning components with 
capacities from 20,000 to 40,000 Btu/hr are 
available for military vehicles, and the 
cooling requirements for these units must be 
considered as part of the integrated vehicle 
cooling system design. 

The air conditioning system heat 
exchanger can be mounted ahead of the 
cooling system radiator on automotive and 
tactical vehicles, and cab roof mountings are 
used for other type vehicles. 

2-3.4  AIR COMPRESSORS 

Air compressors for brake systems often 
are supplied for tactical and construction 
vehicles, and normally are liquid cooled from 
the engine coolant. The compressor is 
equipped with an air governor that unloads 
the compressor cylinder when a preset air 
pressure is reached. The compressor 
normally is loaded only when the vehicle 
brakes are in use or during initially charging 
of the system at which time the engine heat 
load is minimum. Heat rejection is small and 
negligible for compressors with relatively 
high mass flow rates and low pressure rises. 
Cooling of the compressed air may be 
necessary for some applications, depending 

2-3.6 SOLAR AND GROUND 
RADIATION 

Additional heat loads are added to a 
vehicle from solar and ground radiations. 
Typical compartment temperatures are shown 
in Table 2-8 for various vehicles. These 
temperatures were measured at Yuma 
Proving Ground, Arizona (Ref. 14). 

Not only must the cooling system design 
consider the effect of the solar radiation, the 
influence of the cooling system on the crew 
compartment temperatures also must be 
considered. Human Engineering Guide for 
Equipment Designers and MIL-STD-1472 
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(Refs. 15 and 16) specify a maximum 
effective temperature (ET) of 80°F for 
continuous crew exposure. AMCP 706-120, 
Ref. 29, provides information on the method 
of calculating heat loads due to solar 
radiation, crew, and equipment. 

Values for solar radiation are given in 
Table 1-2 for all climate categories specified 
by AR 70-38 (Ref. 21). 

2-3.7  AUXILIARY ENGINES 

Auxiliary engines often are provided for 
combat vehicles for battery charging, 
operation of auxiliary vehicle equipment 
when the main engine is not running, to 
provide additional electrical capacity when 
the main engine generator or alternator is 
inadequate for the imposed load, or to 
provide heat for the main engine to aid in 
extreme cold weather starting. 

The cooling systems for the auxiliary 
power units usually are self-contained and do 
not interface with the main engine system 
except for winterization preheating. APU's 
are a heat source usually not shielded from 

the main engine and, as such, may add to the 
cooling problem. The heat from the main 
engine also has an appreciable effect on the 
cooling and fuel vapor handling problems of 
the auxiliary engine. 

2-3.8   ENGINE COMPARTMENT 
VENTILATION HEAT LOADS 

Provisions must be made for ventilation 
of enclosed engine compartments to maintain 
power package accessories and associated 
vehicle equipment at safe operating 
temperatures. Fig. 2-47 illustrates typical 
sources of heat in the engine compartment 
that must be considered in the vehicle cooling 
system design. A test method of determining 
the crew compartment cooling load for a 
tracked vehicle is described in Ref. 33. 

Engine compartments normally are 
divided into hot and cold sections with 
sufficient sealing incorporated to minimize 
recirculation of the cooling air from the hot 
exhaust side to the cold inlet side. In 
addition, insulation often is applied to the 
exhaust pipes and shields to prevent damage 
to adjacent components due to radiated heat. 
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TABLE 2-8 

TYPICAL ENGINE COMPARTMENT TEMPERATURES 
(Yum* Proving Ground) 

VEHICLE 
TEMPERATURE 

LOCATION 
AMBIENT 

TEMPERATURE,°F 
COMPONENT 

TEMP RANGE.  • 
YPG 

F             REPORT NO. 

M113E2 APC 
(Al) 

Engine Comp. 
(before 
radiator) 

115 119 - 157 3081 

M113E2 APC 
(Al) 

Engine Comp. 
(before 
radiator) 

115 117 - 163 3081 

XM571 
Carrier 

A1r into 
Alternator 

115 161  - 195 6005 

H551 AARAV 
Engine 

Comp.            N 
at rear 
over trans 
over regu- 
lator 

near fire 
exiting      j 

125 

201  - 232 > 

227 - 254 
196 - 218 

198 - 2234 

9029 

M60A1 Tank Air between  > 
cylinders 
(air In 
bottom of 
Eng. Comp.) 

Alternator 
skin             > 

J        115 

122 - 158 > 

151  - 165 j 

not 
assigned 

XM561 
Truck 

Eng. Comp. 
(to 
radiator) 

125 131  - 165 6007 

M5QA2 
Truck 

Eng. Comp. 
(after 
rad) 

Behind Regul 

115 

a tor 

172 - 225 

130 - 175 

8007 

M715E1 Eng. Comp. 
(after rad) 

To carb. 

120 170 - 208 

174 - 176 

0069 

XH656 Eng. Comp. 
(after rad) 

115 156-202 5023 
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Figure  2-47.   Typical  Engine  Compartment  Ventilation Heat Loads 
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3-0 LIST OF SYMBOLS 

A = area, ft2 

ATB = air-to-boil, °F 

CFM = flow rate, ftVmin 

Cp — specific heat at constant pressure, Btu/lbm-°F 

D = diameter, ft 

e = heat exchanger effectiveness, dimensionless 

/ = fouling factor, hr-ft-°F/Btu; 
fluid friction factor, dimensionless 

F = correction factor, dimensionless 

G — water flow rate, gpm/ft core width 

GPM = flow rate, gal/min 

HP = horsepower, hp 

h = convection heat transfer coefficient, Btu/hr-ft2-°F 

ITD = initial temperature difference, °F 

k = thermal conductivity, Btu/hr-ft2 (°F/ft) 

K = unit core heat transfer capability, Btu/min-ft2-°F 

L = length, ft 

LMTD = log-mean temperature difference, °F 

m = fin parameter as defined by Eq. 3-6a 

M = molecular weight of gas, lbm/lbm-mole 

P = gas pressure lbf/ft2 

p = wetted perimeter, ft 
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N = number, dimensionless 

Pr = Prandtl number, dimensionless 

Q = heat flow rate, Btu/min, Btu/hr 

q = heat flux, Btu/hr-ft2 

r = radius, ft 

R = universal gas constant, 1544 ft-Ibf/lbm-mole-°R; 
temperature, ° Rankine 

Re = Reynolds number, dimensionless 

Res = resistance to heat transfer, hr-°F/Btu 

T = temperature, °F or °R 

U = overall heat transfer coefficient or conductance, 
Btu/hr-ft2-0? 

V = fluid velocity, ft/hr 

w = flow rate, lbm/hr 

AP = pressure drop, in. water 

AT = temperature difference, deg F 

5 = thickness, ft 

fi = absolute viscosity, Ibm/hr-ft 

v = kinematic viscosity, ft2/sec 

r\ = efficiency, dimensionless 

p = density, lbm/ft3 

a = Stefan-Boltzmann constant, 1.713 x 10"9 

Btu/hr-ft2-°R4 

e = surface emissivity, dimensionless 
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Subscripts: 

a = air, actual 

am = ambient 

aw = air to water 

wa = water and air 

c = cold 

cl = cooling air in 

c2 = cooling air out 

cond = conduction 

conv = convection 

ca = coolant to air 

co = coolant 

/ = fin, frontal, face 

fl = fluid 

fcs = fin conduction cross section 

fr = heat exchanger front 

g = gas 

h = hot, hydraulic 

hi = inlet of hot fluid 

H2 = hot air out 

i = insulation material, inside, inlet 

la = liquid and air 
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m = mean 

max = maximum 

min = minimum, smaller 

0 = overall, outside 

oc = overall cold 

oh = overall hot 

r = reference for U, required, rejected 

rod = radiation 

s = surface 

t = total 

tu = transfer units 

w = wall, water 

1 = inlet, flow rate, inner 

2 = exit, tube length 

3 = nonuniform airflow distribution, outer 

4 = wall 

Definition of Terms (See Preface) 

Mass lbm, pounds mass 

Force lbf, pounds force 

Length ft, in.; feet, inches 

Time sec, min, hr; seconds, minutes, hours 

Thermal energy Btu, British Thermal Unit 
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CHAPTER 3 

HEAT TRANSFER DEVICES 

Basic principles of heat transfer theory are presented in this chapter. Construction 
characteristics and sign conditions of various heat transfer surfaces and heat exchangers 
are discussed. Various heat exchanger core design selection methods are presented and 
the unit core heat transfer capability method is discussed with illustrated example. 
Methods of controlling engine compartment temperatures are discussed. Tables of 
military cooling system characteristics and radiator specifications are included for 
reference, and typical charts of various heat exchanger cores are presented. Additional 
charts are included in Appendix A. 

3-1 INTRODUCTION 3-2   MODES OF HEAT TRANSFER 

Approximately one-third of the energy 
produced by the combustion of fuel in an 
engine is converted to useful mechanical 
energy. Roughly another third of this energy 
is transferred to the atmosphere in the form 
of thermal energy in high temperature 
exhaust gases. The remainder must be 
removed from the system at its rate of 
generation and transferred to the surrounding 
atmosphere by forced convection, if the 
power train components are to be kept 
within the temperature limits specified for 
safe operation. Two methods of heat transfer 
by forced convection are in general use: 
direct and indirect. In the direct method, the 
air is blown over the engine which is 
especially designed to have a greatly 
extended heat transfer surface. In the 
indirect method, a liquid coolant is pumped 
through interior passageways in the engine 
and absorbs heat dissipated from various 
surfaces. Forced air will absorb this heat 
from the coolant as they both pass through a 
liquid-to-air heat exchanger. This heat 
exchanger is called a radiator. Both direct 
and indirect cooling systems frequently 
incorporate heat exchangers to transfer heat 
from the oil in the engine and power 
transmission assemblies. 

Heat is transferred from one body to 
another by virtue of a temperature difference 
between them. There are three types of heat 
transfer: radiation, conduction, and 
convection. All are similar in that a 
temperature difference must exist and the 
heat is always transferred in the direction of 
the lower temperature; however, laws 
governing the heat transfer and the physical 
mechanisms of each transfer mode are 
different. 

3-2.1   RADIATION 

Heat may travel through space to another 
body. This may occur without necessarily 
warming the medium within the space. Heat 
radiation may take place through a vacuum 
and through some gases and liquids. The 
rate of heat radiated per unit surface area 
(Q/A) ^ to the hemispherical space over it is 
in accordance with the general form of 
Stefan-Boltzmann's law 

(Q/A)* = eoT4, Btu/hr-ft2 (3-1) 

where 

A = surface area, ft2 
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Q = total rate of heat flow, Btu/hr 

T = temperature, °R 

e = surface emissivity, dimensionless 

o = Stefan-Boltzmann constant,  1.713 x 
10\ Btu/hr-ft-°R4 

At the relatively low temperature of 
the surfaces of the engine components, 
radiation is relatively insignificant and can be 
neglected in most calculations of engine 
cooling. 

3-2.2   CONDUCTION 

Heat may flow between two points 
within a body or between bodies in physical 
contact due to the difference in temperature. 
The rate of heat transfer per unit area 
(Q/A)cmd depends on the thermal 
conductivity of the substance and the local 
temperature gradient: 

(fi/^co-d  =k(Th. Tc), Btu/hr-ft2 

(3-2) 

where 

A = conduction cross-sectional area, ft2 

k = thermal conductivity, Btu/hr-ft2 - 
(°F/ft) 

L  =  length of conduction path, ft 

Q - total rate of heat flow, Btu/hr 

Th = Temperature of hot surface, °F 

Tc = Temperature of cold surface, °F 

Values of thermal conductivities for 
several common metals are shown in Fig. 3- 
41. Additional information may be found in 
numerous handbooks (e.g., Ref.14). 

The thermal resistance of heat transfer 
by conduction Rescond is the temperature 
difference required per unit heat transfer rate 
which is given by 

Res^   =  L   , hr-°F/Btu (3-3) 

kA 

3-2.3  CONVECTION 

The combined effect of conduction in 
fluid and the motion of the fluid on heat 
transfer is called convection. Convection is 
heat transfer between a solid surface and a 
fluid in motion. Heated air moves upward 
because its density is lower than that of the 
cooler air above it. This process is called 
natural convection. If circulation is caused 
by fans, blowers, pumps, etc., the process is 
called forced convection. 

Heat transfer by convection depends 
upon the motion of the fluids. The 
convection heat transfer phenomenon 
depends on the flow characteristics, surface 
characteristics, and thermal properties of the 
fluid. The usual way of expressing the rate 
of convection heat transfer per unit area 
(Q/A)conv between a solid and a fluid, is by 
means of the equation 

(Q/A)conv = h (T5 ~ Tfl) Btu/hr-ft2 

(3-4) 
where 

A = convection heat transfer area, ft2 

h = convection heat transfer coefficient, 
Btu/hr-ft2-°F 
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Q = total rate of heat flow, Btu/hr where 

Tfl = fluid temperature, °F 

Ts = surface temperature, °F 

The value of h can be calculated 
analytically only in a few relatively simple 
flows. In general it is evaluated empirically 
for similar flow configurations. 

The  resistance  to  heat  transfer  by 
convection Res cmv is given by 

Res conv = 1    , hr-°F/Btu (3-5) 

hA 

3-3   HEAT TRANSFER FINS 

Fins are extensions of a surface and are 
for the purpose of increasing the heat transfer 
surface and /or increasing the degree of flow 
turbulence which in turn will increase the 
convection heat transfer coefficient. The 
usefulness of fins increases with the ratio k/h 
of the surface material thermal conductivity 
to the convection heat transfer coefficient. 

The temperature of a heat dissipating fin 
gradually decreases from fin base to tip. The 
effectiveness of fins as heat transfer surfaces 
is measured by the fin efficiency. This is the 
ratio of the actual heat dissipated from the fin 
surface to the heat which would be dissipated 
if the entire fin area were at its base 
temperature. 

The fin efficiency r\f of a straight fin 
with cross-sectional area and dissipating heat 
to the surroundings by convection only is 

n/ =      tanh (mLf)     , dimensionless 

mLf (3-6) 

Lf = effective fin length, ft (fin 
length plus one half its 
thickness r\) 

tanh (mLf) = hyperbolic tangent of 
value mLf, dimensionless 

m = / hpf   ; or* 

kA lJcs 

2h,  1/ft 

(3-6a) 
kS 

and 

Afcs =       fin conduction cross-sectional 
area, ft2 

h =       convection heat transfer 
coefficient, Btu/hr-ft2-°F 

Pf =     wetted perimeter of fin, ft 

6f =      fin thickness, ft 

*for a rectangular cross-section with a 
thickness small in comparison to the 
width. 

The factor mLf is important in designing 
fins because the smaller the product of mLf 

the higher the fin efficiency. However, the 
fin efficiency is not the only important 
parameter for fin surface design. This is 
shown in Eq. 3-8 because the higher the 
product r\JiA, the higher the heat transfer 
rate. 

The overall surface efficiency T^ of a 
heat transfer surface with fins can be 
determined by the combination of finned and 
nonfinned portions of the surface. It is 
found to be 
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Figure 3-1. Fin Efficiency of Straight and Circular Fins (Ref. 2) 
(Courtesy of McGraw-Hill Book Company) 

f[„ = 1   Af    (1 = ty), dimensionless 

A, 

where 

Af = fin heat transfer area, ft2 

At = total heat transfer area, ft2 

r\f = fin efficiency, dimensionless 

The heat transfer rate Q from a surface 
to the ambient fluid is 

Q = nM (T, ~ Tam ), Btu/hr     (3-8) 

where 

h = convection heat transfer coefficient, 
Btu/hr-ft2-°F 

Tam = ambient temperature, °F 

Ts  = surface temperature, °F 

r\0 ~ overall surface efficiency, 
dimensionless (the value for a 
nonfinned surface is 1) 

Fig. 3-1 shows the fin efficiency of 
straight and circular fins. Fin efficiency 
curves for various other fin configurations 
can be found in Ref. 4 and the heat transfer 
texts listed in the Bibliography. 

The convection heat transfer coefficient 
h for liquid flow is usually high, and, few if 
any, fins are required.  It is not practical to 
use fins under these conditions because of 
low   fin   efficiencies.      Conversely,   the 
convection heat transfer coefficient for gas 
flow is usually low, therefore, fins may be 
needed to increase the rate of heat transfer. 
This   shows   that   the   surface   geometry 
required in heat exchangers depends on the 
type of fluid.   The liquid side usually will 
have very few fins and the air side will have 
a substantial number of fins. 
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3-4   HEAT EXCHANGERS 

Heat exchangers are devices for 
transferring heat from a heat source to a heat 
sink. In most cases, both the heat source and 
heat sink are fluids. 

of this type of heat exchanger are presented 
in the paragraphs that follow. It must be 
noted that it is not practical to include and 
classify all heat exchanger types. The 
classifications that follow are presented for 
general information only. 

3-4.1   TYPES OF HEAT EXCHANGERS 

Various types of heat exchangers are 
used in vehicle cooling. Generally they can 
be classified into two major types—steady 
flow and transient flow. 

3-4.1.1   Steady Flow Heat Exchanger 

The steady flow heat exchanger also is 
called a transfer type heat exchanger. Fluids 
pass through separate flow passages and heat 
is transferred from the hot-fluid passages to 
the cold-fluid passages through the separating 
walls. 

3-4.1.2 Transient Flow Heat Exchanger 

The transient flow heat exchanger also is 
called a storage type or periodic flow type of 
heat exchanger. The hot and cold fluids flow 
through the same passages and over the same 
surface at different times. The matrix 
structure serves as a thermal energy capacitor 
and stores heat while the hot fluid is flowing 
through. At periodic intervals, either by 
rotating the matrix or by switching the fluids, 
transfers heat to the colder fluid. The 
regenerator of a gas turbine engine is this 
type of heat exchanger. 

3-4.2    HEAT EXCHANGER 
CLASSIFICATION    BY    FLOW 
ARRANGEMENT 

Most heat exchangers used in vehicles 
are steady flow types. Further classifications 

3-4.2.1   Parallel Flow 

The hot and cold fluids have the same 
flow direction in the parallel flow heat 
exchanger. A sketch of this flow 
arrangement and temperature distributions is 
shown in Fig. 3-2(A). 

3-4.2.2  Counterflow 

The hot and cold fluids flow in opposite 
directions in the counterflow heat exchanger. 
A sketch of this flow arrangement and 
temperature distributions is shown in Fig. 3- 
2(B). With this type of heat exchanger, it is 
possible to have a higher exit temperature for 
the entering "cold" fluid than the exit 
temperature of the entering "hot" fluid. 

3-4.2.3  Crossflow 

In a crossflow heat exchanger, the flow 
directions of hot and cold fluids are 
perpendicular to each other. There are three 
variations of this type of heat exchanger: 

1. Both fluids are unmixed in the heat 
exchanger core. The term unmixed indicates 
that a fluid particle remains in one flow 
passage as it passes through the core. 

2. One fluid is unmixed, the other is 
mixed in the heat exchanger core. 

3. Both fluids are mixed in the heat 
exchanger core. (It must be noted that does 
not mean that both fluids have direct contact. 
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Figure 3-3. Crossf/ow Heat Exchanger Fluid Flow Arrangement and Temperature Distributions 
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FLUID #2 

FLUID #1 

(A ) CROSS-COUNTERFLOW 

A diagram of this type heat exchanger is 
shown in Fig. 3-4(A). 

3-4.2.5  Cross-parallel  Flow 

The cross-parallel flow heat exchanger is 
a multipass type unit that is a combination of 
crossflow and parallel flow arrangements. A 
diagram of this type heat exchanger is shown 
in Fig. 3-4(B). 

FLUID #2 

(B) CROSS-PARALLEL FLOW 

Figure 3-4. Cross-parallel Flow and Cross- 
counter flow Heat Exchanger Flow Arrange- 

ment (Hef. 3) 

It just implies that each fluid mixes with its 
own kind throughout the heat exchanger 
core.) 

These classifications depend on the flow 
conditions inside the core. Moreover, the 
flow inside the turning panels between passes 
(multipass heat exchangers) can be either 
mixed or unmixed. A sketch of the flow 
arrangement and temperature distributions is 
shown in Fig. 3-3. 

3-4.2.4  Cross-counterflow 

The cross-counterflow heat exchanger is 
a multipass type unit that is a combination of 
the crossflow and counterflow arrangements. 

3-4.2.6 Comparison of Heat 
Exchangers Based on Flow 
Arrangements 

Typical heat transfer characteristics~as 
a function of fluid temperature change for 
parallel flow, crossflow, and counterflow 
heat exchangers-are shown in Fig. 3-5. 
Combination flow type heat exchangers have 
intermediate characteristics. 

In the region where the fluid temperature 
change is a small percentage of the inlet 
fluids temperature difference, all types of 
heat exchangers require approximately the 
same heat transfer surface area. 

The counterflow heat exchange requires 
the least area throughout the range. It is the 
only type that can be used when the fluid 
temperature change in one or both of the 
fluids is required to approach the temperature 
difference between the entering fluid 
streams. The use of the counterflow heat 
exchanger is desirable, when feasible, for 
performance reasons. However, other 
considerations often dictate the use of 
different heat exchanger types. As shown in 
Fig. 3-2(B), the fluid flow in a tubular 
counterflow heat exchanger is such that one 
fluid is flowing inside the tubes and the other 
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fluid is flowing outside the tubes in the 
opposite direction. This arrangement 
presents problems in fabrication and 
assembly of the header and ducts. The 
crossflow arrangement, Fig. 3-3, presents a 
more convenient header configuration. The 
crossflow heat exchanger also tends to have 
higher convection heat transfer coefficients 
on the outside surface of the tubes because of 
increased fluid flow turbulence. Staggered 
row of tubes will give higher convection heat 
transfer coefficients than in-line rows of 
tubes. Because of the ease of fabrication and 
better performance, the crossflow heat 
exchanger is used widely in industry. 

3-4.3    HEAT EXCHANGER 
CLASSIFICATION    BY    HEAT 
TRANSFER SURFACE 
GEOMETRIES 

There are a great variety of surface 
geometries used for the cores of heat 
exchangers. Each geometry has its own 
characteristics with regard to heat transfer 
and resistance to flow. The heat transfer 
surface geometries may be divided into 
general groups as discussed in the paragraphs 
that follow. 

3-4.3.1   Plate-fin Surfaces 

For multipass heat exchangers, as the 
number of passes increases, the performance 
approaches that of a counterflow unit. 
Practical considerations of design and fluid 
pressure drop, however, limit the number of 
passes. Typical two-pass configurations are 
shown in Figs. 3-16 and 3-17. 

The fluids are separated by layers of 
plates. The fluids flow in alternate space 
between the plates. The space between the 
plates contain fins of thin sheet metal folded 
into various geometries. There are many 
possible geometries of this fin arrangement 
such as: continuous plain, interrupted, etc. 

3 oo 
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Figure  3-5.   Required  Relative Heat   Transfer Surface Area. As 
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(Courtesy of John   Wiley  & Sons,   Inc. ) 

Function  of  the 
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In plate-fin heat exchangers, either or 
both sides of the core plate flow passage can 
be made of single sandwich or multi- 
sandwich construction. Various construction 
and fin shapes are shown in Figs. 3-6 and 3- 
7. 

3-4.3.1.1   Plain-fin Surfaces 

Plain-fin surface refers to fin passages in 
a continuous uninterrupted pattern. The flow 
passage shape may be rectangular, triangular, 
or other configurations. 

3-4.3.1.2    Interrupted Fin Surfaces 

Interruptions in the flow passages 
increase heat transfer heat transfer capability 
by preventing the development of a thick 
boundary layer during forced convection. 
Some of the commonly used interrupted fin 
surfaces are shown in Fig. 3-8. 

Combinations of several interrupted fins 
are also used. Although the heat transfer 
performance can be improved by interrupted 
fin surfaces, the fluid friction also is 
increased. 

3-4.3.2 Tubular Surfaces 

A heat exchanger core or matrix may 
consist of a bank of tubes. There are various 
geometric configurations of matrices. 
Common tube configurations include: 

1. Circular or noncircular tubes 

2. Plain or dimpled tubes 

3. Finned or nonfinned tubes 

(A) TRIANGULAR FIN PASSAGE 

(B) RECTANGULAR FIN PASSAGE 

(C) TRAPEZOIDAL FIN PASSAGE 

Figure 3-6. Heat Exchanger Core Construc- 
tion With Plate-fin Shapes 

(Harrison Radiator Dh/ition-GMC) 

4. Concentric type 

5. Tube bundle type 
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AIR CENTER HEIGHT-' 

^3    HOT 
FLUID 

(A) SINGLE SANDWICH EACH SIDE 

HOT      ^^ 
FLUID 

NO  HOW  HEIGHT 

Pi     COLD 
^^     FLUID 

IB) SINGLE SANDWICH HOT SIDE. TRIPLE SANDWICH COLD SIDE 

Figure   3-7.   Heat   Exchanger  Core   Construction   Variation 

6. Tubes with or without turbulators 
inside the tube to increase fluid flow 
turbulence. 

3-4.3.3  Fin and Tube Configurations 

Tubular heat exchangers also may be 
classified by fin tube configurations with 
many variations existing as: 

1. Longitudinal fin type (internal or 
external) 

2. Circular fin type 

3. Continuous or interrupted plate-fin 
type. 

3-4.4    HEAT EXCHANGER 
CLASSIFICATION   BY   FLUIDS 
INVOLVED 

1.   Liquid-to-liquid 

2. Gas-to-liquid 

3. Gas-to-gas 

3-5        HEAT    EXCHANGER    DESIGN 
AND SELECTION 

Factors that must be considered in the 
design or selection of heat exchangers are: 

1. Heat transfer requirement 

2. Fluid pressure drop limitations 

3. Stress and mounting considerations 

4. Material       requirements       and 
fabrication techniques 

5. Cost considerations 

6. Operating,  servicing,  repair,  and 
maintenance considerations. 
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FLOW 

(A) OFFSET FIN (sometimes called 
segmented fin. serrated fin. 
or strip fin) 

FLOW 

(B) LOUVERED FIN 

FLOW 
FLOW 

(C) CORRUGATED FIN (0) DIMPLED FIN 

FLOW 
FLOW 

(E) PERFORATED FIN (F) PIN FIN 

Figure 3-8. Heat Exchanter Core With Interrupted Fin Surfaces 
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The majority of heat exchangers in 
vehicle cooling systems are two-fluid transfer 
types in which the two fluids exchanging heat 
are separated by the heat transfer surface. 
Only this type heat exchanger is discussed in 
this handbook. 

It is not always possible to follow a 
definite procedure in selecting a heat 
exchanger for a specific application because 
of the many design constraints imposed by 
both vehicle design and heat exchanger 
design characteristics. A general procedure 
may be defined as follows: 

1. Define inputs from analysis of the 
system specifications. These would include: 

a. Required heat rejection rate Qr 

(engine, transmission, etc.) 

b. Maximum operating and 
maximum allowable fluid pressure drops 

c. Size limitations of heat 
exchanger (frontal area and thickness) 

d. Maximum operating terminal 
temperatures of the fluids 

e. Fluid flow rates 

f. General fluid flow arrangement 
and location of the heat exchanger in the 
system. 

These data often can be given to the heat 
exchanger manufacturer and a standard "off 
the shelf" unit may be available that will 
fulfill all requirements. 

2. Calculate the temperature difference 
ATm between the fluids. This may be done 
by the following methods: 

a. Initial temperature difference 
ITD or temperature of the coolant minus 
temperature of the cooling medium (TM ~ 
Tcl) 

b. Average coolant temperature 
minus the temperature of the cooling medium 

(Tu +  TJ 
      '    Tcl 

c.    Log       mean 
difference (see Eq. 3-11) 

temperature 

3. Calculate the unit core heat transfer 
capability (see Eq.3-13). 

4. Review manufacturers' performance 
charts such as Fig. 3-10, for available cores 
that will provide adequate cooling capacity. 

5. Determine AP through the core for 
the unit selected in step 4. 

6. Determine the vehicle cooling 
system AP and cooling fan characteristics. 
See Chapter 7 for system resistance 
determination. The system resistance also 
may be obtained from mock-up testing (see 
Chapter 9). See Chapter 4 for cooling fan 
characteristics and system resistance 
matching. 

7. At this point, it may be found that 
the available heat exchanger cores do not 
provide the required characteristics within the 
vehicle imposed constraints. The core A? 
may be too great and require excessive fan 
horsepower, the required size may not fit 
within the allocated space, and trade-off or 
optimization studies must be made (see pars. 
3-6.2.1.5, 3-6.6 and 8-4). 
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8. Select a heat exchanger size to be 
compatible with the vehicle design limitations 
(See Eq. 3-13). 

9. Apply correction factor F2 for tube 
length other than 12 in.  (See Fig. 3-12). 

10. Apply correction factor Fj for 
coolant flow rates other than rates given on 
the manufacturers' charts. 

11. Apply correction factor F3 for 
nonuniform airflow distribution across the 
core face area. 

12. If the heat transfer rate required Qr 

is less than the calculated heat transfer rate 
Qa then it becomes necessary to perform 
iterations by changing one or more of the 
following parameters until & is equal to or 
greater than Qr: 

a. Core thickness 

b. Core frontal area 

c. Core design 

d. Liquid flow rate 

e. Cooling medium flow rate and 
flow direction 

f. Location of the heat exchanger 
in the power package compartment. 

13. It is common practice to provide 
reserve cooling capacity of from 10 to 20 
percent to permit degradation of the heat 
exchanger cooling capacity caused by fin 
damage, fouling, and plugging. 

14. The final design will include the 
incorporation of all applicable hardware 

requirements including mounting, drain, 
access, stone and debris protection, and 
similar design considerations. 

3-5.1    THERMAL DESIGN PRINCIPLES 
OF TWO-FLUID HEAT 
EXCHANGER CORES 

3-5.1.1       Basic      Thermal      Design 
Equations 

In most heat exchanger designs, the 
change of kinetic and potential energies of 
the fluids and the heat interactions with 
surroundings are negligible. Under steady- 
state conditions, the equations presented in 
the following paragraphs are used. 

3-5.1.1.1    Energy Balance Equation 

The energy balance equation for a heat 
exchanger, assuming the specific heat is 
constant over the temperature range of 
interest, is 

{ )} Wh CPh (Tu - Thl 

\wcCpc(Tc2-Tcl)} =0 (3-9) 

where 

-pr =  specific heat of cold fluid at 
constant pressure, Btu/lbm-°F 

Cpt, =  specific heat of hot fluid at 
constant pressure, Btu/lbm-°F 

Tcl = cold fluid temperature (inlet), °F 

ThI = hot fluid temperature (inlet), °F 

Tc2 = cold fluid temperature (exit), °F 

Tfa = hot fluid temperature (exit), °F 
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wc = cold fluid flow rate, lbm/hr 

vvh =  hot fluid flow rate, lbm/hr 

This assumption is satisfactory for gases 
at low pressure and for liquids, except near 
the critical point of the fluid. 

3-5.1.1.2 Heat Transfer Rate Equations 

An equation for the heat transfer rate 
between two fluids in a heat exchanger can 
be expressed by the three following methods: 

1. Log-mean temperature difference 
(LMTD) method 

Q = UAr ATto,.m , Btu/hr (3-10) 

where 

Ar = area in reference to U, ft2 

U = overall heat transfer coefficient, 
Btu/hr-ft2oF 

A7 (T> hi Tc2) ~   (T, 
log-m 

u Tel) 

In 'hi c2 

'•hi c2 

(3-11) 

(Eq. 3-11 is the LMTD  between the two 
fluids assuming true counterflow) 

where 

Tcl = inlet temperature of cold fluid, °F 

Tc2 = outlet temperature of cold fluid, °F 

Thl = inlet temperature of hot fluid, °F 

Th2 = outlet temperature of hot fluid, °F 

The reader is referred to Refs. 1,3,4, 8, 
13 and the Bibliography for details. 

2. Heat exchanger effectiveness Nm 

(number of heat transfer units) method. In 
the Na method, an effectiveness e 
(dimensionless) of a heat exchanger is 
defined by the ratio of the actual heat transfer 
rate to the maximum (thermodynamically 
possible) heat transfer rate for the same heat 
exchanger. 

The heat exchanger effectiveness 
depends on a parameter Nm that takes into 
account the type and size of the exchanger 
core, the flow arrangement, and the flow 
rates. 

Ref. 2 gives the heat exchanger 
effectiveness dependence on Nm for various 
flow patterns where 

Q = e(wC^(Tu-TeI),Btu/hr 

where 

(3-12) 

Cp    = fluid specific heat at constant 
pressure, Btu/Ibm-°F 

w     =. flow rate, lbm/hr 

(wCPnun = the smaller of either (wCp)^ 

or (wCp)cMmagnitudes, Btu/hr- °F 

e     = heat exchanger effectiveness, 
dimensionless 

3. Unit core heat transfer capability (or 
unit conductance) method 

Q  = KFjFfAfr Arm , Btu/min   (3-13) 
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where where 

Afr = reference heat exchanger core 
face area, ft2 

F; = correction factor for coolant flow 
rate, dimensionless (see Fig. A-63) 

F2 = correction factor for tube length 
other than 12 in., dimensionless 
(see Fig. 3-12) 

F3 = correction factor for nonuniform 
airflow distribution across the heat 
exchanger core face area, 
dimensionless 

K = unit core heat transfer capability, 
Btu/min-ft2- °F 

A7m = fluid temperature difference, °F 
(as defined in par. 3-5) 

3-5.1.1.2.1 Thermal 
Equation 

Resistance 

Thermal resistance of scales or film on 
both sides of the heat transfer surface must 
also be considered. If they are significant, 
the overall heat transfer coefficient IJ can be 
calculated. provided    all    the    individual 
resistances are known. 

Typical fouling factors for heat transfer 
equipment may be found in Refs. 1, 3, 4, 
and 8. For a clean heat transfer surface, the 
fouling factors usually may be neglected. 
Under these conditions 

1 1 + 1 

UAr        r\oJif4h 

hr-°F/Btu 

^vAv ^OlP-lAc 
(3-14) 

Ah = heat transfer surface area of the 
hot side, ft2 

Ac = heat transfer surface area of the 
cold side, ft2 

A*, = conduction cross-sectional area of 
solid wall, ft2 

Ar = reference surface area for U, ft2 

k^ = thermal conductivity of wall, 
Btu/hr-ft2-(°F/ft) 

hh = convection heat transfer coefficient 
of the hot side, Btu/hr-ft2-°F 

hc = convection heat transfer coefficient 
of the cold side, Btu/hr-ft2-°F 

U = overall conductance or overall heat 
transfer coefficient,  Btu/hr-ft2-°F 

of Ar 

n<* = overall hot side surface efficiency, 
dimensionless 

i\oc = overall cold side surface 
efficiency, dimensionless 

8^ = wall thickness, ft 

Most heat exchangers for vehicle 
applications have very thin walls and 
&i/(AJcJ is small enough to be neglected and 
Eq. 3-14 becomes 

1 1 1 
., hr-°F/Btu 

UAr    x\Ji,Ah     r\JicAc (3-14a) 

The nomograph presented in Fig. 3-9 is 
useful for determining UAr. 
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EXAMPLE 

6IVEN n,c Ml  * so° 
n.k »hAh = 400 

A LINE IS MADE BETWEEN THESE TWO POINTS. 
THIS LINE INTERSECTS UAT AT 140 WHICH IS ITS VALUE 

400 

\.    fc«*. \k fc
hs 

Ac -- HEAT TRANSFER AREA OF THE COLO SIDE. f<z 

Ak •  HEAT TRANSFER AREA OF THE  HOT SIDE,  ft2 

A, • REFERENCE AREA FOR II. It2 

ht  = CONVECTION  HEAT TRANSFER   COEFFICIENT OF THE COLD SIDE. Bt«/hr-ft2-*F 

kk •  CONVECTION HEAT TRANSFER COEFFICIENT OF THE HOT SIOE. •Wbr-ft*-*' 
U - OVERALL CONDUCTANCE FOR   HEAT TRANSFER. Bl./hr ft2 "F 
n„ = OVERALL COLD SIDE SURFACE EFFICIENCY. DIMENSIONLESS 
n,fc • OVERALL NOT SIDE SURFACE EFFICIENCY. DIMENSIONLESS 
NOTE: THIN WALLS ANO CLEAN HEAT TRANSFER SURFACES 

Figure 3-9. Nomograph of Thermal Resistance Eg. 3-14 (Ref. 5) 
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3-5.1.1.2.2 Basic  Heat  Exchanger 
Core Design 

For basic heat exchanger core design, 
either the log-mean temperature difference 
method or the effectiveness Nm method may 
be used. Many excellent references are 
available for discussing these two methods 
(See Refs. 1, 2, 3, 4, 8, 12, 13, 14, and the 
Bibliography). Both of these methods 
require the heat transfer factor /, fluid 
friction factor /, and their relations with the 
Reynolds number Re and Prandtl number 
Pr. Additionally, heat transfer surface 
parameters must be known. Most of these 
characteristics are proprietary information of 
industry and usually are not available. 
Designers of military cooling systems are not 
responsible for actual detailed design of heat 
exchangers. The designers basically perform 
preliminary analysis and selection of existing 
heat exchanger designs. Under these 
conditions, the unit core heat transfer 
capability method generally is used. 

3-5.1.1.2.3 Unit Core Heat Transfer 
Capability Method 

In the automotive industry, numerous 
heat exchangers are made from several basic 
cores. Each manufacturer has his own 
unique core designs. Usually cores of 12 in. 
(width) X 12 in. (height) of various 
thicknesses are tested in a wind tunnel. Heat 
transfer and flow resistance characteristics 
are obtained and generally are presented as 
shown in Fig. 3-10(A) when AT, is 
expressed as deg F entering temperature 
difference. 

The unit core heat transfer capability A 
of air-cooled radiators is represented by the 
following expression: 

A = KAjrFj F2F3 (Tw - Ta ), Btu/min (3-15) 

where 

Afr = core frontal area, ft2 

Fj = correction factor for coolant flow 
rate, dimensionless (see Fig A-63) 

F2 = correction factor for tube length 
other than 12 in., dimensionless 
(see Fig. 3-12). This factor is 
applied when the ITD method is 
used 

F3 = correction factor for nonuniform 
airflow distribution across the 
core face, dimensionless 

Ta = inlet air temperature, °F 

Tw = inlet or average water 
temperature, °F 

The unit core selection method presented 
in Eq. 3-15 uses initial temperature 
difference ITD which is (Tw - Ta). In 
addition to this, 7^ (difference between the 
average water temperature and inlet 
temperature) or LMTD as defined in par 3-5 
may be used. For the normal temperature 
range, the difference between LMTD and 
ITD (or average A 7^) is small. LMTD is 
defined in Eq. 3-11 and a typical core 
performance chart is shown in Fig. 3-10(B). 
Additional core performance data are 
included in Appendix A. 

Increasing the coolant flow velocity in a 
radiator increases the unit core heat transfer 
capability. However, the air side heat 
transfer is the predominant control. The rate 
of increase contributed by increased coolant 
flow velocity is diminished gradually as 
shown in Fig. 3-11. Moreover, coolant side 
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pressure drop will increase significantly. 

Too low a coolant velocity will decrease 
the overall radiator heat transfer capability 
and also will accelerate scale formation on 
the heat transfer surfaces, resulting in a 
further deterioration of the heat transfer 
performance. Generally, a coolant velocity 
of approximately 2 to 3 ft/sec in the radiator 
is recommended. 

When the unit core heat transfer 
performance is based on temperature 
difference between inlet coolant and inlet air 
to the radiator, a correction should be made 
when the radiator is not 12 in. long in the 
direction of coolant flow. As the radiator 
tube length increases, the mean temperature 
differences between coolant and air decreases 
and the unit heat transfer capability will 
decrease. Fig. 3-12 shows a typical 
correction factor F2 as a function of tube 
length, unit core heat transfer capability, and 
coolant flow rate. 

1600 

a 

a     -    1200 
tern 

o     o —       o 

< I 
s 

400 

3-5.2    FLUID PRESSURE DROP IN 
HEAT EXCHANGERS 

A heat exchanger generally consists of 
an inlet header, core, and exit header. If a 
multipass arrangement is used, turning pans 
or headers also are provided between passes. 
The total fluid pressure drop of the heat 
exchanger is the sum of the pressure drops 
across the following areas: 

1. Entrance region 

2. Core 

3. Exit region. 

For a multipass arrangement, the turning 
losses between passes must be considered. If 
variation of fluid density through the heat 
exchanger is significant, the change of fluid 
pressure due to a change in velocity must be 
considered. If the fluid is accelerated, a drop 
in pressure will occur. If the fluid is 
decelerated, the pressure will rise and 

\ 

S*y/ 

s* <& 

^ 
x^ 

'         1 

t*ov 

  

410 100 1200 1600 

AIR VELOCITY, ft/min 

2000 2400 

Figure 3-11.   Typical  Heat Rejection  vs  Coolant Flow for Plate-fin 
and Serpentine-fin   Cores   (Ref.   16) 

(Courtesy  of Society of Automotive Engineers,   Inc.,   Paper No.   670525 and Modine Manufacturing Co.) 
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counteract other losses. 

In the automotive industry, the total fluid 
pressure drop for a heat exchanger is 
measured in a wind tunnel. The friction drop 
information is presented together with the 
heat transfer capability data as shown in Fig. 
3-10. The fluid pressure drop can be 
determined quite accurately from these data. 

For detailed design of a heat exchanger, 
fluid pressure drops through the manifolds, 
headers, core, turning pans, and the fluid 
pressure drops due to changes in fluid density 
and fluid flow areas are calculated 
separately. The summation of them is the 
total fluid pressure drop. The reader is 
referred to Refs. 2, 3 and 4. 

3-6 VEHICLE COOLING 

The major source of heat that must be 
removed by the vehicle cooling system is 

from the engine. There are two general 
methods of removing heat from the engine: 
direct and indirect cooling. 

In direct cooling the heat is transferred 
directiy from the cylinder cooling fins to the 
air that is forced to flow between them. 

Indirect cooling is achieved by an 
intermediate fluid that absorbs heat from the 
source and transfers it to the cooling air by a 
liquid-to-air heat exchanger (radiator and oil- 
to-air cooler). 

3-6.1   DIRECT COOLING 

The engine is designed specifically for 
the direct cooling method; namely, the 
engine cylinders, cylinder heads, and other 
components have fins and appropriate air 
passages to direct the cooling air through 
those fins. The fins may be an integral part 
of the cylinder body, or may be attached by 

--    i.i 

K • HEAT TRANSFER CAPABILITY OF RADIATOR CORE 

Blu/min ft2 FA 100'f ITD 

B • WATER FLOW RATE, ipm/ft CORE WIOTH 

II 24 30 

TUBE LENGTH, in. 

Values shown are for a 12 in. wide * 12 in.   long basic core 

Figure  3-12.   Radiator Heat  Transfer  Correction  Factor  for Various  Tube Lengths 
(Courtaey of McCord  Corporation) 
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an appropriate process. The material used 
for fins is usually aluminum or steel. 
Aluminum has about four times the thermal 
conductivity of steel and, therefore, has a 
much higher heat transfer capability. In 
direct cooling systems, the engine 
manufacturer designs the entire engine 
cooling system. Engines built for direct air- 
cooling include the engine cooling fan as an 
integral part of the package. It is the 
responsibility of the vehicle engineer to 
assure the adequate openings for cooling air 
supply and discharge exists. Recirculation 
into the cooling air intake can cause local hot 
spots in the engine. 

3-6.2   INDIRECT  COOLING 

All indirect cooling systems use a liquid 
to absorb heat at its source and dissipate it to 
the ambient air at another location. Liquids 
used for cooling fall into two categories: (1) 
those used solely for cooling, and (2) those 
serving a dual purpose such as oil which is 
used for reducing friction between parts as 
well as for cooling purposes. The former 
will be referred to as a coolant in this 
chapter. In most installations a forced-air, 
liquid-to-air radiator is used to dissipate heat 
from the coolant to the atmosphere. In 
indirect cooling systems, oil is cooled in 
either a liquid-to-liquid or liquid-to-air heat 
exchanger termed an oil-cooler. In a liquid- 
to-liquid oil cooler the heat is transferred to 
the coolant and is dissipated to the 
atmosphere at the radiator. Radiators and oil 
coolers are the main heat transfer devices 
used in indirect cooling systems. 

3-6.2.1   Radiators 

Radiators are liquid-to-air heat 
exchangers consisting of a heat transfer core 
and related headers, tanks, fittings, and 
mounting provisions.  The radiator also may 

provide for filling, draining, overflow, air 
bleeding; and internal baffles may be 
installed for directing coolant flow for 
deaeration. 

The radiator also may include provisions 
for cooling oil or other fluid; mounting 
thermal sensing devices for fan or shutter 
control; and for mounting air baffles or 
shrouds, shutters, screens, or other devices. 
Typical crossflow and downflow radiators 
are shown in Fig. 3-13. 

There is no significant difference in heat 
transfer between the two different coolant 
flow directions. The crossflow coolant flow 
direction is popular in commercial vehicles 
because it can reduce the height of the engine 
compartment. 

The engine is maintained at a permissible 
temperature level by circulating coolant flow 
through various parts of the engine and 
absorbing heat dissipated from them. The 
coolant then transfers the heat to the ambient 
air while flowing through the radiator. 

The coolant circulates through the oil- 
cooler and radiator in systems using liquid- 
cooled oil coolers. In this arrangement, the 
radiator is also responsible for dissipating the 
heat from the oil to the ambient air. 

In a situation where selecting a radiator 
core shape will result in the core being 
square or approaching a square, it is 
advantageous to select a square core. It will 
perform better than a rectangular one because 
it will more nearly fit the fan and the air 
distribution through the core will be more 
uniform. This does not hold true where a 
rectangular radiator uses two or more fans 
for the air movement through the core. 

For a rectangular shape radiator, it is 
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UPPER TANK 
.UPPER HEADER 
'PLATE 

FILLER NECK 
-OVERFLOW PIPE 

SOLDERED 
JOINT 

.MOUNTING 
H BRACKET 

DRAIN 
lOWER TANK 

LOWER NEAOER PLATE 

SOLDERED JOINT 

(A) DOWNFLOW RADIATOR 

OVERFLOW TUBE 

DRAIN COCK 

(B) CROSSFLOW RADIATOR 

Figure 3-13.  Down flow and Crossflow 
Radiators (Ref. 17) 

desirable to have the coolant flow through 
the smaller dimension because a higher liquid 
velocity in the core will usually result in a 
higher heat rejection rate. Fig. 3-11 
illustrates the increase in heat rejection vs 
increased coolant flow for a typical radiator 
core. 

the ends. These sheets are called header 
plates. The header plates form mounting pads 
for the entrance and exit tanks, and prevent 
passage of coolant from the tanks to the core 
except through the tubes. 

Most radiator tanks are cast or stamped 
in one piece to reduce the possibility of 
leaks. A baffle plate in the upper tank, 
below the filler neck, eliminates excessive 
splashing and distributes the coolant 
uniformly over the tank. 

Round and flattened tubes are used in the 
radiator cores. Flattened tubes are preferable 
because they provide a greater air flow 
passage area per unit of inlet face area. They 
also have lower eddy losses, and the air side 
pressure drop may be lower. 

Fig. 3-14 illustrates a typical radiator 
core. Ref. 9 is the Military Standard 
Specification for engine cooling and 
radiators. 

HEADER PLATE 
FINS 

HEADER PLATE TUBES 

The typical radiator core is made of 
tubes soldered through thin sheets of metal at 

Figure 3-14.  Typical Radiator Core 
(Flattened Tubes) (Ret 17) 

3-27 



3-6.2.1.1    Design     Parameters 
Military Equipment 

for 

The convection heat transfer coefficient 
on the coolant side of the tubes is 
substantially greater than on the air side, so 
it is necessary to provide a large heat transfer 
surface area on the air side. This large area 
is achieved by attaching fins on the outer 
surface of the tubes. The two types of tube 
and fin construction most commonly used are 
the plate-fin and serpentine-fin cores. 

The serpentine-fin core is constructed by 
soldering a roll formed spacer ribbon 
between the core tubes (see Fig. 3-15(C)). 
The plate-fin type core is constructed by 
inserting the tubes through a row of fins 
which have openings punched in them (see 
Fig. 3-15 (B)). In commercial applications 
such as passenger cars and light trucks, the 
serpentine-fin core is used almost 
exclusively. In high volume production, it is 
more economical and has less core weight 
per unit of cooling as compared with the 
plate-fin core. As shown in Fig. 3-15(C), 
the serpentine-fin core assembly is held 
together by only the bond between the fins 
and tubes. The plate-fin core has more 
structural strength and is favored for severe 
duty applications such as found in the off- 
highway military environment with the 
attendant vibration and high shock loadings. 

Either the serpentine or plate-fin core 
can be designed in various forms such as flat 
plate, wavy, dimpled, perforated, or 
louvered fins, or combinations of these 
forms. The tube and fin can be made of 
different materials. The tube material 
generally is selected for stress considerations, 
and the fin material is selected for heat 
transfer considerations. 

Airflow usually makes one pass across 

the radiator while the liquid flow may be a 
single pass or a multipass arrangement. Fig. 
3-16 shows a two-pass (coolant side) radiator 
flow. The coolant flows from the back side 
to the front side of the radiator. 

Fig. 3-17 shows another type of two- 
pass radiator with coolant flow moving from 
the top half of the radiator to the lower half. 
When a two-pass (coolant side) radiator is 
used, it is recommended that the coolant inlet 
connection be located on the top tank 
(downflow arrangement). This will provide 
an effective deaeration condition. It is 
common practice that no more than two 
passes (coolant side) are used for vehicle 
radiators. 

3-6.2.1.2   Component        Installation 
Considerations 

The location of the radiator in relation to 
the coolant pump should be considered in the 
cooling system design. Typical installation 
arrangements include the radiator located on 
either the pressure or suction side of the 
coolant pump. Where remote mounting of 
radiators is necessary, adequate controls or 
warning devices should be provided to ensure 
that fan(s) are operating when the engine is 
running. 

Most vehicle liquid coolant systems use 
a centrifugal pump. The pump location often 
is fixed since it is an integral part of the 
engine assembly. The considerations for 
coolant pump operation are: 

1. The pump must be primed at all 
times. This requirement would preclude 
mounting the radiator below the coolant 
pump unless a priming means were supplied. 

2. The centrifugal coolant pump is 

3-28 



FILLER NECK 

BAFFLE PLATE 

COOLANT IN 

UPPER HEADER 
PLATE 

RADIATOR CORE 

OVERFLOW PIPE 
UPPER TANK 

SOLDERED JOINT   B 

(A)  PLATE-FIN  CORE   H£ADER(Ref.   17) 

TUBE 

FIN 

COOLANT PASSAGE 

AIR 

(B) PLATE-FIN  CORE (Ref.   20) 
(Courtesy of Society of Automotive Engineers,  Inc.,  SAE Handbook,   !.*/•!) 

TUBE 
COOLANT PASSAGE 

AIR 

(C)   SERPENTINE-FIN CORE (Ref.  20) 
(Courtesy of Society of Automotive Engineers, Inc.,  SAE Handbook,  197-;) 

Figure 3-15.   Plate-fin and Serpentine-fin Core Construction 
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Figure 3-16.   Two-pass Radiator (Coolant Side—Back to Front) 

sensitive to inlet restrictions, therefore, 
discharge flow can be reduced by poor 
design of coolant plumbing. High inlet 
restrictions cause cavitation which, in 
addition to reducing flow, can cause pump 
damage. Cavitation may occur if the suction 
at the pump inlet exceeds approximately 5 
psi. 

3-6.2.1.3 Radiator 
Variables 

Core      Design 

The critical criterion of radiator design is 
to transfer heat to the cooling air at a rate 
that will maintain safe operating engine 
coolant temperatures. This is accomplished 
by heat transfer through forced convection, 
conduction, and a small amount due to 
radiation. An adequately designed radiator 
must have minimum size and weight, and 
acceptable flow resistances on both sides. 
Ruggedness, resistance to distortions under 
severe shock loads and vibration, and 
minimum susceptibility to clogging of the 

core are of prime importance for radiators 
intended for use in military vehicles. 

3-6.2.1.3.1 Design    Variables    of 
Radiator Core 

The tube wall thickness of most radiators 
is approximately 0.005 in., thus 8M/(JfcM,i4J in 
Eq. 3-14, as discussed in par. 3-5.1.1.2.1, is 
usually small and may be neglected. 

There are generally no fins on the liquid 
side of the radiator, therefore, if all heat 
transfer surfaces are free of scale, the heat 
rejection rate Q is 

<2 = 
AL 

, Btu/hr (3-16) 

+ 
"co Afjee Kf\Af,c 

where 
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Figure 3-17.   Two-pass Radiator (Coo/ant Side—Top to Bottom) 

Afa = total heat transfer area (air side), ft2 

"•S.co   — total heat transfer area (coolant 
side), ft2 

convection heat transfer coefficient 
(air side), Btu/hr-ft2-°F 

A7M =  average temperature differential 
coolant to air, deg F 

hco = convection heat transfer coefficient 
(coolant side), Btu/hr-ft2-0F 

r\0 = overall surface efficiency (air 
side), dimensionless 

3-6.2.1.3.2  Heat Transfer Capability 

The mean temperature difference 
between the two fluids is a function of the 
inlet and exit temperature of both sides. If 
the inlet temperature of both sides are fixed, 

increasing the length of the flow path of 
either or both sides will lower the exit 
temperatures and, in turn, decrease the mean 
temperatures between the two fluids. 

In both turbulent and laminar flow 
regions, high coolant flow rates, small flow 
passages, and interrupted fins or turbulators 
can generate a large convection heat transfer 
coefficient on the coolant side. For a 
specific total coolant flow rate, the coolant 
side convection heat transfer coefficient can 
be increased by increasing the coolant flow 
rate per tube, by decreasing the number of 
coolant tubes, or by using a multipass 
arrangement. Because of higher coolant 
pressure drop and deaeration problems, 
radiators with more than two passes generally 
are not recommended. 

Coolant side heat transfer area can be 
increased by: 

1.    Increasing the number of coolant 
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tube rows. This will increase the radiator 
thickness and increase the air side pressure 
drop. As cooling air passes through each 
succeeding radiator core row its temperature 
rises, and the temperature differential 
between the cooling air and the coolant 
decreases with a subsequent decrease in heat 
transfer per row. Extreme care must be 
exercised in selecting radiators with a large 
number of tube rows. The average heat 
transfer capability per additional row of tubes 
may be too low to justify the weight and 
airflow pressure drop penalties that additional 
rows impose. 

2. Increase the number of tubes per 
row. 

3. Increase the length of tubes. 

Items 2 and 3 also can increase radiator 
frontal areas. This will decrease the air side 
pressure drop. The frontal area should be 
made in a configuration that allows the 
airflow to be uniformly distributed over the 
entire area. 

3-6.2.1.3.3  Air Side Efficiency 

The air side fin efficiency can be 
increased by: 

1. Decreasing the distance between 
tubes. 

2. Increasing the thickness of the fins. 

3. Using fins made of material with 
higher thermal conductivity. 

For a radiator of fixed face area, 
decreasing the tube distances or increasing 
the fin thickness also will increase the air 
side pressure drop. 

An increase of the convection heat 
transfer coefficient on the air side can be 
accomplished by: 

1. Increasing airflow rate per unit face 
area. This can be done by using a higher 
performance fan or by decreasing the radiator 
effective face area. However, as shown in 
Fig. 3-10 the air resistance rises rapidly with 
increased airflow. Airflow velocities above 
2000 ft/min become quite wasteful in fan 
horsepower and also can create an 
unacceptable noise level. 

2. Using interrupted types of fins such 
as rippled, offset, dimpled or louvered. 
Military vehicles are expected to operate in 
any terrain and environment. Offset or 
louvered fins are vulnerable to plugging with 
debris. If this happens, the air side heat 
transfer performance will deteriorate 
significantly. Therefore, it is recommended 
that offset or louvered fins not be used for 
combat vehicles. 

The air side heat transfer area can be 
increased by increasing: 

1. Radiator frontal area which will 
decrease the air side pressure drop 

2. Radiator core thickness which will 
increase the air pressure drop 

3. The number of air side fins per inch 

Items 1 and 2 may increase the number of 
tubes used in the radiator core. 

Increasing the number of fins per inch is 
an effective method of increasing the heat 
rejection rate if used carefully. Fig. 3-18 
shows cooling vs weight for four typical 
radiator cores that are identical except for 
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Figure 3-18.  Radiator Core-cooling vs Weight (Ref. 16) 
(Courtesy of Society of Automotive Engineers, inc.. Paper No. 670525 and Modine Manufacturing Company) 

core thickness or depth. It can be seen that 
a 3-core with 12 fins per in. has the same 
heat rejection capability as a 5-row core with 
6 fins per in. This capacity is achieved at a 
substantial savings in weight and material. 
This approach is limited in practice, 
however, by the increase in cooling air 
resistance and vulnerability to clogging by 
debris resulting from closely spaced fins. It 
is, therefore, necessary to limit the number 
of fins per inch to suit the particular design 
application of the core. In heavy 
construction equipment, adequate radiators 
can be designed with fin spacing of 5 to 7 
fins per inch. The highly compact radiator 
designs necessary in combat vehicles require 
compromises that generally do not permit 
such wide spacing. A closer spacing usually 
is used with the consequent higher 
susceptibility to core clogging which must be 
accepted as a penalty in return for face area 
reductions. Generally, it is not desirable to 
use fin spacings of more than 14 fins per in. 
in a military vehicle application. 

Air side heat transfer is the controlling 
factor of radiator cooling capability, 
therefore, a careful study of the air side heat 
transfer and the air resistance 
interrelationship should be made. 

3-6.2.1.3.4  Deaeration 

In many cooling systems, it is necessary 
to incorporate provisions for coolant 
deaeration. Deaeration provisions minimize 
splash and consequent air entrainment, and 
facilitate the separation of air, steam vapor, 
and combustion gases from the coolant. 
Undesirable conditions may arise if these 
gases are not allowed to escape, namely: 

1.    Decrease   in   the 
capability of the radiator: 

heat   rejection 

a. The coolant flow rate decreases 
if severe entrainment of gases occurs. This 
causes cavitation at the coolant pump and 
possible damage. 
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Figure 3-19.    Radiator Deaeration System With Partial Baffle (Ref.  16) 
(Courtesy of Society of Automotive Engineers. Inc., Paper No. 670525 and Mod me Manufacturing Company) 

b. The convection heat transfer 
coefficient between a liquid coolant and a gas 
mixture and heat transfer surface is less than 
that between the liquid coolant and heat 
transfer surface. 

2. Air, steam, or combustion gases 
trapped in the coolant may collect in the 
engine coolant jacket, resulting in a local hot 
spot. 

Deaeration provisions may range from 
none at all, where the entrainment of gases is 
insufficient to cause harm, to quite elaborate 
systems. 

A deaeration system may be 
incorporated in the radiator as shown in Fig. 
3-19. A portion of the coolant flows through 
the bleed tube into the calm area above the 
baffle where the gases separate, and the 
coolant returns to the coolant pump through 
the core tubes. Fig. 3-20 shows a variation 
of this system where the baffle extends the 

length of the header and the return to the 
system is through a vent tube to the coolant 
pump inlet. The cooling system may utilize 
a surge tank that contains the coolant reserve 
as the calm area where the gases separate. 
Par. 5-4.2 discusses the surge tank in detail. 

There are many variations of deaeration 
systems. The design of each depends on the 
type of engine, the location of the 
components, and the severity of the problem 
of entrained gases. Deaeration systems often 
are developed from actual tests as described 
in Appendix D-6. 

3-6-2.1.4  Coolant Reserve 

It is necessary to provide an excess 
supply of coolant in the system. This is done 
to permit loss of a quantity of coolant and 
still allow the system to function at full 
efficiency. The excess supply is generally 15 
to 20 percent of the system capacity and is 
designated the "coolant reserve". 
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Figure 3-20. Radiator Deaeration System With Full Baffle (Ref. 16) 
(Courtesy of Society of Automotive Engineers, Inc., Paper No. 670525 and Modine Manufacturing Company) 

The most common location of the 
coolant reserve is the radiator. The capacity 
of the top tank for a downflow radiator and 
the outlet tank for a crossflow radiator is 
increased for this purpose. If space 
limitations do not allow the enlargement of 
the radiator tank, the coolant reserve may be 
located in the "surge tank" as described in 
par. 5-4.2 

3-6.2.1.5 Radiator Selection 

The radiator core and size must take into 
consideration several engine and 
environmental parameters. A discussion of 
these parameters and sample calculations and 
sample calculations follow: 

1. Engine heat rejection characteristics. 
The rate of heat rejection per horsepower 
{(Btu/min)/hp} usually is obtainable from the 
engine manufacturer or by actual tests at 
installed conditions. (Ref. Chapter 2). If the 
radiator also is used for a heat sink for a 
liquid-cooled oil cooler, the heat rejection 
rate for the oil cooler also must be known. 

2. Coolant flow rate. It is usual practice 
to incorporate the coolant pump as an 
integral part of the engine. The flow 
characteristics of the pump are available from 
the manufacturer. Thus, the coolant flow rate 
is a known parameter; however, cooling 
consideration may require a check of this 
parameter and the possible selection of a 
different pump or pump operating speed. 

3. Maximum allowable coolant 
operating temperature. The maximum 
allowable temperature of the coolant at the 
exit from the engine or inlet to the radiator 
normally is specified by the engine 
manufacturer and is directly related to the 
operating pressure of the system which 
generally is controlled by the pressure cap of 
the radiator. The radiator must have 
sufficient cooling capacity to maintain a 
prescribed coolant exit temperature under any 
operating conditions. 

4. Ambient air temperature. Military 
usage requires that the vehicle must be 
capable of operating in environments with air 
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temperatures to 125 °F unless otherwise 
specified. It must be noted that the air 
entering the radiator generally is above 
ambient temperature because of cooling air 
recirculation and air temperature rise as it 
flows past various components before 
reaching the radiator core. 

5. Approximate location and size of the 
radiator. In most cases, the vehicle design 
dictates the location and space available for 
the radiator. In these cases, it is necessary to 
make sure that the selection of a suitable 
radiator is possible, or that appropriate 
recommendations for changes in vehicle or 
cooling system component designs can be 
made 

6. Airflow rate. With a higher airflow 
rate, more heat can be rejected from the 
same radiator. However, a higher airflow 
rate also increases the air pressure drop 
through the radiator and increases the power 
required by the fan. 

Normally a radiator core is not designed 
by the vehicle designer but is selected from 
available industrial products. It is necessary 
to obtain the performance characteristics of 
these radiator cores from manufacturers or 
alternatively, to use Military Standard 
Specifications to define the required 
performance of the radiator (Ref. 9). 
Typical manufacturers' radiator core 
performance curves are included in Appendix 
A. 

Air-to-boil (ATB) is defined as the ambient 
temperature at which the radiator top tank 
temperature will be at the boiling point of the 
coolant. For water in an atmospheric cooling 
system where the boiling point of water is 
212°F at one atmosphere pressure 

ATB   =  212 - (Radiator top tank 
temperature) + (ambient temperature), °F 
(3-17) 

Maximum allowable top tank (engine 
outlet) temperatures often are specified by 
engine manufacturers in addition to the 
engine coolant flow rate. 

When the cooling system designer has 
determined the required heat rejection rate 
and the physical limitations on the core size, 
the radiator supplier can then provide a 
family of curves similar to those shown in 
Fig. 3-10 and those included in Appendix A. 
The heat dissipation K often is stated in 
Btu/min-ft2 -°F of frontal area and entering 
temperature difference (e.g., the entering 
coolant temperature minus the entering air 
temperature). This also may be stated in 
Btu/min-ft2-°F Ar,wwhere T,w is the average 
water temperature minus the entrance air 
temperature or as Btu/min-f2 face area -°F 
(LMTD)-tube row. 

Example 1: 

Consider a radiator core with the following 
conditions: 

Tables 3-1 through 3-4 are included to 
indicate the size, use, coolant temperature 
limits, and pressure cap application for 
various military vehicles. 

Engine manufacturers may state required 
engine cooling levels in terms of air-to-boil. 

Heat rejection Q = 7500 Btu/min 

Coolant flow rate G = 90 gpm (water) 

Air  inlet temperature  to  radiator   = 
125°F 
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TABLE 3-1 

RADIATOR CORE SIZE VS VEHICLE APPLICATION (USATACOM) 

RADIATOR 
PART NO. 

APPLI- 
CATION 

HEIGHT 

IN. 

WIDTH 

IN. 

DEPTH 

IN. 

AREA 

FT2 

VOL 

FT3 

SPEC 
HP 
PER 
FT2 

SPEC 
HP 
PER 
FT3 

12339138 HMMWV 
A1 

24.38 27.18 3.0 4.6 1.15 33.7 135 

12446985 HMMWV 
A2 

24.38 27.18 3.0 4.6 1.15 34.8 139 

RCSK- 
17056 

HMMWV 
ECV 

31.25 27.10 3.0 5.88 1.47 32.3 129 

11669165 M939A1 27.52 28.24 4.25 5.39 1.91 44.5 126 

11669165 M939A2 27.52 28.24 4.25 5.39 1.91 44.5 126 

1349840 HEMTT 42.50 40.25 3.0 11.88 2.83 37.5 157 

1801280 HET 40.50 50.0 3.0 14.06 3.52 35.6 142 

1882370 PLS 43.0 47.0 4.31 14.03 5.04 35.6 99 

2190280 LVS 
MK48/ 
MK48A1 

43.50 46.50 3.0 14.00 3.51 31.8 127 

12297938 M2/M3 A1 32.94 33.25 6.85 7.60 4.34 65.8 115 

12297938 M2/M3 A2 32.94 33.25 6.85 7.60 4.34 78.9 138 

12352900 M109A6 18.42 46.75 6.94 5.98 3.46 75.3 130 

11662993 M113A1 24.81 24.50 5.11 4.22 1.80 50.2 118 

11669369 M113A2 22.87 23.94 6.50 3.80 2.06 55.8 103 

11669369 M113A3 22.87 23.94 6.50 3.80 2.06 72.4 134 

12355394 M9ACE 30.00 44.75 7.06 9.32 5.48 31.7 54 
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TABLE 3-2 

RADIATOR USE VS VEHICLES AND ENGINES (USATACOM) 

RADIATOR 
PART NO. 

VEHICLE 
APPLICATION 

VEHICLE 
SPEC. 

ENGINE 
SPEC. 

ENGMAKE 
& MODEL 

GROSS 
HP 

12339138 HMMWVA1 ATPD 2099B — 6.2LDIESEL- 
LL4 

155 

12446965 HMMWVA2 ATPD 
2099C 

... 6.5LDIESEL- 
L54 

160 

11669165 M939A1 — — CUMMINS 
NCH250 6 l-L 

240 

11669165 M939A2 
— — CUMMINS 

6CTA 8.3 
240 

1349840 HEMTT 
— 

DDC8087- 
7899 

DDC 8V92TA 445 

1882370 PLS PLSM1074 8087-7891 DDC 8V92TA 
DDECII 

500 

1801280 HET HETM1070 8087-7891 DDC8V92TA 
DDECII 

500 

2190280 LVS MK48 
&MK48A1 

DDC8987- 
7899 DALVS 

DDC 8V92TA 445 

12297938 M2/M3A1 19207- 
12359087 

19207- 
12292154 

CUMMINS 
VTA-903-T 

500 

12297938 M2/M3A2 19207- 
12369470 

M2-PD-62577 CUMMINS 
VTA-903-T600 

600 

12352900 M109A6 MIL-H-71000 MIL-E-46746 DDC 8V71T 450 

11662993 M113A1 MIL-C-46782 MIL-E-62140 DD 5063-5299 212 

11669369 M113A2 MIL-C-62310 MIL-E-62140 DD 5063-5299 212 

11669369 M113A3 MIL-C-62746 MIL-E-62541 DD5063-5393 275 

12355394 M9ACE MIL-V-62468 MIL-E-62462 CUMMINS 
V903 

295 
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TABLE 3-3 

COOLING TEMPERATURE LIMITS FOR VARIOUS VEHICLES (USA TACOM) 

RADIATOR 
PART NO. 

VEHICLE 
APPLICATION 

MAX COOLANT 
TEMP   "F 

MAX ENG OIL 
TEMP    °F 

MAX TRANS OIL 
TEMP ° F 

12339138 HMMWV A1 230 275 300 

12446985 HMMWVA2 230 275 300 

1169165 M939A1 210 260 325 

1169165 M939A2 210 275 275 

1349840 HEMTT 230 275 300 

12297938 M2/M3A1 230 290 260 

12297938 M2/M3A2 230 290 260 

12352900 M109A6 230 275 300 

11662993 M113A1 230 275 325 

11669369 M113A2 230 275 305 

11669369 M113A3 230 275 305 

12355394 M9ACE 230 275 250 

Maximum top tank temperature T 
=210°F 

Core frontal area Afr = 7.5 ft2 

Assume an atmospheric cooling system. 

Determine: 

1. Design ATB 

2. Coolant temperature drop A T across 
the radiator core 

3. Unit core heat transfer capability K 
using Fig. 3-10(A) 

4. Required airflow, CFM 

5. Airflow AP through the core. 

Solution: 

1. To determine the design ATB 
temperature for 125°F ambient air for an 
engine with a maximum top tank temperature 
of 210°F, using water as the coolant in an 
atmospheric cooling system, by Eq. 3-17 

473 = 212-210 =127°F 

2. To determine the coolant temperature 
drop A T„ across the radiator core if water is 
used for the coolant 

^Tco = ,deg (3-18) 
0. 1337 GPM PC. 

where 

Cp   =   specific   heat   at   the   fluid 
temperature, Btu/lbm-°F 
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GPM = coolant flow, gal/min 

Q = heat rejection, Btu/min 

p = density, lbm/ft3 

0.1337 = conversion factor from gal 
toft3 

If ethylene glycol-water mixtures are used, 
refer to Fig. 3-42 or Table 3-6 for the 
thermophysical properties. 

With a heat rejection rate Q of 7500 
Btu/min and a coolant flow rate G of 90 
gpm, using average water temperature at 
210°F (P = 60, Cp = 1) as a first 
approximation 

From Eq. 3-18 and Fig. 3-43 

7500 
A7L = 

0. 1337x90x60x1 
= 10.4 °F 

The next step is to calculate the average 
water temperature. The thermal properties of 
water are then determined from this 
calculated average temperature. A new LTco 

and a new average water temperature are 
then computed. The process is repeated until 
the assumed average water and calculated 
water temperature are identical or within the 
desired degree of accuracy. 

3. The ITD used with the radiator 
suppliers curves (Fig. 3-10(A)) would be 210 
°F minus 125°F, i.e., 85 deg F. To 
determine unit core heat transfer capability 
K, from the radiator performance curves, the 
radiator core size is needed. With the core 
frontal area Afr of 7.5 ft2, the required unit 
core heat transfer capability K for 7500 
Btu/min engine heat rejection by definition is 

K Q 

Aft bTm, 

K 7500 

, Btu/min-ft2-"F (3-19) 

= 11.8Btu/min-ft2-°F 
7.5(85) 

4. From Fig. 3-10(A) the air velocity 
when K = 11.8 and the selected core of 6 
fins/in. with 4 tube rows is found to be 1400 
sfpm (Point A, Fig. 3-10(A)). The airflow 
required is 1400 x 7.5 = 10,500 scfm. 

5. Airflow AP through the core is 0.88 
in. of water (Point B, Fig. 3-10(A), under 
standard conditions). Core heat rejection 
variation due to coolant flow rates, other 
than the core design flow rate, also is 
supplied by the radiator supplier. This 
usually is given in percent of heat rejection 
vs gpm/row-12 in. width and can be applied 
as shown in Eq. 3-15. 

Example 2: 

Consider a radiator core with the following 
conditions : 

Total heat rejection = 13,000 Btu/min 

Entrance air temperature = 1306F 

Coolant flow rate = 100 gpm (water is 
used) 

Maximum inlet water temperature = 
232°F 

Determine the optimum radiator face area, 
core thickness or depth, and number of fins 
per inch. 
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Solution: 

Many different configurations of radiators 
could be used to satisfy the stated 
performance characteristics, so it becomes 
the cooling system designer's task to evaluate 
several different configurations. This is 
accomplished by a trade-off study among 
core thickness or depth, face area, fins per 
inch, pressure drop, and airflow 
requirements. The data from radiator 
performance curves similar to those shown in 
Fig. 3-10 may be used to plot trade-off 
charts as shown in Figs. 3-21 and 3-22. 
These charts specifically apply to the stated 
design parameters of heat rejection, coolant 
flow and temperature, and air temperature. 
These charts also may be obtained from the 
radiator supplier. Analysis of the charts 
permits evaluation of the different radiator 
core designs in terms of the cooling system 
design limitations or specifications. The final 
selection will be governed by these 
constraints. Inspection of the charts (Figs. 3- 
21 and 3-22) readily discloses the individual 
performance characteristics of the various 
core designs, i.e., large core face area 
minimizes AP across the core and requires 

minimum airflow. Increasing core thickness 
or depth reduces airflow requirements with 
an increase in AF. Increasing the number of 
fins rapidly increases AP. The optimum core 
design normally is the one with the minimum 
size, airflow, AZ* across the core, and will fit 
into the space available in the vehicle. 

3-6.3 ENGINE OIL COOLERS 

The engine lubricating oil is used to some 
extent as a coolant. The oil is used to cool 
the pistons, cylinder walls, bearings, etc. In 
order to prevent excessive oil temperatures 
(Military Specifications define the maximum 
oil temperature as 250°F in most cases), it 
often is necessary to provide a separate oil 
cooler. An oil-to-air cooler is similar to a 
radiator. It is usually necessary to provide 
oil-coolers to prevent excessive oil 
temperatures in military vehicles. Oil-to-air 
cooler calculations follow a procedure similar 
to that for a radiator. 

3-6.3.1 Radiator Tank Oil Cooler 

Radiator tank oil coolers normally are 
located in the exit tank of the radiator. The 

HADIATOA C»ICU1*TI0» ALUMWUM (A* PIATI 
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«l« AT Ili'F 
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Figure 3-21.   .Radiator  Core  Performance  Characteristics,   11   Fins/in. 
(Courtesy of Harrison Radiator Division-CMC) 
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coolant is at its lowest temperature at this 
location. The high temperature differential 
between the two fluids results in a smaller oil 
cooler. Other advantages are the elimination 
of a separate casing to house the oil cooler 
and a consequent saving in space which is 
always an important consideration in the 
engine compartment of a military vehicle. 

This type of cooler may be double-tube 
construction. The oil flows in the annular 
space of two concentric tubes, and the 
radiator coolant flows over and through the 
tubes. Interrupted fin surfaces usually are in 
the oil flow passages to increase the oil side 
convection heat transfer coefficient. This 
type of construction functions as shown in 
Fig. 3-2, the oil being represented by fluid 
#2 (also see Ref. 11). This type oil-cooler 
generally is not used in engines with high oil 
heat rejection rates. A schematic diagram of 
a radiator tank type oil cooler is shown in 
Fig. 3-26. 

3-6.3.2 Liquid-cooled Plate-type Oil 
Coolers 

The plate type oil cooler consists of 
stacks of plate type tubes connected in 
parallel. The plates are spaced to permit 
coolant to circulate freely over the external 
tube surfaces. A typical plate-type core 
assembly is shown in Fig. 3-23. Performance 
charts for this type cooler are shown in Fig. 
3-24. 

A cooler selection procedure for 
prepackaged plate-type coolers is presented 
in Ref. 6. 

3-6.3.3 Shell-and-tube Type or 
Tube-bundle Type Oil 
Cooler 

The heat transfer core of the tube-bundle 
type oil cooler is a bundle of tubes with or 
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Figure  3-22.   .Radiator  Core Performance  Characteristics,   14  Fins/in. 
(Courtesy of Harrison Radiator Division-GMC) 
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Figure 3-23.      Typical  Oil -to-Water  Plate Type  Core Assembly 
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without fins. Baffles are used to support 
the tubes and to provide nearly crossflow 
conditions for the shell side flow. The oil 
flows around the tubes, and the liquid 
coolant flows inside the tubes. Many 
different variations of tube arrangements may 
be used (see Ref 1). Schematic drawings of 
this type of construction are shown in Fig. 3- 
25. Performance charts for oil coolers of this 
type may be obtained from the 
manufacturers. 

3-6.4 TRANSMISSION OIL COOLERS 

Transmission oil coolers are similar to 
engine oil coolers in construction and design. 
The same design considerations apply to both 
transmission and engine oil coolers. For oil- 
to-liquid coolers, engine coolant is used as 
the cooling medium. Typical transmission 
torque converter or retarder brake cooler 
locations are shown in Figs. 3-27 and 3-28. 

The precautions and limitations for flow 
restrictions discussed in par. 3-6.2.1.2 also 
apply to the remote mounted cooler 
installation shown in Fig. 3-28. The relative 
positions of the coolers are influenced by the 
temperatures of various units that may 
influence power output or winterization 
warm-up rate. 

The selection of an air-cooled or liquid- 
cooled transmission oil cooler is determined 
by the type of engine used (direct or indirect 
cooled), the available installation space 
within the vehicle, and the location of the 
cooling fan(s) and other radiators or heat 
exchangers. Liquid coolant is more efficient 
than air for heat transfer and sometimes 
results in the selection of an oil-to-coolant 
heat exchanger for transmission cooling for 
a liquid-cooled system, however, under this 
condition a large size radiator should be 
used.  Air-cooled engine cooling systems 

generally use an oil-to-air heat exchanger 
because of both cost and design 
considerations. When an oil-to-air cooler is 
used, it can share a single fan with the 
radiator, or it may use a separate cooling 
fan(s). 

3-6.5 OIL-COOLER   SELECTION   AND 
OPTIMIZATION EXAMPLES 

The selection procedure for oil coolers 
requires the determination of the required 
heat rejection rate and the physical 
limitations on core size. The oil-cooler 
manufacturer can provide a family of curves 
similar to those shown in Appendix A. 

In using charts to estimate performance 
for a specific core size, or to estimate a core 
size for a desired performance condition, the 
following should be observed: 

1. The required airflow rate is 
proportional to the face area. 

2. The oil flow rate is proportional to the 
no flow dimension, or to the number of oil 
passages. The no-flow dimension for all 
charts given here is approximately 12 in. 

3. Overall heat transfer rate Q in 
Btu/min, is proportional to the face area for 
a given core depth and for the basic oil flow 
length (approximately 12 in.), with the basic 
heat transfer rate read from the appropriate 
chart at equivalent oil and airflow rates as 
indicated in Items 1 and 2. For cores having 
oil flow lengths other than 12 in., and with a 
relatively small oil temperature change, an 
approximation of the overall heat transfer 
rate may be made by proportioning directly 
to the face area. 
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4. Heat transfer rate for lighter grade 
petroleum oils, and/or at higher temperature 
levels, and for synthetic oils, will be slightly 
greater than indicated by the performance 
charts although no definitive value is 
suggested. Conversely, for heavier oils, such 
as SAE 50, at the same temperature or 
lower, the heat rejection would be slightly 
less. Conservative allowances can be made 
for these factors (see Fig. 3-29). 

5. The core oil pressure loss is 
proportional to the oil flow length for a given 
core and oil flow rate. The oil flow length 
for all charts given here is approximately 12 
in. Additional oil pressure losses attributable 
to fittings and manifolds (inlet/outlet, tanks, 
bypass, etc.), must be estimated separately. 

Oil pressure loss can vary widely 
depending on the type of oil, the oil 
temperature drop in the heat exchanger, air 
temperature, flow rate, and types of heat 
transfer   surface.   However,   engine   and 

transmission manufacturers have specified 
maximum allowable oil pressure drop to 
provide adequate inlet oil pressure to assure 
proper functioning of their equipment. 

Example: 

Given for oil-to-air cooler: 

Core face area Afr,     = 2.0 ft2 

Heat rejection Q        = 2800 Btu/min 

Air-inlet temperature = 100°F 

Maximum oil temp    = 225 °F 

Specific heat of oil     =0.53Btu/lbm-°F 

(from Fig. 3-45) 

Determine: 

C,at225°F 

The required airflow and oil flow rates 
to maintain a 200°F oil outlet temperature. 

^ 

RADIATOR 

CONVERTER OR 
HYDRAULIC 

BRAKE COOLER 

Figure  3-28. 
(Ref. 

Transmission, Torgue Converter, or Brake   Cooler Location, 
18)   (Detroit Diesel  Allison,   General Motors  Corporation) 

Remote 
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Figure  3-29.   Approximate Relative Heat  Transfer Capacity vs  Temperature  for 
Oil   Coolers   (Prepared  from  test data  from  various  sources) 

Solution: 

1. The oil LTm is 225 - 200 = 25 deg F 

2. The required oil flow, based on Cp at 
the average oil temperature of 212.5°F, 
(225 + 200)/2, from Fig. 3-45 is 

LTD = 
1400 

.= 1120Btu/min-ft2- 
125/100 

100°F 
ITD 

Q 2800 
= 211 Ibm/min 

CpATco   0.53 x 25 

3. The heat rejection rate per ft2 core 
face area = 2800/2 = 1400 Btu/min-ft2. 

4. The initial temperature difference ITD 
is 225 - 100 = 125 deg F 

5. The heat rejection rate per ft2 per 100 
deg F is 

6. If the cooler core is assumed to be 1 
ft. (tube length) by 2 ft (core width) then the 
oil flow per ft2 of core face area will be 
211/2 = 106 lbm/min-ft2. 

7. If the core selected for this 
application is shown in Fig. A-l, (Point A) 
then the required airflow rate can be found to 
be 311 lbm/min-ft2\ The total airflow rate is 
622 lbm/min. 

8. The heat rejection rate for a core tube 
length other than 12 in. can be approximated 
by proportioning directly to the face area, 
actual data must be obtained from the 
manufacturer . 
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9. The core oil and air pressure drops 
are obtained from Fig. A-l Point A. The oil 
flow AP is 6.7 lbf/in.2 and the airflow AP is 
3.5 in. water. 

The approximate effects on oil-cooler 
heat transfer, for different SAE oil grades 
and temperatures for a typical engine 
lubricating oil, are shown in Fig. 3-29. This 
figure illustrates that the effect of SAE 
grades is negligible in comparison with the 
effects of temperature. The oil-cooler heat 
rejection rate varies approximately as the 
ratio of specific heats of the oil. 

3-6.6 OIL-COOLER OPTIMIZATION 

There are numerous cooler core designs 
and, for a specific application several 
different types may well meet all 
performance specifications. An optimum 
cooler size can be selected for any specific 
set of requirements. 

Figs. 3-30, 3-31, and 3-32 show the 
variation of core volume and face area with 
pressure drop and fin spacing for three 
different core designs. These are related 
designs in that only the air center height and 
tube width (see Fig. 3-7) are varied with the 
number of tubes remaining the same (15 
tubes) for all three designs. The envelope 
dimensions change. It may be noted that all 
cases near minimum volume and face area 
with minimum airflow rate are attained by 
the use of maximum density finning and high 
air pressure differential. Table 3-4 is a list 
of design parameters for these cooler designs 
at near minimum core volumes. It may be 
seen that heat exchanger volume may vary 
200 percent, depending on the choice of 
design variables. 

Table 3-4 lists the design parameters for 

four different optimizing criteria. It may be 
seen from this table that heat exchanger core 
volume may vary 250 percent, depending on 
the choice of design variables. It is also 
shown that for minimum airflow rate and 
minimum horsepower, a core type shown in 
Fig. 3-30 should be used. This, however, 
results in the largest core volume 
requirement. For minimum core volume, the 
core type shown in Fig. 3-31 should be used. 
However, this results in the largest air 
horsepower requirement. A best design can 
be made that will require minimum 
horsepower within the space available in an 
actual vehicle. 

This type of unit is suitable for an oil- 
cooling arrangement in which the heat 
transfer system is optimized with respect to 
the space and specified air supply conditions. 
Extreme variations in size may be visualized. 
A unit of unlimited size may be cooled by 
natural convection alone and, therefore, 
would require a zero input of cooling 
horsepower. The converse is not true in the 
sense that zero size would result from the use 
of an unlimited air supply since heat transfer 
functions tend to become asymptotic as fluid 
flow rate increases without limit. It is, 
therefore, necessary to evaluate carefully 
space and airflow conditions so that the 
installation may be optimized with respect to 
the desired variable; i.e., length, width, 
height, volume, airflow rate, pressure drop, 
or horsepower. 

3-6.7  AFTERCOOLERS 

Supercharging is used to compress and 
increase the density of the charge (air in 
diesel engines and air-fuel mixture in 
gasoline engines) before it enters the 
cylinders. Inlet charges of higher density 
will produce higher output. 
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TABLE 3-4 

OIL-COOLER DESIGN PARAMETERS AT NEAR MINIMUM CORE VOLUME (Ref. 5) 

Constants 

33 gpm oil flow rate 
3500 Btu/min heat rejection 
15 Tubes 
Tube length constant 

Variables 

Figure number 3-30 3-31 3-32 
No-flow height, in.* 6 7.755 7.755 
Tube width, in. 4.5 4.0 4.5 
Air center height, in.* 0.25 0.375 0.375 

Optimum Criteria Parameters 

Minimum Core Volume or Core Volume, ft3 0.225 0.19** 0.20 
Minimum Core Face Area Core face area, ft2 0.600 0.57 0.56 

Fins/in. 11.1 14 14 
Airflow rate, Ibm/min 170 187 175 
Airside AP, in. water 15 15 15 
Air HP 6 6.3 6 

Minimum Airflow Rate at Smallest Core Volume, ft3 0.28 0.20 0.225 
Possible Core Volume Core face area, ft2 0.74 0.595 0.60 

Fins/in. 22 20 20 
Airflow rate, lbm/min 118** 148 140 
Airside AP, in. water 15 15 15 
Air HP 4 5.2 4.9 

Minimum Airflow Rate Core Volume, ft3 0.574 0.377 0.42 
Core face area, ft2 1.53 1.13 1.17 
Fins/in. 22 20 20 
Airflow rate, Ibm/min 104** 123 118 
Airside AP, in. water 4 4 4 
Air HP 1.0 1.2 1.1 

Minimum Air HP at Smallest Core Volume, ft3 0.401 0.32 0.353 
Possible Core Volume Core face area, ft2 1.07 0.96 0.94 

Fins/in. 11.1 11.1 11.1 
Airflow rate, Ibm/min 140 173.5 163 
Airside AP, in. water 4 4 4 
Air HP 1.4** 1.7 1.6 

*See Fig. 3-7 for definitions. 
**Optimization point based on specific optimum criteria. 
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The temperature of the charge will 
increase as it is compressed in the 
supercharger. For high pressure ratios, the 
temperature increase may be significant 
enough to offset the increased density of the 
charge. A heat exchanger then is used to 
cool the charge leaving the supercharger. 
This provides the cylinders with a higher 
density charge to produce maximum engine 
power. 

A supercharger is a compressor driven 
by the crankshaft, either through gears or a 
belt. Turbochargers are exhaust gas driven 
and usually are centrifugal blowers. 

Superchargers may be installed singly, in 
parallel, or in stages (series), with cooling 
between stages or at the outlets. The heat 
exchanger used between stages is called an 
intercooler. The heat exchanger used at the 
final outlet of supercharging is called an 
aftercooler. Most military engines use a 
single stage supercharger, and the aftercooler 
is encountered most frequently. 

For air-cooled engines, the aftercooler is 
air-cooled. For liquid-cooled engines, the 
aftercooler can be either liquid-or air-cooled. 
Liquid-cooled aftercoolers can be built into 
an oversize intake manifold. While this may 
increase engine cost, it may provide the least 
expensive heat exchanger arrangement that 
can be fitted most easily into the vehicle 
installation. Air to oil aftercoolers may be 
used to eliminate the need for a water based 
coolant. 

3-6.7.1        LIQUID COOLED 
AFTERCOOLERS 

Liquid-cooled aftercoolers cooled with 
jacket water from the primary cooling circuit 
have a distinct limitation in that the engine 
coolant temperature following the radiator 

becomes the minimum temperature to which 
the charge air may be cooled. Lower charge 
air temperatures can be achieved by 
indirectly coupling the aftercooler with an 
additional radiator in a dual circuit cooling 
system. Liquid is circulated through the 
charge air radiator by a primary water pump 
or with a secondary water pump as shown in 
Figs. 3-33A and 3-33B. The single pump 
system removes a fraction of the engine out 
coolant (or radiator out coolant) and passes it 
through a heat exchanger to lower its 
temperature below that normally found 
exiting the primary coolant radiator. The 
lower temperature coolant is then passed 
through the charge air cooler to obtain lower 
charge air temperatures. Clearly the overall 
size of the cooling system is increased by the 
need for a charge air radiator. A two pump 
system allows the charge air cooler liquid 
coolant system to be completely separate 
from the primary engine cooling system. 

When used, the charge air radiator is 
normally placed in the same air flow path as 
the engine cooling radiator but can be placed 
in a different location with the addition of a 
cooling fan. The liquid-cooled aftercooler 
can, by limiting coolant flow to the heat 
exchanger, provide a warm-up feature that 
acts as a winterization aid. An example of an 
air to liquid aftercooler performance map is 
provided in Fig. 3-34. 

3-6.7.2 AIR COOLED AFTERCOOLERS 

Air-cooled aftercoolers are not limited to 
the cooling liquid temperature because 
ambient air is the cooling medium and the air 
temperature is considerably lower than the 
compressor discharge temperature. 
However, air-cooled aftercoolers generally 
require more space than the liquid cooled 
aftercooler. 
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3-6.7.3 OIL COOLED AFTERCOOLERS 

Oil cooled aftercoolers may be used on 
engines that do not have a water based 
coolant available. Care should be taken to 
avoid the coking of oil within the heat 
exchanger passages. Coking occurs when oil 
reaches a critical temperature (typically 
around 480 F) and results in the deposition of 
carbon deposits. Heat transfer effectiveness 
will be greatly reduced by such deposits. The 
use of certain synthetic based oils will 
alleviate this problem. An example of an oil 
cooled charge air cooler performance map as 
well as a photograph of this cooler is 
provided in Figs. 3-35 (A), (B), and (C). 

3-6.7.4 AFTERCOOLER CONSTRUCTION 

Construction and design procedures of 
liquid-cooled aftercoolers are similar to those 
of radiators or air-cooled oil-coolers. The 
designer, however, must take into account 
the higher charge air temperatures 
encountered during aftercooling. During 
extreme operating conditions, the charge air 
may reach temperatures over 600°F. High 
temperature differences between the charge 
air and coolant may induce flash point 
boiling of the liquid near the charge air inlet, 
causing cavitation in the heat exchanger and 
erosion of the core. Flash boiling within the 
heat exchanger channels can be prevented by 
stepping down the air side fin density around 
the charge air inlet. This decreases the rate of 
heat transfer to the liquid. 

Air-cooled aftercoolers are gas-to-gas 
heat exchangers. The requirements and 
problems differ in many respects from those 
of liquid-to-liquid and liquid-to-air heat 
exchangers. For air-cooled aftercoolers 
convection heat transfer coefficients on both 
sides are about the same order of magnitude, 

thus overall heat transfer capability is 
controlled by the heat transfer coefficients of 
both sides. Gas convection heat transfer 
coefficients are lower than those of liquid 
flow heat exchangers, thus a larger volume 
of heat transfer matrix is required to transmit 
equal amounts of heat. Allowable gas 
pressure drops on both sides are usually low, 
and larger heat exchangers must be used. 

Thermal cycles for aftercoolers in 
military vehicles can be strenuous. The 
combination of high temperature and 
pressure can cause premature thermal fatigue 
in charge air coolers. The aftercooler must 
be mounted in such a way that allows for 
thermal expansion of the cooler. Rubber 
isolators or flexible brackets may be used to 
mount the cooler and provide for non- 
restricted thermal expansion. 

Advances in heat exchanger technology 
are continuously increasing the fin density 
available for aftercooler designs. Increased 
fin density allows for decreased overall heat 
exchanger size when clogging of the core is 
not a potential problem. In military 
applications, dirt thrown up during vehicle 
operation can cause the heat exchanger 
surfaces to become clogged, severly reducing 
the heat transfer ability. Low fin densities 
and appropriate fin designs can be used to 
reduce the potential for clogging. Fins with 
dimples in place of louvres are typically used 
to reduce clogging problems. Fin types are 
shown in Fig. 3-8. 

Heat exchanger cores are typically 
brazed together either in air or, for a better 
braze, in a vacuum. Other assembly 
techniques featuring welded or fused 
connections are becoming available to 
provide stronger heat exchanger cores. 
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Example:     Air-To-Air Aftercooler (Ref. 
Fig. 3-36). 

Given: 

Maximum Allowable Core Size = 15 in. 
high x 18 in. long x 5 in. thick 

(Determined from design layout) 

Induction   Airflow   Rate   wh   =   130 
lbm/min (Required by engine) 

Induction Air Temperature Thl to Cooler 
= 603°F 

(Calculated      from      the      specified 
turbocharger pressure ratio) 

Desired Air Temperature Th 2 to Engine 
= 250°F (To maintain desired power) 

Cooling Air Inlet Temperature Tc, = 
120°F (Vehicle specifications) 

Determine: 

1. Cooling airflow required, lbm/min 

2. AP across the core, in. water 

3. Temperature rise LTC of the cooling 
air, deg F 

Solution: 

From the design parameters given, the 
cooler supplier can provide aftercooler 
performance curves as shown in Fig. 3-36. 
Note that the cooling airflow is plotted vs 
induction air effectiveness. 

The induction air side effectiveness eh is 
expressed by 

eh = Thl      T"2 , dimensionless   (3-20) 
3/i i    7,(i 

where 

Th j = temperature of hot air in, °F 

Th 2 = temperature of hot air out, °F 

Tcl = temperature of cooling air in, °F 

Therefore the required effectiveness is 

603 " 250 
eh = 

603 - 120 
= 0.73 or 73% 

From Fig. 3-36 the cooling airflow rate and 
required cooling airflow static pressure drop 
AP can be read at 73 percent effectiveness 
for 130 lbm/min airflow as 

Cooling airflow rate wh = 220 lbm/min 

Cooling airflow static pressure drop LP 
= 8.0 in. water 

The specific heats of the two fluids in 
this case are approximately equal, therefore 
the effectiveness ec of the cooling air side 
can be determined by 

ec  = eh , dimensionles{3-21) 
w. 

where 

wh flow rate of induction air (hot), 
lbm/hr 

wc = flow rate of cooling air (cold), 
lbm/hr 

therefore 
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ec = 0.73 ((130x60)/(220x60)) = 0.43 
or 43% 

The cooling air side effectiveness can 
also be expressed by 

T   ~ T 
ec =    c2       c '   , dimensionless (3-22) 

** i       TcX 

and 

&TC = ec {Thl ~ Tcl) , temperature rise 
of cooling air, deg F 

where 

ATC = 0.43 ( 603 - 120) - 208 deg F 

3-6.8   KEEL   COOLERS 

A special circumstance exists where 
indirect cooling incorporates liquid-to-liquid 
heat exchangers to transfer heat from the 
system. This occurs in the case of 
amphibious vehicles that have an anticipated 
employment requiring a substantial portion of 
their service in marine operation. These heat 
exchangers, often called keel coolers, 
generally consist of cooling coils located so 
they are submerged when the vehicle is 
engaged in water operations. They may be 
designed to assume part or all of the cooling 
load. When the keel cooler assumes a partial 
cooling load, conventional coolers also may 
be needed. Under these conditions, extreme 
care must be exercised to prevent water from 
entering the engine compartment through the 
air intake grilles. When the keel cooler 
assumes the total cooling load, submerged 
coils are used to dissipate the entire heat load 
and conserve the horsepower necessary to 
operate the cooling fans. 

An example of the total cooling load 
being assumed by submerged coils may be 
found in the US Army Self-propelled 
Amphibious Lighter, LARC-XV. See Fig. 3- 
37. The radiator cooling fans of this vehicle 
automatically shut down when the 
transmission is shifted into the marine 
operating mode and all heat rejection is 
accomplished by cooling coils located below 
the radiators. 

A keel cooler consists of a specific size 
and length of tubing with no extended 
surface for heat transfer. Since the heat is 
transferred into a large heat sink, the 
temperature change of the cold side is 
negligible. 

Example ': 
Determine the required length of the 

tubing for a keel cooler design with the 
following parameters: 

1. Engine   heat   rejection 
Btu/min 

=   6000 

2. Engine coolant flow rate= 50 gal/min 

3. Maximum engine coolant temperature 
at the cooler inlet = 195°F 

4. Water to be used as the engine 
coolant 

5. Design cooling water temperature 
(per MIL-STD-210) = 95 °F (Assumed to be 
fresh water) 

6. Cooler tubing (trial size): 
a. 70-30 brass 

b. 14 gauge or 0.083 in. tube wall 
thickness 

Courtesy of Dr.  Jiunn P. CHou, Consultani 
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c. 0.500 in. outside diameter 

d. 0.334 in. inside diameter 

7. Fouling factors of internal and 
external tube surfaces are assumed to be 
0.001 and 0.003 hr-ft2 - °F/Btu, respectively 

8. Vehicle speed  = 2 mph 

Solution: 

1. Determine the number of tubes used. 
The liquid velocity inside a tube of a heat 
exchanger should not be too high or too low. 
If the liquid velocity is too low, scale 
formation on the tube wall will become a 
serious problem and the heat transfer 
performance will deteriorate significantly. If 
the liquid velocity is too high, the liquid 
pressure drop will be excessively high. A 
liquid velocity of 3 ft/sec is recommended. 
The number of tubes (connected in parallel) 
required is 

50 x 0.1337      = 61.04 or 62 tubes 
3x60x s   ;0.334   2 

12 

The actual coolant velocity is 2.95 ft/sec. 

2. Determine the average coolant 
temperature in the heat exchanger. Assume 
an average coolant of 185°F. From Fig. 3-39 
Cp and p of water at this temperature are 
found to be 1 Btu/lbm-° F and 60.4 Ibm/ft3, 
respectively. The coolant temperature drop 
through the heat exchanger is by Eq. 3-18, 

AT = 6000 = 14.9 deg F 
0.1337x50x60.4x1 

The calculated average coolant temperature 
through the heat exchanger is 

195 - I4_9_ = 187.6 
2 
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BA01»T0« fill   CA* 

MEAT EXCMANCEft 
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C001E* 
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TRANSMISSION MEAT 
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For this case, the calculated average coolant 
temperature is very close to the assumed 
value and this step of the computation can be 
considered complete; otherwise an iteration 
process should be used until the calculated 
and assumed values are close enough within 
the accuracy desired. 

3. Determine the average tube wall 
temperature. This temperature can be 
estimated as follows: Since the heat is 
transferred from the keel cooler to a large 
volume of water, the temperature of the 
water outside the keel cooler can be 
considered to be constant and at 95°F all the 
time. 

between coolant and scale on internal 
tube surface, Btu/hr-ft2-°F 

h0 = convection heat transfer coefficient 
between cooling water and scale on 
external surface of tube, Btu/hr-ft2-°F 

fe = fouling factor of external tube 
surface, hr-ft2-°F/Btu 

fi = fouling factor of internal tube 
surface, hr-ft2 -°F/Btu 

r2 =    inner radius of tube, ft 

r3 =    outer radius of tube, ft 

Generally, the thickness of scales is 
small in comparison with the tube wall 
thickness and the following equation can be 
used 

k =    thermal conductivity of tube wall 
material, Btu/hr-ft2-(°F/ft) 

L =     reference tube length, ft 

UAr  = JL 

1    + f( + lnl rj    +   /.    +    1 

hi A{      At       2-nkL hAo 

where 

U = overall heat transfer coefficient 
based on reference area Ar and 
overall fluid temperature difference, 
Btu/hr-"F 

Ar =   reference area, ft2 

A = 

A0 = 

internal    surface    area    of    tube 
(approximation), ft2 

external    surface    area    of   tube 
(approximation), ft2 

For this problem the following assumptions 
can be made: 

hi =   convection heat transfer coefficient 

1200 Btu/hr-ft2-°F (assumption and 
will be checked later) 

1200 Btu/hr-ft2 -°F (assumption and 
will be checked later) 

0.001 hr-ft2-°F/Btu (See Ref. 3, 
Table H5.4) 

0.003 hr/ft2-°F/Btu (See Ref. 3, 
Table H5.4) 

68 Btu/hr-ft2-(0F/ft) (assume the 
average tube wall temperature is 
150°F from Fig. 3-37, this will be 
checked later) 

For a tube 1 ft long, then 

ht = 

K = 

fi = 

f< = 

k = 
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1810.3 =   (T2 - T3) 
UAr = 

In 
0.500 

1 +     0.001      +      \ 0.334, 
1200X2KXQJ34xi 2»x(U34xl 2nX68xl 

2X12 2X12 

_L + 0JJQ2 +  
2*x{UQQxl 1200X2K x{L5J}Qxl 

2X12 2X12 

=    1  
0.00953+ 0.0114+ 0.000944+ 0.0229+ 0.00637 

=    19.55 Btu/hr-°F of overall temperature 
difference per ft long tube 

The overall heat transfer rate from 
coolant to the cooling water per ft of tube 
length is 

19.55(187.6- 95) = 1810.3 Btu/hr-ft long 
tube 

Under steady-state conditions assuming 
that the difference between the inner and 
outer surface area of the scale is negligible 

(186.6 - Tj)      = (Tl " Tl) = 1810.3 
X 

1200 X 2« X 0.334 X 1 
2 X 12 

The solution is 

T, =    170.3°F 

T2 =    149.5°F 

Similarly, 

0.001 
2* X 0.334 X 1 

2 X 12 

0.500 
In \ 0.334 

2% x 68 x 1 

So, T3 = 147.8°F 

The average temperature of the tube wall 
is approximately 

149.5 + 147.8     =    148.7°F 
2 

The calculated average tube wall 
temperature (148.7°F) is very close to the 
one assumed (150°); otherwise an iteration 
process should be used in order to obtain an 
accurate average tube wall temperature. 

T4 can be calculated by 

1810.3 =   T3-  T4 

Q.0Q3 
2% x 0.500 

2 x 12 
T4 = 106.3°F 

4. Determine hi.   The film temperature 
of fluid on the coolant side is 

T, + 187.6  =   170.3 + 186.6 = 179°F 

From Fig. 3-42, water properties at this film 
temperature are 

fi   =   0.858 lbm/hr-ft 

Cp =  1.002 Btu/lbm-°F 

k    =    0.39 Btu/hr-ft-°F 

Pr =    2.2 
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P    =  60.6 lbm/ft3 

The Reynolds number Re{ is 

Re; = DpV, dimensionless (3-24) 

106.3 + 95   =   100.7°F 
2 

From Fig. 3-42, the water properties at this 
temperature are 

fi     =    1.649 Ibm/hr-ft 

where 

D =     internal diameter of tube, ft 

V =     fluid (coolant) velocity inside tube, 
ft/hr 

p =     fluid density, lbm/ft3 

p. =     fluid viscosity, lbm/hr-ft 

therefore 

Ret =    (0.334/12) x 60.6 x 2.95 x 3600 
0.858 

= 20877 

This is turbulent flow. Assume the tube is 
long enough that the flow is fully developed 
in most parts of the tube (this will be checked 
later). The following Colburn's equation is 
recommended (Ref. 8) 

_^_(Pr)2/3     =   0023 

cPvP 

therefore 

(3-25)1 

(Red 0.2 

h,= 0.023 x 1.002 x 60.6X 2.95 x 3600 
(20877)02 (2.2)2/3 

= 1197Btu/hr-ft2-°F 

5.  Determine h0. The film temperature 
on the outside of the tube is 

'Used with permission of McGraw-Hill Book Company 

Cp   = 0.998 Btu/lbm-°F 

k     =  0.364 Btu/hr-ft-°F 

Pr   =   4.51 

P     =62.0 lbm/ft3 

Convection heat transfer characteristics 
of tubes in crossflow depends on fluid flow 
parameters and the tube arrangements—such 
as number of rows of tubes, geometric 
patterns of the tube configuration, etc. For 
a single row of tubes with large transverse 
pitch and low Reynolds number, the 
convection heat transfer equation of a single 
cylinder in crossflow can be used with 
reasonable accuracy. For a tube bundle with 
more than one row of tubes, experimental 
data for heat transfer performance of various 
tube arrangements are available (Refs. 2, 3, 
4, 10, 12, 13, and Bibliography). For the 
purpose of demonstration, the calculations 
that follow are based on the assumption that 
a single row of tubes with large transverse 
pitch is used. The following single tube heat 
transfer equation for crossflow in water is 
recommended (Ref. 21). 

hfi 
=  [0.35 + 0.56(Re)052 ] 

(Pr)03 for 104 * Re <L 105 (3-26)' 

'Used with permission of McGraw-Hill Book Company 
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All fluid properties should be based on the 
film temperature. From Eq. 3-24 the 
Reynolds number Re0 for flow outside the 
tube is 

Re„ = (0.500/12^x2 X 5280 x 62 , where 
1.649 

2 x 5280 is the vehicle speed in ft/hr, 

= 16543 

Thus Eq. 3-26 can be applied 

hjEL = [0.35 + 0.56(16543)° 52](4.51)03 

= [87.82](1.57) 

= 137.9 

then 

h0 = 137.9 x 0.364 = 1205 Btu/hr-ft2-°F 
(0.500/12) 

It should be noted that ht and h0 calculated 
are very close to the ones assumed in Step 3; 
therefore, the average tube wall temperature 
and inside and outside surface film 
temperatures previously calculated are 
acceptable. Otherwise, an iteration process 
should be carried out from Steps 3 to 5 in 
order to obtain these temperatures with 
reasonable accuracy. Fig. 3-38 illustrates the 
temperature distribution through the tube 
wall. If a tube-bundle is used, the reader is 
referred to Refs. 2, 3, 4, 12, 13, and the 
Bibliography for appropriate heat transfer 
correlations. 

6. Determine the overall heat transfer 
capability, using the calculated values of h{ 

andh0 

C00LAMT   FLOW 

COOLING   WATER 

Figure  3-38.      Keel   Cooler Example  Temperature Distribution  Through   the  Tube Wall 
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UA = 

+ Q.QQ1 

1197 X 2% X 0.334 x 1 2n X 0.334 x 1 
2 X 12 2 X 12 

/ 0.500\ 
+ In 10.334/       + 0-003 

2* x 68 X 1 2it x 0.500 x 1 
2 x 12 

J_ 
1205 x 2« x 0.500 x 1 

2 x 12 

=    19.56 Btu/hr-°F of overall temperature 
difference per ft long tube 

7.    Determination of tube length per 
tube: 

(?x60 
(No. tubes) x (ave water temp - water temp) 

6800 x 60 
=   62 x (187.6- 95) x 19.56   = 3.21 ft 

8. The local convection heat transfer 
coefficient decreases as a function of distance 
from the entrance edge of the tube. The LID 
ratio at which the flow becomes fully 
developed is related to the Prandtl number Pr 
and the Reynolds number Re. Generally, for 
the flow conditions of this problem, the LID 
ratio is approximately 40 when the flow is 
fully developed (Fig. 6-11 of Ref. 2). 
Consequently, after the first 40 diameters, or 
1.1 ft of the tube, the flow is fully 
developed. In the entrance region (first 1.1 ft 
of the tube) the heat transfer coefficient is 
higher than that predicted by the Colburn 
equation. Thus, if the entire tube length is 
considered as fully developed "flow region, 
the heat transfer coefficient obtained is on the 
conservative side. 

9. Determine the flow pressure drop on 
the coolant side. Extrapolate from Fig. 
7-27, the fluid pressure drop for water 
flowing through the 3.21 ft long tube is 
estimated to be 20 ft of water per 100 ft 
pipe. It should be noted that Fig. 7-27 is for 
flow through steel or wrought iron pipe only. 
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It can be used only to estimate approximate 
friction loss for flow through copper tubing. 
For more accurate analysis, a friction loss 
chart of copper tubing should be used (Ref. 
2 of Chapter 7). Therefore, the water 
pressure drop through the tubes only is 

AP = 20/100 x 3.21 = 0.642 ft of water 

The fluid power HP required to push the 
water through the tubes (62 tubes in parallel) 
is calculated from 

ffP=(G/>A/)x0.1337xPx AP , hp (3-27) 
33,000 

where 

GPM = fluid flow rate, gal/min 

P       = fluid density, lbm/ft3 

AP    = fluid pressure drop, ft of water 

Thus 

HP =50x0.1337x60.6x0.642 = 0.008 hp 
33,000 

The total water pressure drop through 
the system is equal to the water pressure 
drops through the tubes, manifolds, engine, 
and connecting ducts. 

10. This example illustrates the major 
steps of keel cooler design. In the actual 
design process, many parameters might be 
fixed (such as tube length, maximum space 
for the cooler, etc.) from other 
considerations. The designer then must vary 
other parameters to determine the best 
possible design. 

3-6.9 ARRANGEMENTS OF COOLING 
SYSTEM COMPONENTS1 

The relative locations of various 
components in a cooling system depend on 
the mechanical design, flow resistance, and 
thermal design constraints. 

Design constraints are such that 
components can be located only at 
appropriate available space where proper 
supports and driving mechanisms (if any) can 
be provided. The coolers should not be 
located close to hot spots (such as exhaust 
manifolds and exhaust pipes). 

Flow resistance constraints are such that 
the components should be located so that 
overall flow resistance is minimum or close 
to minimum. Sharp turns of flow passages 
and unnecessary long flow paths should be 
avoided. Flow distribution over a heat 
exchanger core should be as uniform as 
possible. Pressure drop on the suction side 
of a centrifugal pump should be kept at a low 
level so that cavitation cannot occur. 
Therefore, it is not desirable to put too many 
heat exchangers on the suction side of a 
coolant pump. 

Thermal design constraints also must be 
considered. Whenever possible, the 
liquid-to-liquid heat exchanger should be a 
counterflowconfiguration to minimize the 
cooler size. This principle generally does not 
apply to liquid-to-air coolers (such as 
radiators and air-to-oil coolers) in vehicle 
applications. 

The following factors determine whether 
the heat exchangers should be arranged in 
parallel or series in the cooling medium 
circuit: 

xCourtesy of Mr. Edward J. Rambie 
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1. For series arrangement. Attention 
should be directed to the availability of a 
sufficiently large mean temperature 
difference between the air and each of the 
two fluids, and the possible high fluid 
pressure drop. 

2. For parallel arrangement. Attention 
should be directed to the availability of a 
sufficiently large airflow rate for each cooler. 

3. The designer should consider 
limitations of space, weight, power, and cost 
factors to perform an optimization study for 
any arrangement chosen. 

4. For air-cooled engines, the 
exchangers use air directly as the cooling 
medium. For liquid-cooled engines, 
however, various heat exchangers (except the 
radiator) can use air or coolant as the cooling 
medium. The designer should determine 
which type of cooling method, air-cooled or 
liquid-cooled, should be selected for the 
coolers. 

5. Air-cooled heat exchangers generally 
are preferred if the penalty of the larger 
space needed in the airflow path can be 
tolerated. Another advantage of the 
air-cooled over the liquid-cooled heat 
exchanger is the apparent larger mean 
temperature difference between the hot fluid 
and the cooling medium. This is particularly 
true for high capacity transmission oil 
coolers. 

3-7 THERMAL INSULATION 

3-7.1 PURPOSE AND APPLICATION 

In the engine compartment, surface 
temperatures of the engine exhaust system 
are very high. Generally, no cooling is 
provided to decrease the surface temperatures 

of exhaust manifolds and exhaust pipes. Heat 
released by these surfaces either by 
convection and/or radiation will heat the 
cooling air and components in the engine 
compartment. If this unwanted dissipated 
heat is not reduced or eliminated, overall 
efficiency of the vehicle cooling system will 
decrease. Two methods of reducing exhaust 
pipe and manifold temperatures are: 

1. Insulate the hot surfaces. 

2. Fabricate dual concentric pipe exhaust 
systems. 

For surface insulation, high temperature 
insulation materials are available in powder, 
blanket, paper, and many other forms. They 
can be used to cover the surface to be 
insulated. These materials normally 
composed of an asbestos or ceramic base. 
Because of health hazards from asbestos, the 
ceramic fiber base insulation material may 
become the major material used in the future. 

Ceramic fiber insulation material has 
been developed recently that will provide 
satisfactory performance above 2300°F. It 
has been used successfully in commercial test 
vehicles for insulation of emission control 
devices. 

The required thickness o, of the 
insulation material can be determined by 

o, = *5* ,ft (3-28) 
9 

where 

kj =   thermal conductivity of insulation, 
Btu/hr-ft2(°F/ft) 

q =  heat flux, Btu/hr-ft2 
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p = EM, lbm/ft3 (3-29) 
ATj =   temperature drop across insulation, 

degF 

Thermal conductivity of Fiberfrax 
ceramic fiber insulation material is shown in 
Fig. 3-39. 

Extreme care should be taken to ensure 
that surface temperatures of the insulated 
components are below levels that would 
cause thermal failure of the material. 

In a dual concentric pipe exhaust system, 
the exhaust pipe is made with double pipe 
construction. The exhaust gas flows through 
the inside pipe and cooling air flows in the 
annular space surrounding it. An air ejector 
actuated by the engine exhaust gas is used to 
provide the cooling airflow. 

3-7.2THERMO PHYSICAL 
PROPERTIES AFFECTING HEAT 
TRANSFER 

A number of charts showing properties 
of materials, which are of interest to the 
designer of vehicle cooling systems, are 
given. These properties are thermal 
conductivities, specific heats, viscosities, and 
densities. Density of gases is not given in a 
chart because it easily can be calculated to a 
very good approximation for ground vehicle 
applications from the following equation: 

RT, 
where 

M =  molecular weight of gas, lbm/lbm - 
mole 

Ibf/ft2 P =   absolute gas pressure, 

R =   universal gas constant, 1545 ft-lbf/ 
lbm-mole-°R 

Tg = gas temperature, >R 

All other properties are given as 
functions of temperature, Their dependence 
on pressure may be neglected for most 
ground vehicle applications. Fig. 3-40 gives 
thermal conductivities of several metals. 
Note the difference between copper, iron, 
and stainless steel. Figs. 3-41 and 3-46 give 
the properties of air at 1 atm. Fig. 3-42 
gives the properties of liquid water. Fig. 3- 
43 gives the properties of hydraulic fluid, 
MIL-H-5606. Fig. 3-44 gives the properties 
of typical engine oil. Note the strong 
dependence on the viscosity of liquids, 
especially oil, on temperature. 
Thermophysical properties of ethylene 
glycol-water solutions are shown in Fig. 3-45 
and Table 3-5. 
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TABLE 3-5 

PROPERTIES OF AQUEOUS ETHYLENE GLYCOL (50/50% BY VOLUME) 

TEMPERATURE DENSITY SPECIFIC  HEAT VISCOSITY THERMAL   CONDUCTIVITY 
T, 
°F 

P, 
lbm/ft3 Btu/lbm-°F lbm/ft-hr Btu/hr-ft2("F/ft) 

60 66.79 0.774 11.35 0.2383 
70 66.58 0.781 9.38 0.2383 
80 66.40 0.788 7.86 0.2382 

100 65.96 0.803 5.72 0.2377 
120 65.51 0.815 4.33 0.2371 
140 65.07 0.828 3.39 0.2358 
160 64.57 0.838 2.72 0.2346 
180 64.06 0.848 2.24 0.2338 
200 63.56 0.857 1.88 0.2319 
220 63.00 0.867 1.60 0.2295 
240 62.43 0.876 1.39 0.2275 
260 61.81 0.885 1.21 0.2246 
280 61.19 0.895 1.08 0.2211 
300 60.56 0.905 0.96 0.2187 

Calculated from Properties  of Ethylene  Glycol   smd  its  Aqueous Solutions,   by C. S. 
Cragoe, National Bureau of Standards 
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4-0 LIST OF SYMBOLS 

A = area, ft2 

CFM =  flow rate, fWmin 

D = diameter, ft 

gc = conversion constant, 32.2 lbm-ft/lbf-sec2 

HP = horsepower, hp 

N =  speed; rev/min, rpm 

Ns = specific speed, a numerical rating 

p = pressure, microbar 

P = pressure; ft water, ft air, in. water, psi, in. Hg 

PWL = sound power level, dB 

r =  ratio, dimensionless 

SPL = sound pressure level, dB 

T = temperature, °F 

V = fluid velocity; ft/min, ft/sec 

w =  flow rate, lbm/min 

W = power, watts 

AP = pressure differential; in. water, ft. air 

n = efficiency, percent 

p = density, Ibm/ft3 

4> = flow coefficient 

i|r = pressure coefficient 
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Subscripts 

a = air, actual, condition "a" 

as = air static 

e = exhaust 

eq = equivalent 

f = fan 

out = outlet 

s = static, specific 

t = tip, total 

Definition of Terms (See Preface) 

Mass Ibm, pounds mass 

Force lbf, pounds force 

Length ft, in., feet, inches 

Time sec, min., hr; seconds, minutes, hours 

Thermal Energy        Btu, British Thermal Unit 
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CHAPTER 4 

AIR MOVING DEVICES 

Basic fan types and characteristics are presented and fan selection principles are 
discussed with various examples provided Types of fan drives are discussed and 
compared and exhaust ejectors are described Performance curves of various fans 
are included in Appendix B. 

4-1      INTRODUCTION 

Ambient air is the ultimate heat sink for 
the cooling system of all ground operated 
vehicles. Heat dissipated by the engine and 
other components must be transferred 
eventually to the atmospheric air (except 
when operating under water). Ram airflow 
rate is not sufficient for cooling purposes 
when the vehicle is operated at low speeds or 
is idling. For combat military vehicles, the 
ram airflow rate is too low for cooling 
purposes even when the vehicle is operating 
at top speed. Fans are needed to provide the 
cooling air necessary for the vehicle cooling 
system and forced-ventilation of the vehicle 
compartments. 

4-2 FANS 

Fans used in vehicles consist of a 
rotating impeller surrounded by a stationary 
housing. The air moved by the rotating 
impeller creates a pressure differential to 
produce flow. Fans are similar, in principle, 
to blowers, compressors, and pumps. The 
distinction between them is made on the basis 
of the type of fluid and the amount of 
pressure change. Pumps usually are 
associated with liquids, while the others are 
associated with gases. Compressors, 
blowers, and fans are associated with high, 
medium, and low fluid pressure changes, 
respectively. 

The fluid pressure change from inlet to 
oudet of the fans considered here is less than 
10 percent, referred to barometric pressure as 
the datum (equivalent to a density change of 
less than 7 percent), therefore, the fluid flow 
may be assumed to be incompressible. Fans 
are classified according to the flow direction 
(other than tangential) inside the rotor as: 

1. Centrifugal. Flow direction in the 
rotor is mostly radial (directed away from 
axis of rotation) 

2. Axial. Flow direction is mostly 
axial (directed parallel to axis of rotation) 

3. Mixed. Flow direction is partly 
radial and partly axial. 

4-2.1  CENTRIFUGAL FANS 

A centrifugal fan consists of a rotor 
with blades within a scroll type housing and 
is driven by either a belt drive, a direct 
connection, or an electric motor. The 
number of blades depends on various design 
considerations. These blades form flow 
channels between the inlet at the smaller 
diameter and the outlet at the larger 
diameter. 

Centrifugal fans develop static pressure 
rise principally through the action of 
centrifugal force as the air is thrown from the 
inlet to the impeller periphery.   Secondary 
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conversion of kinetic energy (air velocity) to 
static pressure takes place in the housing or 
scroll. At the inlet to the rotor, the blades 
are inclined in the direction of the relative 
velocity of the incoming flow so as to present 
a minimum resistance to the flow. At the 
outlet, the inclination of the blade also is 
significant. The operating characteristics- 
such as the flow capacity, pressure 
generation, power requirement, operating 
speed, and efficiency, for both normal and 
off design points-are dependent very 
strongly on the inclination of the blades at 
the outlet. 

The characteristics of centrifugal fans 
also depend strongly on the angle between 
the blade tip and the tangential direction of 
rotation. It is customary to classify fans 
according to the inclination of the blade tips 
as shown in Fig. 4-1. These classifications 
are: 

however, most of the fluid pressure head 
appears as a dynamic head at the rotor exit. 
The conversion of the dynamic head to static 
head has to take place in the scroll housing, 
and is inherently less efficient than the 
production of static head directly by 
centrifugal force. Change of performance 
due to scroll design is significant. First costs 
are usually lower with forward curved 
designs, however operating costs (due to 
higher efficiencies) are typically lower for 
backward curved designs. 

The ideal fluid pressure head developed 
by forward curved blades increases as the 
flow through the fan increases; however, due 
to frictional and conversion losses, the actual 
fluid pressure head may even decrease with 
the flow. Typical characteristics of the 
forward blade fan are shown in Fig. 4-1(A). 

4-2.1.2  Backward Curved Blade Fans 

1. Forward and curved blade 
centrifugal fan, Fig. 4-1(A). 

2. Backward curved blade centrifugal 
fan, Fig. 4-l(B) 

3. Radial blade centrifugal fan, Fig. 
4-l(C) 

The selection of the fan depends on the 
application for which it is used. 

4-2.1.1   Forward Curved Blade Fans 

Forward curved blade fans have tips 
inclined in the direction of impeller rotation. 
This type of centrifugal fan has a major 
portion of the impeller input energy in the 
form of kinetic energy. 

This type of fan gives the highest fluid 
pressure   head   for  a  given   rotor   size, 

Backward curved blade fans have blade 
tips inclined away from the direction of 
rotation. They are typically capable of 
higher efficiencies than other centrifugal fans 
and are therefore most suited where power 
input is extremely important. Housing 
design is not as critical as the forward curved 
blade design, since a greater percentage of 
the static pressure is developed within the 
rotor. 

This type of fan gives the lowest head 
for equal size rotors at the same speed in the 
airflow rate region generally used for vehicle 
applications. Backward curved blades must 
be operated at a higher speed of rotation than 
forward curved blades (although not as fast 
as radial blades) if the same static pressure 
rise is to be produced in each case. In some 
cases, the higher required speed may be an 
advantage because of a possible direct 
connection to the fan drive.  Fan impellers 
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that have properly designed backward curved 
blades operate at higher efficiency and have 
non-overloading (horsepower curve does not 
increase near free delivery) power 
characteristics. They also offer the 
advantage of wide ranges of capacity at 
constant speed with small changes in the 
power requirements. Backward curved blade 
fans usually have stronger construction to 
provide for the characteristically high 
operating speeds. This design is used where 
stability, heavy duty, operating efficiency, 
and non-overloading characteristics are of 
primary importance, and size is of lesser 
importance. Typical characteristics of fans 
with backward curved blade tips are given in 
Fig. 4-1(B). In this case, the ideal fluid 
pressure head produced by the rotor 
decreases with increasing flow capacity. 

4-2.1.3  Radial Blade Fans 

Radial blade fans have straight blades 
that are to a large extent self-cleaning, 
making them suitable for material handling 
or for moving particle-laden air. Radial 
bladed impellers are of simple construction 
and have a small width to diameter ratio. 
They usually have a characteristic whine, but 
in performance they are stable over the entire 
operating range. The radial blades have great 
strength against centrifugal force and are 
therefore well suited for high pressure 
applications. High pressures can be achieved 
with relatively low capacity but high speeds. 
Typical characteristics for radial blade fans 
are shown in Fig. 4-1(C). Radial tip blade 
fans are also available. They have blades that 
are radial at the tip but curved at the heel to 
reduce entrance losses. 

4-2.1.4  Off-Design Characteristics 

There is only one size fan of each type 
that will operate at the speed point of 

maximum efficiency for any given flow 
capacity. A smaller size fan could produce 
the same capacity at a higher speed or a 
larger size fan could produce the same 
capacity at a slower speed. In either of these 
cases for a defined capacity, their efficiency 
would be lower than that of the optimum 
sized fan. This fact applies to all fan designs 
and emphasizes the fact that all designs are 
matched in order to have an optimized 
airflow for that particular installation. 

Fans operating to the right of the 
maximum efficiency point are undersized and 
those operating to the left of the maximum 
efficiency point are oversized. Generally, 
fans operating to the right of the maximum 
efficiency point (undersized fans) are more 
stable and may be a more economical choice 
even with the penalty of lower efficiency. 

4-2.2 AXIAL FLOW FANS 

The general flow direction of an axial 
flow fan is, as the name suggests, 
predominantly axial, and is parallel to the 
axis of rotation of the fan rotor. In axial 
flow fans, the fluid particles emerge from the 
rotor at different radii with different 
velocities. In order to maintain the same 
theoretical fluid pressure head at different 
radii of the axial fan, it is necessary to shape 
the blade in such a manner that the change in 
the tangential velocity is inversely 
proportional to the radius. 

Axial flow fans are usually high 
capacity, low fluid pressure head per stage, 
turbomachines. The number of rotor blades 
varies greatly and may be as low as two for 
high capacity low head fans. When higher 
heads are required, the number of blades 
must be increased. A housing may be used 
to direct the air and convert part of the 
tangential component velocity head into static 
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pressure head. 

Fluid pressure head produced is 
proportional to lift produced by the rotating 
blades of the impeller in axial fans. For any 
blade or airfoil, there is a point below which 
the impeller stalls and the pressure decreases 
with decreased flow (see point B, Fig. 4- 
1(D)). This accounts for the dip in the 
performance curves for axial flow fans. It is 
usually undesirable to operate in the region 
of point B to point C where flow pulsations, 
increased noise, and a decrease in efficiency 
occurs. Stable performance and maximum 
efficiency occur in the range to the right of 
point B. 

There are three types of axial flow fans: 
propeller, tube-axial, and vane-axial. 
Impellers for these fans are made up of 
blades stamped from sheet metal, cast or 
fabricated into airfoil sections. 

4-2.2.1   Propeller Fans 

A propeller fan consists of a propeller 
or a disc type blade and includes the driving 
mechanism supports for belt drive or direct 
connection. A propeller fan, with no 
housing at all, is called a free fan or an open 
propeller fan (Fig. 4-2). Due to back flow at 
the hub and the blade tips, the output of a 
propeller fan is greatly reduced and its 
efficiency is low. The advantage of an open 
propeller fan is its low cost and simple 
construction. Normally, it is used in 
automobiles and military vehicles, when 
lower static pressure rise is sufficient. Fig. 
4-3 illustrates the performance curve for the 
propeller fan used in the HMMWV cooling 
system. 

Propeller fans may have a ring at the tip 
of the blades (Fig. 4-4(A)), or be set within 
a ring mounting (Fig. 4-4(B)), or in a plate 

mounting (Fig. 4-4(C)). Any of these 
measures may improve substantially the 
capacity, head, and efficiency of the fan (see 
Ref. 1). 

i, J 

Figure 4-2.   Automotive Propeller 
Type Fan 

4-2.2.2  Tube-axial Fans 

A tube-axial fan consists of a propeller 
rotating in a cylindrical housing that provides 
driving mechanism supports. The tube-axial 
fan generally implies less turbulent flow 
patterns, more efficient airfoil blades, and 
closer tip clearance with resulting high 
efficiency and greater pressure capabilities. 

4-2.2.3  Vane-axial Fans 

A vane-axial fan is basically a tube-axial 
fan with guide vanes located upstream and/or 
downstream from the impeller. The purpose 
of the guide vanes is to either reduce rotary 
motion imparted to the air by the impeller or 
to control the inlet velocities into the fan, 
thereby improving the efficiency and 
pressure characteristics of the fan and 
reducing the fan noise level. The guide 
vanes aid in converting the tangential 
component of the dynamic head of the fluid 
flow into a static pressure head. 

Inlet guide fans can be installed 
upstream of the fan rotor and are designed to 
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Kysair Fan 
Performance Curves 

Test Fan Dja RPM Shroud Shd Dia Position 
1 OIW 4035-38449 19.5 1000 RING 19.75 BEST 
2. OIW 4035-38449 19.5 2000 RING 19.75 BEST 
3. OIW 4035-38449 19.5 3000 RING 19.75 BEST 
4. OIW 4035-38449 19.5 4000 RING 19.75 BEST 
3. OIW 4035-38449 19.5 5000 RING 19.75 BEST 
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either induce swirl opposite to the direction 
of rotation or to eliminate existing 
undesirable gas motion existing due to flow 
through previous components. When used to 
induce swirl, the amount of swirl is 
established at the fan design point to produce 
only axial flow of the air leaving the fan. 
This usually will produce higher overall 
efficiency because there is no loss of kinetic 
energy incurred with air swirl at the fan 
discharge. When the inlet guide vanes are 
used to eliminate existing gas motion, the 
goal is identical in that the optimum 
incidence angle of the gas into the impeller is 
desired. 

The use of outlet guide vanes produces 
results similar to the inlet guide vanes except 

that the tangential velocity component of the 
flow leaving the rotor is removed by the 
oudet vanes to produce axial flow only. Fan 
noise level can be reduced by the use of 
outlet guide vanes. Outlet diffuser guide 
vanes are shown in Fig. 4-4(D). For the 
same fan inlet conditions, outlet guide vanes 
will tend to increase fan efficiency more than 
inlet guide vanes, but will require slightly 
higher speeds to obtain the same pressure 
rise. 

When higher fluid pressure head is 
needed, both inlet and outlet guide vanes are 
used. Both also are used for staging. A 
divergent diffuser may be used for higher 
performance fans to reduce the axial velocity 
component (Fig. 4-4(D)). The vane-axial 

i \ 
11 

A 

(A) PROPELLER TYPE WITH TIP RIN6 

A irTrn 

> 

(B) PROPELLER TYPE 
WITH RING MOUNTING 

INLET  CONE 

(C) PROPELLER TYPE 
WITH PLATE MOUNTING 

•DIFFUSED 

• DIFFUSE R GUIDE VANES 

(0) VANE-AXIAL WITH DIFFUSER 
(Courtesy of Buffalo Forge Co.) 

Figure  4-4.      Types  of Axial   Flow Fans. 
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fan when incorporated in an appropriate 
housing, such as an aerodynamically well 
designed inlet and outlet diffuser, may 
provide the most efficient operation. 

4-2.3 CENTRIFUGAL      AND      AXIAL 
FLOW FAN COMPARISON 

Centrifugal and axial flow fans possess 
individual characteristics that must be 
considered in selection of the proper fan for 
a specific application. There is only one 
value of specific speed for best efficiency 
regardless of the size for any one fan design. 
The general desirable characteristics for the 
two types of fans are : 

1. Centrifugal fans: 

a. Stable performance at low 
flow rates 

b. 90-deg    airflow    direction 
change from inlet to outlet 

c. Highest fluid static pressure 
head developed. 

d. Less noise problems due to 
broad-band noise spectrum. 

2. Axial fans: 

a. Highest efficiency 

b. In-line airflow 

c. Compact size 

d. Drive   can   be   cooled   by 
airstream. 

e.    More tonal noise components. 

f-    More prone to be affected by 
inlet conditions than centrifugal fans. 

It is important to note that published 
performance data for a fan may not represent 
the fan performance once installed in the 
application. A given type of fan may provide 
superior published efficiencies under the 
ideal flow conditions that exist during bench 
testing, however the sensitivity of that type 
of fan to inlet and outlet flow disturbances 
(restrictions, flow impingements, etc.) is 
important to note. In general, inlet guide 
vanes will lower the sensitivity to inlet 
condition changes and outiet guide vanes will 
lower the sensitivity to outlet condition 
changes. Typically, fans are more sensitive 
to inlet condition changes. 

4-2.4 MIXED FLOW FANS 

Mixed flow fans have a rotor that has 
axial flow on the intake side and centrifugal 
airflow on the outlet side. The blade 
configuration is such that the air is turned 
within the blade and discharged radially. 
The air may be discharged into a scroll 
similar to the centrifugal fan or discharged 
directly. Mixed flow fans are used for 
specific applications requiring pressure and 
flow characteristics between the centrifugal 
and axial flow fans shown in Figs. 4-5 and 4- 
6. Mixed flow fans are used in applications 
requiring relatively high flow rates with 
static pressure increases larger than those 
typically obtainable with axial flow fans. 
Vane-axial installations of mixed flow fans 
with inlet guide vanes have been used on 
military vehicles. Fig. 4-7 displays the 
performance of the mixed flow fan used on 
the M2 and M3 Bradley fighting vehicle. A 
detailed description of mixed flow fans is 
contained in Appendix B. 
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Fans can be installed in either a blow 
through or suck through mode of operation. 
Blow through fans tend to cause an uneven 
velocity distribution across the adjacent heat 
exchanger, resulting in hot spots in the heat 
exchanger core and inefficient use of the heat 
exchanger area. Sucking the flow through the 
heat exchanger can result in a relatively 
uniform velocity distribution across heat 
exchanger cores and can also be used to 
create a slight vacuum in the engine 
compartment to prevent noxious fumes from 
reaching the crew compartments. 

4-4 TOTAL PRESSURE DIFFERENTIAL 
DEVELOPED BY A FAN 

Figure 4-6.      Fan Specific Speed  vs 
Static  efficiency   (Ref.   11) 
(Courtesy of Machine Design) 

4-2.5 FLEXIBLE BLADE FANS 

A means of reducing cooling fan drive 
power requirements, in addition to reducing 
fan noise at high speed, is to use a fan with 
flexible blades. With this type of fan design, 
the pitch of the blades decreases as fan speed 
increases. This pitch change is produced by 
the twisting action of the blades caused by 
centrifugal force. The result of this action is 
that each blade moves less air per revolution 
thus reducing the power requirement and fan 
noise at high speeds. 

Fluid pressure generally is expressed in 
three different forms: 

1. Static Pressure Ps . This is the 
pressure sense by a probe moving with the 
same velocity as the fluid stream. 
Practically, it is measured by a pressure 
probe located normal to the fluid stream. 

2. Dynamic or Velocity Pressure Pv. 
This is the static pressure rise that a fluid 
experiences when it is reversibly brought to 
rest. This is calculated as pa V*/(2gc). 

3. Total Pressure P, . This is the 
pressure of a moving fluid if it is reversibly 
brought to rest. It is equal to the sum of the 
static and dynamic pressures. 

4-3 COOLING   FANS   FOR   MILITARY 
VEHICLES 

Some typical cooling fans used in 
military vehicles are shown in Table 4-1. 
Table 4-2 shows some typical cooling fans 
used in commercial trucks. Drawings and 
performance curves for these fans are 
included in Appendix B. 

The energy equation for steady, 
frictionless, incompressible flow is expressed 
by Bernoulli's equation 

-P.l£\ = Ps + Pv = P, 

=  Constant (4-1) 
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Figure 4-7.     M2/M3 Bradley Fighting Vehicle Fan  Performance 
(Courtesy of SCFM Corp.) 
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TABLE 4-1 
MILITARY VEHICLE COOLING FANS 

MODEL FAN PART NO. HP CONSUMED 
BY THE FAN 

FAN SPEED 
RATIO 

PERFORMANCE 
CURVE 

(See Appendix B) 

HMMWV A1 12339496 28.7 1.25 

HMMWV A2 12339496 28.7 1.25 

HEMTT 48C356 Fan 
Clutch Driven 

Not Measured .82 

M109A6 12268252 
(Qty of 2) 

38.0   

M113A1 10866240 16.7 1.402 

M113A2 12269363 23.97 1.529 

M113A3 12269363 27.5 2.0 

PLS 1882400 40.0   

HET 1801070 40.0 .82 

LVS 1454350 
Hydr Driven 

Not Measured — 
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TABLE 4-2 

DETROIT DIESEL ENGINE COOLING FANS 

Fan Part Number Fan Blade B s 
Drive 

Ratio HP 

Characteristic 
Performance 
Curve Number 

Engine Model 

Usage G.M. Schwitzer Dla. 
In. No. 

Pro]. 
width. 
In. 

R 
H 

L 
H 

R 
E 

L 
H 

5173871 A-F11586 22 6 2 1/4 X X 1.10 17 Fl-0000-00-73 6V-53 

5173872 F-11585 22 6 2 1/4 X X 1.10 17 Fl-0000-00-73 6V-53 

5124701 AF-10383 24 6 2 3/8 X X 1.00 6 Fl-0000-00-61 3, 4-53 

5100183 AF-11100 24 6 2 3/8 X X 1 .10 7 Fl-0000-00-61 6V-53 

5171228 LF-07992 26 6 2 3/4 X X 0.77 5 Fl-0000-00-64 8V-53 

5171229 LF-07993 26 6 2 3/4 X X 0.77 5 Fl-0000-00-64 8V-53 

5175738 LF-08377 28 6 3 1/4 X X 0.77 18 Fl-0000-00-67 8V-53 

5177871 LF-08421 28 6 3 1/4 X X 0.77 18 Fl-0000-00-67 8V-53 

5175738 LF-08377 28 6 3 1/4 X X 1.25 20 Fl-0000-00-67 6, 6V, 8V-71 

5177871 LF-08421 28 6 3 1/4 X X 1.25 20 Fl-0000-00-67 4,6,6V,8V-71 

5137483 A-912960 32 8 2.33 X X 1.00 13 Fl-0000-00-85 8V-71 

5109396 A-911086 32 8 3 5/8 X X 0.80 20 Fl-0000-00-84 6V, 8V-71 

5162G66 LF-10804 36 8 3 1/16 X X 0 .67 11 Fl-0000-00-70 8V, 12V-71 

5189119 AF-09206 36 8 3 1/16 X X 0 .67 11 Fl-0000-00-70 8V, 12V-71 

5162666 LF-10804 36 8 3 1/16 X X 0.75 13 Fl-0000-00-70 8V, 12V-71 

5189119 BF-09208 36 8 3 1/16 X X 0.75 13 Fl-0000-00-70 8V, 12V-71 

5162666 LF-10804 36 8 3 1/16 X X 0.85 21' Fl-0000-00-70 8V, 12V-71 

5189119 BF-09208 36 8 3 1/16 X X 0.85 21 Fl-0000-00-70 8V, 12V-71 

*Air Delivery at Fan RPM 
B = Blowing Fan RH = Right hand rotation 
S = Suction Fan LH = Left hand rotation 

Courtesy of Detroit  Diesel  Allison  Division,   General  Motors   Corporation 
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where 

gc =      conversion   constant,    32.2 
lbm-ft/lbf-sec2 

Pv = velocity pressure, lbf/ft2 

Ps = static pressure, lbf/ft2 

P, = total pressure, lbf/ft2 

V = fluid velocity, ft/see 

pa = air density, lbm/ft3 

Increase of the total fluid pressure takes 
place only in the rotor region of any 
turbomachine. All other non-rotating 
components of the fan such as the guide 
vanes and diffusers do not contribute to the 
total pressure increases. Due to losses, the 
total pressure decreases in these elements. 
These elements change direction of the flow 
or change the static pressure at the expense 
of a change in the velocity pressure. 

When no inlet duct is used and no 
restrictions are present, fans operate with the 
air handled arriving at the inlet to the 
housing at atmospheric pressure. When an 
inlet duct is used or when there are 
restrictions—such as an inlet grille, heat 
exchanger, filter, or the engine-inlet air 
pressure may be less than atmospheric. Fig. 
D-3 shows how to measure average pressure 
in a duct or housing. See Appendix D-3 for 
fan test procedures. 

If the fan has no inlet duct, the entry 
losses to the fan housing are considered as 
part of the fan losses and are reflected in the 
total efficiency of the fan. If the fan has no 
discharge duct from its outlet, the discharge 
static pressure is zero and the total pressure 

at this point is equal to the average velocity 
pressure. 

The average total pressure difference 
(total pressure rise created by a fan) is the 
average total pressure at the fan outlet minus 
the average total pressure at the fan inlet. 
Static pressures less than atmospheric are 
considered negative. Velocity pressure is 
always positive. The total pressure at the fan 
outlet is an actual system is all pressure 
losses in the path taken by the air to reach its 
destination, leaving only the velocity 
pressure at the farthest point of discharge. 

The total pressure drop at the fan inlet 
in a system that includes a suction duct and 
restrictions-such as a grille, filter, cooler, or 
the engine compartment within it—is always 
equal to the sum of the losses in the inlet 
system. The total pressure in a system of 
this type is always negative and numerically 
less than the static pressure at the same 
location. 

In selecting a fan, it is necessary to 
know the volume of air which it must handle 
and the static pressure against which it must 
operate. The static pressure rise used for this 
purpose is the static pressure at the fan outlet 
minus the total pressure at the fan inlet. The 
static pressure rise, for the purpose of fan 
selection, often is taken as the total system 
resistance (inlet and discharge). This 
procedure, although sufficiently accurate for 
many practical purposes, is technically 
correct only when the discharge system 
consists of one duct that has the same cross- 
sectional area as the fan outlet and no side 
branches (see Ref. 2). 

4-5 FAN AIR HORSEPOWER 

The theoretical horsepower input 
required to drive a fan is expressed in terms 
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of air horsepower Hpa and represents work 
done on the air by the fan assuming perfect 
efficiency. 

HPa  = w0AP, ,hp 

33,000 (4-2) 

where 

wa    =    airflow rate, lbm/min 

AP,   =   total    fluid    pressure    rise 
through the fan, ft of air 

In terms of the volume of air handled in 
cubic feet per minute and the total pressure 
difference created by the fan in inches of 
water, the expression is 

HPa  =  (CFM)APtx 1.575 
x 10"4, hp (4-3) 

where 

CFM = volumetric   airflow   rate   at 
standard conditions, cfm 

AP,    = total    fluid    pressure    rise 
through the fan, in. water 

4-6 FAN EFFICIENCIES 

The total efficiency n r of the fan is 

TJ,  = HPa  x 100, percent (4-4) 

HP f 

where 

HPa =  fan air horsepower, hp 

HPf =  fan input horsepower, hp 

Air horsepower HPa is a function of the total 

pressure difference created by the fan and 
airflow rate. 

Velocity pressure usually is small in 
comparison with the static pressure 
developed by a fan and normally is not given 
in fan performance data. As a result, it 
becomes generally more convenient to 
determine the static efficiency of the fan 
rather than the total efficiency. Static 
efficiency r\s is expressed as 

i\s  = HPK  x 100, percent      (4-4a) 

HPT 

where 

HPf    =   fan input horsepower, hp 

HP^  =   fan air horsepower based on 
static pressure rise, hp 

The air horsepower HP^ based on static 
pressure rise may be computed by using 
static pressure rise in place of total pressure 
rise in either Eqs. 4-2 or 4-3. 

Static efficiency is not a true 
performance characteristic since it neglects 
the kinetic energy that is available in the 
flow. It does however, provide a convenient 
basis for comparing two fans under 
consideration for a given installation. If the 
total efficiency is known, the static efficiency 
x\s can be determined from 

ib = n, x  APS , percent (4-5) 

AP, 

where 

APS  =   static pressure rise, in. water 
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AP, =   total    fluid    pressure    rise 
through the fan, in. water 

4-7 FAN PERFORMANCE 

Fan performance is expressed by the 
relationship between static pressure rise APS 

, volume airflow rate CFM, and input 
horsepower HPf —all measured at constant 
impeller or rotor speed Nf . These 
characteristics are usually specified at 
standard air density of 0.075 lbm/ft3. Other 
calculated or measured data often used are 
static efficiency i\s, sound power level PWL, 
total pressure rise FTP, (A/*,), outlet velocity 
V^,, and fan tip speed V,. See Appendix B 
for fan performance curves. 

Fan performance curves specify actual 
characteristics obtained under controlled 
laboratory conditions. In an actual 
installation, the fan performance may be 
degraded by conditions such as clearance, 
inlet and oudet restrictions caused by cooling 
system components, recirculation of heated 
air, duct leakage, uneven inlet velocity 
distributions that increase entrance losses, 
and expansion, contraction, and turning 
losses caused by ducts and shrouding. It is 
essential to a good cooling fan selection that 
these factors be considered in predicting the 
fan performance. Normal evaluation 
procedures require that the fans be evaluated 
in a mock-up or prototype installation 
simulating actual system operating 
conditions. 

4-7.1 TIP SPEED 

The tip speed V, of a fan is defined as 
the peripheral speed of the outer diameter of 
the fan blades and is expressed as 

where 

D  = outer diameter of blades, ft 

Nf = fan rotational speed, rev/min 

The tip speed-static pressure relationship may 
be used as selection criteria for specific 
applications of fan types (Ref. 11). 

4-7.2 OUTLET VELOCITY 

Fluid velocity VM at the fan outlet is 
obtained by dividing the flow rate by the fan 
outlet area. 

V^ = CFM, ft/min (4-7) 

where 

CFM = fan flow rate, fWmin 

Aw  =  fan outlet area, ft2 

This relationship is used in determining flow 
losses in exit ducts as discussed in par. 7- 
2.4.2.5. 

4-7.3 FLOW COEFFICIENT 

Flow coefficient is sometimes used as 
the independent variable when plotting fan 
performance. It defines the aerodynamic 
operating point of a fan and, for a given fan 
design, ensures that the air-entry angle 
remains constant when the flow coefficient is 
held constant. The flow coefficient relates tip 
speed to airflow and is non-dimensional ly 
defined as: 

V,  = NfiiD, ft/min (4-6) 

* = CFM/^D2) 

where 

(4-8) 
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V, = fan tip speed 

D = outer diameter of blades 

4-7.4 PRESSURE COEFFICIENT 

The pressure coefficient is a non- 
dimensional parameter that characterizes the 
pressure rise across a fan. It is a function of 
the flow coefficient for a given fan design. 
The pressure coefficient relates tip speed to 
pressure rise and can be expressed as: 

f = 2AP/(F,2p) (4-9) 

The pressure rise can either be in static or 
total pressure. Fan performance for an entire 
family of fans is sometimes plotted as 
pressure coefficient as a function of flow 
coefficient. 

4-7.5 POWER COEFFICIENT 

The power coefficient is a dimensionless 
parameter that relates the power consumed 
by a fan to a given speed and diameter. 
Comparisons of power at a given fan speed 
for different fan designs can be obtained by 
plotting the power coefficient as a function of 
flow coefficient. 

4-7.6 STANDARD FAN COMPONENTS 

Fan performance curves for complete 
assemblies including housings, drives, 
bearings, shafts, and other components can 
be obtained from the fan manufacturer. The 
fan assembly design must be capable of 
meeting the full military requirements 
defined by the vehicle system specifications. 
Adequate cooling system performance is 
possible only if all components are capable of 
meeting the vehicle duty requirements. 

4-8 FAN LAWS 

4-8.1  PERFORMANCE VARIABLES 

The fan laws relate the performance 
variables for any homologous series of fans. 
The three basic fan laws are: 

1. Volume varies directly with the 
speed. 

2. Static pressure varies with the square 
of the speed and directly as the density. 

3. Horsepower varies as the cube of the 
speed and directly as the density. 

The performance variables used in the 
fan laws in Table 4-3 are: 

1. Fan size (size) 

2. Fan speed RPM 

3. Gas density 8 

4. Capacity CFM 

5. Fan total pressure rise FTP (A?,) 

6. Fan input horsepower HPf 

7. Sound Power Level PWL 

The ratios of all the other variables are 
interrelated. The principal relationships are: 

1.  Capacity varies as: 

a. (Size,/Sizeb)
3 x (Speed,/Speedb) 

b. (Size,/Sizeb)
2 x (Pressure,/ 

Pressure^172 
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2. Static or total pressure varies as: 

a.     (Size,/Sizeb)
2 x (Speed./Speed,,)2 

3. Power varies as: 

a. (Sizea/Sizeb)
5 x (Speed./Speedb)

3 

b. (Sizea/Sizeb)
2      x      (Pressure,/ 

Pressureb)
3/2 

4. Speed varies as: 

(Sizeb/Size,) x (Pressure,/Pressureb)
1/2 

Additional rules can be used for 
predicting performance of fans of similar 
design. These laws are presented in Table 4- 
3. 

The fan laws given in Table 4-3 can be 
used to determine the performance of any fan 
when test data for a fan of the same series 
are available. The subscript a denotes that 
the variable is for the fan under 
consideration. The subscribe b indicates that 
the variable is for the tested fan. Total 
pressure rise AP, or static pressure rise &PS 

can be used as applicable for FTP in Table 4- 
3. 

For example, Fan Law No. 1 defines 
the effect of changing size, speed, or density 
on capacity, pressure, power, and sound 
power level PWL. For convenience, gas 
density (represented by 8 in Table 4-3) is 
always shown as an independent variable and 
sound power level PWL is always shown as 
a dependent variable. Of the remaining five 
variables, a different pair is shown as the 
independent variable in each of the ten laws. 

4-8.2 FAN NOISE 

Aerodynamic noise from all types of 
fans can be classified generally into rotational 
or blade noise, and vortex component noise. 
The blade noise is created each time the 
blade passes a given point when the air at 
that point receives an impulse. The 
repetition rate of the impulse is defined as the 
blade passing frequency and is determined by 
the number of blades and the fan speed. The 
vortex noise is generated by the air pressure 
pattern and flow vortices created by the fan 
blade. Vortex noise covers the entire range 
of audible frequencies, however tonal noise 
occurs at the first order blade passing 
frequency and its harmonics. The human ear 
is more sensitive to tonal noise than 
broadband noise. 

In addition to aerodynamic fan noise, 
other sources such as drive gears, fan 
unbalance, motor noise, if electrically 
driven, and structural resonance contribute to 
the wide range of frequencies present in the 
fan noise. 

The fan manufacturer incorporates the 
best overall design to minimize fan noise, 
however, the sound power level PWL must 
be determined by actual testing of the fan in 
the vehicle or mock-up under actual 
conditions. In general, centrifugal fans will 
produce a much broader band noise spectrum 
than axial flow fans. 

Empirical relationships have been 
developed between fan noise and its size, 
speed, capacity, and static pressure as shown 
in Table 4-3. These relationships apply only 
for a fixed point of rating.  If one of the 
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variables remains constant, logi0(l) = 0 and 
the other applies as written. Thus, in Fan 
Law No. 2d (Table 4-3) where tip speed for 
a given series of fans remains constant, the 
static pressure Ps will be constant and the 
sound power level PWL will vary as 20 log10 

(sizea/sizeb) since log10(l) = 0. 

where 

W = power, watts 

The reference pressure p for sound 
pressure level SPL measurements is 0.0002 
microbar so that 

A double-width fan is essentially two 
fans of the same size, speed, and sound 
power level PWL. Therefore, from Eq. 5d 
Table 4-3, the sound power level PWL of the 
double width fan will be 10 log,0(2) or 3 dB 
greater than the smaller fan. Likewise, the 
sound power level of a multistage fan is less 
than that of a single-stage fan of the same 
capacity and pressure. Thus, if a single- 
stage fan is 90 dB, the sound power level 
PWL of a six-stage fan to give the same 
airflow and pressure rise is from Eq. 5d 
Table 4-3, 101og,0(6) + 20 log10(l/6) = 7.8 
- 15.6 = "7.8 or 7.8 dB less1 (Ref. 4, p. 25- 
10). 

Decibels are convenient dimensionless 
units for measuring power, or some other 
property, which is proportional to power, 
whenever the range of values is very large. 
For example, sound power may vary from 1 
x 10"9 to 100,000 W and sound pressure 
may vary from 0.0002 to 200 microbar. 

By definition, the level of a quantity in 
decibels is 10 times the logarithm (to the 
base 10) of the ratio of that quantity (in 
dimensional units) to some reference quantity 
(in the same dimensional units). The only 
other qualification is that the quantity must 
be proportional to power. The reference 
power W for sound power level PWL 
measurements is 10"12 watt so that 

PWL  =   10 |Qgl0       W     . dB a-\Q) 
1012 watt 

Courtesy of McGraw-Hill Company 
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SPL = 20 log 10 ,dB(4-ll) 

0.0002 microbar 

where 

p  = pressure, microbar 

It is common to weight environmental 
noise measurements to obtain the A-weighted 
sound level. A-weighting assigns a weighting 
to each frequency related to the sensitivity of 
the ear at that frequency. The resulting level 
is expressed in dBA and more closely 
approximates the noise a listener senses. 

For axial flow fans the sound pressure 
SPL of the rotational noise, opposite the 
rotor tips, may be estimated from the relation 

p = 213AP fr_^r_-L 
llr   "  1 

microbar 

where 

log10r 
1/2 

(4-12) 

r =       ratio of inside fan radius to 
hub radius, dimensionless 

AP =      pressure rise across the plane 
of rotation, in. water 

An empirical relationship derived for the 
sound power level produced by fans (Ref. 
14) shows a linear relationship to volume 
flow rate and a second order relationship to 
the pressure difference. This is shown in the 



following relation. inlet velocity across the width of the fan. 

PWL=PWLo+ 101og[CFM/CFMo* 
(AP/AP0)2] (4-13) 

Clearly, the pressure difference across 
the fan has a much larger influence on noise 
generation than the volume flow. It is 
therefore important, if sound power is to be 
minimized, to ensure the lowest possible air 
pressure loss through the cooling system and 
engine bay. 

Current efforts in anticipation of noise 
legislation have produced effective results in 
the development of low noise cooling 
systems for vehicles (see Ref. 5). Currently 
the techniques available for reducing fan 
noise are as follows: 

1. Operating the fan(s) at maximum 
efficiency generally helps to reduce the 
radiated noise, however the minimum noise 
level does not always coincide with the peak 
efficiency operating point. A venturi type 
shroud can increase efficiency and minimize 
noise and power requirements. 

2. Varying the fan speed, number of 
blades, and/or blade pitch can shift tonal 
frequency peaks to different frequencies. 
Using uneven blade spacing can reduce tonal 
noise peaks. 

3. Applying acoustical insulation to 
ducts. 

4. Keeping the fan discharge area clear 
of obstructions to minimize pressure pulses 
or noises. This includes providing adequate 
spacing between stages and vanes in staged 
and vaned fans. 

5. Providing a relatively uniform fan 

It is beyond the scope of this handbook 
to thoroughly cover fan noise and design. 
The reader is referred to Refs. 3, 4, 14, and 
15 for additional information on this subject. 

4-8.3 FAN LAW RESTRICTIONS 

Before the fan laws can be used to 
determine the performance of a fan at any 
point of rating, it is necessary to have test 
data for a fan of the same series at the same 
point of rating; i.e., at identical rating 
points, efficiencies are identical. An identical 
rating point is assured by maintaining the 
flow coefficient at a constant value between 
different sizes of the same fan design. 

The use of the fan laws is restricted to 
cases where all linear dimensions of the fan 
under consideration are proportional to the 
corresponding dimensions of the fan for 
which test data are available. The 
proportionality factor is the size ratio. In the 
fan laws, any convenient dimension may be 
used for size. Another restriction is that the 
fluid velocities in the fan under consideration 
must be proportional to the corresponding 
velocities in the tested fan. This is assured 
by maintaining a constant flow coefficient 
value. The proportionality factor is the ratio 
of peripheral speeds for any pair of similarly 
situated points on the rotors. 

4-8.4 EXAMPLES OF FAN LAW USE 

Example 1. A fan delivers 1000 cfm at 
a static pressure rise of 0.8 in. of water and 
requires 0.3 hp when operated at 1000 rpm. 
If 1400 cfm are required for an application, 
at what new speed must the fan be operated; 
what will the static pressure be; and what is 
the new power requirement? 
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Solution: The same fan is to be used in 
the same system so Eqs. of Table 4-3 apply. 

From Eq. 3a 

RPM,        1000 /140q = 1400 rpm 
11000/ 

From Eq. lb 

(A/*,), = 0.8 /1400\2 = 1.57 in. of water 
liooo/ 

From Eq. 3c 

HP,  =  0.3 /14QQ\3  = 0.82 hp 
liooo/ 

Example 2. A fan with a 10 in. 
diameter rotor delivers 1400 cfm at a static 
pressure rise of 0.9 in. of water at 1000 rpm. 
The power required is 0.45 hp. What would 
be the cfm, static pressure, and power 
required by a geometrically similar fan with 
a 14 in. rotor? 

Solution: For these conditions Eqs. of 
Table 4-3 apply. 

From Eq. la 

CFM,   =   1400/14 3  =  3842 cfm 
'ft 

From Eq. lb 

(APS)S  =  0.9/14\2  =   1.76 in. of 

From Eq. lc 

HPZ  = 0.45/14 5  = 2.42 hp 

water 

Example 3.1 Density Applications: This 
procedure may be followed for applications 
requiring density corrections using fan 
performance data expressed at standard air 
conditions: 

1. Define the actual air volume 
requirements. Do not correct air volume to 
standard air conditions. 

2. Calculate the fan static pressure as 
though the system were handling standard 
air. 

3. Select fan from manufacturer's data 
using actual CFM requirements and 
calculated fan static pressure rise. The RPM 
shown is the actual speed at which the fan 
must run. 

4. Correct the HP shown in fan 
manufacturer's data by multiplying the 
density factor. 

For a fan with the following conditions: 

1. 250°F exhaust air 

2. 3.0 in. water static pressure rise Ps 

3. 2500 cfm is the required airflow rate 

Select a fan and determine the RPM and HP 
required: 

1. The air required is 2500 cfm. (No 
temperature correction required.) 

2. Fan static pressure P, (air density at 
250°F = 0.056 lbm/ft3) 

Courtesy LAVINDVSTWES (Ref. 6) 
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3.0 /0.075\ = 4.0 in. of water for 
\0.056/      standard air 

3. Select a fan for 2500 cfm and 4.0 
in. of water static pressure rise Ps. 

4. From fan performance data the fan 
requires 1700 rpm at 2.6 hp 

HP, = 2.6 «LQ5fi\= 1 
\0.075/ 

= 1.94 hp required at 

250°F 

4-9 SPECIFIC SPEED 

Specific speed is defined as the fan 
rotational speed which will produce a static 
pressure rise of 1 in. of water at a volume 
flow rate of 1 cfm in a geometrically similar 
family of fans. The usefulness of specific 
speed as a fan selection criterion is that for 
geometrically similar fans, the value of the 
expression for specific speed is the same 
regardless of size or speed. Specific speed 
Ns usually is determined at the point of rating 
of CFM and air pressure drop at best static 
efficiency and is expressed as 

Ns = N/CFM)' 0.5    * (4-14) 

A/> 0.75 

where 

AP, =  in. water 

Nj    =  fan speed, rpm 

*NS is not dimensionless but generally is 
expressed simply as a number since its 
practical application is such that units are of 
no consequence except for their influence on 
the absolute magnitude of the number itself. 

If the fan to be selected is to be 
operated at an air density other than that for 
which the fan curve was drawn, then APS 

must be corrected to an equivalent static 
pressure rise (AP,)^ for use in Eq. 4-14 by 

(AP,)^ = APS U_ \, in. water    (4-15) tr 
where 

P = 

P   = 

air  density   for  which   fan 
curve was drawn, lbm/ft3 

air density at which fan is to 
be selected, lbm/ft3 

Fig. 4-5 illustrates specific speed ranges 
at optimum efficiency for various types of 
air-moving devices. These ranges are typical 
and do not apply necessarily to the products 
of any particular manufacturer. 

Because Ps and CFM in a specific 
application more or less are fixed, specific 
speed Ns can be varied only if RPM can be 
varied. The specific speed criterion is 
therefore most definitive in direct drive 
applications where RPM is fixed. If RPM 
can be varied, there is a greater latitude of 
choice in selecting the fan type. 

Example: An air moving device is to 
deliver 3200 cfm at a static pressure rise of 1 
in. water when driven at 1140 rpm. What 
type of fan is suitable for this application at 
standard air density? 

Solution: 

By Eq. 4-14 

Ns = 1140(3200)°5 = 64,488 
(If75 
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If direct drive is required, then a 
backward curved blade centrifugal or vane- 
axial fan would be most efficient as shown in 
Fig. 4-5, points A and A'. A forward curved 
fan might operate at Ns = 64,488 but it 
would not be very efficient unless a twin unit 
(two fans with the same CFM rating) were 
used because the maximum design range for 
this type fan is Nt = 60,000 (Fig. 4-4). 

With proper speed reduction, a single 
forward curved, backward curved, or a 
mixed flow fan could be used. A speed 
reduction of 2 to 1 would place the 
application well into the maximum efficiency 
ranges as shown in Fig. 4-4 line B. 

Specific speed is the primary method 
used in selecting the best type of fan. Once 
the type has been determined, other methods 
must be used to determine the particular fan 
most suitable for the application. 

Fig. 4-6 presents specific speed as a 
function of static efficiency and shows the 
range of specific speeds for various types of 
fans. The static efficiency characteristics 
under off-design conditions can be estimated 
from this figure. 

Most small centrifugal fans have either 
radial or forward curved blading since, for a 
given application where speed is fixed, these 
fans will be smaller than the inherently more 
efficient backward curved blade fan. The 
backward curved blade fan becomes 
significant only where operating efficiency is 
important and size is of lesser consequence. 

The design refinements necessary to 
achieve the highest efficiencies in a tube or 
vane-axial fan make it an expensive piece of 
equipment, limited to applications where 
input power and size are most important 

(Ref. 6), such as current combat vehicles. 

4-10 EFFECT OF SYSTEM RESISTANCE 
ON FAN PERFORMANCE 

Military vehicle cooling systems often 
contain components such as grilles, filters, 
heat exchangers, ducts, accessories, engines, 
and other items that restrict airflow. In most 
cooling systems the airflow is turbulent and 
the static pressure loss varies with the square 
of the volume flow rate, i.e., 

(APJ.   = 

(AP,)b 

CFM^2 

\CFMJ 

(4-16) 

When plotted, this relationship gives the 
system resistance characteristic curve shown 
with a fan performance curve in Fig. 4-8. 

It should be noted that the system 
characteristics are difficult to estimate 
accurately and normally are determined by 
test. 

In actual operation, the static pressure 
rise developed by the fan must equal or 
exceed the resistance of the entire cooling 
system. Included in Fig. 4-8 is a 
representative performance curve for a fan 
with a specific static pressure rise 
characteristic. When the fan is operated, the 
air resistance of the system will increase with 
the increase in airflow along the system 
characteristic curve A until this curve 
intersects the fan curve. At this point, the air 
resistance of the system is equal to the static 
pressure developed by the fan and the airflow 
will stabilize at the amount CFMX shown on 
the volume scale directly below the point of 
intersection of the curves. 

If the cooling system resistance should 
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increase as a result of a plugged component, 
the system characteristic might be changed to 
that shown by the System Resistance B curve 
in Fig. 4-9, and the volume of air handled 
would decrease from CFMl to CFM2 if the 
fan speed does not change. It would be 
possible to maintain the CFMX air volume by 
increasing the fan speed to change the fan 
static pressure rise characteristic from fan- 
speed, to fan-speed2, providing the additional 
fan power requirement could be met. 

If the plugged component were cleaned 
to return the cooling system resistance to that 
shown by the System A curve, the fan would 
then handle the original volume indicated by 
CFMX. 

4-10.1    SYSTEM RESISTANCE 

The system resistance of a vehicle 
cooling system is the sum of the restrictions 
of the cooling air due to the inlet grille, 
engine, components, ducting, and exhaust 
grille. The system resistance is a function of 
the required airflow. The higher the airflow 
through the system the higher the system 
resistance will be. The airflow requirement 
is determined by the amount of cooling that 
is required. The greater the amount of 
cooling required, the greater the airflow 
requirement will be. 

The system resistance may be calculated 
approximately as shown in the example in 
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par. 7-2.4.2 but usually is determined by 
actual test. Typical system resistance 
(characteristic) curves are shown in Fig. 4-9. 

4-10.2 FAN AND SYSTEM MATCHING 

Knowing the system resistance and 
airflow requirements of a cooling system, 
one must select a fan that will equal or 
exceed these requirements. Point A of Fig. 
4-13 shows a matched system that requires 
5000 cfm of cooling air at 2 in. of water 
restriction. Selection of a fan with a higher 
flow rate than the required 5000 cfm (Point 
A') would cause an increase in the static 
pressure rise through the system and could 
result in overcooling. Selection of a fan for 
this system with a flow rate lower than 5000 
cfm (Point A') would result in a decrease in 
the required static pressure through the 

system with the possibility of overheating. 

4-11   MULTIPLE FAN SYSTEM 

There are numerous reason for using 
more than one fan in a cooling system, and 
the design options are virtually unlimited. 
Separate supply and exhaust fans might be 
used to avoid excessive pressure build-up in 
the compartment being ventilated, or 
available space could preclude the installation 
of one large fan. Capacity control or 
conservation of power could be justification 
for a multiple fan installation, and multistage 
fans might be necessary if system pressure 
requirements exceed the capabilities of a 
single unit. Fans operating in parallel may 
have any combination of the system 
resistance in common, varying from units 
with common inlet and discharge ducts to 

10.0 

Figure  4-9. 
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individual   unequal   ducts   with   unequal 
resistances. 

4-11.1     PARALLEL OPERATION 

The simplest and most common 
arrangement for parallel fan operation is the 
twin assembly in which identical fans are 
driven at the same speed. Military vehicles 
using twin fans include the M109, M48, and 
M60. 

operating at point (1), then the twin unit will 
be operating at Point A on the twin fan 
performance curve, Fig. 4-10(B). This 
would occur, for example, if the fans were 
operating in a System A. 

When the system characteristic curve 
intersects the combined fan performance 
curve to right of the peak, Fig. 4-10(B), the 
performance of the twin unit will be stable, 
and each fan will carry one-half the load. 

The performance of a twin unit is 
predicted from the single fan performance 
curve, provided both fans are operating to 
the right of the peak static pressure point. 
The CFM delivered and HP required are 
simply double the CFM and HP of a single 
fan.  Fig. 4-10(A) shows that if each fan is 

At and to the left of the peak, the load 
is not equally divided between the two fans. 
If operating in a System B, for example, the 
individual fans are not restricted to the same 
point of rating on the single fan performance 
curve. In fact, one fan will tend to operate 
at point (1) and the other at point (2) in 
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fulfilling the AP~CFM requirement of the 
system. In seeking equilibrium to meet the 
system requirement, the fan may actually 
interchange points of rating. More 
generally, this will occur when the system 
curve lies anywhere to the left of the peak. 
Under this condition, a simple obstruction 
near the inlet or outlet of one of the fans can 
cause reversal of the points of operation. If 
the points of operation reverse rapidly, a 
buffeting condition results which can cause 
objectionable noise levels and uneven air 
delivery (Refs. 3 and 6). 

4-11.2    SERIES OPERATION 

Two or more fans may be mounted in 
series on a common shaft and housing as 
shown in Fig. 4-11(A). The first fan or 
stage feeds the second stage, and the 
resulting pressure ratio is basically the 
product of the ratios of the two stages. 
Multistage vane-axial fans achieve the 
highest pressure obtainable with axial flow 
devices for a given size and speed. 

A pressure rise profile graph is 
presented in Fig. 4-11(B) to illustrate the 
static pressure characteristics of this 
arrangement. 

4-12   FAN SELECTION 

4-12.1    STANDARD DESIGNS 

A fan is overspecified if it provides an 
airflow greatly in excess of that required 
and/or maintains a system pressure greater 
than required. This increased capacity or 
pressure rise is obtained at the expense of 
excessive power to drive the fan and/or an 
increase in the size of the fan. Since both 
power and space in a military vehicle are 
costly premiums, it is suggested that the fan 
be selected to match the system resistance 
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Figure  4-11.   Vkne-ajcial 
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adequately and avoid the penalty that would 
be imposed for doing otherwise. 

For most applications it is neither 
desirable nor necessary to design a new fan 
for the particular installation. Standard off- 
the-shelf designs are available from 
manufacturers in a wide variety of types, 
sizes, construction, and configuration; 
accordingly, the process of selection is 
simply choosing the best size and type for the 
application. Theoretically, a large number of 
different fans possess the capability of 
fulfilling a specific application, however, 
vehicle engineering requirements and 
economic considerations will limit the 
selection to a few candidates. Fan selection 
is a procedure that begins with performance 
specifications, progresses through analysis 
and trade-off studies, and usually is 
completed when the unit that most 
economically meets the engineering 
requirements is selected and subsequently 
verified by vehicle testing. The type of fan 
to be used can be determined by the use of 
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specific speed criteria procedures presented 
in par. 4-9. 

4-12.2    FAN SELECTION PROCEDURE 

system (see Chapter 3). 

2.     Determine the airflow necessary to 
remove the heat. 

Almost any size fan type theoretically 
could be used to satisfy the performance 
requirements of a particular system, 
however, engineering and economic 
considerations reduce the selection 
possibilities to a relatively narrow range of 
fan sizes and types (see Ref. 7). The 
suitability of a particular type of fan depends 
more on the relationship between the various 
performance requirements than on their exact 
values. This is particularly true if the fan 
speed is specified. In these cases, the 
specific speed may be calculated, and the 
types of fans which exhibit a maximum 
efficiency at this condition may be 
determined from Figs. 4-4 or 4-5. 

The choice of fan type and size for a 
particular vehicle cooling system application 
involves: 

1. An aerodynamic selection influenced 
by the airflow, pressure rise, air density, and 
fan speed requirements. 

2. A functional selection influenced by 
space availability and installation suitability 
(fan intake and discharge orientation). 

For vehicle applications, airflow rate 
and flow resistance of the air paths (system 
static pressure loss) are the most important 
considerations. Fan speed and maximum 
available fan drive horsepower also may be 
given as initial conditions. 

A general procedure for selecting a fan 
may be defined as follows: 

1.  Determine the heat rejection of the 

3. Determine the total system 
resistance (see Chapter 7). The resistance 
determination must be made over the entire 
operating range of the system at intervals 
sufficiently close enough to plot an accurate 
system resistance characteristic curve as 
shown in Fig. 4-12. 

4. Determine the power available to 
drive the fan. 

5. A fan must be selected that will 
meet the airflow rate and total system 
resistance requirements. The fan selected 
may be either centrifugal, axial, or mixed 
flow. The primary determining factors are 
the fan CFM and static pressure rise. 
Determine the specific speed Ns from Eq. 4- 
14. 

6. Determine the fan type from Fig. 
4-4 or 4-5. If more than one type of fan is 
indicated as being satisfactory for 
application, the final selection must be based 
on other factors such as available installation 
space, inlet and outlet flow path 
characteristics, and relative costs. 

7. Review fan manufacturers' 
performance curves for the fan type 
determined in Step 6 to find a unit that will 
deliver the required airflow rate at the static 
pressure determined by the system resistance. 
The system resistance characteristic curve 
intersection with the fan performance curve 
should occur at or near the point of 
maximum efficiency and within the stable 
operating region for the type of fan selected. 
For   practical   applications,   the   system 
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resistance curve should be established for the 
"worst case" conditions with allowances for 
maximum system resistance caused by 
cooling system component plugging or 
degradation. 

8. If the air density p, in actual 
operation, varies significantly from the 
standard 0.075 lbm/ft3, the new values for 
density p may be found by 

p   =  0.075 , 460 + 70. ,   Pb   . ,(4-16) 

I 460 + T l\ 29.92/ 
lbm/ft3 

where 

T = air temperature, 6F 

Pb = barometric pressure, in. Hg 

Air density values for various temperatures 
and altitude conditions for dry air are given 
in Table 4-4. Air density values for 
saturated and partially saturated air are given 
in Appendix D. Fan selection should be 
based on dry air density because of the lower 
density of saturated air. 

Fan performance curves are made on the 
basis of ideal air inlet and exit conditions. In 
actual practice this is seldom the case. It is 
common practice to select a point about 85 
percent of the airflow capacity shown on the 
fan performance curve to allow for 
installation losses. 

4-12.3 FAN SELECTION EXAMPLES 

Example 1: 

Given: 

1. Fan speed N{ = 5000 to 7000 rpm 

2. Cooling airflow CFM required = 
8100 cfm at 0.067 lbm/ft3 (130°F) 

3. Static pressure rise APS = 10.8 in. 
water 

Determine the type of fan required for 
these conditions. 

Solution: Find the specific speed Ns 
from Eq. 4-14 

N, = 5000(8100)°5  = 75,534 at 5000 rpm 
(10.8)° 75 

AT, = 7000(8 IQOV*5 = 105,748 at 7000 rpm 
(10.8)075 

Referring to Fig. 4-4 indicates that, for a 
specific speed range of 75,534 to 105,748, a 
van-axial fan will meet the system 
requirements with the best efficiency. A fan 
manufacturer is then consulted to obtain fan 
performance curves similar to the curves in 
Appendix B which will satisfy the required 
conditions of airflow, static pressure, and 
speed. 

Superimposition of the system resistance 
or characteristic curve on the fan 
performance curve, as shown in Fig. 4-12, 
indicates that this particular fan will meet the 
required airflow and static pressure rise 
(Point A) at a fan speed of 6220 rpm (Point 
B); the required fan horsepower is 22.5 bhp 
(Point C). An increase in fan speed would 
provide an increase in airflow and static 
pressure rise if a reserve safety factor is 
desired. This reserve can be determined by 
the use of the applicable fan laws from Table 
4-3. 

A method of determining the appropriate 
size of fan required is contained 

4-33 



TABLE 4-4 

AIR DENSITY AT VARIOIUS TEMPERATURES AT SEA LEVEL AND BAROMETRIC 
PRESSURES AT VARIOUS ELEVATIONS (DRY AIR) 

Sea Level Atmospheric Pressure 

Temperature 
•F 

Density 
lbm/ft3 

Temperature 
•F 

Density 
lbm/ft3 

Elevation 
ft 

Barometer 
in. Hg 

Elevation 
ft 

Barometer 
in. Hg 

0 0.0864 310 0.0517 0 29.92 6200 23.80 
10 0.0846 320 0.0510 200 29.71 6400 23.62 
20 0.0828 330 0.0504 400 29.49 6600 23.44 
30 0.0811 340 0.0497 600 29.28 6800 23.26 
40 0.0795 350 0.0491 800 29.07 7000 23.09 
50 0.0779 360 0.0485 1000 28.86 7200 .91 

60 0.0764 370 0.0479 1200 28.65 7400 22.74 
70 0.0750 380 0.0474 1400 28.44 7600 22.56 
80 0.0736 390 0.0467 1600 28.23 7800 22.39 
90 0.0723 400 0.0462 1800 28.02 8000 22.22 

100 0.0710 410 0.0456 2000 27.82 8200 22.05 
110 0.0698 420 0.0451 2200 27.62 8400 21.89 
120 0.0686 430 0.0446 2400 27.41 8600 21.72 
130 0.0674 440 0.0441 2600 27.21 8800 2^.55 
140 0.0663 450 0.0437 2800 27.01 9000 21.38 
150 0.0651 460 0.0432 3000 26.81 9200 21.22 
160 0.0641 470 0.0427 3200 26.62 9400 21.06 
170 0.0631 480 0.0423 3400 26.42 9600 20.90 
180 0.0621 490 0.0418 3600 26.23 9800 20.74 
190 0.0611 500 0.0414 3800 26.03 10000 20.58 
200 0.0602 510 0.0410 4000 25.84 10200 20.42 
210 0.0593 520 0.0405 4200 25.65 10400 20.26 
220 0.0584 530 0.0401 4400 25.46 10600 20.10 
230 0.0576 540 0.0397 4600 25.27 10800 19.95 
240 0.0568 550 0.0394 4800 25.08 11000 19.79 
250 0.0560 560 0.0390 5000 24.89 11200 19.64 
260 0.0552 570 0.0386 5200 24.71 11400 19.48 
270 0.0545 580 0.0382 5400 24.52 11600 19.33 
280 0.0537 590 0.0379 4600 24.34 11700 19.25 
290 0.0530 600 0.0375 5800 24.16 11800 19.18 
300 0.0523 610 0.0372 6000 23.98 11900 10.10 
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in Ref. 12. There is only one size fan of 
each type that will operate at the point of 
maximum efficiency for any given rating. 
This fan must be operated at a certain speed 
to produce the required rating. A smaller 
size fan could be selected that would have to 
operate at a higher speed or a larger size fan 
could be selected that would have to operate 
at a lower speed. In either case, efficiency 
would be lower than that for the optimum 
size fan. 

Example 2: 

If the cooling system design requires a 
single fan operating at fixed speed, and the 
system resistance characteristics are defined 
by a single curve, the fan selection is 
straightforward. The selection resolves into 
finding the most efficient fan that will deliver 

the required CFM at the required AP, of the 
system. 

For example, if 5000 cfm is required for 
a cooling system and the system resistance 
characteristics result in AP, of 2 in. of water, 
an overlay of fan performance curves as 
shown in Fig. 4-13 indicates that the required 
airflow is obtained, as shown by the 
intersection of the curves at Point A, if the 
fan is driven at 2000 rpm. If the system air 
resistance is 2.6 in. of water and an airflow 
rate of 5000 cfm, the same fan can meet this 
requirement if the speed is increased to 2200 
rpm as shown by Point C on Fig. 4-13. 

Restriction or plugging of the cooling 
system would raise the system resistance and 

cause the airflow to decrease and the static 

1000 2000 3000        4000 5000 0000 7000 

AIRFLOW, cfm 

Figure 4-13. Cooling Fan Selection Curves. 

4-35 



pressure rise to increase along the fan curve 
until it reached a maximum at Point B. 
Further restriction would cause the operating 
point to enter the stall region in the dip of the 
fan performance curve. This situation can be 
corrected by an increase in fan speed. This 
increases the CFM, fan static pressure rise, 
and fan horsepower but the required airflow 
will be available with the plugged 
components. 

4-12.4  FAN OVERSPECIFICATION 

deliver 6000 cfm at a static pressure rise of 6 
in. of water when the actual requirement 
might only be 4000 cfm at 6 in. of water 
static pressure rise. Fig. 4-14 illustrates a 
fan performance curve that seems to meet the 
specification (Point B). However, this point 
on the performance curve should not be used 
because it is in the stall region where the 
airflow maybe unstable (see Fig. 4-1(D)) and 
the efficiency is low. Moreover, in some 
cases, the actual airflow delivered is less than 
that required. 

It should be pointed out that the selection 
of a fan based on (1) a written specification 
indicating CFM and (2) static pressure rise on 
an overstatement of required CFM may be 
inadequate for the intended application. A 
specification might be written for a fan to 

If a safety margin is necessary, the safest 
methods is to overstate the static pressure by 
a reasonable amount. In doing this, the user 
must pay for the margin in higher fan 
horsepower requirements and a possible 
increase in the fan size or decrease 

| 
s 
o 6 

POINT B 

POINT A 

/SYSTEM 
/  RESISTAI CE 

2000 4000 6000 8000 

AIRFLOW,  cfm 

4-36 
Figure 4-14. Fan Overspedfication Curve. 



in reliability. 4-13   FAN INSTALLATION 

4-12.5 OPTIONAL 
METHODS 

SELECTION 

Fan selections are frequently constrained 
by allowable size, speed, or available power 
requirements. By defining non-dimensional 
parameters that involve the required 
aerodynamic duty and the constrained 
parameter, the selection of a fan from within 
a given design family can be simplified. 

Fig. 4-15 displays fan performance in 
terms of efficiency and pressure coefficient 
as a function of flow coefficient. The 
performance of an entire design family can 
be compressed into a single line through the 
use of flow and pressure coefficients. The 
system line in Fig. 4-15 is defined using a 
system coefficient that is a function of flow 
coefficient and fan diameter. Different 
system lines can be drawn based on the 
chosen fan diameter, thereby allowing peak 
efficiency operation to be obtained if fan 
diameter is not restricted by the installation, 
but fan speed is known. 

In situations in which fan diameter is 
restricted, a method is needed for choosing a 
fan for peak efficiency operation given the 
required diameter. This can be obtained by 
defining a specific diameter. Specific 
diameter is a non-dimensional parameter that 
is a function of system coefficient for a given 
fan diameter. It relates the relative fan 
diameter to the given system resistance and 
allows the fan speed to be changed until an 
optimum operating point is obtained. 

Performance parameters can also be 
defined to allow for restrictions in noise and 
power consumption. A full discussion of 
selection methods can be found in Ref. 15. 

The installation of the cooling fan is 
determined by the vehicle cooling system 
design and may vary from a simple 
conventional type installation as shown in 
Fig. 1-3 to a complex installation as shown 
in Fig. 4-16. Space limitations and vehicle 
performance requirements often are met best 
by unconventional installations, particularly 
in combat vehicles. Regardless of the type 
of installation, the effects of a number of 
basic fan installation parameters must be 
observed. These parameters include fan tip 
clearance; fan position in relation to the 
shroud, radiator, and/or engine shrouding 
design; and air inlet discharge conditions. 

Optimization of the airflow path, as well 
as the fan installation, is difficult to achieve 
in practice. Recognizing this, the cooling 
system engineer can evaluate several options 
that can partially compensate for less than 
desirable conditions. 

A disadvantage of the suction mode 
system is the higher temperature of the inlet 
air to the cooling fan and radiator, after 
absorbing heat in the engine compartment, 
which will require the use of a larger heat 
exchanger and a higher capacity fan. 

In either one of the previously described 
cooling systems, the cooling fan can be used 
as a suction or blowing fan as shown in Fig. 
4-17. A blowing fan is defined as a fan that 
blows air through the radiator or heat 
exchanger, and a suction fan is defined as a 
fan that draws the air through the radiator or 
heat exchanger. 

Blowing fans are generally more 
efficient in terms of power expended for a 
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Figure 4-15. Efficiency Determination From System Coefficient 
and Fan Performance 
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given air mass flow since they will always 
operate with lower temperature air as 
compared to a suction fan. The air entering 
the suction fan is heated as it passes through 
the radiator. A blowing fan will receive air 
at a relatively lower temperature. 

A certain percentage of static pressure 
regain is possible with a blowing fan. The 
total pressure and the horsepower 
requirements of the fan are reduced in direct 
proportion to the static pressure regain in the 
more efficient blowing fan system. 

For example, whether a fan is used in a 
blowing or suction mode (see Fig. 4-17) 

can have a great impact on the effectiveness 
of the cooling system. This choice should be 
made during the preliminary design phase. 
A blowing fan handles lower temperatures 
and is thus able to provide a greater weight 
flow rate of air for the same horsepower as 
compared with a suction fan. In addition, a 
certain percentage of static regain is possible 
with a blowing fan. The total pressure and 
the horsepower requirements of the fan are 
reduced in direct proportion to the static 
regain in the more efficient blowing fan 
system. The blowing fan requires a low 
angle transition (approximately 15 deg 
included angle) from fan to heat exchangers 
in order to prevent "hot spots". 

1. MOUSING l». ELBOW 

2. HOCK 20. SCREW 

3. screw 21. WASHCB 

4. WASHER 22. WASHER 
'j NUT 23. HOUSING 

6. SCREW 24 HOUSING 

7. TUIE 25. THEKMOSIA" 

8. THERMOS1A! ?6 SHKOUD, RADIATOR 

9. HOUSING 1~. SCREW 

10. MOUSING 28. WASHEf 

II. TU8E 2». WASHES 

12. CLAMP 30. GASKET 

13. GASKET 11, RETAINER 

14, DRAIN PLUG 32. SCREW 

15. I USE 33. WASHER 

16. COOLANT PUMP 34. NUT 

17. I USE 35. RADIATOR ASSEMBLY 

18. CLAMP 

Figure 4-16. Dual Cooling Fan Installation (Ref. 8). 
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The suction fan (Fig. 4-17(A)), 
however, is able to draw air through a heat 
exchanger with more uniform distribution 
and can be located very near the heat 
exchanger. 

Reasons for the use of a blowing fan 
(Fig. 4-18(D)) include: 

1. Lowering the engine compartment air 
temperature 

2. Minimizing vapor lock in fuel system 

4. For combat vehicles, an exhaust axial 
blower fan usually is used to maintain a 
negative pressure in the power plant 
compartment. This negative pressure 
prevents noxious gases from entering the 
crew compartment during combat operations 
when explosive materials are ingested into 
the power plant compartment. 

In order to prevent cooling air 
recirculation, the general direction of cooling 
airflow in the power plant compartment 

3.  Minimizing fire hazards 
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should be opposite to that of the primary 
vehicle travel direction. 

Fig. 4-18 shows optional locations of 
suction and blowing fans mounted both 
behind and in front of the radiator. 

Transition sections between the fan and 
the intake and exhaust grilles are important 
aspects of cooling system design. Generally, 
a 15-deg or less transition angle should be 
maintained to minimize expansion and 
friction losses. Abrupt changes of flow cross 
section and ducts, the location of the grilles 
or heat exchangers to near the cooling fan, 
and obstructions such as belts, pulleys, 
plumbing, and mounting brackets will create 
turbulence in the moving air and decrease the 
efficiency of the air moving system. The use 
of aerodynamically correct inlet housings 

should be considered when no inlet duct is 
required (see Fig. 4-3(D)). Actually, it 
usually is not possible to provide for 
aerodynamic ducting because of overall size 
considerations. 

A detailed discussion of resistance in the 
vehicle cooling system is found in Chapter 7. 

The system designer should consider 
locations for protection of the fan to prevent 
damage caused by objects entering the fan 
from outside the vehicle or the breaking 
away of components upstream of the fan. 
Debris deflectors are discussed in Chapter 1 
and grille screens are discussed in Chapter 6. 

4-14   FAN SHROUDING 

A fan shroud normally is used to provide 
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(A)  SUCTION  FAN  LOCATED IN HEATED  AIR 
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-RADIATOR 
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(B)   BLOWING FAN LOCATED  IN  COLD AIR 
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ENGINE 

EXHAUST GRIUE 

RADIATOR 

-&- 
FAN 

EXHAUST   GRILLE 
 i  \INLET GRILLE 
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RADIATOR—\ 

_l FAN     ' ' 

IC) SUCTION FAN LOCATED IN  HEATED AIR (D) BLOWING FAN LOCATED  IN  HEATEO AIR 

Figure 4-18. Optional Cooling Fan Locations. 
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a smooth transition and uniform airflow over 
the heat exchanger or radiator core, improve 
the fan efficiency, and minimize air 
recirculation at the fan. 

Three types of fan shrouds currently in 
use are illustrated in Fig. 4-17, namely: 

1. Venturi 

2. Ring 

3. Box. 

Maximum fan efficiency normally can 
be obtained with the venturi type shroud 
when the fan blade tip clearance is 1.5 
percent or less of the fan diameter. The 
M561 cooling performance was improved 10 
deg F by changing from a ring type to a 
venturi type fan shroud. The tip clearance 
may present installation difficulties if used 
with belt drives that require tension 
adjustments. Clearance problems also may 
occur when the radiator and shroud are 
mounted on a separate frame from the engine 
and fan. Air delivery is appreciably reduced 
with any type of shroud when the fan blade 
tip clearance exceeds 2.5 percent of the fan 
diameter. 

4-15   FAN     DRIVES     AND     SPEED 
CONTROLS 

A variety of fan drive options are 
available to the cooling system designer. 
The relative merits and disadvantages of each 
type must be considered if the vehicle 
cooling system design requires deviation 
from the conventional automotive type 
installation. Fan drives generally may be 
classified as mechanical, electrical, or 
hydraulic with variations existing within 
these general classifications. 

4-15.1  MECHANICAL DRIVES 

Mechanical fan drives can be operated at 
the drive speed, or any ratio either above or 
below it, by means of gears or pulleys. On- 
off engagement clutches thermostatically 
controlled to engage and disengage at 
specific temperatures commonly are used. 
The MERDC 20-Ton Rough Terrain Crane 
uses a thermostatic control that actuates an 
air operated clutch to engage when the 
coolant temperature increases to 183°F and 
disengages when the coolant temperature 
decreases to 178°F. An automatic engine 
shut-off is actuated if the coolant temperature 
should reach 220°F. 

The ideal position of the fan in the 
shroud is dependent on the individual 
installation and is determined best by 
experiment. The most acceptable practice is 
to put two-thirds of the projected blade with 
(P.W.) inside the shroud for suction fans and 
one-third for blowing fans. These 
installations are shown in Fig. 4-17. For 
taper blade or curved tip fans, the projected 
width should be considered at the narrowest 
part of the projected width of the blade. 
Normally, the blade is located from 1 to 4 
in. away from the radiator (heat exchanger) 
core. 

A centrifugally engaged cooling fan 
drive clutch is used in the AVI-1790-8, 
AVDS-1790-2, and AVCR-1100 air-cooled 
Tank engines. The engagement and slip 
characteristics for this fan drive are 
determined by the centrifugal force, 
generated by the balls, that is applied to the 
pressure plate and disc assemblies. 

4-15.1.1   Belt Drives 

Engine cooling fans driven by V-belts 
are common today, although higher 
performance fans with speeds above 8000 
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TABLE 4-5 

BELT DRIVEN FAN CHARACTERISTICS (BELT DRIVE VS HYDRAULIC DRIVE) 

ADVANTAGES DISADVANTAGES 

•  Belt and pulley losses are •  Limits fan location 
low 

•  Matched V-belt sets 
sometimes required 

•  Pulley diameter change 
quickly changes fan speed •  Creates side loads on shaft 

bearings 

•  Inexpensive •  Fan speed directly coupled 
to drive speed 

•  Light weight •  Belts and pulleys cause 
flow restrictions.  Ducting 
is difficult 

Proven design 
•  Without tensioner, fan 

mounting must be rigidly 
Shaft drive for pulley attached to engine due to 
readily available vibrations - requires large 

fan tip clearance in shroud 
Courtesy of Joy Manufacturing  Company 

rpm make extensive use of cog type belts for 
power transmission. This type of belt 
employs drive lugs to provide a positive, no- 
slip drive. Cog type belts eliminate the need 
for matched sets of V-belts and are stronger 
and capable of sustaining higher running 
speeds without slippage. Table 4-5 defines 
some of the characteristics of the belt-drives 
for cooling fans. An illustration of a belt 
driven propeller fan is shown in Fig. 1-4. 

4-15.1.2  Shaft Drives 

centerline of an accessory drive pad, a direct 
shaft drive by spline or quill shaft connection 
is possible. Frequently, however, the 
location of the accessory drive pad requires 
the fan to be driven through a right-angle 
gearbox. The latter arrangement affords the 
designer some latitude in determining fan 
size in that the fan speed can be increased or 
decreased through the gearbox. The right 
angle gearbox drive attached to a mixed flow 
vane-axial fan in Fig. 4-19 is used on the M2 
and M3 Bradley fighting vehicles. 

If the fan can be located on the Shaft drives have several advantages. 
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They provide for disconnection as well as 
connection. They also may provide 
sufficient flexibility to protect shafts and 
bearings against misalignment, shock loads, 
or torsional vibration. Some designs may 
include slip features to protect the shafts 
against overload. The couplings also may 
include variable speed features. 

4-15.1.3  Gearbox Drives 

4-15.1.3.1   Single Speed 

Gearbox drives for fans have better 
reliability than belt drives. The drive units 
are less expensive than hydraulic drives or 
electric drives. Like all mechanically driven 
fans, gearbox driven fans must be located 
near the power plant and are slaved to power 
plant speed. For example, gearbox driven 
fans are used for engine cooling on the M109 
vehicle and the XM803 Experimental Tank 
for engine and transmission cooling. 

4-15.1.3.2  Multispeed 

Multispeed planetary gear fan drives 
have been evaluated for military vehicles. 
The primary advantage of this type of drive 
is that the fan power requirement is 
minimum when cooling load is low. The fan 
speeds are automatically controlled by a 
thermostatic element as described in 4-15.3. 

4-15.2 ELECTRIC DRIVES 

By selecting an electrical fan drive, the 
designer is able to install heat exchangers and 
fans in a location where space is available 
and an electrical connection can be made. 
Utilization of the vehicle DC electrical 
system is the most direct and easily available 
means of supplying power to cooling fans, 
however an inverter can be used to chop the 
DC supply into AC power at a chosen 

frequency. The weight and size of electrical 
fan drives generally limit their use to crew 
compartment ventilation, gun purging, 
electronics cooling, etc. Multiple types of 
DC and AC motors are available. 

4-15.2.1     DC MOTORS 

DC motors are traditionally recognized 
as providing simpler and more efficient speed 
control than AC motors, however DC 
motors are generally larger and less efficient. 
DC machines are a problem due to the 
reliability and electrical noise generation of 
the brushes. To increase the power output of 
a DC motor, the input voltage must be 
increased to maintain low currents and avoid 
damage to the brushes. The brushes are 
difficult to protect from dirt and water, 
making immersion during vehicle fording 
difficult. A DC motor will tend to overheat 
if overloaded, possibly resulting in 
permanent damage to the windings. 

4-15.2.2     AC MOTORS 

AC motors are generally smaller than 
comparable DC motors. Their speed is slaved 
to the supply frequency, however the use of 
a speed controller consisting of a rectifier 
with an inverter will allow the AC supply 
frequency to be converted into a wide range 
of frequencies and hence speeds for the 
motor. The AC motors are generally smaller 
than comparable DC motors, however the 
AC controllers are larger and more 
expensive. Two general types of AC motors 
are available. They are synchronous and 
induction motors. When synchronous motors 
are overloaded, synchronization between the 
stator field and the rotor is lost and the motor 
will begin to vibrate each time the stator field 
passes the stationary rotor. When an 
induction motor is overloaded, excessive 
currents will be produced eventually resulting 
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in damage to the motor. drives. 

4-15.2.3     BRUSHLESS DC MOTORS 4-15.3 HYDRAULIC DRIVES 

Brushless DC motors (also called interior 
mounted permanent magnet synchronous AC 
motors) eliminate the brushes by utilizing a 
controller to convert a DC input into a 
fluctuating voltage and current supply that 
excites the stator. The rotor is permanently 
magnetized, requiring no current supply and 
hence no brushes. They are variably 
classified as DC or AC motors since the 
motor is fed a fluctuating voltage and current 
supply while the controller is fed DC power. 
The speed of the motor is slaved to the 
frequency of the supply, allowing the 
controller to adjust the motor speed. 
Brushless DC motors have significantly 
higher efficiencies than traditional DC and 
AC motors at their rated speed and load, 
however efficiencies drop faster than other 
motors when operated at other conditions. 
Higher efficiencies result in less heat 
rejection and, unlike other DC and AC 
motors, brushless DC motors do not require 
a cooling system when used in high power 
applications at their rated conditions. 
Brushless DC motors are significantly 
smaller than other motors, however the 
controllers that must be used with the motors 
add some size. Brushless DC motors are a 
relatively new design and cost significantly 
more than other motors because of the lack 
of production facilities and high production 
volumes. As the designs mature, the costs are 
expected to drop significantly. Current 
controller designs are relatively large, 
however higher production volumes are 
expected to reduce the size of the controllers. 
An illustration of a brushless DC motor is 
shown in Fig. 4-20. 

Table 4-6 indicates typical characteristics 
for AC, DC, and brushless DC electrical fan 

The function of the hydraulic variable 
speed fan drive is to stop fans for fording, to 
serve as a cold weather warm-up aid, and to 
minimize fan horsepower requirements. 
Hydraulic fan drives are approximately one- 
third the weight of an equivalent electric fan 
drive, and the flexibility of mounting allows 
the designer to locate the heat exchanger and 
fan where space is available. A hydraulically 
driven fan normally is driven in proportion to 
cooling requirements independent of engine 
speed. This is done by installing a 
temperature sensing element in the fluid to be 
cooled. This element basically controls 
hydraulic flow and/or pressure. When the 
cooling system temperature increases, the 
hydraulic pressure and/or volume are varied 
and the fan speed is increased. Various 
control systems are available to provide 
specified fan speed characteristics. The 
location of the hydraulically driven fan is not 
determined by the drive limitations imposed 
for mechanically driven units. The fan drive 
is often powered by the fluid it cools. 

If a mechanical, nonmodulated fan drive 
is used to provide adequate cooling airflow at 
low engine speeds, a large amount of 
additional power is required at high speeds 
since the fan horsepower is proportional to 
the cube power of fan speed. With a 
hydraulic drive, the fan speed can be 
controlled with a hydraulically modulated 
drive to minimize the horsepower required. 
Hydraulic couplings transmit power without 
any mechanical contact of parts. The input 
power is used to drive the impeller. This 
applies the force to accelerate the fluid. The 
fluid decelerates in the runner and applies the 
forces to drive the output shaft and connected 
load. There is always some relative rotation 
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TABLE 4-6 

ELECTRICALLY DRIVEN COOLING FAN CHARACTERISTICS 

ALL ELECTRIC DRIVES 

ADVANTAGES DISADVANTAGES 

• Optional location 
• Optional speed 
• Easily ducted 
• Performance independent of 
engine speed 

• High initial cost 

DC DRIVE 

ADVANTAGES 

• DC power readily available 
• Many available designs 
• Relatively low cost 

DISADVANTAGES 

• Short time between brush 
overhaul 

• Radio interference 
• Performance may be limited 
by available voltage 

• Relatively low efficiency 
• Difficult to make explosion 
proof 

• Brushes sensitive to dirt 
and moisture 

AC DRIVE 

• Many available designs 
• Higher average efficiency than 
DC motors 

• Inverter required if AC not 
available 

• More expensive than DC 
motors 

BRUSHLESS DC 

More efficient at rated 
conditions than AC or DC motors 
Smaller and lighter than AC 
or DC motors 

Not many available designs 
Most expensive electric 
drive 
Efficiency drops off 
rapidly away from rated 
condition 
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or slip between the impeller and runner. The 
minimum slip may range from 2 to 5 percent 
of the input shaft speed. Control is maintained 
by adjusting the amount of fluid in the working 
circuit. A pump delivers fluid from a sump 
through a cooler to the impeller. A constant 
pressure hydraulic fluid supply system may be 
used with an adjustable regulator or 
compensator to vary the pressure setting. A 
thermostatic element installed in the engine 
coolant provides the medium for actuating the 
regulator/compensator. This system allows the 
fan speed to be determined by engine coolant 
outlet temperature to provide only the amount 
of cooling that the engine requires. As shown 
in Fig. 4-21, the fan can operate at any speed, 
between the design limits, dependent on the 
cooling required. 

hydraulic gear pump provides hydraulic power 
that is converted into rotational power via a 
hydraulic gear motor. Fan speed is modulated 
via a switching valve that controls the system 
pressure by releasing fluid from the high 
pressure circuit prior to the motor. Gear pumps 
are used in this application due to their small 
size, low noise, and high efficiency. The 
overall efficiency of the hydraulic system in 
Fig. 4-22 is maximum when the switching 
valve is closed such that all hydraulic fluid is 
forced through the motor. At other operating 
conditions, throttling losses across the valve 
reduce the operating efficiency. The switching 
valve can be eliminated through the use of 
variable displacement pumps and motors. Bent 
axis and axial piston motors are 

Fig. 4-22 shows an example of a hydraulic 
circuit that can be used to drive a fan. A 

21I*F COOLANT TEMP. 

ENGINE SPEED 

Figure 4-21. Hydraulic Fan Drive Performance Characteristics. 
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available with displacements that can be varied 
via an electrical input signal, allowing a 
thermostatic element to continually vary the 
fan speed. These motors are generally larger 
and less efficient than the constant 
displacement gear motors. A variable 
displacement pump with a fixed displacement 
motor will create a constant torque drive. A 
variable displacement motor with a fixed 
displacement pump will create a constant 
horsepower drive. 

Axial and radial loads generated by fans 
will increase wear in hydraulic motors and 
should be eliminated when the motors are not 
specifically designed to handle such loads. 

Table 4-7 indicates typical characteristics 
of hydraulic fan drives and typical fan drive 
motor sizes are shown in Figs. B-30 through 
B-33. 

4-15.4 VISCOUS FAN DRIVE 

Self-contained viscous variable speed fan 
drives are available also. This type of drive 
may use a silicone fluid as the actuating 
medium controlled by a heat sensor. Fig. 4-23 
illustrates the self-contained viscous variable 
speed fan drive used on the M551 vehicle. A 
representative performance curve for this type 
of fan drive is shown in Fig. 4-24. 

Viscous drive fan speeds are varied as a 
function of the fan air temperature. When the 
temperature (and cooling requirement) is low, 
the viscous drive slips and the fan runs at a 
speed lower than the input shaft speed. 
Conversely, when the temperature (and cooling 
requirement) increases, the drive fully engages 
and the fan operates at speeds approaching the 
input shaft speed (some slippage always 
occurs). 

The viscous drive fan has the advantage of 

minimizing the fan power requirements when 
the cooling loads are less than maximum. The 
disadvantage of this drive is the additional 
length required for installation and added cost. 

4-15.5 VARIABLE BLADE-PITCH FAN1 

The pitch or blade angle of the fan can be 
changed to control the volumetric airflow rate 
much like the pitch of an airplane propeller is 
changed during the flight. The pitch control 
mechanism may be operated by a pneumatic, 
electric, or hydraulic system actuated by 
various sensing devices at appropriate 
locations. Static efficiency will be optimum at 
a given blade angle, with the efficiency falling 
at steeper and shallower angles. 

4-16   FAN DRIVE NOISE 

The fan drive types that follow are listed 
in their general order of decreasing noise level: 

1. Hydraulic drive 

2. Gearbox drive 

3. DC Motor 

4. Belt drive 

5. AC Motor 

6. Shaft drive. 

Courtesy of Mr. Edward J. Rambie 
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LEGEND 

1. TEMPERATURE CONTROL ASSY 
o.   THERMOSTATIC ELEMENT WITH MEAT DEFLECTOR 
b.   PISTON 

2. SETSCREW 
3. HEAT TRANSFER ELEMENT 
4. SNAP RING 
5. FILLER PLUG 
6. RECESSED WASHER 
7. SCREW 
8. LOCK WASHER 
9. FLAT WASHER 

10. COVER 
11. FRICTION PLATE 
12. PACKING 
13. DRIVE CUP 
14. DRIVE FLANGE AND SHAFT ASSY 
15. NEEDLE BEARING 
16. SEAL 
17. SHIM (AS REQUIRED) 

18. SNAP RING 
19. LOCK PIN 
20. PACKING 
21. HELICAL SPRING 
22. LOCK PLATE 
23. SCREW 
24. GREASE RETAINER 
25. FLAT WASHER 
24. HELICAL SPRING 
27. SEAL PLUG 
28. CALIBRATION PIN 
29. SEAL PLUG PACKING 
30. RETAINING RING 
31. CLUTCH HOUSING 
32. COVER GASKET 
33. DRIVE DISC 
34. HELICAL SPRING 
35. FRONT PLATE (BONDED) 
34. SNAP RING 
37. OIL SEAL 
38. SPRING WASHER 
39. FIBER WASHER 

Figure 4-23. Viscous Fan Drive (Ref. 8) 
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The noise of a hydraulic drive will vary 
greatly between the pump and motor types and 
manufacturers. Generally, for quieter 
operation, vibration-isolation mounts should be 
provided for the fan installation whenever 
possible. A high degree of noise isolation can 
be obtained with very flexible mounts and 
flexible duct connections, however, the 
installation must be such that this flexibility 
does not cause interference during rough 
terrain operations. 

4-17   EXHAUST EJECTORS 

The energy of the exhaust gases can be 
used directly without supplementary rotational 
devices for the movement of cooling air. This 
can be achieved by the use of an ejector. 

The ejector uses the kinetic energy of the 
exhaust gas to draw cooling air.  A 
diagram of an ejector is shown in Fig. 4-25. 
Exhaust gases are discharged at the venturi 

throat of the ejector where the surrounding 
cool air is entrained and the mixture discharges 
from the end of the ejector to the atmosphere. 
The ejector is a venturi throat section 
surrounding the end of the exhaust pipe. A 
conical extension called a diffuser sometimes is 
added. The part is extremely simple. It 
contains no moving parts and does not require 
frequent servicing. 

A number of design parameters become 
important in the design of an ejector. These 
are exhaust gas jet velocity, ratio of cooling air 
mass flow rate to exhaust gas mass flow rate, 
ratio of mixing chamber duct cross-sectional 
area to exhaust gas nozzle cross-sectional area, 
length of straight section in the mixing 
chamber, length of diffuser, angle of diffuser, 
and position and shape of the exhaust gas 
nozzle used-all determine the back pressure on 
the engine. Preliminary studies of back 
pressure, horsepower, and nozzle area usually 
are made to determine the engine power loss 
with decreasing nozzle size.     The engine 

EXHAUST   EJECTOR 

ENGINE   EXHAUST 
PIPE 

Figure 4-25. Exhaust Ejector 

4-54 



manufacturer usually will specify the maximum 
allowable exhaust back pressure. 

A series of investigations of exhaust gas 
ejectors for a model AOS-895-3 air-cooled, 
spark ignition engine were conducted by the 
University of Michigan (Ref. 9). The results 
of the investigation indicated that the ejectors 
alone would not cool the engine at full load. 
Fig. 4-26(A) shows the theoretical and actual 
cooling air pressure rise AP for 3:1 and 5:1 
cooling air weight to the exhaust gas weight 
ratios wa /we. The required ratio for adequate 
engine cooling is approximately 8:1. As 
shown in Fig. 4-26(A), an increase in waAvt is 
obtainable only with a reduction in cooling air 
static pressure drop. It also illustrates that an 
ideal duct area exists for each value of waAve. 

Exhaust ejectors have the advantage of 
simplicity, low cost, minimum service and 
maintenance requirements, no moving parts, 
and automatically increased coolant airflow 
with increased engine speed and load. The 
disadvantages of exhaust ejectors are the 
limited amount of air moved without creating 
excessive engine exhaust back pressure and 
corresponding power loss (see Fig. 4-26(B)), 
and the limited static pressure rise AP that can 
be obtained. Some USSR vehicles have been 
built with exhaust gas ejectors. These ejectors 
have sometimes featured a throttle plate placed 
in the downstream diffuser section that allows 
the exhaust gas to be circulated through the 
heat exchangers during a cold start to ensure 
fast warm-up (Ref. 16). An illustration of such 
a design is shown in Fig. 4-27. Additional 
exhaust ejector design and performance 
information can be found in Refs. 10 and 13. 

The turbine can be added after the turbocharger 
turbine on boosted engines, called turbo- 
compounding. Possible advantages include 
reduced exhaust noise, improved fuel 
economy, a lower exhaust gas temperature 
from the tailpipe for reduced thermal detection, 
and increased fan power at increased engine 
load. The main disadvantages are the high cost 
and the increased engine back pressure, 
limiting the amount of cooling that can be 
obtained. 

Fig. 4-28 displays a possible turbine 
driven vane-axial fan design. Control of fan 
speed could be obtained through the use of an 
exhaust gas bypass valve. The bypass valve 
would have limited control in that the cooling 
air flow through the fan could only be reduced. 
An undersized turbine could be used to 
generate enough coolant flow at stationary 
conditions when the engine is idling. The 
bypass valve could then be opened at higher 
engine speeds and loads to minimize the engine 
back pressure and limit the amount of cooling 
air flow. A large diffuser and inlet plenum are 
necessary to obtain the maximum efficiency 
from the fan, making the fan package relatively 
large. 

4 18 TURBINE FAN DRIVE 

By adding a turbine, the exhaust gas 
energy can be utilized to drive a cooling fan. 
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\ 
COOLING AIR FLOW RADIATOR 

OIL COOLER 

=ENGINE EXHAUST 
GAS 

EXHAUST PIPE 

HOUSING 

Figure 4-27. Exhaust Ejector Installation with Throttle Plate 
(Reprinted with permission from SAE 750030C1975 

Society of Automotive Engineers, Inc.) 

Figure 4-28. Turbo-Fan Mechanical Construction 
(Reprinted with permission from SAE 94084201994 

Society of Automotive Engineers, Inc.) 
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CHAPTER 5 

CONTROL AND INSTRUMENTATION OF THE COOLING SYSTEM 

The function of a vehicle cooling system and methods of cooling control are 
discussed and the construction and performance characteristics of various 
components are described. Operation of thermostats, surge tanks, radiator caps, 
shutters, heaters, temperature sending units, coolant level and aeration indicators, 
and related cooling system controls are presented. 

5-1      FUNCTIONS OF THE COOLING 
SYSTEM 

The functions of a vehicle cooling 
system include: 

1. Control of engine temperature within 
acceptable limits 

2. Control of intake manifold air 
temperature in turbocharged engines 

3. Control of the transmission, torque 
converter, clutch, and/or retarder 
temperatures as applicable within acceptable 
limits 

4. Dissipation of heat generated by the 
air conditioning system, other accessories, 
and/or subsystems 

into the cooling system. 

5-2      PRESSURIZED LIQUID-COOLANT 
SYSTEMS 

Most of the modern vehicle liquid- 
coolant systems are pressurized systems. 
Pressurized simply means that the cooling 
system is equipped with a pressure cap so 
that the coolant pressure in the system may 
be raised to a predetermined maximum 
condition. Fig. 5-1 illustrates the effect of 
increased coolant pressure on the boiling 
point of water and ethylene glycol-water 
solutions. Generally, for each pound of 
additional pressure in the system, the boiling 
point of the coolant will rise about 3 deg F. 

5-2.1 COOLANT 
TEMPERATURE 

OPERATING 

5. Provision of heat for the comfort of 
the occupants in cold weather 

6. Control of exhaust emissions and fuel 
economy. 

As previously discussed in par. 1-1.1, an 
engine running too hot will destroy itself or 
running too cold will cause engine damage, 
inefficiencies, stalling, and increased 
emission of pollutants. The importance of a 
properly designed cooling system cannot be 
overemphasized. To accomplish these design 
goals, adequate controls must be incorporated 

A pressurized system can raise the 
coolant operating temperature without boiling 
and will cause the engine to operate at a 
relatively higher temperature with higher 
thermal efficiency. It will also cause the 
radiator to operate at higher coolant 
temperatures with corresponding higher heat 
transfer capability. 

5-2.2 COOLANT PUMP CAVITATION 

System pressurization discourages the 
tendency for the coolant pump to cavitate 
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Figure  5-1.      Effects  of  Increased Cooling System Pressure  on Boiling Points  of 
Water and Antifreeze Compound  Solutions 
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when coolant temperatures are high and 
create greater vapor pressures. The coolant 
pressure at the pump inlet reduces cavitation. 
This prevents the coolant pump from 
becoming vapor bound, which could result in 
a complete breakdown of coolant flow 
through the radiator preceding total failure of 
the cooling system (see Chapter 7). 

5-2.3 AFTER BOIL 

The pressurized system also prevents the 
loss of coolant through "after boil." After 
boil is caused when the heat stored in the 
engine block during a high speed, wide-open 
throtde run is transferred to the coolant when 
the engine is stopped immediately or left to 
idle. Even during normal operation, the 
pressurized system will prevent overflow and 
evaporation losses of coolant. 

5-2.4 ALTITUDE OPERATION 

Pressurization allows the cooling system 
to continue to perform adequately at higher 
altitudes. The boiling point of water in an 
atmospheric pressure cooling system is only 
194°F at 10,000 ft elevations. In going up a 
mountain, a considerably larger radiator 
would be required with a non-pressurized 
radiator than with a pressurized type. Fig 5-2 
demonstrates that at the 10,000 ft level, a 
14-psi cap as measured at the base of the 
mountain becomes only as effective as a 10- 
psi cap because of decreased barometric 
pressure. Fig. 5-3 illustrates the effect of 
altitude on the boiling point of water and 
antifreeze compound solution. This may not 
be consequential because the ambient air 
temperature also drops considerably with 
increased altitude at a rate of about 3°F per 
1000 ft of elevation. A pressurized cooling 
system is preferred for military vehicles. 

5-3     METHODS 
CONTROL 

OF COOLING 

The most frequently applied methods of 
cooling control are: 

1. Throttling of the cooling airflow 

2. Heating of the cooling air 

3. Heating of the lubricating oil 

4. Modulation of the cooling fan speed 

5. Control of the coolant flow rate in 
liquid-cooled systems 

6. Control of the lubricating oil flow 
rate to the oil cooler. 

These methods of cooling control are 
applied not only to control maximum 
temperature limits but also to maintain 
minimum temperature limits when operating 
in low temperatures. Ref. 1 contains helpful 
supplemental information regarding vehicle 
winterization practices. 

5-3.1 THROTTLING OF THE COOLING 
AIR 

Throtding of the cooling air normally is 
done to reduce the overcooling effect of the 
airflow during low temperature operations. 
In extreme cold environments, the effects of 
winds (or air movement produced by fans) 
produce a tremendous over-cooling effect on 
the vehicle cooling system. For satisfactory 
operation, these effects must be minimized. 
Additionally, it has been established that 
rapid engine warm-up reduces cylinder wear 
in reciprocating engines. 
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5-3.1.1 Radiator Shutters 5-3.1.1.2  Operation 

Minimum coolant temperatures should 
be maintained by a well designed and 
properly functioning rapid warm up type 
cooling system. However, when an 
excessive amount of low speed, light load 
operation or long term idling at extremely 
low temperatures is expected, shutters may 
be needed. Shutters are used to reduce 
engine overcooling by regulating the amount 
of ambient airflow through the radiator. 

There are several design factors which 
should be investigated when considering the 
use of shutters. These include: 

There are two types of shutter control 
systems: snap type shutters which are either 
fully open or fully closed, and modulating 
type shutters which gradually open or close 
depending on cooling system temperatures. 
The shutters may be actuated by air, 
hydraulic, or vacuum controls. Fig. 5-4 
illustrates a typical air operated shutter. A 
typical hydraulic control system is illustrated 
in Fig. 5-5. The operation medium for the 
hydraulic system is generally the engine 
lubricating oil. A detailed discussion of 
thermostatic operating elements is presented 
in par. 5-4.3.5. 

1. Added restriction to air flow, even at 
fully open condition 

2. Possible malfunctions due to dirt, ice, 
wear, or binding 

3. Shutters must be able to open and 
remain fully open when maximum radiator 
airflow is required. 

4. Clutched fan drives are 
recommended. 

The shutters may be controlled manually 
or thermostatically. Fail-safe thermostatic 
controls are preferred since they completely 
eliminate the element of human error. 

5-3.1.1.1   Application 

Radiator shutters have been used on 
military vehicles and are used widely for 
commercial vehicles. Fig. 5-4 illustrates a 
typical installation of radiator shutters. 

Thermostatic elements for shutter 
systems are available in various temperature 
ranges, depending on the chosen location of 
elements in the cooling system. The design 
requirements for the temperature range of the 
shutter systems generally are that the shutters 
are fully open when the radiator top tank 
temperature is above 185°F and fully closed 
when the top tank temperature is below 
177°F (see Fig. 5-6). These requirements, 
however, vary with makes and types of 
engines. Accordingly, engine manufacturers' 
recommendations should be followed in each 
case. Typically, it is recommended that the 
shutters should be open at 5° F below the 
thermostat rating, to avoid overlap and 
resulting coolant temperature instability. A 
manual control (Fig. 5-7) can be provided as 
an override to close the shutters when the 
engine is not running. As a safety factor, 
these override controls can be provided with 
an automatic release actuated when the 
engine is operated. 
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Figure   5-4.       Thermal   Actuated   Radiator-  Shutters 
(Courtesy of Kysor  of  Cadillac) 
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Figure 5-5.     Hydraulic  or  Thermally Controlled 
Shutter Systems   (Courtesy of Kysor of  Cadillac) 
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Figure 5-6.      Temperature Settings  for Radiator  Shutters 
(Release   granted  by Society of Automotive  Engineers,   Inc.,   Paper No.   SP-346) 
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Figure  5-7.  Manual Shutter Control 
(Courtesy of Kysor of  CadillacJ 
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When a clutched fan drive is used in 
conjunction with radiator shutters, a dual 
function, single sensor control is 
recommended. This type of control has a 
single sensor which activates first the shutter 
control and then the fan drive control, as 
coolant temperature rises, thus preventing 
overlap of these functions. A typical air 
actuated schematic showing temperature 
sensors and solenoid controls is shown in Fig 
5-8. 

vanes are fastened through a linkage 
permitting movement to a position that closes 
the area between the fixed blades (see Fig. 5- 
9). 

The guide vanes are actuated by a 
double-acting hydraulic cylinder that uses 
engine oil pressure as its actuating source. 
The double action of the hydraulic cylinder 
thereby provides positive opening and closing 
of the shutters. 

5-3.1.2  Winterization Shutters 

5-3.1.2.1   Purpose 

Winterization shutters have been applied 
to air-cooled engines to restrict the cooling 
fan air inlet or exit. Fig. 5-7 shows a 
manually operated inlet winterization shutter 
for the M274 vehicle, and Fig. 5-9 illustrates 
a thermostatically controlled outlet shutter 
assembly installed on the cooling fan of the 
model AOS-895 air-cooled engine. The 
movable shutter vanes are controlled by a 
power thermostat that opens or closes the 
vanes to control the cooling fan airflow. 

By use of a thermostat in a liquid-cooled 
engine, nearly constant engine temperatures 
are maintained over a wide ambient 
temperature range and engine warm-up rate 
is accelerated in cold weather. By 
controlling the cooling airflow in an air- 
cooled engine, the same result may be 
approximated. 

5-3.1.2.2  Operation 

An experimental thermostatically- 
controlled guide vane shutter design for the 
air-cooled AOS-895-3 engine consists of a 
circular guide vane assembly in which 
alternate vanes are pivoted.  All movable 

The hydraulic cylinder is controlled by a 
temperature sensitive servo valve assembly. 
This actuating assembly consists of three 
temperature sensing elements that are located 
in the valve assembly. The temperature 
sensing elements and bellows are charged in 
a negative atmosphere with a compound with 
characteristics such that sufficient cylinder 
heat on the sensing elements causes 
expansion of the bellows that actuates the 
servo piston in the regulator valve assembly. 
The servo piston regulates the flow of oil 
through two ports that connect to the power 
piston by steel tubing. The regular valve has 
a third port that permits the oil to drain from 
the unpressurized side to the engine oil 
sump. The temperature sensing system is 
charged in a negative atmosphere so that a 
leak in the bellows or capillary line failure 
would permit atmospheric pressure to act 
exactly as a hot cylinder head and thereby 
move the vanes to an open position. 

The guide vane shutter is set to open 
when the engine cylinder heat spark plug 
gasket temperature reaches 300°F with the 
engine operating at a speed of 800 rpm. The 
300°F shutter opening was selected to ensure 
that the engine would be at a safe operating 
temperature for shut down. Fig. 5-10 
illustrates the improvement in warm-up rate 
using the guide vane shutter assembly. 
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5-3.2 HEATING OF THE COOLING AIR 

Supplemental heat normally is required 
for engine and transmission warm-up prior to 
starting the engine and operation of the 
vehicle in low ambient temperature. An 
auxiliary power unit (APU) or combustion 
heater can be used to supply heated air to the 
engine and transmission compartment. Fig. 
5-11 illustrates the installation of the 
APU/heater in the XM803 Experimental 
Tank. 

5-3.3 HEATING OF THE LUBRICATING 
OIL AND COOLANT 

Engine and transmission cranking loads 
at low ambient temperatures are excessive, 
and preheat of the lubricants usually is 
necessary before the engine can be started 
readily. Electric oil pan and/or engine block 
heaters, heated air, and/or coolant heaters are 
used individually or in combination to 
provide the necessary engine and 
transmission preheat. Figs. 5-12 and 5-13 
show a typical cooling system schematic for 
a combustion type coolant heater used to 
warm both the engine and the cab. 

5-3.4 MODULATION 
FAN SPEED 

OF     COOLING 

drive controlled by an electronic controller. 
This controller will run the fan at speeds 
which vary according to cooling demand. 
During crane, winching, or load handling 
operations, the fan speed is reduced to allow 
some of the hydraulic flow to be used to 
power these auxiliary functions. Additional 
information on fan drives is found in par. 4- 
15.3, electronic controllers in par. 5 - 4.4, 
and the bibliography references at the end of 
this chapter. 

5-3.5 LIQUID-COOLANT FLOW RATE 
CONTROL 

Coolant flow rate control is provided by 
a thermostat that performs two functions: 

1. Maintains a constant coolant 
temperature range regardless of engine 
speed, load, coolant flow rate, ambient 
temperature, or system pressure (except 
when the heat rejection rate exceeds the 
radiator or heat exchanger heat transfer 
capacity) 

2. Restricts the coolant flow to the 
radiator or heat exchanger during the initial 
warm-up period to achieve optimum engine 
operating temperature in the shortest possible 
time. 

Thermostatic modulation of the cooling 
fan permits the fan speed to vary in 
proportion to the actual cooling load. When 
cooling is not required because of low 
ambient temperature, light loads, or ram air 
when the vehicle is moving, the fan will 
operate at a speed less than the maximum 
rpm allowing additional horsepower for 
vehicle propulsion or to power vehicle 
accessories. The M1074 and M1075 
tractors, for example, use a hydraulic fan 

5-3.6 CONTROL OF OIL FLOW RATE 
TO OIL-COOLERS 

Engine and/or transmission oil coolers 
may incorporate thermostatic bypass valves 
to maintain a predetermined oil temperature. 
Fig. 5-14 illustrates the engine oil cooler 
thermostatic bypass arrangements for the 
model AVDS-1790 air-cooled engine that 
powers the M60 Tank. 
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With Check Valve and Thermostat 

Figure  5-12.      Coolant Heater  Installation   with 
Chock  Valve  and   Thermostat    (Rex.    18) 

— Cable Loom 
"•  Fuel Line 

Exhaust Line 
— Water Circuit 

i Heat Exchanger. 
Vehicle Heating System 

2 Bower Swacfi 
Vehicle Heating System 

3 Relay tor Vehicle Blower 
4 Timer 
5 Fuse Box in Vehicle 
6 Check Valve with Drain Hole 
7 T-Juncbon 
8 Vehicle Engine 
9 Healer Unit 

10 Circulation Pump 
11 Water Pump 
12 Radiator 
13 Regulating Valve 
14 Control Unit 
15 Exhaust Muffler 
16 Dosing Pump 
17 Combustion Air Intake Line 
18 Thermostat 

Without Check Valve 
Figure 5-13.   Example for Coolant Heater Installation in Lorry 

(Ref.   18,   Webasto  Thermo  90   Workshop Manual,   Fig.   801) 
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BYPASS VALVE 
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Figure  5-14.   Oil   Cooler with  Thermostatic Bypass  Valve 
(AVDS-1790 Air-Cooled Engine) 
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In operation, if the temperature of the oil 
is below the predetermined value (148°F), 
the oil-cooler core is bypassed. As the oil 
warms up, the thermostatic valve gradually 
closes the oil bypass and reduces the flow 
rates until the oil reaches the predetermined 
temperature. At this point, the oil bypass 
function is stopped and all oil flow is through 
the cooler core. 

5-4     CONTROLS AND INSTRUMENTS 

Special requirements of military engines 
and severe conditions of transport and 
combat operation make it necessary that the 
engine cooling system be maintained as 
closely as possible to maximum efficiency at 
all times. Many military vehicles are 
powered with comparatively large engines 
that generate proportionately large amounts 
of heat that must be dissipated from the 
system. Also, cooling often is made more 
difficult by the presence of airflow 
obstructions necessary for ballistic protection 
and the limited space available in many 
installations. 

Some cooling system troubles can be 
detected by an alert driver in their early stage 
before they seriously affect vehicle 
operation. The two most important 
indications are coolant operating temperature 
and coolant level. While preventive 
maintenance services—such as checks for 
leakage or defective mechanical condition of 
parts-also are necessary, unsatisfactory 
cooling system operating conditions nearly 
always are indicated by the engine 
temperature gage, by the level of the coolant 
in the radiator, or by both. Cooling system 
control components and their operation are 
described in the paragraphs that follow. 

5-4.1 RADIATOR CAPS 

5-4.1.1   General 

When a liquid-coolant system is 
equipped with a pressure cap, it is referred 
to generally as a pressure or closed cooling 
system. Military vehicle cooling systems 
generally are designed to operate at a 
maximum coolant temperature of 230 °F 
which corresponds to a 7-psi system. 
However, to prevent after boiling, a 15-psi 
pressure cap normally is used. A-A-52424A 
covers requirements for radiator caps for use 
with industrial and automotive internal 
combustion engine radiators (Ref. 3). 

5-4.1.2 Types of Radiator Caps 

Radiator caps can be described generally 
as plain or pressure types, with the pressure 
caps being further classified as vented or 
constant pressure. 

5-4.1.2.1   Plain (Solid) Caps 

The plain radiator cap (Fig. 5-15) is 
used normally for a non pressurized cooling 
system either as a seal or a filler cap for the 
system. Some pressure or closed systems use 
both plain and pressure caps. One advantage 
of this type of system is that the pressure cap 
is less susceptible to damage during filling. 
This is illustrated in figure 5-16, the tube 
extends into the tank to prevent overfilling 
and maintain an airspace for deaeration. 

When a surge tank is used, the location 
of the plain or pressure caps can be either on 
the radiator or the surge tank, depending on 
the operating conditions as described in par. 
5-4.2. 
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5-4.1.2.2  Pressure Caps 5-4.1.2.2.3  Operation 

5-4.1.2.2.1   Purpose and Application 

The radiator pressure cap is essential to 
the pressurized cooling system. Its major 
functions are: 

1. To provide a seal for the system that 
permits a vapor pressure rise above ambient 
pressure without coolant boiling. 

2. To provide pressure relief above the 
cap pressure rating to protect cooling system 
components such as the radiator, hoses, and 
personnel cab heater core from damage 
caused by excessive pressure in the system. 

3. To provide a vacuum relief to prevent 
hose collapse when the system cools and the 
pressure drops below atmospheric. 

5-4.1.2.2.2  Types of Pressure Caps 

Pressure caps generally are classified as 
vented atmospheric type and constant 
pressure type as shown in Fig. 5-17. The 
caps are similar except that in the constant 
pressure type, the vacuum relief valve is 
spring loaded in a normally closed position. 

Either type of cap can be provided with 
a manually operated safety pressure release 
as shown in Fig. 547(C). The safety release 
forces the vacuum relief valve off the seat 
and permits pressure to escape safely through 
the overflow tube. This release cannot be 
operated without loss of coolant if the system 
is under pressure. 

The constant pressure cap, Fig. 5-17(B), 
contains two spring-loaded normally closed 
valves. The large valve is called the pressure 
valve, and the smaller one is called the 
vacuum valve. A shoulder in the radiator 
filler neck provides a seat for the bottom of 
the cap assembly, and a gasket on this seat 
prevents leakage between the cap and the 
filler neck. The pressure cap prevents 
overflow loss of coolant during normal 
operation by closing off the overflow tube 
opening. It also allows a certain amount of 
pressure to be developed within the system 
which raises the boiling point of the coolant 
and permits the engine to operate at higher 
temperatures without coolant overflow from 
boiling. 

The pressure valve acts as a safety valve 
to relieve extra pressure within the system 
and maintain cooling system pressure at the 
pressure cap rating. When the valve is 
forced open, it allows vapor and coolant to 
escape through the overflow pipe until the 
pressure drops below the pressure cap rating, 
(see Fig. 5-18(A)). 

The vacuum valve opens only when 
pressure within the cooling system drops 
below ambient air pressure as the engine 
cools down. Higher ambient pressure then 
forces the valve open and allows air to enter 
the system by way of the overflow pipe. 
When pressure inside and outside again 
becomes approximately equal, the vacuum 
valve closes. This automatic action of the 
vacuum valve prevents collapse of hoses and 
other unsupported thin-walled parts of the 
cooling system (see Fig. 5-18(B)). 
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Figure  5-15.      Plain   (Solid)   Radiator   Cap 
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Housing 

Stand Pipe 

Solid fill Cao (See Fig. =-13) 
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Surge Tank 
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Open Thermostat 
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•Solid Cap (See Fig. 5-13) 
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Figure   5-16.   Pressure  System   Using Both.  Plain   (Solid)   and  Pressure  Caps 
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SEALING  SURFACES 
WE GHTED VACUUM RELIEF 
VALVE   :N  NORMALLY 
OPEN  POSITION 

(A) VENTEOATMOSPHERIC   PRESSURE   RADIATOR   CAP 

(B) CONSTANT PRESSURE RAOIATOR CAP 
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RELEASE 

WEIGHTED VACUUM RELIEF 
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OPEN PCS:TiON 

SEALING  SURFACE 

(C) VENTED ATMOSPHERIC   PRESSURE RELEASE TYPE   RADIATOR CAP 

Figure  5-17.     .Radiator Pressure  Cups 
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Valve Opened 
By Pressure 

Coolant 
Recovery Tank 

Figure  S-18A.   Pressure Control   Cup   (Pressure  Valve Open) 

Valve Opened 
By Vacuum 

Coolant 
Recovery Tank 

Figure  5-18B.   Pressure  Control   Cap   (Vacuum V*lve Open) 
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The operation of the vented atmospheric 
cap is similar except no pressure build up 
occurs until boiling starts. The claimed 
advantage for this system is that it is not 
under pressure during normal engine 
operation. This means that the endurance 
life of the radiator, hoses, and other cooling 
system components is increased because of 
the reduced number of pressurization cycles. 

The philosophy for the constant pressure 
system is that less fresh air is introduced into 
the radiator, resulting in reduced corrosion of 
the engine and cooling system components. 
While the constant pressure cap is more 
common, from a functional view, both caps 
are interchangeable. 

5-4.2 SURGE TANKS 

5-4.2.1   Purpose 

Radiator overflow tanks, usually called 
surge tanks or expansion tanks, are standard 
equipment for many vehicles. They also 
may be installed on vehicles as kits or special 
equipment for operation in hot, dry climates. 
The general purposes of the surge tank are: 

1. To serve as a receptacle for coolant 
overflowing from the radiator and provide 
for its return to the system. This ensures that 
the radiator is always kept full for maximum 
heat transfer effectiveness. The surge tank 
conserves coolant that would be lost due to 
after boil following a hot shutdown, and 
reduces the need for frequent filling of the 
radiator. 

2. To serve as a deaeration tank for air 
or combustion gases that become entrained in 
the coolant. Coolant without air bubbles is 
much more efficient than coolant with air 
bubbles, because it has a higher heat 
capacity. 

The problems encountered with surge 
tank installations are: 

1. More possibilities of coolant leaks 

2. Servicing of other parts of the vehicle 
in the area of the surge tank is slightly more 
difficult 

3. Additional cost required to install a 
surge tank kit vs. a larger radiator or a 
pump. 

5-4.2.2 Application and Operation 

Antifreeze compound solutions expand 
slighdy more than water when heated. When 
the temperature of a 50 percent ethylene 
glycol-water solution is raised from 40°F to 
180°F, the solution expands about 1/8 pint 
per gallon more than water under the same 
conditions (see Fig. 5-19). However, during 
very cold weather, the differential between 
ambient and maximum operating temperature 
of the coolant is much greater and thermal 
expansion of the solution is therefore a more 
serious matter. For example, the expansion 
of a 50 percent ethylene glycol antifreeze 
solution when heated from -20° to 180°F is 
nearly 0.5 pint per gallon. If a 5-gal cooling 
system containing a 50 percent solution were 
filled completely full with the coolant 
temperature at -20°F, approximately 2.5 
pints of solution would overflow from the 
radiator by the time the coolant temperature 
had reached 180°F. 

Following long, hot operation, boiling 
may occur after the engine is shut off, even 
though the coolant was not boiling during 
operation. This after boil is caused by the 
rapid rise of coolant temperature in the 
coolant jacket, sometimes as much as 20 deg 
F or more. The temperature rise is due to 
the coolant absorbing the heat produced in 
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the engine during operation since no heat is 
dissipated with coolant circulation and 
airflow stopped. After boil occurs less 
frequently and results in less overflow loss 
when the boiling point of the coolant is 
comparatively high. After boil loss of 
coolant is prevented by use of radiator 
pressure caps and surge tanks. 

Either excessive thermal expansion of 
the coolant when it is heated or excessive 
coolant vapor pressure may force coolant into 
the surge tank. Boiling may occur during 
operation, but it happens more often after the 
engine is stopped. When the engine cools 
down, pressure in the system drops below the 
ambient air pressure and any coolant held in 
the surge tank is forced back into the 
radiator. The surge tank also prevents loss 
of coolant from boiling during periods of 
severe vehicle operation. However, if the 
overflow from the radiator is so great that the 
tank is filled, coolant will be lost through the 
surge tank overflow. 

In low flow cooling systems typically 
used for charge air cooling, the riser tube at 
the entrance to the surge tank is often fitted 
with a low flow cooling valve. (See Fig. 5- 
20). This is because the flow from an open 
riser tube would constitute too great of a 
percentage of the flow through the radiator. 
In normal operation, as entrained air enters 
the riser tube, the ball will open only to 
allow the air to escape with a small amount 
of coolant, thus minimizing coolant flow 
from the main system. 

5-4.2.3  Surge Tank Installation 

The surge tank usually is mounted fairly 
high with reference to the cooling system as 
shown in Fig. 5-16. Preferably the bottom 
of the tank should be above the rest of the 
cooling system. This will prevent coolant 

level equalization problems. The tank is 
connected to the cooling system through 
metal tubing that terminates with a short 
piece of flexible hose to minimize breakage 
caused by vibration. When space is limited, 
the surge tank may be mounted at a radiator 
level or slightly below the radiator as shown 
in Fig. 5-21. 

For any surge tank location, the pressure 
cap must be installed at the high point of the 
cooling system so that excessive system 
pressure will not cause coolant loss. As 
shown in Fig. 5-16, a fill tube standpipe 
extends into the surge tank to maintain an air 
collection and expansion volume that is 
necessary for effective deaeration. The plain 
or solid radiator cap must be used on this fill 
tube. 

5-4.2.3.1 Pressurized Type Surge Tank 

Pressurized surge tanks may be arranged 
as shown in Fig. 5-16. In this arrangement 
the surge tank is an extension of the radiator 
top tank or the outlet tank for cross-flow 
radiators. It provides a larger space that is 
essential for after boiling coolant expansion 
and effective deaeration. 

The surge tank in this system is always 
under pressure during operation and must be 
designed to withstand the pressure. 

5-4.2.3.2   Nonpressurized Type Surge 
Tank (Coolant Recovery) 

In the nonpressurized surge tank 
arrangement shown in Fig. 5-22, the surge 
tank serves only as an overflow tank and for 
deaeration. This arrangement generally is 
used for gasoline engine power plant cooling 
systems and often is referred to as a coolant 
recovery system.   In Fig. 5-22 volume 'a' 
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Figure  5-20.   Surge   Tank  Riser  Tube  Ball   Check Bleed  Valve 
(SAB Paper 851472) 
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Figure  5-21.   M107 Surge  Tank Installation  Schematic Diagram 

5-24 



Atmospheric vent 

VACUUM TYPE 

Pressure Valve 

Modified SAE pressure cap 

Top Tank 

REFILL 

Figure   5-22.   Son-Pressurized   Coolmnt Recovery  Tank   Installation 

represents the air space to assure after boil 
does not expel coolant from the system. 
Volume 'b' is the volume to allow for 
thermal expansion of the coolant, typically 
6% of coolant volume. Volume 'c' is the 
drawdown level. Volume 'd' is an optional 
sludge trap. This trap can function as an 
effective filter to trap debris which enters the 
system during filling. 

The surge tank in this system is not 
under pressure at any time, the tank design 
and construction are simple, and a 
translucent plastic tank sometimes is used to 
allow a visual check of the coolant level. 
This should not take the place, however of a 
radiator sight glass or coolant level sensor. 
Leaks within the system could drain the 
coolant level in the radiator without draining 
the overflow tank. 

5-4.3 THERMOSTATS 

5-4.3.1   Purpose 

As defined in par. 5-3.5, the thermostat 
modulates the coolant flow to maintain 
constant coolant temperature and to minimize 
engine warm-up time. Prolonged operation 
with excessively high or low temperatures 
can result in various engine problems as 
discussed in par. 1-1.1. A thermostat can 
also be used to control the oil flow rate to oil 
coolers as referenced in par. 5.3.6. 

5-4.3.2  Operation 

The thermostat is located between the 
engine coolant jacket and the radiator, 
usually in the housing at the cylinder coolant 
outlet as shown schematically in Figs. 5-23A 
and B. Automatic operation of the 
thermostat valve holds coolant temperature 
within proper limits by controlling coolant 
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Figure  5-23A.      Full  Blocking Thermostat   Closed,   Main   Coolant Flow Through 
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Figure 5-23B.   Full   Blocking  Thermostat   Open,   Mmin   Coolant  Flow Through  Engine, 
Demermtion Flow on  Water Pump Bypass  Circuit 
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flow through the radiator. When the engine 
is cold, the thermostat valve stays closed and 
shuts off practically all circulation to the 
radiator. As the engine warms up, the valve 
opens slowly, allowing some coolant to flow. 
Water pump bypass lines still allow for 
deaeration regardless if the thermostat is 
open or closed. In actual operation, the 
valve may move frequently to regulate 
coolant flow into the radiator in accordance 
with variations in heat output from engine. 

Cooling systems equipped with either 
internal or external bypass arrangements have 
coolant circulation within the engine coolant 
jacket when the thermostat is closed. The 
external-type bypass consists of short hoses, 
pipes, or tubes connecting the cylinder head 
coolant oudet directly with the coolant pump 
inlet as shown in Fig. 5-24. The internal 
type bypass allows the coolant to flow from 
the engine directly back to the pump through 
passages built into the engine coolant jacket. 

5-4.3.3  General Construction 

The major components of a thermostat 
are: 

1. A valve to control coolant flow 

2. A power actuator element to open the 
valve 

3. A return spring to close the valve. 

(The bellows element performs the same 
function as the spring because of its ability to 
exert force to both open and close the valve.) 

An important part of the thermostat 
installation is the design of the housing. The 
housing design must serve not only as the 
mounting base for the thermostat, but it 
usually functions as an integral part of the 

thermostat valve seat. The reader is referred 
to Military Standard Drawing Number 35770 
for installation requirements for flow control 
thermostats (Ref. 5). 

5-4.3.4  Classification 

by: 
Thermostats generally can be classified 

1. The type of actuating element: 

a. Bellows 

b. Pellet (Fig. 5-25) 

2. The type of control mode: 

a. Bottom bypass type (Fig. 5-26) 

b. Top bypass type (Fig. 5-27) 

3. The type of valve: 

a. Poppet Valve 

b. Sleeve valve (Fig. 5-27) 

4. The direction of the valve opening 
with respect to the flow of coolant through 
the valve: 

a. Upward stroke (Fig. 5-26) 

b. Downward stroke 

c. Sleeve type (Fig. 5-27) 

5. The type of air bleed (air bleeds are 
only required in systems which don't use a 
water pump bypass loop for deaeration): 

a. Noncontrolled (bleed hole)~to 
vent the system during filling and to let 
vapor escape from the system during engine 
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Figure  5-24. External   Type   Thermostat   Bypass  Arrangement    (M113A1) 
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Figure  5-25.      Pellet  Type  Thermostat  with  Sleeve Vm.lve   (Top Bypass) 
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operation when the thermostat is closed. 
(Note: The air bleed holes allow low coolant 
flow through the radiator core during closed 
thermostat operation. This type of system 
may experience slow warm up, or an 
inability to maintain minimum operating 
temperatures during cold ambient operation). 

b. Controlled (jiggle pin)—these pins 
work in the fashion of a check valve closing 
the thermostat bleed hole when subjected to 
a normal coolant flow pressure (see Fig. 5- 
28). 

Thermostats are designed to open at 
specific temperatures. Generally, engine 
thermostats begin to open at 170°F and are 
fully open at 190°F. 

5-4.3.5  Types of Actuating Elements 

5-4.3.5.1   Bellows Type 

The bellows type thermostat consists of 
a valve and a heat-operated bellows unit that 
moves the valve. This type of thermostat- 
operating unit contains a special liquid 
designed to boil at a specific temperature. 
When that temperature is reached, the vapor 
pressure expands the bellows and opens the 
thermostat valve. When the liquid cools and 
condenses, vapor pressure is reduced, 
allowing the bellows to contract and close the 
valve. 

The opening temperature of a bellows 
type thermostat is affected by system 
pressures, tending to collapse the bellows and 
cause an increase in the temperature required 
to open the valve. For this reason, the 
pellet type thermostat has virtually replaced 
this design. 

5-4.3.5.2  Pellet Type 

The actuating element of a pellet type 
thermostat is a pellet cup. Basically, it is a 
metal cup filled with a heat-expanding wax 
compound that is blended to provide 
accurate, repeatable temperature response. 

The wax compound is sealed in the cup 
by either a rubber sleeve that extends into the 
housing to form a core, or by a rubber 
diaphragm (Fig. 5-29). The sleeve type 
encloses a tapered end piston that is forcibly 
expelled when the wax melts and expands as 
pressure is exerted on the outside of the boot. 
The diaphragm type works by a similar 
method, forcing a rubber plug against a steel 
piston to actuate the valve as the wax 
expands. 

As the coolant temperature drops, the 
wax solidifies and contracts, allowing a 
spring to return the piston and close the 
thermostat valve. 

The piston movement characteristics are 
related directly to the piston load, operating 
range, maximum temperature to which the 
actuator may be subjected, characteristics of 
the wax compound in contact with the piston, 
and other factors. Fig. 5-30 shows typical 
operating characteristics of a pellet type 
thermostat. As shown in this figure, when 
the load is decreased below the design value 
of the elements, the piston travel may exceed 
design safety limits as shown; insufficient 
piston travel may result if the load is 
increased above the design limits. 

A hysteresis loop exists between the 
power and return strokes of pellet type 
thermal actuators. Fig 5-31 describes this 
difference which is inherent in the design. 
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The pellet type thermostat generally is 
referred to by a trade name (see Refs. 11 and 
12). With the advent of pressurized cooling 
systems, pellet type actuators virtually have 
replaced bellows-operated thermostats. This 
is due to the greater force potential available 
in pellet type actuators and their insensitivity 
to pressure. 

The pellet type thermostat also is used to 
control oil flow in various systems as 
discussed in par. 5-3.6. This type of 
thermostatic assembly may incorporate a 
cooling system pressure relief feature and is 
used in engine, transmission, hydraulic 
system coolers, air compressor cooling 
systems, engine and transmission oil coolers, 
and many other applications. Fig. 5-32 
illustrates a typical installation schematic 
diagram. 

5-4.3.6 Thermostat Control Modes 

The thermostat control mode functions 
shown in Figs. 5-23, 5-26, and 5-27 are 
described in the paragraphs that follow. 

increasing the flow to the radiator, as the 
engine warms up. There are a number of 
three-way valve control designs possible, 
however, the thermostat housing must be 
matched with the thermostat design to ensure 
satisfactory operation. 

The relationship of flow rate and 
pressure drop for representative choke type 
and bypass type thermostats is shown in Fig. 
5-33. Specific installation and design 
assistance can be obtained from the 
thermostat manufacturers. 

5-4.3.7      Thermostat  Coolant  Flow 
Systems 

The way that the thermostat controls the 
coolant flow is determined by the cooling 
system circuit. Many circuit variations are 
possible, however, the most common types 
used for vehicle applications are: 

1. Thermostat located at outlet of engine 
(see Fig. 5-34(A)) 

5-4.3.6.1   Choke Type 

This type thermostat may be either an 
upward stroke (opens in the direction of 
coolant flow) or downward stroke (opens 
opposite to the direction of the coolant flow). 
This thermostat modulates and regulates the 
coolant flow only to the radiator while an 
open bypass circuit directs the coolant back 
to the engine block, bypassing the radiator. 

5-4.3.6.2 Top or Bottom Bypass Type 

These thermostats function as a three- 
way valve and continuously modulate the 
coolant flow to both the radiator and bypass 
circuit. This type of control proportions the 
flow by decreasing the bypass flow and 

2. Thermostat located at inlet to engine 
(see Fig. 5-34(B)) 

The most common deaeration systems in 
use are the separate surge tank and the 
radiator with a baffled top tank. The flow 
circuits for these systems are shown in Fig. 
5-34(C) and 5-34(D). 

When air to coolant charge air coolers 
are used for turbocharged engines, a low 
flow cooling system is often used. In this 
system, only a small portion of the coolant 
flows through the radiator, even under fully 
open thermostat conditions. The purpose of 
this is that the coolant passing through the 
radiator undergoes a much larger temperature 
drop than would occur in a full flow system 
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Figure 5-32.      Typical   Thermostatic  Valve Flow Schematic Design 
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(often 35° to 50°F cooler). This super 
cooled coolant is then used to cool the hot 
compressed air coming from the turbocharger 
and entering the intake manifold, thus 
increasing the density of the intake air. This 
allows for more air to enter the engine 
cylinders during each intake stroke, leading 
to more efficient fuel consumption, increased 
power output, higher altitude capability, and 
reduced exhaust emissions. Two typical au- 
to coolant cooling system schematics are 
shown in Fig. 5-35(A) and 5-35(B). 

5-4.4 ELECTRONIC COOLING SYSTEM 
CONTROLLERS 

Rather than relying on separate 
mechanical systems to control the cooling 
system, more accurate control can be 
achieved with an electronic controller. The 
controllers can be used to actuate 
proportional valves, regulating both fan 
speed and shutter opening. The controllers 
have the additional benefit of being able to 
temporarily divert hydraulic fluid away from 
the cooling system to be used in lifting or 
load handling operations as in the Ml074 
tractors. Some controllers also have outputs 
to illuminate high temperature warning 
lights, or shut down the engine in case of a 
high temperature condition. 

The controllers can be wired to operate 
in failsafe mode. Should a malfunction 
occur, the fan would continue to operate at 
maximum speed, and the shutters would 
remain open. 

5-5     TEMPERATURE SENDING UNITS 

5-5.1   PURPOSE 

Coolant, engine and transmission oil 

temperatures are monitored and displayed to 
the vehicle operator by means of temperature 
sending units that transmit electrical signals- 
proportional to the operating temperatures~to 
a temperature gage, light, or signal device. 
Air-cooled engine cylinder head temperatures 
also may be monitored in this manner. 

5-5.2 APPLICATION 

The temperature sending unit 
(transmitter) is usually an electrical resistance 
type provided with a standard male pipe 
thread connection. Sending units operating 
on the Bourdon tube principle are available 
but are not used generally for military 
applications. Fig. 5-36 illustrates a typical 
electrical temperature sensor and indicator 
circuit. 

These units are calibrated to produce a 
specific current and must be used with a 
matching indicator. 

MIL-I-62676 should be referred to for 
complete specifications (Ref. 6). 

5-5.3 OPERATION 

The electric temperature indicator 
assembly consists of a sending unit, gage, 
and wiring. The sending unit resistance 
varies in relation to temperature, permitting 
more or less current to flow to the indicator 
unit. Fig. 5-36 also illustrates the wiring 
schematic for a typical installation. 

The electric sending unit is essentially a 
resistor whose resistance varies inversely 
with temperature. The external configuration 
of the electric sending unit is a standard male 
pipe thread or bolt on type construction. 
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5-6     WARNING UNITS 

The temperature sending unit and 
indicator assembly often are supplemented 
with thermostatic switches connected for 
parallel operation to actuate visual or audio 
signal devices. When abnormal temperatures 
are encountered, the switch will close and 
actuate a warning light or buzzer to alert the 
operator to a cooling problem. Fig. 5-37 
illustrates a typical thermostatic switch used 
for this purpose. The bellows expands with 
temperature to actuate and close a micro 
switch. This micro switch is connected in 
series to an indicator light. When the switch 
closes, the warning light comes on alerting 
the operator of an over temperature problem. 
In the M109 Paladin tank, there are two 
warning lights used to alert both the driver 
and commander of the tank. The reader is 
referred to MIL-S-12285D(AT) for 
additional details (Ref. 8). 

Red warning lights indicating a cooling 
system malfunction usually are located in t e 
vehicle instrument panel. This is illustrated 
in Fig. 5-38 for the M48 Tank instrument 
panel. 

5-7     COOLANT LEVEL INDICATORS 

Radiator coolant level monitoring 
devices are available to provide a visual 
warning to the vehicle operator when the 
coolant level drops to a critical level. 
Commonly, a capacitance sensing coolant 
level sensor such as that shown in Fig. 5-39 
is used. The probe portion extends into the 
coolant and produces a change in capacitance 
when air displaces the liquid immediately 
surrounding the probe. This difference in 
capacitance is used by the integral electronics 
to provide a solid-state ON-OFF signal to 
indicated the presence or absence of fluid. 
The probe is electrically insulated providing 
a slick, non-fouling surface as well as good 
electrical characteristics to prevent electric 

c 
ENGINE UNIT IS 
IMMERSED IN 
ENGINE COOLANT. 
RESISTANCE OF 
UNIT DECREASES 
WITH HEAT. 

BATTERY 

jHttO-S 
IGNITION 
SWITCH DASH UNIT 

Figure   5-36.      Electrical   Temperature   Gauge   (SAB HS-4040) 
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Figure  5-38.   M4 8   Tank  Thermostntic  Switch  and 
Instrument  Panel   with  Warning Lights 
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Figure  5-39.     Ra.dia.tor  Coolant Level  Switch 
(Caret  Plus Electronic  Subsystem  Technical   Package) 
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current flow through the liquid. 

The system installed on the M44A2 
Truck is shown in Fig. 5-40. The sensor 
installed in the radiator top tank, consists of 
a magnetic float and reed switch assembly 
calibrated to close at the pre-determined 
critical coolant level. Closing of the switch 
activates a red warning light on the 
Maintenance Indicator Panel (Fig. 5-41). 

The Maintenance Indicator Panel is 
dashboard-mounted and sensors are mounted 
permanently on or within the various systems 
and accessories of the engine and vehicle, 
and connected to the panel through a wiring 
harness. The sensors monitor the condition 
and performance of the various systems and 
accessories and alert the driver/mechanic 
when service is required or a malfunction has 
occurred by means of a light on the panel. 
Once a light on the panel has been actuated, 
it remains on (whenever the master switch is 
on) until the proper steps are taken to correct 
the malfunction or the proper maintenance 
action to restore performance to an 
acceptable level. Solid state circuitry is used 
to perform the electronic control of the 
indicator lights. As an initial check for the 
driver, as automatic lamp test device 
activates all panel lights for 3 to 7 sec during 
each start. The system also includes an 
automatic dimming control for blackout 
operations. 

5-8     COOLANT LEVEL AND 
AERATION WARNING SYSTEM 

This system is designed to trap any air 
that passes through it while sampling the 
engine coolant. If the system loses coolant, 
or if there is air in the system, a warning 
light on the dashboard is activated. As air is 
trapped in the unit, a float drops and actuates 
a microswitch. The microswitch activates a 

dashboard warning light signalling that the 
engine should be shut-down. The system 
also may be installed to sound an alarm or 
automatically shutdown the engine. 

Air can be present from a number of 
causes such as suction leaks, pump seal 
leaks, head gasket leaks, heat cracks in the 
block, low coolant level, and others. Air in 
a cooling system accelerates engine corrosion 
with resultant poor cooling (hot spots), and 
decreased engine life. 

The system is installed between the 
radiator top tank and the suction side of the 
coolant pump (see Fig. 5-42). While the 
engine running, a small amount of coolant is 
drawn continuously through the warning 
system. 

5-9 COOLANT PRESSURE SENSOR 
AND WARNING SYSTEM 

In pressurized cooling systems, coolant 
pressure monitoring devices can also be used 
to detect and warn of cooling system faults. 
If pressurization is not achieved during 
engine warm up, it is possible that the 
coolant will boil before the over temperature 
warning switch is activated. This is because 
the boiling temperature of the engine coolant 
is often less than the set point of the over 
temperature warning switch. Similarly, if 
the coolant temperature is in the normal 
operating range, and coolant pressure is lost, 
the coolant may instantly begin to boil, 
causing a significant loss of coolant. 

To detect failures of this type, a 
switching circuit consisting of a high 
temperature switch, a low temperature 
switch, and a pressure switch along with a 
warning light can be used. A sample circuit 
diagram is shown in Figure 5-43. The 
system could consist of either separate 
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Figure   5-40.    Radiator   Coolant   Level   Sensor   Installation 

Figure  5-41.   Maintenance Indicator Panel 
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CIRCUIT  DIAGRAM 

i—• **' »- LOAD 12 DR  £4 
VDC 

UPPER TEMP SWITCH <T„>   NORMALLY OPEN 
CLOSE ON RISE AT  TMI 
OPEN ON FALL AT TM8 

LOWER  TEMP  SWITCH <TL>  NORMALLY  OPEN 
CLOSE ON RISE AT  TLI 
OPEN ON FALL AT  TLZ 

PRESSURE SWITCH <P>   NORMALLY  CLOSED 
OPEN ON  RISE  AT  P2 
CLOSE  ON FALL  AT  P, 

Figure 5-43.   Circuit Diagram  for Coolant  Pressure Warning System 
(Index Industries Report  13531  Development of an Engine  Coolant 

Thermostatlc/Pressure Switch) 
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Figure  5-44.      Thermostatic/'Pressure Switch   (Index Industries Report  13531 
Development   of an  Engine  Coolant   Thermostatic/Pressure  Switch) 



thermostatic and pressure switches, or a 
single multifunction thermostatic/pressure 
switch such as that shown in Figure 5-44. 
This type of system could provide two types 
of cooling system warnings in addition to the 
standard over temperature warning discussed 
in Paragraph 5-6: 

1) Over temperature warning whenever 
the coolant temperature is greater than the 
low set point temperature and the coolant 
system pressure is less than the descending 
pressure set point. 

2) Under pressurization warning 
whenever the coolant system pressure is less 
than the descending set point pressure and the 
coolant temperature is greater than the low 
set point temperature. 

Ref. 25 contains more information 
regarding this warning system. 
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6.0 LIST OF SYMBOLS 

A = area, ft2 

C = orifice coefficient, dimensionless 

Cp = specific heat at constant pressure, Btu/lbm-°F 

P = pressure, in. of water 

Q = heat rejection, Btu/min 

V = velocity, ft/min 

LP = pressure drop, in. of water 

AT — temperature differential, deg F 

w = airflow, lbm/min 

p = density, lbm/ft3 

SUBSCRIPTS 

c =  corrected 

g =  grille 

o =  orifice 

s =  static 

v = velocity 

Definition of Terms (see Preface) 

Mass lbm, pounds mass 

Force lbf, pounds force 

Length ft, in., feet, inches 

Time sec, min, hr; secon 

Thermal energy Btu, British Thermal Unit 
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CHAPTER 6 

GRILLES 

Basic types and characteristics of ballistic grilles are discussed. Comparisons 
of the airflow performance of the various configurations of grilles are made. Grille 
performance characteristics are related to other design constraints to determine the 
best selection of a grille that requires the minimum compromise for the total 
system. Grille selection examples are given and methods of grille testing are 
discussed. 

6-1      NONBALLISTIC   GRILLES   AND 
SCREENS 

6-1.1 PURPOSE 

Nonballistic grilles and screens are 
provided for the sole purpose of protecting 
the vehicle cooling system from damage 
and/or plugging from rocks, brush, twigs, 
grass, bugs, and other debris. 

6-1.2 TYPES AND CONSTRUCTION 

Nonballistic grilles and screen 
assemblies are constructed of expanded 
metal, large or small mesh screen, or heavy 
steel plate. It should be noted that the lower 
radiator rock deflector can be removed to 
allow installation of a winch. In this case the 
winch would serve the same purpose as the 
radiator rock deflector. The screen provides 
a means for preventing radiators or cooling 
fins from plugging and are designed for easy 
removal and cleaning. The airflow 
restriction for these grilles is minimal and 
normally will not exceed 0.5 in. of water in 
most vehicles unless improperly installed. 
More recent military tactical wheeled vehicle 
such as the HMMWV use expanded metal or 
a woven wire grid system as the only 
protection ahead of the radiator. These 
woven wire grids have about a half inch 
square opening and thus do not prevent the 
plugging  of heat exchangers  or  radiator 

cooling fins in dusty environments. The 
Army is currently looking at a new concept 
pre-cleaner heat exchanger as a better means 
to keep heat exchangers or radiators from 
clogging. The pre-cleaner heat exchanger 
allows the radiator to have a higher fin 
density. By increasing the fin density, a 
more compact and lighter weight radiator can 
be made. However, the pre-cleaner heat 
exchanger would also increase restrictions 
requiring a different sized fan. 

The SHERIDAN, M551, vehicle uses 
debris screens on both inlet and exhaust 
grilles as shown in Fig. 6-1. In addition to 
the screens, a debris deflector is installed 
forward of the intake grilles to deflect debris 
thrown toward the intake grille screens. 

For design purposes, the nonballistic 
screen or grille should have the following 
characteristics: 

1. The effective airflow area of the grille 
screen must be equal to, or greater than, the 
radiator or heat exchanger effective airflow 
area. 

2. The peripheral opening area between 
the grille/screen and the radiator should be 
equal to, or greater than, the radiator or heat 
exchanger effective airflow area to allow air 
entry to the cooler if the grille/screen were to 
plug. 
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6-2     BALLISTIC GRILLES 

6-2.1 PURPOSE 

Ballistic grilles are designed to provide 
maximum protection against attack. They 
protect engine components from fragments 
while permitting maximum passage of air. 
These grilles also must provide protection for 
the radiator, oil lines, electrical conduits, 
batteries, and other important components in 
the engine compartment against projectiles, 

•bullet splash, and fragments. Unfortunately, 
the functional requirements of these grilles 
are opposed to each other from the standpoint 
of design since the greater the flow area 
provided for the air or gas flow, the easier it 
becomes for fragments to enter the engine 
compartment through the grilles. As a 
consequence, many grille designs have been 
developed in an attempt to satisfy the major 

requirements    for    grilles: maximum 
protection with minimum airflow restrictions. 
From an integrated vehicle design viewpoint, 
both the weight of grille and the volume of 
grille required to cover a given area of the 
armor envelope becomes important. 

6-2.2 GRILLE DESIGN 

The general specifications for grille 
designs are determined by their location and 
available area on a vehicle. The principal 
design considerations are those of airflow, 
ballistic performance, weight, and infrared 
detection. 

The ideal grille would provide the same 
protection as the armor it replaces without 
any increase in weight and would offer no 
restrictions to the flow of air. Obviously, 
these three design considerations are 

NEOPRENE SPONGE 
GLUED TO FACE 
AGAINST RADIATOR 

FRAME 

RAOIATOR 

SCREEN INSERTS 

Figure   6-1.      Non-ballistic   Grille Screen   Installation 
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incompatible. Air passages presenting little 
resistance to airflow also tend to offer little 
resistance to the passage of projectiles and 
fragments. Increased ballistic protection 
without a drastic increase in restriction can 
be obtained with proper design. A 
compromise among good airflow, light 
weight, and adequate ballistic protection is 
required. Optimum designs will approach 
the perfect grille as closely as possible; it is 
the designer's responsibility to determine 
which parameter will be compromised the 
most. Often airflow and ballistic protection 
are favored with added weight as the 
compromise; occasionally, ballistic 
protection     is     sacrificed. Airflow 
requirements are based on power package 
heat rejection requirements and are 
compromised less easily. 

It is doubtful if a design procedure can 
be formulated that automatically will yield 
the optimum grille for a given application. 
Instead, a valid means of evaluating ballistic 
performance of any design is available to the 
designer (Ref. 1). The designer can create a 
number of designs that can be analyzed 
basically on paper rather than through 
ballistic proofing of prototypes. This will 
provide the means for identifying the best 
designs and the weak points of each design. 
Design modifications can be made to 
improve the best designs, and the 
improvements can be verified by performing 
subsequent ballistic analyses. Final proof 
testing of prototypes will be required only for 
one or two optimized designs. The 
considerations of airflow can be verified 
through airflow testing of wooden models. 
The ballistic performance evaluation 
procedure presented in Ref. 1 provides a fast 
and convenient means for checking the 
ballistic design of a grille against fragments 
and small arms projectiles. 

6-2.3 TYPES AND CONSTRUCTION 

6-2.3.1   Venturi Type 

Venturi type ballistic grilles (Ref. 2) as 
shown in Fig. 6-2 provide minimum 
restriction to airflow but also provide 
minimum ballistic protection. 

NOKMAIAIR-^ 
flaw  PAIM       \ 

"I 

AVERAGE FITCH 

DOTE: AIL DIMENSIONS ARE  TYPICAl 
ANO IN INCHES 

Figure   6-2.      Venturi   Type Louver 
Bar Grille Assembly 

6-2.3.2       Bar Type 

Bar type grilles (Ref. 2), consisting of 
bars set into a frame with air gaps between 
the bars, were developed during World War 
II. Fig. 6-3 illustrates this type of 
construction. 

Airflow restrictions were low with this 
type of construction and ballistic protection 
was good, however, the weight of the bar 
type grille was high. In later vehicle 
designs, the requirement for reduced weight 
led to extensive grille development and 
evaluation. 

6-2.3.3       Fish-hook Type 

The fish-hook type ballistic grille, as 
shown in Fig. 6-4, was developed to provide 
good airflow resistance characteristics with 
adequate ballistic protection at minimum 
weight. 
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The No. 4 type fish-hook louver bar 
grille was tested to determine the airflow 
characteristics as a function of the size (Ref. 
2). In this study, this effect of scaling from 
full size to 3/4-, 2/3-, and to 1/2-scale 
sections was examined. The 2/3-size 
configuration performance was slightly better 
than the full size section, and these two 
sections were both considerably better than 
the 1/2-size section. Fig. 6-4 indicates the 
superiority of the 3/4-size grille airflow 
resistance characteristics. However, the 
spacing used is larger than true scale 
reduction would indicate. As can be noted 
on Fig. 6-4 the actual spacing for the 2/3- 
size grille is 1-21/32 in., whereas the 

computed scale is 1-1/2 in. (actual grille has 
5/32 in. oversize spacing). This only serves 
to emphasize further that not only is the 
grille bar design critical but the spacing 
between the bars greatly influences the 
airflow. 

6-2.3.4       Table-top Type 

Indirect flow on table-top grilles also 
have been airflow tested. This grille design 
varies from other grille types because the 
flow direction of the air is changed as it 
passes through the grille assembly. The 
cross section diagram of the table-top grille 

NORMAL AIR FLOW PATH 

AVERAGE PITCH 

H- 

r\*r\ /~\ 

r^\ r\   r\ r^\   r^\   r^\ 

NOTE: ALL DIMENSIONS  ARE TYPICAL 

ANO IN INCHES 

Figure   6-3.      Bar  Type Louver Grille Assembly 
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indicating the airflow, is shown in Fig. 6-5. 
On the basis of equal grille area, this 
configuration offers more protection than the 
No. 4 type fish-hook grille. One objection to 
the indirect type grille design has been its 
height-it causes a slight raising of the 
silhouette of the tank engine compartment. 

WIRE mumc - 

*m now 

Figure  6-5.   Table-Top 
Grille  Cross  Section 
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6-2.3.5       Chevron Type 

Ballistic grilles have presented a 
challenge to designers. Most of the grille 
designs have been made on an intuitive basis, 
and modifications have been attempted using 
trial-and-error techniques. In the 1960's, the 
chevron type louver was developed. This 
louver allowed more protection for less 
resistance. A comparison of the MBT70 
and MLRS ballistic grille pressure drops 
which utilize the chevron type louver is 
presented in Fig. 6-6. Airflow tests of this 
grille are described fully in References 3 and 
10. 

6-3     AIRFLOW RESISTANCE 
CHARACTERISTICS 

Ballistic grille airflow resistance 
characteristics are established by test. The 
flow restrictions are checked both in the 
normal airflow direction and reverse airflow 
direction to determine airflow pressure drop 
and resistance. Extensive test work by the 
US Army Tank-Automotive Command 
Laboratories has proven that restriction 
values obtained from tests of sample grille 
assemblies are valid for use in predicting 
actual vehicle grille assembly restrictions and 
airflow (Refs. 2, 3, 4, 5, 6, 7, 8, 9 and 10). 
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Figure   6-6.   Grille  Pressure Drop   Comparison,   MLRS  and MBT70 
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TABLE 6-1 

BALLISTIC GRILLES USED IN CONTEMPORARY MILITARY VEHICLES (USATACOM) 

Grille Shape Grille Area, Ft2 

Model 
Inlet Exhaust Inlet Exhaust 

M60 Fish - Hook 
Fish - Hook 

11.6 
8.6 

M109A6 Chevron 11.4 
Ribbon 5.5 

M110A2 No ballistic louvers installed 
in this vehicle 

5.3 5.5 

Ml13A3 Chevron 
Chevron 

5.13 
3.88 

1:2/M3 Chevron 
Chevron 9 7.8 

Laboratory airflow resistance characteristics 
of these grille assemblies are included in 
Appendix C. Table 6-1 contains a summary 
of ballistic grilles used in contemporary 
military vehicles. 

Example: 

Determine the inlet and exhaust grille 
size and pressure drop for a power plant that 
has the following parameters: 

1. 12,000 Btu/min heat rejection rate 

2. 120°F inlet cooling air 

3. 200°F maximum allowable air 
temperature 

6). 
4. MLRS type grilles are used (Fig. 6- 

The  required cooling airflow w can be 
computed by 

w =    Q      , lbm/min 
CPLT (6-1) 

where 

Cp   =   specific heat of air, Btu/lbm-°F 

AT =   temperature differential of air, 
degF 

Q =      heat rejection rate, Btu/min 

The quantity of air required for cooling 
will be 

W =     12000 =  625 lbm/min 
0.24(200 - 120) 
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EGG  CRATE  STRAIGHTENER 
I 

ORIFICE 

GRILLE 

PLENUM 

u 

STATIC 
PICKUP 

THE GRILLE  FACE VELOCITY 
IS CALCULATED AS FOLLOWS: 

V « 1096.2*CXAON/Z77P" . ft/min 

WHERE: 

V = FACE VELOCITY, ft/min 

A„ = AREA OF ORIFICE, ft2 

A     =   EFFECTIVE  FACE  AREA OF  GRILLE, ft2 

AP  - PRESSURE DROP ACROSS   ORIFICE, in. water 

0 - AIR  DENSITY  BEFORE  ORIFICE. Ibm/ft3 

C »   ORIFICE  COEFFICIENT,   DIM ENS IONLESS 

Figure   6-7.    Grille Airflow  Test   Set-Up   and   Instrumentation   Diagram   (USATACOM) 

The density of air at 120°F is 

P =0.075x460 + 70  = 0.06853 lbm/ft3 

460+ 120 

The density of air is 200°F is 

P =0.075 x 460 + 70  = 0.06023 lbm/ft3 

460 + 200 

Therefore, the volume of inlet air is: 
625/0.06853 = 9120 cfm. 

Assuming an air face velocity of 2000 
ft/min, the area of the inlet grille will be 
9120/2000 = 4.56 ft2. 

Using the MLRS type grille as shown in 
Fig. 6-6 with a face velocity of 2000 ft/min, 
the pressure drop through the inlet grille for 
normal flow would be 1.8 in. of water. A 
correction for the pressure drop of the inlet 
air because of density change is 

AP = 1.8/HQfi852\ 
10.07300/ 

1.689 in. of water 

Therefore, the volume of exhaust air is 
625/0.06023 = 10,377 cfm. 

The exhaust grille area will be 
10,377/2000 = 5.19 ft2. 

Using the MLRS type grille as shown in 
Fig. 6-6 with a face velocity of 2000 ft. min, 
the pressure drop through the exhaust grille 
for reverse flow would be 2.0 in. of water. 
A correction for the pressure drop of the 
exhaust air because of density change is 

AP = 2.0 /(L0_6Q23_\  = 1.65 in. of water 
10.07300/ 
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MII3   AND M2  LOUVER 
GRILLE  SIZE: 3IX23.Z3 
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3.37 

BRITISH L0UVERt70») 

CRILLE SIZE'       3C.73X27.Z3   . 
EFF. FACE AREA' 33.23X24*3.C73 FT* 

Figure   6-8.      Grille   Test  Samples:     Mil3,   M2,   MLRS, 
German Louver,   and British Louver. 

6-4     BALLISTIC PROTECTION 
CHARACTERISTICS 

Ballistic protection provided by grille 
assemblies is classified information and a 
specialized field beyond the scope of this 
handbook. Ref. I and the references cited in 
the Bibliography for this chapter will provide 
a broad coverage of this field for the vehicle 
cooling system designer. 

6-5      NOISE 

Noise characteristics of ballistic grilles 
may be considered in the determination of the 
required effective 

face areas (Refs. 3 and 6) if specific 
requirements are stated. Air velocities of 
2000 ft/min and higher produced undesirable 
noise levels in various grilles tested in Ref. 6, 
and the MBT70 Prototype Tank grille (Ref. 
3) simulated a rushing waterfall sound during 
high airflow test points (14,000 to 17,000 
cfm). 

Generally, the engine, cooling fan, and 
vehicle drive train noise levels are 
considerably higher than the grille airflow 
noise. These noise levels would have to be 
greatly attenuated before the grille noise 
would become significant. 
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Figure   6-9.      Test  Results   from   the  German   and M2   Grilles 

6-6      TEST AND EVALUATION 

Testing of ballistic grille assemblies, by 
the US Army Tank-Automotive Command 
Laboratories, is conducted to provide data 
used in the design of vehicle grille 
assemblies. Wooden models are fabricated 
and tested to provide valid data on flow 
restrictions and noise. The grilles are 
checked for normal and reverse flow 
directions. A diagram of the test set-up and 
instrumentation is shown in Fig. 6-7. 

A ballistic grille test was conducted on 
five experimental grille configurations to 
establish a baseline for more space efficient 
intake grilles for the M113, M551, Ml and 
M2. The grille configurations of a Ml 13/M2 
and Multiple Launch Rocket System (MLRS) 
were compared to one German, and two 
British grilles. The grille test samples can be 
seen in figure 6-8. Of the five ballistic 
grilles tested, the German grille offered the 

lowest air flow restrictions in both normal 
and reverse directions. Because of the 
German grille's symmetry, there was no 
change in air flow restrictions. In the normal 
and reverse directions, both curves coincide. 
The grilles listed starting with the least 
restrictions are as follows: 

1. German Grille 
2. Ml 13 Grille 
3. British Grille 60° 
4. MLRS Grille 
5. British Grille 70° 

The Ml 13 grille offers a restriction 2/10 
inches of water higher than that given by the 
German grille. At 2,000 FPM, the 
restriction across the German grille is 1.36- 
1.39 inches of H20 and 1.54-1.6 inches of 
H20     through     the     Ml 13     grille. 
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Figure   6-10.      Inlet  and Exhaust   Grille Locations 
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The test results of the German and M2 grilles 
are shown in Fig. 6-9. References 1-10 
provide additional test information. 

6-7      GRILLE INSTALLATION DESIGN 
CONSIDERATIONS 

Evaluation of new grille and screen 
designs is a continuous program. The design 
goal of minimum resistance to airflow, 
maximum ballistic protection, and the 
removal of dirt and debris from the incoming 
air present major problems for the cooling 
system designer. Important areas of 
development are in self-cleaning screens, 
improved armor or grille shapes, and 
deflectors for protection of heat exchangers 
and radiators. 

Carefully chosen grille locations often 
may minimize the amount of dirt and debris 
that is ingested, however, vehicle design 
usually determines the location where the 
grille may be installed. 

The location of the inlet and exhaust 
grilles must be such that recirculation of the 
hot exhaust air into the inlet grilles does not 
occur. Fig. 6-10(A) illustrates the 
recirculation effect when the exhaust grille is 
located toward the front of the vehicle. The 
vehicle movement causes the hot air to pass 
over the inlet grille and the cooling capability 
of the system will be reduced. Fig. 6-10(B) 
illustrates the correct inlet grille location at 
the forward end of the vehicle. The 
configuration minimizes hot air recirculation 
caused by forward movement of the vehicle. 
The location of the cooling fan in relation to 
the engine, grilles and radiator can be varied 
to suit the vehicle design requirements. 
Either the fan suction or blowing mode has 
been used successfully with correct 
components. 

The exhaust ballistic grilles on the Ml 
Tank are vertically mounted directly behind 
the radiator. They weigh about 1000 lbs. 
The inlet grilles are horizontally mounted as 
in Fig. 6-10(B). 
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7.0 LIST OF SYMBOLS 

A = area, ft2 

a = duct width, in. 

b = duct height, in. 

C = correction factor, dimensionless 

CFM = flow rate, ftVmin 

D = diameter, ft, in. 

/ = friction factor, dimensionless 

gc = gravitational conversion constant, 32.2 lbm- 
ft/lbf-sec2 (see Preface) 

GPM = flow rate, gal/min 

K = loss coefficient, dimensionless 

L = length, ft 

M = Mach number, dimensionless 

AP = change in fluid pressure, in. water, lbf/ft2 

Re = Reynolds number, dimensionless 

r = radius, ft or in. 

SSU = viscosity, saybolt seconds universal 

T = temperature, °F 

V = velocity; ft/sec, ft/min, ft/hr 

Y = system flow characteristics constant, in. water/ 
(cfm)2 

v = kinematic viscosity, centistokes 
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e = surface roughness of duct, ft 

9 = angle, deg 

H = absolute viscosity, lbm/hr-ft 

p = fluid density, lbm/ft3 

SUBSCRIPTS 

a = angle, actual 

b = barometric 

c = center line 

d = duct 

e = equivalent, exit 

h = hour 

m = mean 

o = orifice 

0 = zero 

s = screen, standard 

t = transition 

T = turn 

T90 = 90-degturn 

1 = upstream 

2 = downstream 

w = wire 
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Definition of Terms (see Preface) 

Mass lbm, pounds mass 

Force lbf, pounds force 

Length ft, in., feet, inches 

Time sec, min, hr; seconds, minutes, 
hours 

Thermal energy Btu, British Thermal Unit 
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CHAPTER 7 

SYSTEM FLOW RESISTANCE ANALYSIS 

This chapter presents the principles of fluid flow resistance and the procedures 
used to predict flow pressure drops. The fluids considered are air, oil, and 
coolant. Examples have been made for these fluids showing the resistance to flow 
in straight passages, various turns, obstructions, and changing flow areas. Pumps 
for oil and coolant are discussed, and typical performance characteristics 
presented. 

7-1      FLUID FLOW CONDITIONS 

The fluid flow treated in this chapter is 
considered to be 

1. Isothermal 

2. Subsonic 

3. Incompressible. 

The effect of heat transfer is not 
considered. The effects of changes in 
elevation are not considered either. 

7-2      FLOW RESISTANCE 

Fluid flow in a vehicle cooling system 
encounters various resistances and, as a 
result, a drop in fluid pressure occurs. Fluid 
pressure generally is expressed as 

1. Static pressure 

2. Dynam ic pressure 

3. Total pressure. 

In the large majority of cooling systems, 
velocities of various flows are held to 
moderate levels and the flows are nearly 
incompressible (see par. 7-2.1). Under these 
conditions the dynamic pressure is very small 
compared with the static pressure; therefore, 

throughout this chapter "pressure" will mean 
static pressure unless otherwise stated. The 
energy equation for incompressible 
frictionless flow is expressed by the 
simplified form of Bernoulli's equation (Eq. 
4-1). 

For the purpose of convenience, 
experimental fluid pressure drop data for 
specific conditions usually are presented 
directly in the units most commonly used in 
industry. 

7-2.1 FLOW RESISTANCE OF 
INCOMPRESSIBLE FLUID FLOW 

Fluids most generally used in cooling 
systems of military ground vehicles are 
water, water and antifreeze mixtures, oils, 
refrigerant, and air. 

Due to the wide variation in the physical 
properties of liquid and air, it is necessary to 
discuss airflow resistance and liquid-flow 
resistance separately. In doing so, repetition 
of some data may occur. 

An incompressible fluid is considered as 
one in which a change in pressure causes no 
corresponding change in density. The 
assumption that liquids are incompressible 
does not introduce appreciable errors in the 
calculation of fluid pressure drop but the 
assumption    that   air    is    incompressible 
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introduces errors whose magnitude depends 
on the velocity of the fluid and the loss 
coefficient of the particular component or 
duct section. For an airflow restriction of 30 
in. of water, the air density change would be 
less than 10 percent. Vehicle cooling system 
restrictions are normally considerably lower 
than this value. 

Compressible fluids used in systems with 
small loss coefficients can be treated as 
incompressible for velocities below Mach 0.2 
with reasonable accuracy. For air at 
standard atmospheric pressure, 29.92 in. Hg, 
the Mach number M is 

M = 

where 

49.1V7/+460 
dimensionless 

(7-1) 

V =  fluid velocity, ft/sec 

T =  temperature, °F 

Most ground vehicle cooling systems operate 
with low cooling air velocities and pressure 
drops. For example, the average velocity in 
front of a typical radiator is in the order of 
2000 ft/min which corresponds 
approximately to Mach 0.03. In these 
conditions, cooling-air can be treated as 
incompressible fluid with negligible error 
when the equations presented in this chapter 
are used under the stated conditions. 

2. Form drag 

3. Variations in flow direction, flow 
cross-sectional area, shape of flow conduits, 
and immersed objects. 

4. Variations in fluid properties or flow 
velocity due to heat transfer effect. 

Surface shear loss often is referred to as 
skin friction and occurs in all flow passages 
as a result of dissipation of energy at the 
walls or surfaces. 

Form drag also is referred to as pressure 
drag and occurs in discontinuous flow 
passages or in flow over an immersed object. 
Under these conditions, fluid pressure over 
the object is distributed unevenly as the result 
of separation of the flow immediately 
downstream from the immersed object. 
Fluid energy is dissipated in the vortices 
created in the downstream flow. Fig. 7-1 
illustrates the vortices shed from behind a 
tube in a crossflow air stream. 

In high velocity flow past immersed 
components, skin friction loss is negligible 
compared with the form drag losses. 
Streamlining of the immersed objects can 
reduce these losses. Combination of the 
fluid pressure drops caused by form drag and 
of flow direction and flow cross-sectional 
variations also is referred to as dynamic or 
shock loss. 

7-2.2 PRESSURE 
CLASSIFICATIONS 

DROP 

In general, fluid pressure drops may be 
classified as due to: 

1. Surface shear 

Fluid pressure loss caused by heat 
transfer effects is associated with changes in 
fluid density. This loss generally is 
significant in airflow or in two-phase flow 
such as that produced by boiling or 
condensation. 

In determining the overall fluid pressure 
drop in a cooling system, the four types of 
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AIR FLOW- 

Figure 7-1. Airflow Separation Caused by a Tube in the Cooling System Airflow 

losses all must be considered; however, in 
some cases, one or more types of the 
pressure drops may be so small that they can 
be eliminated in the final analysis. 

7-2.2.1       Friction Pressure Drop 

Friction pressure drop due to skin 
friction alone generally occurs in straight 
pipe or duct systems. This pressure drop AP 
for round ducts usually is expressed as 

AP=/ k.hfj • 
lbf/ft2 (7-2) 

where 

/    =  friction factor, dimensionless 

L   = equivalent length of pipe, ft 

De =  equivalent pipe diameter, ft 

p   = density of fluid flowing, lbm/ft3 

ge  =  gravitational conversion 
constant, 32.2 lbm-ft/lbf-sec2 

V = fluid velocity, ft/sec 

Eq. 7-2 can be rewritten for standard 

air density as 

AP=/,L.P/r*   lbf/ft 

where 
u U005/ 

(7-3) 

Vm =     mean velocity, ft/min (see 
Appendix D for test methods 
of determining Vm) 

For nonstandard air density, the pressure 
drop AP must be corrected to the actual 
pressure drop APa as follows if air velocity is 
kept constant 

APa  = A/>p, = 

3 
AP  ,pa   ,,in. water 

lo.075/ (7-4) 

where 

p, = 0.075 lbm/ft3 for standard air at 
70°F and 29.92 in. Hg 

Pa = 0.075/   530    \    Pb   \, lbm/ft3 (7-5) 

+ 77(25 where 460 >9.92 

Ta = temperature of air, °F 

Pb  = barometric pressure, in. Hg 
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The equivalent diameter De (or hydraulic 
diameter) of a noncircular flow cross section 
is defined as 

De - 4(flow crossed-sectional area^ , ft 
wetted perimeter (7-6) 

For a circular duct the equivalent 
diameter is equal to the inside diameter D of 
the duct. For noncircular ducts the 
equivalent diameter D, can be computed by 
Eq. 7-6 (see par. 7-2.4.2.5 for an example) 
or found from Fig. 7-5. 

Note: The values for friction factor / 
have been determined for use in Eq. 7-3. 
Other texts that the designer may use for 
reference may calculate the friction factor/ 
values on the basis of hydraulic radius 
instead of diameter as shown here. Extreme 
caution must be used to assure that correct 
numerical values for the friction factor/are 
used in Eq. 7-3. 

7-2.2.1.1    Reynolds Number 

For a smooth straight duct or pipe, 
friction factor/is a function of the Reynolds 
number Re of the flow. Re is a 
dimensionless parameter used to characterize 
the flow pattern.  It is defined as 

Re =   pDtVh, dimensionless 

where 

(7-7) 

A  = 

Vh  = 

p    = 

duct diameter, ft (or equivalent 
diameter for noncircular ducts) 

fluid velocity, ft/hr 

fluid density, lbm/ft3 

lbm/hr-ft 

The relationship between Reynolds 
number Re, relative roughness e/D, and 
friction factor/are shown in Fig. 7-2. Note 
that in the laminar flow region the relative 
roughness has no effect on the friction factor 
/• 

7-2.2.1.2   Relative Roughness 

Roughness e is defined as the average 
roughness of the duct or pipe surface. Fig. 
7-3 illustrates the relative roughness e/D for 
various circular ducts. 

Pressure drop AP (in. of water) for 
airflow in straight ducts with constant cross- 
sectional area can be read directly from Fig. 
7-4. The values given in this figure are 
based on standard air density of 0.075 
lbm/ft3 and average commercial production 
duct surface roughness. When air of greater 
or less density is handled, the value given by 
Fig. 7-4 is corrected by multiplying it by the 
ratio of the actual density of the air handled 
to standard density as shown by Eq. 7-4. 

The data from Fig. 7-4 also can be used 
for a rectangular duct by using the equivalent 
diameter from the nomograph in Fig. 7-5 as 
the duct diameter. 

7-2.2.2       Dynamic Pressure Drops 

Fluid pressure drop AP due to a change 
in flow direction, cross-sectional area, or 
shape of the flow cross section for standard 
air density may be expressed by 

AP = KT 

4005 

, in. water (7-8) 

fj.     =    fluid      absolute      viscosity, 
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Figure 7-4.   Friction of Air in Straight Ducts for Volumes of 10 to 100,000 cfm (Ref. 13) 
(Courtesy of Buffalo Forge Company) 
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Example: What is the eouivlent hydraulic diameter of a duct 
having sides of 60 and 30? 

Solution: When using the nomogram both A and B are multiplied 
by /V, thus D must also be multiplied by 11. Construct 
a line from'6 on the A scale to 3 on the B scale and 
where this line intersects the Dg scale read the 
answer of D   * N(A) * 40 . 

>0 

A-SIDE OF RECTANGLE « • - SIDE OF  RECTANGLE 

Figure 7-5. Equivalent Diameter of Rectangular Ducts (Ref. 16) 
(Courtesy of Design News) 
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where where 

KT = loss or resistance coefficient, 
dimensionless (see Table 7-1 
for values of K) 

Vm   =   velocity of air, ft/min 

The loss or resistance coefficients for 
turns shown in all figures in this chapter give 
total fluid pressure drop due to flow direction 
change only. Wall or straight duct friction 
loss (par. 7-2.2.1) must be added, to the 
turning loss to obtain the overall fluid 
pressure drop caused by the turn. 

7-2.2.2.1    Fluid Pressure Drops in a 
Bend or Elbow 

Kno = loss coefficient for 90-deg turn, 
dimensionless (Fig. 7-6) 

Ct = loss coefficient correction 
factor for ducts without 
following or exit ducts, 
dimensionless (Fig. 7-7) 

Ca = loss coefficient correction 
factor for bend angles other 
than 90-deg, dimensionless 
(from Fig. 7-8 use the 
applicable curve): 

(A)    For bends with a following 
duct 

Fluid pressure drop in a bend or elbow 
is the summation of surface skin friction and 
the dynamic loss due to the change in flow 
direction. This dynamic loss generally is 
expressed by using either a loss or resistance 
coefficient or an equivalent length of straight 
pipe. 

7-2.2.2.2   Loss Coefficient for Bends 
and Elbows 

Loss coefficients for 90-deg turns K-m 
for constant area rectangular and circular 
ducts are shown in Fig. 7-6. Additional 
values and duct configurations are found in 
Refs. 2, 3, and 13. 

If no duct follows the elbow, the bend 
angle is other than 90-deg, or the bend is 
transitional, the loss coefficient KT90 must be 
corrected for these conditions and the total 
loss coefficient KT may be expressed as 

KT = KT90 CeCaC,, dimensionless      (7-9) 

(B)  For bends without a following 
duct 

C, = loss coefficient correction 
factor for transitional bends, 
dimensionless (Fig. 7-9) 

The data from Fig. 7-7 can be applied to 
elliptical and circular ducts in lieu of specific 
data for these ducts. 

In Eq. 7-9, only the applicable 
correction factors are applied. 

By combining Eqs. 7-3 and 7-8, the total 
pressure loss for standard density airflow due 
to a bend is expressed by 

AP=/ fJL\ + KT 

Dl 4005 
in. water 

(7-10) 

For air density at other than standard 
temperature and pressure (70°F and 29.92 in. 
Hg), the pressure drop AP is corrected by 
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using Eq. 7-4. 

Fig. 7-10 shows total fluid pressure loss 
characteristics for various radius ratios for a 
90-deg turn. While this figure applies for a 
Reynolds number of 106, the relationship 
holds true for other values of Re. From this 
illustration, it is shown that a radius ratio 
between 2 arid 3 results in minimum pressure 
losses-indicating that this radius ratio should 
be used for duct designs wherever possible. 

7-2.2.2.3 Dynamic 
Changes 

Losses for Area 

subscript for the loss coefficient K in Table 
7-1 indicates the cross section where the 
velocity Vm is calculated. 

7-2.2.2.4   Diffusers 

Whenever possible, a diffuser (gradual 
expansion in Table 7-1) should be designed 
symmetrically about its axis with an 
expansion angle 9 between 7- and 10-deg. 
Nonsymmetrical flow or too great an 
expansion angle may cause the flow to 
separate from the diffuser walls and cause an 
increase in pressure loss. 

Table 7-1 shows loss coefficients K for 
a variety of area changes that are applicable 
to the general Eq. 7-8 (additional data on loss 
coefficients are found in Refs. 2 and 4). The 

7-2.2.3       Screens and Grids 

The pressure loss coefficients KT of Fig. 

8 

RADIUS RATIO  r/b 

Figure   7-7. Duct Loss   Coefficient   Correction  Factor  for 9' -neg Bends   Without Exit 
Duct   (Ref.   3)    (Release   Granted by Society of Automotive MB    ineers.   Inc.,   Aerospace 

Applied  Thermodynamics Manual) 
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Figure 7-9. Correction Factors for Transitional Elbows (Ref. 3) (Release Granted by Society 
of Automotive Engineers, Inc., Aerospace Applied Thermodynamics Manual.) 
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Figure 7-10.  Fluid Pressure Loss vs Radius Ratio for Circular Ducts (Ref. 3) (Release Granted 
by Society of Automotive Engineers, Inc., Aerospace Applied Thermodynamics Manual.) 

7-11 (based on upstream velocity head) are 
for screens mounted in a duct where the 
upstream and the downstream areas are the 
same. The loss coefficients are for Reynolds 
numbers (based on the screen open area and 
velocity) greater than 400. The Reynolds 
number Re is determined by 

Re = pDwV, .Ad., dimensionless(7-ll) 

fj 

where 

Vj =      upstream velocity, ft/hr 

Dw  =   wire diameter, ft 

Ad   =   duct area, ft2 

A, =      screen flow area, ft2 

p     =   fluid density, lbm/ft3 

fj.     =   fluid      absolute 
lbm/hr-ft 

viscosity, 

The pressure loss L? can be calculated 
by Eq. 7-8 using KT from Fig. 7-11 and 
velocity V, based on upstream duct area. 

7-2.2.4       Air    Pressure    Loss 
Immersed Bodies 

Over 

The pressure drop resulting from the 
obstruction to flow due to tubes or other 
immersed bodies with simple shapes can be 
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TABLE 7-1 
LOSS COEFFICIENT FOR AREA CHANGES (Ref. 2) (FOR USE IN EQ. 7-8) 

TYPE ILLUS- CONDI- LOSS TYPE ILLUS- CONDI- LOSS 
TRATION TIONS COEFFICIENT TRATION TIONS COEFFI- 

CIENT 

A,/A, S. K, ABRUPT A./A, K, 

ABRUPT 
CONTRAC- 
TION 

EXPAN- 0.1 0.81 81 SQUARE 0.0 0.34 
SION 0.2 0.64 16 EDGE 0.2 0.32 

0.3 0.49 5 0.4 0.25 
0.4 0.36 2.25 0.6 0.16 
0.5 0.25 1.0 0.8 0.06 
0.6 0 .45 
0.7 0.09 0.18 GRADUAL 
0.8 0.04 0.08 CONTRAC- 
0.9 0.01 0.01 TION e K, 

GRADUAL 30* 0.02 
EXPAN- e Kj 45* 0.04 
SION 60" 0.07 

5" 0.17 EQUAL AREA 
7* 0.22 TRANSFOR- A, = A, K 
10* 
20* 
30' 

0.28 
0.45 
0.59 

MATION e i i4* 

0.15 

40' 0.73 

ABRUPT 
EXIT 

A1/A2=0 1.00 FLANGED A = - K 
KNlKAWC'fc 

0.34 

DUCT 
ENTRANCE 

X  - - K 

0.85 

SQUARE A./A, K, FORMED A - - K 
EDGE 
ORIFICE 
EXIT 

ENTRANCE 

0.0 
0.2 

2.50 
2.44 

0.03 

0.4 2.26 
0.6 1.98 
0.8 1.54 
1.0 1.00 

BAR E/D K SQUARE Ao/A, Ko 
ACROSS 
DUCT 

EDGE 
ORIFICE 
ENTRANCE 

0.10 
0.25 

0.7 
14 

0.0 
0.2 

2.50 
1.90 

0.50 40 0.4 
0.6 
0.8 
1.0 

1.39 
0.98 
0.61 
0.34 

PIPE 
ACROSS 

E/D K SQUARE 
EDGE 

A./A K 

DUCT 0.10 0.20 ORIFICE IN 0.0 2.50 
0.25 0.55 DUCT 0.2 1.80 
0.50 20 0.4 

0.6 
1.21 
0.84 

STREAM- E/D K 0.8 0.20 
LINED 
STRUT 

1.0 0.00 

ACROSS 0.10 0.07 
DUCT 0.25 

0.50 
0.23 
0.90 

NOTE: Subscript on K indicates :ro£s section at whi :h velocity is calculated. 

(Reprinted by permission  from ASHRAE Handbook of Fundamentals   1972) 
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approximated by analysis of the contractions 
and enlargements caused by the object. 
Table 7-1 gives loss coefficients for several 
typical obstruction shapes in a duct. The 
coefficients are based on the ratio of the 
object thickness to the duct diameter. 

Airflow analyses of complex shapes and 
configurations such as power package lines, 
hoses, accessories, components, and fittings 
are determined from actual tests because of 
the complexity of the assembly. 

7-2.2.5       Air Pressure Drop Through 
a Heat Transfer Matrix 

Air pressure drop through a heat transfer 
matrix generally is due to skin friction, form 

drag, and variation of flow cross-sectional 
area and/or direction. Pressure drop data of 
this kind often are correlated as a friction 
factor and Reynolds number relationship as 
for a straight duct. These data may be 
obtained from Refs. 5 and 6. 

Air pressure drop through a heat 
exchanger usually is expressed directly in 
inches of water and is plotted as a function 
of air velocity and heat exchanger 
configuration. This is discussed in detail in 
par. 3-5.2, and Appendix A presents typical 
manufacturer data illustrating the air pressure 
drop as a function of airflow for various heat 
exchanger core configurations. 
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When a heat exchanger or similar 
resistance unit is installed at an angle to the 
centerline of the entrance duct, as shown in 
Fig. 7-12, an increase in airside loss 
coefficient occurs as indicated. The pressure 
drop AP through a heat exchanger therefore 
is increased by the factor KTIKTO obtained 
from Fig. 7-12. 

7-2.2.6  Grille Friction Losses 

Air pressure losses in grilles are caused 
directly by skin friction and dynamic 
pressure losses. Characteristics of air 
flowing through grilles—such as face 
velocity, pressure loss, and area for a 
particular flow capacity—are used to predict 
grille    performance    when    installed    in 

equipment. Intake and exhaust grilles also 
have individually specialized design criteria 
when operating in the vehicle. This subject 
is covered in par. 6-3. 

7-2.2.6.1      Intake Grille 

Location of the intake grille for supply 
air to the engine and cooling system should 
be compatible with the operational 
characteristics and speed of the vehicle. 
Military characteristics of swimming, 
fording, ingress, and egress must be 
accomplished without affecting the supply of 
air to the intake grille. Baffles, flotation 
equipment, and modification kits for 
operation in cold and hot climates also must 
be  accommodated   without  affecting  the 

FLOW 

*T 

KT/KT0 

Loss Coefficient of heat I 
exchanger plus turning 
angle at approach angle 6 

TO Loss coefficient of the 
resistance unit at zero 
angle of approach 

20       30       40       SO       00 

APPROACH ANGLE6.DE6 

Figure 7-12. Effect of Angle on Heat Exchangers (Ref. 31 (Release granted by Society of 
Automotive Engineers, inc.. Aerospace Applied Thermodynamics Manual.I 
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supply of air. An equal distribution of 
supply air should be provided for by limiting 
the obstructions in the grille approach area. 

Pressure loss or resistance to flow is 
established by the grille profile and 
arrangement, the area of the grille, and the 
face velocity for a particular capacity of 
intake air. An intake grille designed for a 
high ballistic protection level will require a 
large mass of material to interrupt, deflect, 
or stop a projectile. The decreased flow area 
results in an increase of air friction and 
corresponding dissipation of energy and 
pressure loss. 

The vehicle intake grille area is selected 
to minimize the airflow restriction to the fan. 
Commonly used design values for grille 
maximum airflow pressure drops are 1 to 1.5 
in. of water for the inlet and 2 to 2.5 in. of 
water for the exhaust. High fan inlet 
restrictions may cause flow separate (eddies), 
shock losses, and increased noise levels. 

Installation of the radiator or heat 
exchanger close to the intake grille minimizes 
heating of the incoming air caused by contact 
with other components and may simplify 
installation of air recirculation seals. 

7-2.2.6.2      Exhaust Grille 

The exhaust grille should provide 
minimum resistance to flow. Location of the 
grille as it affects the dynamic velocity of the 
moving vehicle should be considered. An 
exhaust grille at the front of the vehicle may 
require a higher exhaust velocity to 
compensate for the impact velocity of the 
moving vehicle in order to prevent 
recirculation problems. This applies only to 
high speed vehicles since the impact velocity 
is negligible below speeds of 40 mph. An 
exhaust grille pressure loss is determined by 
the same parameters that control the intake 
air pressure loss. 

7-2.3 FLUID PRESSURE LOSS 
MINIMIZATION TECHNIQUES 

7-2.3.1   Grille Areas 

Ample grille area will produce 
minimum velocity of the airflow through the 
grille. Low velocities will produce a 
corresponding low pressure loss or resistance 
to airflow with attendant minimum fan power 
requirements. 

7-2.3.2  Provisions 
Gradually 
Areas 

for    Uniform    or 
Changing     Grille 

Grilles are developed to provide 
optimized ballistic protection and airflow 
characteristics at minimum weight. 
Materials are selected that may be 
manufactured easily, are low in cost, and are 
compatible with other parts of the vehicle. 
Configurations of uniform cross section or 
gradually changing areas are preferred if 
ballistic protection requirements can be met. 

Characteristics of various types of 
ballistic grilles are included in Appendix C. 

7-2.3.3  Duct Design 

Military vehicle cooling system duct 
designs usually are constrained by space and 
configuration limitations. As a result, the 
design normally deviates from preferred 
design characteristics at the expense of 
greater airflow pressure losses. Careful 
consideration of losses caused by turns, 
abrupt area changes, obstructions, skin 
friction, and the evaluation of factors 
affecting loss coefficients—such as the aspect 
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ratio (duct height/duct width)-should enable 
the designer to select the best compromises 
for a satisfactory duct configuration that will 
incur minimum flow losses. 

avoided, if possible. 

7-2.3.4  Reduction of Pressure Loss in 
Turns 

7-2.3.3.1      Duct Shape 

Square or circular ducts are 
recommended whenever possible. As the 
duct aspect ratio increases above 1, higher 
pressure drops are generated and should be 
avoided; however, losses do not become 
excessive until the aspect ratio exceeds 4. 
Ducts that carry all the exhaust air, for 
example, have been used with aspect ratios 
as high as 6:1. 

Fluid pressure drop through a 
rectangular duct, whether it is straight or not, 
is a function of the aspect ratio of the duct 
and the flow Reynolds number. For airflow 
systems encountered in vehicle power plants, 
the airflow pressure drop can be estimated by 
formula or charts for a circular duct when the 
equivalent diameter of the duct is used as the 
parameter. This is due to the fact that 
pressure drop in the turbulent flow region is 
not seriously affected with ratios up to 10. 
For more detailed analysis of airflow friction 
through ducts with Reynolds numbers below 
10,000, see Ref. 1. 

7-2.3.3.2      Flow Pressure Losses 

The loss coefficients for cross-sectional 
area changes in ducts increase in relation to 
the magnitude of the area change as shown in 
Table 7-1. Flow pressure losses should be 
minimized by using gradually changing duct 
areas and minimizing the number of 
obstructions in the duct or streamlining the 
obstructions. 

The number of turns should be kept to 
a minimum,  and sharp turns should be 

Turning vanes or splitters may be used 
in sharp bends to improve exit velocity 
distribution and reduce pressure loss. A 
turning vane is defined as a curved section 
used to direct the airflow (see Fig. 7-13). A 
splitter is a thin vane, usually made of sheet 
metal and installed the same as the splitter 
shown in Fig. 7-13. 

Various vane designs and design 
information are available from publications 
listed in the Bibliography at the end of this 

fa 

Figure 7-13.  Typical Turning Vanes in a 
90-deg Bend 

chapter and Refs. 1 and 3. 

7-2.3.5 Cooling Airflow Test of the 
M551 SHERIDAN Vehicle 
(Ref. 7) 

An evaluation of the cooling fan 
performance and airflow through the vehicle 
power plant cooling system, at the rated fan 
speed of 4280 rpm, was greater than the 
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specified 14,000 cfm even with all grilles 
and debris screens installed. 

At the same fan speed, with the intake 
grille removed, the airflow rate increased 7 
percent. Removal of the exhaust grilles 
resulted in an airflow increase of 3.5 percent. 

7-2.4 SYSTEM TOTAL AIR 
RESISTANCE EXAMPLE, XM803 
EXPERIMENTAL TANK 

The cooling system heat rejection 
establishes the airflow requirement, and the 
required airflow characteristics establish the 
pressure head that the fan must develop. The 
basic cooling system requirement is that the 
airflow rate must be sufficient to keep the 
operating temperatures of the power package 
components below maximum values. 

The selection of an adequate cooling fan 
requires first that the airflow requirements be 
determined, and then it is necessary to 
determine the pressure head needed to force 
this quality of air through the cooling system. 

Once the total cooling system heat 
rejection and airflow rates are determined, 
the temperature rise of the cooling air 
through the system can be calculated. 

Fig. 7-14 indicates the airflows through 
various components in the XM803 
Experimental Tank cooling system. These 
include the inlet grilles, power package 
compartment, engine compartment, 
transmission compartment, heat exchangers, 
ducts, and exit grille. 

In the cooling system airflow path both 
flow direction and flow areas vary. The total 
air pressure loss of system resistance is the 
summation of the various types of air 
resistances generated by the cooling system 

components.  The total air resistance of the 
entire system kP^,slem can be expressed by 

system           *• KT r v   2l 
/—— \ 

. \ 4005/. 

+s f L       Vm 

. ID) 14005/ 

in. water 

(7-12) 

The dynamic or velocity pressure loss is 
determined at the reference area of the 
resistance coefficient KT and/or the friction 
factor/, as discussed in previous paragraphs 
of this chapter. 

7-2.4.1   System Resistance 
Characteristics 

For complete turbulent flow, which is 
generally the case in vehicle cooling systems 
under normal operating conditions, Eq. 7-12 
also can be empirically written as 

A/>       = Y(CFM)2, in. water (7-13) 

where 

Y = constant depending on the entire 
system pressure drop 
characteristics, in. water/(ft3/min)2 

The graphical relationship of AP vs 
CFM is called the system characteristic or 
system resistance curve. The constant Y, and 
thus the entire characteristic curve, is defined 
when the static pressure drop resulting from 
any given flow rate is known. Fig. 8-34 
shows the total system resistance curve for 
the XM803 Experimental Tank system. 

Fig. 7-14 represents a diesel engine 
cooling system analysis diagram for the 
XM803 Experimental Tank system. Fig. 7- 
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15 represents the gas turbine engine cooling 
system analysis diagram for the Ml TMEPS 
(Ml Transverse Mounted Engine Propulsion 
System). 

The schematic diagram in Fig. 7-14 will 
be used to analyze the system pressure 
losses. The cooling system is divided into 
individual sections to permit analysis of the 
airflow in each of the following areas: 

1. Intake grille 

2. Power package compartment 

3. Engine 

4. Engine fan 

5. Outlet duct 

6. Exit grille. 

The static pressure curve can be drawn 
after analysis of the airflow characteristics 
that follow. 

7-2.4.2 Example of Determination of 
the Air Resistance for the 
XM803 Experimental Tank 
Engine Cooling Airflow 
System 

The example presented is intended to 
illustrate a means of obtaining an 
approximate estimate of the system air 
resistance of a combat vehicle cooling system 
and establish baseline cooling fan 
requirements. This example is greatly over- 
simplified because airflow characteristics in 
this or any other cooling system are 
extremely complex and cannot be predicted 
with a high degree of accuracy. In actual 
operation the airflow is not divided evenly 
between the two fans; the velocities are not 
uniform in the duct; the fan exit velocities 
are   considerably   higher   than   the   duct 
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velocities; and air leakage, bypass, and 
recirculation are not considered. This 
example is solved based on determining the 
air velocity for the temperature at each 
station and then correcting the A>P for air 
density.  (See par. 7-2.4.2.7) 

7-2.4.2.1      Intake Grille 

A diagram of the inlet and exhaust grille 
configurations is shown in Fig. 7-16. The 
grille airflow resistance characteristics are 
presented in Fig. 6-6. 

The intake grille airflow is made up of 
the sum of the engine cooling air, engine 
induction air, and transmission cooling air. 
These requirements are provided by the 
respective manufacturers and are established 
as 1340 Ibm/min engine cooling air, 600 
lbm/min transmission cooling air, and 200 
lbm/min engine induction air (see par. 8- 
5.2.2 for the procedure used to determine the 
transmission airflow requirements). Airflow 
through the intake grille is at 120°F air 
temperature and requires a correction for air 
density from Eq. 7-5 where 

P = 0.075 x      530      = 0.0685 lbm/ft3 

460 + 120 

6-6 in the table in par. 7-2.4.2.7. 

7-2.4.2.2     Power Package 
Compartment 

As shown in Figs. 7-16 and 7-17, the 
engine compartment air is supplied through 
two identical inlet grilles to the engine that is 
symmetrical and has two cooling fans. This 
arrangement permits the analysis of one-half 
of the system, assuming that the same 
conditions apply to the remaining side 
because of the symmetry. 

The configuration formed by the engine 
oil coolers and fuel tank is similar to a 
sudden contraction in a duct, and the 
pressure drop for the power package 
compartment may be analyzed as such. The 
engine airflow is in parallel paths through the 
oil coolers, aftercoolers, and cylinders. Fig. 
7-14 shows that the air flowing to the engine 
from the grilles at this point is 1340 lbm/min 
at 130°F, therefore the volume entering one 
bank of the engine from Eq. 7-5, where pa = 
0.075 X 530/(460 -I- 130) = 0.067 lbm/ft3 

is 

CFM m     1340     = 10,000 cfm 
0.067 x 2 

CFM = 1340 + 600 + 200 = 31,241 cfm 
0.0685 

With an inlet grille area of (Ref. Fig. 7- 
15) 15.1 ft2 and an airflow rate of 31,241 
cfm, the grille face velocity = 31,241/15.1 
= 2069 ft/min. From Fig. 6-6, the inlet 
grille restriction is 2.0 in. of water for 
normal flow. Note that the air velocity at 
operating conditions is used for 
determination of the air pressure drop data 
from Fig. 6-6. This pressure drop data is 
corrected to the reference air density of Fig. 

The inlet area 4; = area of one grille = 15.1 
ft2/2 = 7.55 ft2 (Fig. 7-16), and area A2 

between cooler and the top of the fuel tank = 
6 x 62/144 = 2.58 ft2 (Fig. 7-17). 

The coefficient K2 for sudden 
contraction for y42A4; = 2.58/7.55 = 0.34 is 
found by interpolation as 0.26 from Table 7- 
1. The velocity Vm atA2 is 10,000/2.58 = 
3876 ft/min. From Eq. 7-8 
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REAR  VIEW 

Figure   7-16.      XM803  .Experimental   Tank  Inlet  and 
Exhaust  Grille  Configuration   (Ref.   8) 
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AP = 0.26/282 
\4005 3 5/ 

2 = 0.24 in. water (See 
Note) 

NOTE: This pressure drop data is 
calculated by using air velocity at 
operating conditions and Eq. 7-3. 
Since Eq. 7-3 is valid for standard 
air density, the pressure drop 
value will be corrected to the air 
density at operating conditions as 
shown in the table in par. 7- 
2.4.2.7. 

7-2.4.2.3      Engine 

Airflow rates and air pressure drops 
through the individual oil cooler, aftercooler, 
and cylinders were determined by the engine 
manufacturer from dynamometer tests. This 
total engine AP equals 7.0 in. water static 
pressure drop at the 120°F ambient 
temperature condition. 

7-2.4.2.4      Fan 

Final cooling fan selection must be 

made after the system resistance 
characteristic is determined. The air pressure 
losses ahead of the fan normally are plotted 
as negative values and the pressure losses 
after the fan are plotted as positive values. 
The sum of the absolute values represents the 
total system resistance to which the fan must 
be matched. Refer to pars. 4-12.2 and 8- 
5.2.1.4 for fan system matching techniques. 

7-2.4.2.5      Outlet Duct 

The outlet duct may be analyzed as the 
configuration shown in Fig. 7-18. The 
cross-sectional area is computed at duct 
sections 0 through 9 and plotted as the duct 
area profile graph as shown. The total air 
resistance through the duct is the sum of the 
friction losses and various dynamic shock 
losses. The duct cross-sectional area shown 
in Fig. 7-18 are the average areas at the not 
truly a rectangular shape and the bottom 

Figure   7-17.      XM803  Experimental   Tank  Power Pa.cka.gc Airflow Diagram 
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DUCT IENGTH. la. 

110 

DIMENSIONS IN INCHES 

Figure 7-18.   XM803   Experimental   Tank  Engine   Cooling 
System Duct Area Profile   (Ref.   8) 
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respective stations (see Ref. 8). The duct is 
of the duct is formed by the engine and 
transmission. For an approximate estimation 
of the air pressure drop, assumptions were 
made that the cross sections analyzed are true 
rectangular shapes and the areas are shown in 
Fig. 7-18. For example, the fan turning 
losses calculated in this paragraph assume 
that the fan airflows are discharged into a 
true rectangular duct with the bottom of the 
duct located at the top of the cooling fan air 
outlet housings. This assumption gives 
calculated cross-sectional areas that are less 
than actual cross-sectional areas because the 
fan outlet housings are raised above the 
engine top sheet metal cover. The air 
pressure drop information obtained from 
these assumptions is believed to be on the 
conservative side. 

The following procedure was followed 
in this example to determine the duct losses: 

1.     Determine duct friction 
losses. 

2. Determine fan turning losses for 
each cooling fan. 

3. Determine flow losses at duct 
stations with significant changes in area. 
(Stations 5 to 6, 7 to 8, and 8 to 9). 

Duct loss calculations are performed as 
follows: 

1. Friction losses 

The duct friction losses may be 
estimated by the following method: 

a. Compute average air velocity in 
duct. The approximate average duct section 
carrying the combined airflow of both fans is 

10 in. high x 57 in. wide = 570 in2 (Figs. 
7-16 and 7-18, Section 6). The average 
velocity Vm (at 244°F from Fig. 7-14) at this 
section is 

Vm =   airflow , ft/min 
duct area 

(7-14) 

= 0.056 lbm/ft3 

where 

p = 0.075 x 460 + 70 
460 + 244 

where 

CFM = 1340  = 23,929 cfm 
0.056 

with the duct area = 570 in.2 

Vm = 2X222 = 6045 ft/min 
ism) 
1144/ 

b. Compute approximate equivalent 
diameter of duct. The equivalent diameter of 
the duct from Eq. 7-6 is 

D, = 4/ flow cross-sectional area\ , ft 
I      wetted perimeter      / 

From Fig. 7-16 the duct width = 57 in. 

From Fig. 7-18 the duct height = 10 in. 

then 

fffl 1 
= 1.42 ft D =4 LI 144, 

2/ 57 + 10 
I     12 

c.   Compute Reynolds Number.  From 
Eq. 7-7, 
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where 2. 90-<leg turns rom fen outlets to duct. 

D,    =    1.42 ft 

Vh    =   (6045 x 60) = 362,700 ft/hr 

p      =   0.056 lbm/ft3 

n     =   0.055 lbm/hr-ft (from Fig. 3- 
41) 

then 

Re =  1.42(362.700)0.056 = 524,398 
0.055 

d. Estimate duct e/D. The engine, 
transmission, and related power package 
components serve as the bottom of the duct. 
Assume a value of e = 0.5 in. for bolt heads 
and similar power package component 
projections, then the e/D ratio would become 

JL5\ 
All = 0.029 
1.42 

e. Determine/. From Fig. 7-2, with 
Re = 524,398 and e/D = 0.029 then/ = 
0.057 

f. From Eq. 7-3 for standard air 

where 

L = 110. = 9.17, ft (from Fig. 7-17) 
12 

then 

a. Front fan (90-deg turn). From 
Fig. 7-6, it can be seen that the turn loss 
coefficient is dependent on the aspect ratio 
(duct with a/duct height b) and the 
radius/duct height ratio (r/b). From Figs. 7- 
16 and 7-18, alb = 42/7 = 6 and r/b = 111 
= 1. The Reynolds number Re is 
determined from Eq. 7-7 where 

De = 1.0 ft (from Fig. 7-5 with a = 42 
in. and b = 7 in.) 

Vm = the airflow of one fan (CFM) of 
23,929/2 = 11,965 cfm divided 
by the duct area of 500 in.2 (Fig. 
7-18, section 2 = 11.965 = 3446 
ft/min /5QQI 

U44/ 

or 3446 x 60 = 206,760 ft/hr 

p      = 0.056 lbm/ft3 at 244°F 

u      = 0.055 lbm/hr-ft (from Fig. 3-41) 

Re= 1.0(206.76010.056  =210,519 
0.055 

From Fig. 1-6(3) (a/b and r/b = 1) 
then^• = 0.27 

Then from Eq. 7-8 

AP = 0.27 0446\2 = 0.20 in. water (see 
\4005/ note in par. 

7-2.4.2.2) 

AP = o.o57 /ai7\ mi\2 

11.42/ W005/ 

=  0.84 in. water 
(see note in par. 7-2.4.2.2) 

b. Rear fan section (90-deg turn). 
The rear fan is analyzed in the same manner 
as the front fan. From Figs. 7-16 and 7-18 
the aspect ratio alb = 57/10 = 5.7 and the 
radius/duct height ratio rid = 10/10 = 1. 
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The Reynolds number Re is determined from 
Eq. 7-7 where 

D, =1.42 ft (see step 1(b)) 

V^,=lh%5. = 4007 ft/min or 4007   X 60 
im 
1144/ 

= 240,420 ft/hr 

P   =0.056 Ibm/ft3 at 244°F 

IJ.   =0.055 lbm/hr-ft (from Fig. 3-41) 

te = 1.42(240,420)0.056 =347,603 
0.055 

From Eq. 7-8, AP = 0.09/9_18j2l 2 = 0.47 
14005/ 

in. water (see note in par. 7-2.4.2.2) 

4. The duct area between sections 7 
and 8 (Fig. 7-18) may be analyzed as abrupt 
expansion because the area increases from 
500 in.2 at section 7 to 775 in.2 at section 8. 
From Fig. 7-18, the ratio of upstream area to 
the downstream area A,/A2 = 500/775 = 
065. From Table 7-1 with A,IA2 = 0.65 K, 
can be found by interpolation as 0.135. The 
velocity Vm at section 7 (Fig. 7-18) = 
23,929/[(500/144)] = 6,892 ft/min. 

From Fig. 7-6(B) then KT90 = 0.265 

Then from Eq. 7-8 

AP = 0.265 /4007\2 = 0.27 in. water (see 
14005/ note in par. 

7-2.4.2.2) 

3. The determination of flow losses 
between sections 5 and 6 (Fig. 7-18) can be 
made by analyzing this section as an abrupt 
expansion because the duct area changes 
from 375 in.2 at section 5 to 525 in.2 at 
section 6 within a 7-in. length of duct. 

From Table 7-1, the loss coefficient for 
abrupt expansion is a function of the ratio of 
upstream flow area to downstream flow area 
Aj/A2. From Fig. 7-18, A,/A2 = 375/525 = 
0.71. 

Interpolating for a value of A,IA2 = 
0.71 Table 7-1 provides a value of K, = 
0.09. The velocity Vm at section 5 = total 
airflow/upstream area. Then Vm = 
23,929/[(375/144)] = 9189 ft/min. 

From Eq. 7-8, AP = 0.135 /£822\ 2 

\4005/ 
= 0.40 in. water 

(see note in par. 
7-2.4.2.2) 

The duct area between sections 8 
may  be  analyzed   as   an  abrupt 

5. 
and   9 
contraction because the area decreases from 
775 in.2 at section 8 to 700 in.2 at section 9 
(Fig. 7-18) in a 7-in. length of duct. 

From Fig. 7-18, A2IA, = 700/775 = 
0.90, Kz can be found by extrapolation as 
0.040 from Table 7-1. 

The velocity Vm at section 9 = 
23,929/[(700/144)] = 4923 ft/min 

From Eq. 7-8, AP = 0.40 (4932/4005)2 = 
0.060 in. water (see note in par. 7-2.4.2.2) 

7-2.4.2.6     Exhaust Grille 

The exhaust grille is analyzed as a 45- 
deg bend without a following exhaust duct. 
The     engine     exhaust     is     discharged 
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immediately behind the grille through two 5- 
in. diameter pipes. The total exhaust grille 
face area from Fig. 7-16 is 4.46 ft2 and the 
effective or open grille area is 4.0 ft2. This 
value is the total grille area minus the cross- 
sectional area A of the three turning plates 
where 

A = 57 in. wide X 0.38 in. thick x 3 plates 
144 

= 0.46 ft2 

The effective area minus the two exhaust 
pipe areas is 

fcj a = 3.73 ft2 

The Reynolds number based on the 
minimum free flow area of the deflector 
plates of 3.73 ft2 is determined using Eq. 7-7 
where 

D,  =  4 (3.73)   =  14^2  = 1.24 ft 
151 + 11      12.0 

2 ll2        12/ 

This calculation ignores the skin friction of 
the 3 plates. 

Vm    =   2X329. = 6415 ft/min x 60 
3.73 

= 384,900 ft/hr 

p      =   0.056 lbm/ft3 at 244°F 

ii     =   0.055 lbm/hr-ft (From Fig. 3- 
42) 

Re = 1.24 (384.900^ 0.056 = 485,954 
0.055 

From Fig. 7-8(B) for a 45-deg bend, 
square duct, Ca = 0.51 (approximate). 
From Fig. 7-6(C) where rib = 1.0 
(assumed) and alb = 57/15 =3.8 (Figs. 7- 
16 and 7-18), K„0 = 0.25. 

Since there is no duct following the 
exhaust grille, the loss coefficient KT90 must 
be corrected for the effect of sudden 
expansion. From Fig. 7-7, with alb = 3.8 
and rib = 1.0, then C, = 3.2 and KT without 
a duct from Eq. 7-9 = 0.25 x 3.2 x 0.51 
= 0.41 

From Eq. 7-8, AP = 0.41 |6415\2 

\4005/ 

= 1.05 in. water (see 
note in par. 
7-2.4.2.2) 

7-2.4.2.7     Total System Resistance 

Total resistance is found by the 
summation of the calculated individual 
resistances (AP column below) that must be 
corrected for the actual air density at the 
respective stations by Eq. 7-4. These 
corrected values are indicated as AP at 
operating conditions. 

Station 

AP 
Calcu- 
lated 

p 
at 

Station 

AP 
at Operating 
Conditions 

1. Intake Grille' 2.00 0.0685 1.88 

2.  Compartment2 0.24 0.067 0.21 

3.  Engine5 - - 7.00 

4.  Duct2 

a.  friction 0.84 0.056 0.63 

b.  90-deg turn 
(front fan) 0.20 0. 0.15 

c.  90-deg turn 
(rear fan) 0.27 0.056 0.20 

7-33 



d.  expansion 0.47 0.056 0.35 

e.  expansion 0.40 0.056 0.30 

f. contraction 0.06 0.056 0.04 

Duct Total 1.67 

5.  Exhaust grille2 1.05 0.056 0.78 

System Total (Total Fan AP, in. water) 11.54 

'Column 2:    AP is determined from Fig. 6-12 using air 
velocity at operating conditions 

'Column 4:      Actual AP after air density correction. 

'Column 2:     AP is calculated by Eq. 7-3 using air velocity at 
operating condition as !„. 

'Column 4:     Actual AP after air density correction. 

'Direct measurement at operating condition. 

The pressure profile graph may be 
completed as shown in Fig. 7-19. The AP 
values on the suction side of the fan are 
plotted as negative and the AP values on the 
discharge side of the fan are plotted as 
positive. The total fan AP is the sum of the 
absolute values of these air pressure changes. 
See par. 8-5.2.1.4 for the engine cooling fan 
selection procedure. The pressure profile for 
the transmission cooling fan circuit shown in 
Fig. 7-19 is developed in Chapter 8. 

The basic configuration of the 
components chosen for this example were 
tested in a simulated hot mock-up and the 
following values were obtained (Ref. 9): 

1. Intake grille and compartment   2.0 

2. Engine 6.5 

3. Duct and exhaust grille 

System Total 

2.3 

10.8 
in. water 

Cooling system mock-up programs are 
important because of the many variables 
involved and the estimates made in the 
analysis. A correctly done mock-up 
program, which may be costly, when 
executed prior to desert testing can be the 
difference between a satisfactory or 
unsatisfactory cooling system. 

7-3 SYSTEM LIQUID FLOW ANALYSIS 

During vehicle power package 
operation, liquid flows absorb heat from 
various components. The liquid flows then 
dissipate the heat to the ambient air either 
directly or indirectly through heat 
exchangers. The liquids used in the vehicle 
power package are: 

1. Water or antifreeze solution 

2. Lubricating oil 

3. Transmission oil 

4. Hydraulic oil 

5. Refrigerant (for air conditioning 
systems). 

Various types of pumps are provided in 
the cooling system to generate the liquid 
flows. 

7-3.1 ENGINE COOLANT PUMP 

A centrifugal pump generally is used to 
move water or antifreeze/water solutions 
through the liquid-cooled system. Fig. 7-20 
shows a typical engine coolant pump. 

Engine coolant pump characteristics are 
shown in Fig. 7-21. Coolant pump capacity 
is related to the pump rotating speed. Fig. 7- 
21 also illustrates the pump capacity and 
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engine speed relationships for several typical 
pumps for different engine models. These 
pumps normally are driven directly by the 
engine shaft. Different drive ratios may be 
selected as shown. Fig. 7-22 shows the 
pump flow and pressure head relationships 
for a typical pump using engine speed (or 
pump speed) as a parameter. Also included 
in Fig. 7-22 is the coolant flow resistance 
characteristic through the engine. It is 
obvious that the coolant pump performance 
must match the system coolant flow 
resistance characteristics under operating 
conditions. 

The centrifugal coolant pump is highly 
sensitive to inlet restrictions. High 
restrictions will cause cavitation and then 
coolant flow to the engine will be reduced as 
shown in Fig. 7-23. Restriction to flow by 
bends or small diameter hoses is highly 
detrimental to the coolant flow capacity. 
Standard commercial engines have coolant 
inlet restrictions not exceeding 1.5 psi at 
approximately 180° to 190°F coolant 
temperature. In general practice the size of 
the inlet and outlet hoses to the engine may 
be calculated for a maximum coolant velocity 
of 10 to 12 ft/sec. 

Actual coolant flow rate requirements 
are determined from the cooler selection and 
engine heat rejection as described in pars. 3- 
5.1.1.2.3 and 3-6.2.1.3.2. 

7-3.2 OIL PUMPS 

Positive displacement type rotary pumps 
and hydraulic motors are used for circulating 
engine oil, transmission oil, hydraulic oil, or 
refrigerant through the various systems. 

Design criteria for positive displacement 
pumps are based on the flow rates and 
pressure head required. A pressure relief 
valve is provided in the circuit to limit the 
fluid pressure to prevent damage to the 
system or pump. Normally, the oil pump is 
sized to provide ample oil flow at low 
operating speeds so that surplus oil is 
bypassed by the relief valve at higher speeds. 
Oil circulation rates vary based on the design 
of the component. 

Oil pump design data may be found in 
Refs. 10 and 11. Typical oil flow rates vs 
speed for several different diesel engines are 
shown in Fig. 7-24. 

Performance characteristics of a typical 
gear type oil pump are shown in Fig. 7-25. 

7-3.3 LIQUID FLOW RESISTANCE 

7-3.3.1   OH Flow Resistance (Ref. 15)1 

The pipe friction loss for engine oil is 
calculated by first determining the Reynolds 
number Re as 

Location of heat exchangers or radiators 
in close proximity to the coolant pump will 
minimize the resistance to the coolant flow. 
Installations of cooling components in remote 
areas will require coordination of the design 
with the equipment manufacturers to assure 
satisfactory performance. 

Re = 3160 (GPM) , dimensionless (7-15) 
vD 

where 

D     —    pipe inside diameter, in. 

GPM=   oil flow rate, gal/min 

'From STANDARD HANDBOOK OF LUBRICATION 
ENGINEERING by James J. O'Conner and John Boyd, 1968. Used 
with Permission of McGraw-Hill Book Company. 
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IRANSMISSION 
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NOTE: ALL TEMPERATURES ANO FLOW CONDITIONS ARE 
IN ACCORDANCE WITH TASIE 1-7.  CALCULATED VALUES. 

Figure  7-IS.   XM803  Experimental   Tank  Cooling System Diagram and 
Static  Pressure  Profile   (Re£.   8) 

DRIVE SHAFT 

HOUSING 

IMPELLER 

Figure   7-20.   Typical   Centrifugal   Coolant  Pump 
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Figure  7-21.   Engine  Coolant  Flow Through Radiator or Heat  Exchanger with  180°F 
Blocking Type Thermostat   (Courtesy of Detroit Diesel  Allison Division,   General 

Motors  Corporation) 
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v      =   kinematic viscosity, 
centistokes 

The friction pressure drop AP for 
laminar flow (Re less than 2000) is 
determined by 

AP = {GPMpvL , psi (7-16) 
229,000 x D4 

where 

L      =   pipe length, ft 

p      =   oil density, Ibm/ft3 (usually 
about 53) 

The friction pressure drop AP for 
turbulent flow (Re more than 2000) is 
determined by 

AP = Lp(GPM)x-W2 , psi (7-17) 
107,500 x D*8 

Values for the kinematic viscosity of 
various SAE grades of engine oil are found 
in Fig. 7-26. 

Piping is the connecting link between all 
components in a circulating oil system. 
Details differ but factors used to determine 
pipe size, estimate pressure loss, select 
orifice sizes, and choose materials are 
common in all systems. 

Pipe should be large enough to prevent 
cavitation in pump-suction lines to avoid 
undue pressure drop AP in feed lines and to 
avoid backup in drain lines.   Allowing for 
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Figure   7-22.   Typical   Coolant  Pump  Capacity va  Engine Speed  for Models  8V-71   and 
71N  (Courtesy of Detroit Diesel  Allison Division,   General Motors  Corporation) 
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these factors, the smallest practical pipe size 
normally is selected for low first cost and 
available space. 

A guide to select pipe size on the basis 
of flow velocity is given in Fig. 7-27. Feed 
lines usually operate at 5 to 10 ft/sec. 
Velocities up to 20 ft/sec sometimes are used 
for low-viscosity oil and to keep 
contaminants from separating in transit. On 
the other hand, velocities below 5 ft/sec 
occasionally are required to avoid excessive 
pressure drop Af in long lines carrying high 
viscosity oil (Ref. 15). 

Copper tubing and pipe should be 
avoided because they accelerate lube-oil 
oxidation (see Ref. 15). 

Example: 

Determine the oil pressure drop through 
a straight pipe.  Given conditions: 

Oil type   =    SAE 30 at an average 
temperature of 240°F 

Oil flow rate    = 30 gpm 

Oil pipe ID      =     1 in. 

Oil pipe length = 5 ft 

Solution: 

Step 1 (From Fig. 7-26). The 
kinematic viscosity of SAE 30 oil at 
240°F is 8.5 centistokes 

Step 2. The approximate density of 
engine oil at 240°F at 51.5 lbm/ft3 

Step 3 (By Eq. 7-15) 

Re = 3160 x    30    = 11,153 
8.5 xl 

KGIHl   SPIED   . ... 

Figure   7-24.   Engine  Oil   Flow Rates   vs  Speed 
(Courtesy of Detroit Diesel  Allison Division,   General Motors  Corporation) 
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Step 4 (By Eq. 7-17) 

AP = 5 x 51.5 x(3Q)18(8.5)02 = 1-68 psi 
4.8 107,500 x (1) 

7-3.3.2  Engine Coolant Row Resistance 

Engine coolant flow resistance data are 
established from actual tests and will vary 
with the engine design. 

Generally, the coolant space between 
the jacket and cylinder or hot wall is sized to 
provide reasonably high coolant velocities. 
The greater the heat transfer rate 
requirements, the higher will be the required 
coolant velocities until the optimum flow rate 
for maximum heat transfer is reached. 

7-3.3.3   Fluid     Flow    Resistance 
Piping Systems 

in 

The flow friction data for 
incompressible fluid flow through ducts, 
pipes, turns, and related configurations 
presented in par. 7-2 also can be used for 
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liquid flow analysis. Fig. 7-28 gives values 
for pipe friction losses for 70°F water 
flowing through clean steel or wrought iron 
pipes. 

Although friction losses vary somewhat 
with changes of water density and viscosity, 
the data of Fig. 7-28 may be used without 
appreciable error in vehicle cooling system 
design provided there is no significant 
amount of gas or vapor existing in the 
system. 

Liquid flow pressure drops through 
elbows and fittings generally are expressed in 
equivalent lengths of straight pipe. Table 7-2 
shows equivalent lengths of some standard 
fittings. The liquid pressure drop through 
fittings is determined by considering the 
fitting to be a fictitious straight pipe of the 
same inside diameter, material, and surface 
condition. The length of this fictitious 
straight pipe is the summation of the 
equivalent lengths of the fitting and the actual 
length of the fitting along its centerline. 

50 100 150 200        250 300 

OIL DISCHARGE PRESSURE, psi 

Figure   7-25.      Gear  Type Pump  Performance  Characteristics   (Ref.   12) 
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TABLE 7-2 

RESISTANCE OF STANDARD PIPE 
FITTINGS TO FLOW OF LIQUIDS 

Equivalent length, ft 

Size, 
in. 

Elbows 90-deg 
Miter 

45-deg 90-deg 1 80-deg 

1/4 0.66 1.2 2.1 2.4 

3/4 0.9 2.0 3.2 4.0 

1 1.3 2.6 4.1 5.0 

1-1/4 1.7 3.3 5.6 7.0 

1-1/2 2.1 4.0 6.3 8.0 

2 2.6 5.0 8.2 10.0 

2-1/2 3.2 6.0 10.0 12.0 

3 4.0 7.5 12.0 15.0 

(Reprinted    by    permission     from    ASHRAE 
Handbook of Fundamentals 1972) 

Example: 

A coolant system has a flow rate of 50 
gpm of water at 194°F through 50 ft of 2-in. 
diameter pipe. The system contains six 90- 
deg elbows, four 45-deg elbows, and two 90- 
deg miters. What is the pressure drop in the 
system? 

a. From Table 7-2 the equivalent 
lengths of pipe for the elbows are 

30.0 ft for six 90-deg elbows 

10.4 ft for four 45-deg elbows 

20.0 ft for two 90-deg miters 

50.0 ft of straight pipe 

110.4 ft. total 

100,000 

-100.000 

-10,000 

1,000 
500 

J00 

200    240    280 

TEMPERATURE.°F 

to 
to 

CO 
o 
o 

Figure  7-26.   Viscosity-Temperature  Variation  of Lubricants   (Ref.   15)   (From 
STANDARD HANDBOOK OF LUBRICATION by James J.   O'Conner and John Boyd.      Used with 

permission of McGraw-Hill Book Company) 
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b.   For a 50 gpm flow rate in the 2.0 
in. diameter pipe the velocity is 

V = GPM , ft/min 
7.48,4 

(7-18) 

where 

GPM =  flow rate, gal/min 

A  =       pipe flow area, ft2 

V   = _5JL = 5.1 ft/sec* 

7.48 x    it\12/   x 60 
4 

* This value may also be read directly 
from Fig. 7-28. 

c. The pressure drop A P in the system 
is found from Fig. 7-28. With a flow of 50 

gpm at 5.1 ft/sec the pressure drop AP is 
found to be 2.3 psi per 100 ft of pipe at 
70°F. The pressure drop AP for 110.4 ft of 
pipe would therefore be 1.104 x 2.3 = 
2.539 psi. 

The pressure drop AP for a system 
operating at 194°F would be determined by 
multiplying the pressure by the ratio of the 
density of water at 194°F to that at 70°F (see 
Fig. 3-42 for density values at different 
temperatures) 

AP = 60.26 x 2.539 = 2.46 psi 
62.30 

Most vehicle liquid cooling systems 
have relatively short lengths of pipe and a 
minimum number of elbows or turns. The 
pipe flow pressure losses in these systems are 
usually insignificant. For example, from 
Fig. 7-28 a system flowing 150 gal/min of 
water in a 2-in. diameter pipe would incur a 

2.5   5.0   10 50   100   250 5001.000 

OIL    FLOW, gpm 
Figure   7-27.      Chart   for  Pips-size Approximation   (Raf.   IS)(From  STANDARD HANDBOOK 
OF LUBRICATION ENGINEERING by Jamas  J.   O1Conner  and  John  Boyd,   1968.      Uaad  with 

Permission  of McGraw-Hill  Book Company) 
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FRICTION   LOSS   IN    LB   PER  SQ   IN    PER   100   FT   OF   PIPE 
o_s   o*     at   o»    i 2        34        i     t   (O JO      30   40 
•   i   i •••••••••»• 

0.3 I 2 5      4 «      8    10 2O3O40COMI0O 

FRICTION LOSS   IN   FT   OF   WATER   PER   100   FT   PIPE 
(FOR   70°F   WATER   FLOWING   THROUGH   CLEAN   STEEL 
OR   WROUGHT   IRON   PIPE ) 

Figure  7-28.   Pipe Friction Losses   (Ref.   13)   (Courtesy of Buffalo Forge  Co.) 

friction loss of less than 0.20 psi per foot of 
pipe. This would represent a small 
percentage of the total system losses and 
unless long pipes and/or numerous turning 
elbows were used liquid flow pressure loss 
generally could be disregarded. 

Actual liquid pressure drop data through 
various heat exchanger cores are obtained 
experimentally. These data are shown in 
Appendix A-l together with the heat transfer 
performance data. 
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8.0 LIST OF SYMBOLS 

A = area, ft2 

Cp       = specific heat of air at constant pressure, 0.24 
Btu/lbm-°F 

CFM = flow rate, ftVmin 

F = correction factor, dimensionless 

G = flow rate, gpm/ft of core width 

HP = horsepower, hp 

HS      =  shell side heat transfer coefficient, Btu/hr-ft2-°F 
LMTD 

ITD     =  initial or inlet temperature difference between two 
heat exchanger fluids, def F 

K = unit core heat transfer capability, Btu/min-°F ITD 

K = heat transfer capability, Btu/min-ft2-°F ITD 

LMTD = log mean temperature difference, °F 

N = speed, miles/hr 

P = fluid pressure; in. Hg,  in. water 

Q = heat rejection rate, Btu/min 

R        = system flow characteristics constant, in. water/ 
(cfm)2 

RPM   - speed, rev/min 

T = temperature, °F 

U        = overall heat transfer coefficient; Btu/min-ft2-°F, 
Btu/min-°F-cyl 

V        =  fluid velocity, ft/min 
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w = flow rate, lbm/min 

r\ = efficiency or effectiveness, dimensionless 

AP = fluid static pressure change, in. water 

AT = temperature difference, deg F 

p = density, Ibm/ft3 

SUBSCRIPTS 

a = air, available 

c = compressor, cooler, cylinder, coolant, core 

con = conduction 

e — effectiveness, engine, exhaust 

/ = fan, frontal, fuel tank, fuel induction pump, fuel 

g = ground 

h = heated 

/ = induction 

0 = oil, reference 

oc = oil-cooler 

r = radiation, required 

s = static, solar 

sp gr = specific gravity 

t = test condition 

w = water 

1 = inlet, condition 1 
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2 =  outlet, condition 2 

3 = after aftercooler, condition 3 

4 =  cooling air out of aftercooler 

Definition of Terms (see Preface) 

Mass lbm, pounds mass 

Force lbf, pounds force 

Length                       ft, in., feet, inches 

Time sec, min, hr; seconds, minutes, hours 

Thermal energy Btu, British Thermal Unit 
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CHAPTER 8 

SYSTEM INTEGRATION AND INSTALLATION DESIGN 

Cooling system integration with the overall vehicle design is analyzed and the 
interrelations of the various system components are discussed. Cooling system 
optimization, the correlation of the cooling system design with system 
specifications, and trade-off analyses are discussed and illustrated examples of 
cooling system designs are presented. 

8-1      DESIGN CRITERIA 

A good vehicle cooling system design 
requires close cooperation among the vehicle 
designers, cooling system designers, and the 
manufacturers of the engine, transmission, 
radiator/heat exchanger, and fan. Close 
coordination among all parties involved is 
necessary and the latest available information 
must be used during the design and 
evaluation period. 

Engine performance characteristics are 
one of the most important data requirements 
for cooling system design. A typical 
Cummins Engine Company data sheet is 
shown in Fig. 8-1. Note that limiting design 
characteristics such as thermostat range, 
pressure cap specifications, water 
temperatures, and intake and exhaust airflows 
are specified. 

In addition to an efficient cooling system 
design, the installation of the system is also 
important. Correct cooling component 
installation and arrangements are of major 
concern to the component manufacturers. 
Poor installation and arrangements can result 
in failure or performance degradation of their 
products. 

The designer is not just assembling a 
heat transfer system but integrating a series 
of components into the most economical and 
practical system that will be compatible with 

the vehicle design. The problems to be 
resolved are not which component is better, 
but does the component provide the optimum 
cooling system package for the specific 
application. 

Maximum temperatures of the various 
components determine the type of heat 
exchanger to be used and also may determine 
the location of the heat exchanger in the 
cooling system. 

Hydraulic oil temperatures must be 
limited to 160°F for open systems. Engine 
coolant temperatures for diesel engines are 
usually specified as 200°F maximum by the 
engine manufacturers. The temperature drop 
through the engine radiator is usually 10 deg 
F. From these temperature limits, it is 
apparent that it is impractical to cool the 
hydraulic oil with engine coolant because the 
maximum temperature difference between the 
coolant and oil would actually result in 
transferring heat into oil. This condition 
makes it necessary to use a hydraulic oil-to- 
air heat exchanger. The location of this heat 
exchanger should be upstream of the radiator 
or parallel with it to use the lower entering 
air temperature. If the heat exchanger were 
located in the downstream (hot air outlet) 
side of the radiator, a large core or additional 
airflow would be required for the same heat 
dissipation. 
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Automotive Ing.n. Modal:    VT-803 

CUMMINS ENGINE COMPANY. INC. 

Engine Data Shoot 

General Engine Dele 

Manmum Output 1500 Ft  A 8S»F 1—BHP 320 

Speed (et Mmmun Output—RPM 7600 

Type 4 Cycle  90"Vee  8Cy 

Aspiration Turbocharged 

Bore—Inches b-i 
Stroke—Inches 4'. 

Displacement—Cu   In 903 
Compression Ratio 155 t 
Valves  pc» Cy'inder  —  Intake 7 

E ihausl 7 

Enq.ne Weight & Centef of Gravity 
iWith Standard Accessories) 
Re'c'encc-installation  D'aong 70B658 

Dry Weight-Lbs 7750 lest . 
Wei We.ght—Lbs 7330 lest > 
C   G   Distance Irom F F O B   -In n   a 
C  G   Distance above Crank Ccnte' 

line—Inches r   .i 
Miiimiim Allowable Beading Moment 

Al Rear Face ol Block -Lh   Ft 1000 

Air Induction System 

Mammum Allowable Tcmpeialu'e R'»e 
Between Ambient Air and Engine 
A.r Inlet (Amb.ci.S 32«— 100*F )—"F 30 

Maximum Allowable Intake Restriction 
Wilh Clean Air F.iter Element — 

Normal Duty Dry Type Cleaner— 
Ins   Water 10 

Medium Duty  Dry  Type Cleaner  — 

Ins Wate' 17 
Heavy Ouly Dry Type Cleaner — 

Ins   Water 15 
O.I Bath Type Cleaner — ins  Wale- IS 

Lubrication  System 

O.I Pressure <S> Idle—PSl 5—25 
<S) Rated Speed—PSl 30—55 

O.I Flow (p.; Maximum Rated Speed 
(Nominal! — GPM 36 

Flow Required (or By Pass Filter at 
Rated Speed — GPM 5 

By-Pass Filter Sue—Cu   Ins 750 
By-Pass F.lter Capacity—Gal 2 9 
Oil Capacity of 'Standard Pan 

(H.gh-Low)—Gal 4',—3 
Total System Capacity ol    Standard 

Eng.ne—Gal 9 4 
Angularity ol 'Standard Pan (Engine Level! 

Front Down 20 
Front  Up 25 

Side to S.de 25 

'Part Number ol Standard Pan 194558 
By-Pass Filler <s Standard and Included in Total 

Cooling System 

Coolant Capacity lEngme Oniyi—Ots 
Standard Thermostat — Type 

Range—•F 
Mai.mum Coo'ant Pressure lEj.clus.ve ol 

Prcssu-c Cap. —PSl 
Mar.*mum Allowable Top Tank 

Tempeialure—*F 
M.n.mum Recommended Top Tank 

Trmpe.aturc—*F 
Maximum Alroureblc  OcacatiOn Time—Min 
Minimum Allowable  Drawdown—Qts 

(Or 70*. ol System Capacity. 
M.n,mum Allowable P.cssu'C Cap—PSl 
Minimum Cooling Capacity — 

AirtoBoil (ill 1800 RPM 
MS MPH Ram Am—«¥ 

A., to Bo.i («' 2600 RPM 
[IS MPH Ram A.ri—«F 

Eihotist System 

Maximum Allowable Back Picssu'c 
Imposed by Piping—Ins   Hg 

Ins  H20 
£>haust Pipe Sire Normally 

Acceptable—ins Dia 

28 
Modulating 

170—185 

30 

200 

160 
25 
10- , 

lib 

12b 

7b 

bO 

Fuel System 

Manmum Fuel Consumption (a1 Rated HP 
And Speed — Lbs'Hr 122 

GPH 17 2 
Maximum Fuel Flow lo Pump (® Rated HP 

And Speed — Lbs./Hr 615 
GPH 86 7 

Maximum Allowable Restriction to Pump— 
With Clean Filler — Ins   Hg    . 4 0 
W.th   Dirty   Filter   —   Ins    Hg 8.0 

Max-mum Allowable Return Line 
Restriction — Ins   Hg 10 

Electrical System 

Minimum Recommended Battery Capacity— 
Cold Soak @ 32*F  and Above — 

12 volt Starter—A -Hr 300 
24 volt Starter—A -Hr 150 

Cold Soek fSITF   lo 31*F. 
12 volt Starter—A.-Hr 400 
24 volt Starter—A -Hr 200 

Maximum Allowable Resistance ol Starting 
Circuit — With 

12 voll Slarter — Ohms    . 00075 
24 volt Starter — Ohms 002 

(CONTINUED) 

Figure  8-1.     Cummins Model  VT-903 Engine Data  Sheet 
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Date 

All data •« based on the engine operating with fuel lyrtem. 
water pump, lubricating oil pump, compressor (unloaded) and 
».' cleaner: not included are alternator, tan. optional equip- 
ment and driven components. Oata is based on operation 
under SAE standard Jfltfia condition* of 900 feet attitude 
(2900 in Hg dry barometer). 8S*F. intake air temperature and 
0 38 m Hg water vapor pressure, using No 2 diesel or a fuel 
corresponding to ASTM 02. All data is subject to change 
without notice. 

Brake Mean Effective Pressure 
@ Rated Power — PSI  

@ Peak Torque — PSI  
Piston Speed (3 7600 RPM—FtyM.n 

Friction Horsepower f3> 2600 RPM 

<S> ttOO PPM 

toe 

179 
2060 

95 
66 

Idle Speed — PPM 

Maximum No-Load Governed Speed — PPM 
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Figure 8-1.    (Continued from previous page) 

Transmission and torque converter oils 
are usually allowed to reach 250°F or 300°F 
for short periods. These temperatures 
provide an option of selecting either an oil- 
to-air or oil-to-water type heat exchanger 
when a liquid-cooled engine is used. If an 
air-cooled engine is used, the obvious 
selection would be the oil-to-air heat 
exchanger. 

Fig. 8-2 illustrates the major components 
that can be found in a liquid-cooled vehicle 
cooling system, and if all items had to be 
cooled, a possible arrangement of these 
components. 

8-1.1 COOLING SYSTEM ANALYSIS 

A successful cooling system design 
requires a thorough and detailed analysis of 

all influencing characteristics of the system 
components, their interaction with each 
other, and their combined functions when 
operating as a complete system. 

Fig. 8-3, pictorially expanded for 
detailed analysis, separates the heat sources 
and permits the analysis of the effects of the 
individual heat sources on the complete 
cooling system. 

All components shown in Fig. 8-3 must 
be analyzed for their effect on the overall 
system heat transfer characteristics. 
Components indicated in the schematic which 
are not used for a particular cooling system 
simply are omitted from the analysis while a 
breakdown of general categories such as 
auxiliary equipment and engine accessories 
should be made. 
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In addition to heat rejection 
characteristics, the cooling system schematic 
may be used for analysis of other design 
parameters such as cooling airflow, auxiliary 
equipment, power requirements, engine 
accessory power requirements, and power 
plant compartment airflow resistance losses. 

8-1.1.1       Power Plant Compartment 
Analysis 

Various component heat sources in 
military vehicle are discussed in Chapter 2. 
This combined heat load must be removed 
from the power plant compartment by air 
entering the compartment at the ambient 
temperature defined in the vehicle 
specifications. The temperature range 
normally is specified as -25° to 125°F. 
After removing heat from the compartment, 
the air is exhausted at a higher temperature to 
the atmosphere. 

8-1.1.2       Engine Heat Rejection 

In the analysis of engine heat rejection, 
the engine manufacturer should be consulted 
during the initial vehicle design to obtain 
current heat rejection data and determine 
specific engine requirements and design 
parameters such as coolant flow rates, 
temperature limits, and installation 
requirements or limitations (see Fig. 8-1). 

Engine heat rejection normally is 
specified at full throttle maximum speed 
conditions, and the cooling system should be 
designed for these values. However, when a 
transmission oil cooler is used, the engine 
heat rejection rate at maximum torque 
conditions must be known. The cooling 
system design must be based upon either 
maximum horsepower or maximum torque 
conditions, whichever is more critical. 

Cooling specifications for military 
vehicles often require that the vehicle cooling 
system be adequate to permit the vehicle to 
perform continuously at the point where the 
wheel or track would slip. Past experience 
indicated that this point occurs when the 
vehicle tractive effort is approximately 0.75 
of the gross vehicle weight. However, it 
must be stressed that this number may be 
used for rough preliminary estimations only. 
Careful determination of the critical cooling 
design point must be carried out in final 
design. 

If the engine is in a development stage 
and actual heat rejection characteristics are 
not known, heat rejection rates normally will 
be estimated by the engine manufacturer. 

8-1.1.3       Engine    Accessories    and 
Auxiliary Equipment 

Individual analysis of the heat rejection 
characteristics of engine accessories and 
auxiliary equipment is necessary. For 
example, an air-conditioning unit might have 
a separate condenser mounted in series with 
the vehicle coolant radiator or the unit could 
be designed for cab mounting in which case 
the heat rejected would be completely 
removed from the power plant compartment. 
Similarly, the alternator may be air-cooled 
and discharge heated air into the power plant 
compartment or it may be oil-cooled and 
reject its heat into the engine oil cooler, 
vehicle radiator, or a separate heat 
exchanger. Individual analysis of each of 
these components will determine the quantity 
of heat rejected and the means by which it is 
rejected into the vehicle cooling system. 

8-1.1.4       Engine Oil Cooler 

The engine oil heat transfer is dependent 
on the oil-cooler design. The cooler may be 
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an integral part of the engine design for 
either liquid-cooled or air-cooled engines, it 
may be a separate component, or it may be 
installed in the exit tank of the coolant 
radiator. If the cooler is an integral part of 
a liquid-cooled engine design, the heat 
rejection into the oil is included in the engine 
coolant heat rejection rate. 

8-1.1.5       Engine Exhaust 

The engine exhaust gases normally are 
piped out of the power plant compartment 
and do not enter into the vehicle cooling 
system heat analysis; however, for example, 
in installations similar to the MBT70 
Prototype Tank, the gases are exhausted into 
the "hot" side of the cooling compartment 
and must be considered for exhaust grille and 
airflow analysis. Considerations must be 
made for heat dissipated from the exhaust 
system into the power plant compartment by 
radiation and convection. 

8-1.1.6       Transmission 

The transmission may be analyzed as an 
assembly of components including the torque 
converter or oil-cooled clutch heat rejection 
normally can be dissipated by a single heat 
exchanger. For liquid-cooled engine 
applications of lower power output this heat 
exchanger often is located in the radiator exit 
tank. The transmission also may include 
braking and steering components that may 
require separate duty cycle analysis. Larger 
transmissions for higher horsepower output 
engines normally require a separate oil-to-air 
or oil-to-liquid heat exchanger (see Figs. 1- 
18 and 1-27). Comparison of these two type 
transmission oil coolers is discussed in par. 
3-6.4. 

8-1.1.7 Clutch 

Conventional friction clutches used with 
mechanical transmissions normally are not 
considered separately in the cooling system 
analysis because of their intermittent heat 
rejection characteristics. 

Construction equipment, fork lift trucks, 
and similar applications requiring repeated 
stopping and starting use oil-cooled clutches 
that require oil-coolers. The cooler design 
and/or location will determine the method of 
heat transfer in the power package 
compartment. 

8-1.1.8       Retarder 

Special consideration must be made if a 
retarder is used in the vehicle. The retarder 
functions only when the engine heat load is 
low and therefore its heat load should not be 
added to engine heat rejection. It is common 
for the retarder horsepower capacity to 
exceed the engine horsepower and may result 
in a cooling system size requirement that is 
not practical. In this case, an analysis of the 
vehicle duty cycle must be made to determine 
a compromise cooling system. A warning 
system must be incorporated to alert the 
operator when the cooling system capacity is 
approached if it is not sufficient to carry the 
maximum retarder heat load. 

8-1.1.9       Fuel Tank 

Fuel injected engines transfer heat into 
the fuel returned to the vehicle tanks. Under 
normal circumstances, this heat would be 
conducted into the vehicle structure and 
dissipated. It would not be considered in the 
cooling system design; however, the use of 
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fuel tank liners and the location of fuel tanks 
in enclosed combat vehicle power plant 
compartments often require the addition of a 
liquid-to-air fuel cooler to maintain fuel 
temperatures below 150°F. 

8-1.1.10     Power Plant Heat Transfer 

Fig. 8-4 illustrates a composite heat 
rejection schematic for a vehicle cooling 
system. It should be concluded that the 
effect of the heat rejection of the individual 
components on each other is not a simple 
relationship. However, reasonably accurate 
estimations can be made for the individual 
component primary heat rejection modes. 
These relationships can be estimated by 
"experience factors" based on evaluations of 
previous designs and tests of contemporary 
military vehicles. 

8-1.1.11     Airflow 

The power plant airflow characteristics 
can be analyzed by using the vehicle cooling 
system schematic as shown in Fig. 8-5. 
Analysis of the airflow rates and pressure 
losses of each of the components can be 
made, and estimated values can be assigned 
for system losses as discussed in par. 7-2. 
As in the case of the system heat rejection 
analysis, the components shown in Fig. 8-5 
are arranged to agree with the actual vehicle 
configuration. 

On some installations, air recirculation 
from the "hot" side to the "cold" side can 
affect adversely the cooling system 
effectiveness. Generally, recirculation can 
be evaluated accurately by test; however, the 
initial vehicle cooling system design should 
make provisions for minimizing this effect 
and compensating for what does occur. A 
minimum air temperature rise of 10 deg F 

often is used for initial design calculations. 
Actual temperature increases as high as 25 
deg F have been observed. Fig. 6-16 shows 
that poor design such as locating inlet grilles 
directly adjacent to exhaust grilles generally 
results in excessive recirculation. This figure 
shows the external recirculation effects. The 
effects of internal recirculation and the 
desirability of maintaining a negative 
pressure in the engine compartment also must 
be considered. 

8-1.1.12     Winterization 

The preceding discussion deals primarily 
with the removal of heat from the power 
plant compartment. In cold ambients, the 
problem of heat removal may cease to exist 
and the problem becomes one of maintaining 
temperatures high enough to prevent 
overcooling. Extended operation of liquid- 
cooled engines with coolant temperatures 
below 160°F permits sludge, water, and acid 
to accumulate in the crankcase or lubricating 
oil sump and should be avoided. 

Radiator shutters, temperature controlled 
cooling fans, thermostats, radiator covers, 
compartment insulation, and/or winterization 
kits are usually necessary for satisfactory 
vehicle performance in low ambient 
temperatures particularly when the engine 
power requirements are low. The cooling 
system analysis should be made for both the 
minimum and maximum ambient operating 
temperature conditions cited by the vehicle 
specifications. 

8-1.1.13    Cooling System Variables 

It must be recognized that performance 
characteristics specified by component 
manufacturers   generally   are   stated   for 
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laboratory conditions that seldom are 
encountered during actual military vehicle 
operation. Radiators and heat exchangers 
become partially blocked by fin damage, or 
dirt or foreign matter. Cooling fans are not 
installed under the same conditions as they 
are tested and rated; and cooling performance 
normally will deteriorate because of scale 
formation in liquid-cooled systems and dirt 
and oxidation or corrosion in direct-cooling 
systems. Additional cooling fan capacity 
often is required to obtain the airflow 
necessary for satisfactory cooling system 
performance. 

Direct-cooled engine design practice 
usually provides adequate airflow for 
anticipated cooling system deterioration. For 
fail-safe operation, liquid-cooled systems 
should be designed for the required high 
ambient temperatures based on an 
atmospheric pressure in the coolant system. 
A pressurized system then is used to provide 
adequate reserve cooling capacity. 

A thorough understanding of the military 
environment is necessary for the cooling 
system designer to apply realistic "experience 
factors" to the system design. Tables 3-1, 3- 
2, and 3-4 may be used to compare existing 
military vehicle cooling system 
characteristics with the design requirements 
for a new vehicle. Table 3-1 shows the 
radiators used for contemporary vehicles, and 
indicates the horsepower per unit frontal area 
and volume of the radiator cores. It can be 
expected that a new vehicle cooling system 
will compare with a similar vehicle identified 
in these tables. In the use of these tables, it 
should be noted that some vehicles do not 
cool adequately under all conditions. 

8-1.2 VEHICLE PERFORMANCE 
SPECIFICATIONS 

The vehicle specifications, purchase 
descriptions, or materiel requirements 
normally specify performance requirements 
that must be interpreted and translated into 
power plant and component requirements. 
All performance parameters must be 
analyzed to determine the most severe design 
point for the cooling system, particularly if a 
torque converter or hydromechanical type 
transmission is specified. 

Generally, engine, transmission system, 
and other component heat rejection data 
should be obtained for critical operating 
conditions. This information should be 
correlated with the system air resistance and 
fan characteristics. The final cooling system 
design point is then determined. The design 
point occurs under one of several operating 
conditions such as operation on grades, 
during towing operations, or under engine 
idle conditions. Regardless of the mode of 
operation which results in the maximum 
cooling system heat load, the vehicle cooling 
system capacity must be adequate to handle 
this heat load at the design point. 

8-2     COOLING 
INTEGRATION 

SYSTEM 

Not only must the vehicle cooling system 
be analyzed as a complete unit, it also must 
be analyzed for its effect on the overall 
vehicle system design (see Ref. 5). The 
cooling system interfaces with the vehicle 
must not affect adversely other subsystems 
and must be integrated for system 
optimization. For     example,     the 
operator/crew compartment or cab may be 
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heated from the cooling system and, if 
required, a ventilation system might become 
a combined crew compartment and power 
plant compartment ventilating system (see 
Fig. 1-10). 

Human factors        engineering 
considerations also must be reviewed for the 
operator and maintenance personnel 
interfaces with the cooling system. 
Therefore, it is important to include a human 
factors engineering study when determining 
the optimum cooling system design with 
proper consideration being given to both the 
operator and maintenance personnel. 
Information in these areas can be obtained 
from Refs. 1 and 2. 

8-3     COOLING SYSTEM 
OPTIMIZATION 

An  optimum cooling system  design 
basically is the one that: 

1. Meets    the    system    performance 
requirements. 

2. Can be installed in the allowable 
space. 

3. Meets      the      specified      weight 
limitations. 

4. Is cost effective. 

5. Requires minimum power to operate. 

6. Is convenient for maintenance service 
and repairs. 

7. Is designed to provide for system 
deterioration. 

These requirements often are not compatible. 
Power plant space and weight requirements 

often dictate compromises in the cooling 
system design, that in turn could result in 
higher power consumption because of higher 
fluid resistance in various subsystems. As a 
result, the final cooling system design is 
often a compromise that performs 
successfully at the expense of lesser 
important vehicle system design 
characteristics. 

8-4     COOLING SUBSYSTEM TRADE- 
OFF ANALYSIS 

One method of evaluating a number of 
particular components or design parameters 
is a trade-off analysis. The trade-off analysis 
simply may be a graph of performance 
characteristics if only two variables are 
evaluated; or it may be a tabulation of 
characteristics as shown in Fig. 8-6 when 
several characteristics of varying relative 
importance must be evaluated. 

The examples shown in Fig. 8-6 are 
used to demonstrate how the trade-off study 
may be employed for selection of a cooling 
fan and drive assembly, i.e., 

1. The limiting parameters, Column 1, 
are obtained from the cooling system design 
and performance requirements and/or the 
vehicle specifications. Cost may be one of 
the parameters to be considered (Ref. 6). 

2. The specification or requirement, 
Column 2, defines the quantitative 
requirements for the limiting parameters. 

3. The weighting factor, Column 5, 
assigns a factor to each specification or 
requirement based on its relative importance 
in the system or subsystem design. The 
example shown in Fig. 8-6 assumes that 
performance is five times as important as 
power consumption. This factor is arbitrary 
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and may vary or even be the same for all 
specifications. 

4. The compliance factor, Column 4, 
permits the component being evaluated to 
score higher for exceeding the basic 
requirements. This often is the deciding 
factor in the trade-off analysis. 

5. The score for the item being 
evaluated is the sum of products of the 
compliance factors and the weighting factors. 

It is possible with this type of trade-off 
study that an item being evaluated would not 
conform in one or more areas and yet would 
receive the highest score of the items under 
evaluation. In this event, the design shall 
determine if the vehicle or system design can 
be altered to accept the highest ranking item. 
For example, assume the Brand B fan, Fig. 
8-6(B) nonconforming for excessive power 
consumption over the specification in which 
case it would receive a "0" in column 4, yet 
the total score would still exceed the total 
score of Brand A (19.0 - 1.5 or 17.5). Since 
the power requirement was given the lowest 
weighting factor in this example, it is 
probable that the additional power required 
to use Brand B could have been tolerated. 

8-5     COOLING     SYSTEM     DESIGN 
EXAMPLES 

The vehicle cooling system analysis 
examples presented here are selected to show 
the typical applications of the vehicle cooling 
system analysis developed in par. 8-1.1. The 
basic procedure can be applied to any type of 
cooling system, however, it must be kept in 
mind that numerical values for many of the 
heat transfer and airflow parameters cannot 
be obtained easily but may be based on 
previous designs and test results of similar 
cooling systems. 

8-5.1  PRELIMINARY 
SYSTEM DESIGN 

COOLING 

A first approximation of a vehicle 
cooling system design should be made. This 
can be done without selection of specific 
cooling components by applying typical 
experience factors and operating parameters. 
This allows a general and preliminary sizing 
of components and understanding of the 
requirements of all subsystems from total 
vehicle system specifications. Specific 
examples of how this can be done follow. 

8-5.1.1        Engine Cooling 

An example of a first approximation for 
the cooling system requirement is presented 
here for an air-cooled turbocharged engine. 
This example is based on the following 
assumptions: 

1. Engine power rating HP = 1250 hp 

2. Ambient air temperature Tj = 120°F 

3. Cylinder cooling airflow = 600 
Ibm/min (normally obtained from engine 
test) 

4. Cylinder heat rejection = 18,000 
Btu/min (normally obtained from engine test) 

5. Engine induction manifold pressure P2 

= 105 in. Hg absolute 

6. Induction airflow rate = 200 lbm/min 

7. Turbocharger compressor inlet 
pressure P, = 28.0 in. Hg absolute 

8. Compressor adiabatic efficiency r\e = 
70% (assumed) 
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9. Maximum allowable intake manifold 
temperature T3 = 250°F (to obtain required 
engine horsepower) 

10. Induction air cooler cooling air side 
effectiveness r\, = 40% (assumed). See Eq. 
8-20 for r\, definition. 

11. Engine oil heat rejection = 7500 
Btu/min 

12. Maximum allowable oil sump 
temperature = 260 °F 

13. Engine oil flow rate = 500 Ibm/min 

14. Oil-cooler cooling air side 
effectiveness r\, = 65% (assumed) 

15. Radiation and recirculation increases 
the ambient air temperature by 10 deg F. 

16. Typical static pressure losses in 
contemporary vehicles are: 

Area in. water 

a. Inlet grille 2.0 

b. Ducts to engine 1.5 

c. Through engine (and coolers) 8.0 

d. Discharge ducts 1.5 

e. Exit grille 1SL 

Total 15.0 

17. Fan is located after the engine, then 

a. Air static pressure at fan inlet = 
11.5 in. water 

b. Air static pressure at fan exit = 
+3.5 in. water 

c. Total fan air static pressure rise = 
15.0 in. water 

d. Fan air static efficiency = 45 % 
(assumed). 

The values used in these assumptions are 
fairly representative of practice found in 
combat vehicles requiring armor grilles and 
minimum size for the cooling components. 

Step 1. The induction air cooling (heat 
rejection Q) requirements (in the aftercooler) 
is analyzed as follows: 

a = yv/Cp(T2 - T3), Btu/min (8-1) 

where 

Cp   =   specific heat of air at constant 
pressure, 0.24 Btu/lbm-°F 

T2 =     air     temperature     out     of 
compressor, °F 

T3 =      air temperature  in  induction 
manifold (after the aftercooler), 

w, =      induction airflow rate, lbm/min 

The induction air temperature T2 out of 
the compressor is 

T2 = Tj + (T, + 460)[(P2/P,)02Si - 1] ,°F 

(8-2) 

where 

P, =     compressor inlet pressure, in. 
Hg absolute 
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P2 =      induction manifold air pressure, 
in. Hg absolute 

T, =      compressor  cooling  air  inlet 
temperature (ambient +10), °F 

t)c =     compressor        efficiency, 
dimensionless 

therefore 

Ta = 130 + (130 + 460^105/28V283 - 1] 
0.70 

=  513°F 

Qt =  (200)(0.24)(513 -  250)  =   12,624 
Btu/min 

The cooling airflow rate wa through the 
induction cooler is 

w„ = a , Ibm/min (8-3) 

(T, - TfaJC, 

where 

r\a = cooling air side effectiveness of 
aftercooler, dimensionless (0.40 
assumed) 

therefore 

where 

a heat rejection to engine oil, 
Btu/min 

T0 = maximum allowable sump oil 
temperature, °F 

T, = cooling air temperature 
(ambient + 10), °F 

r\t = air side effectiveness of oil- 
cooler, dimensionless (0.65 
assumed) 

Therefore 

w = 7500 = 370 lbm/min 
(260 - 130)(0.65)(0.24) 

Step 3. The total heat rejection rate and 
cooling air flow rate summation is 

Airflow w, Heat Rejection Q, 
lbm/min Btu/min  

Cylinders 600 

Induction air 343 

Oil Cooling 22Q 

Total 1313 

18,000 

12,624 

7.500 

38,124 

wfl = 12.624 = 343 lbm/min 
(513 - 130)(0.40)(0.24) 

Step 2.  The engine oil cooling airflow 
rate w0 is 

w„ = , lbm/min      (8-4) 

<T. - TfajC, 

Step 4. Determination of fan airflow 
and horsepower Th (air into cooler). The 
temperature of the heated air after the coolers 
and in front of the fan is 

Th = T, + Q , °F (8-5) 

C,w 

therefore 
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Th = 130 +     38,124     = 251°F 
(0.24)(1313) 

For nonstandard air the density p is 

P = 0.075 x Ts + 460 

7/a + 460 

x[29.92-(/yHgspgr)], lbm/ft3^) 

29.92 

where 

Ts =      temperature of standard air, °F 
(use 70°F) 

Ta =      actual temperature of air, °F 

P,= 

"Sspgr 

Therefore 

pressure of air used,  in.  Hg 
absolute 

= specific gravity of 
mercury, dimensionless 
(use 13.6) 

P = 0.075 x 460 +  70 
460 + 251 

x [29.92- (U.5/13.6)] = 0.0543 
29.92 lbm/ft3 

The volume CFM of the heated air at the 
fan inlet is 

CFM = w , ftVmin 
P 

(8-7) 

Therefore 

The density of the air p at the inlet grille 
is 

P = 0.075 x 460+ 70 = 0.0685 lbm/ft3 

460 + 120 

Therefore the volume CFM at the inlet 
grille is 

CFM =    1313     = 19,168 cfm 
0.0685 

The cooling fan horsepower HPf is 

HP, = CFM x AP x 104 , hp (8-8) 

Therefore 

HPf = Q4.180XlS)(1.575)(l(n = 127 hp 
0.45 

These results can be summarized as 
follows: 

1. Total heat rejection = 38,124 
Btu/min 

2. Volume of cooling air at inlet grille = 
19,168 cfm 

3. Volume of heated cooling air = 
24,180 cfm 

4. Cooling fan horsepower = 127 hp 

Step 5. From these data the approximate 
duct size and grille areas can be calculated. 
For instance if the grille shown in Fig. 6-12 
were chosen, the required grille area in order 
to meet the air pressure drop requirements 
would be 

CFM =    1313    = 24,180 cfm 
0.0543 
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1. Inlet = 12.2 ft2 

2. Outlet = 14.1 ft2. 

If the engine cooling system were to be 
combined with the transmission system, then 
the results can be added to those of the 
transmission as determined by the method 
shown in par. 8-15.1.2, and the grille areas 
determined in accordance with the total 
airflow rates. (Refer to Chapter 6 to 
determine areas for different air densities.) 

8-5.1.2       Transmission Cooling 

The requirement for transmission cooling 
is influenced very heavily by the specified 
tractive effort and ambient temperature at 
which continuous operation must be 
maintained without overheating. To 
illustrate this, a prediction for a hypothetical 
vehicle has been made showing these 
relationships. This prediction was made by 
using a computer program. It should be 
noted that by changing the transmission drive 
ratio a significant change in cooling 
horsepower requirement can be obtained as 
plotted in Fig. 8-7. Tables 8-1 and 8-2 are 
the tabulation of the computer program 
output. Inputs to the computer program were 
the vehicle performance equations found in 
Table 2-5. This exampl- is for a vehicle 
having the following features: 

1. Gross vehicle weight = 120,000 lb 

2. Engine gross horsepower = 1400 hp 

3. Engine rated speed = 2600 rpm 

4. Transmission type = converter with 
lock-up 

5. Maximum allowable transmission oil 
temperature = 300° F 

6. Entering cooling air temperature = 
125 °F 

7. Oil-cooler airside effectiveness = 
65% (assumed) 

8. Total cooling air system pressure drop 
at engine rated speed = 15 in. water 

9. Cooling fan efficiency = 50% 
(assumed). 

The heat rejection rate from the 
transmission is a function of the converter 
characteristics and transmission spin losses at 
the vehicle speed, engine speed, and tractive 
effort (output) (par. 2-2.3.2). Note that with 
a design change in final drive ratio to go 
from a 44 mph top speed (Table 8-1) to a 36 
mph top speed (Table 8-2) a significant 
change in the "heat rejection-vehicle speed- 
engine speed-tractive effort" relationships 
occur. 

The formulas used to calculate the 
required cooling airflow rate and fan HP are: 

w = , lbm/min    (8-9) 

(T0 - Tfo.C, 

where 

Cp   =   specific heat of air at constant 
pressure, Btu/min-°F 
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TABLE 8-1 

TRANSMISSION COOLING REQUIREMENT PREDICTED FOR 
VEHICLE DESIGNED FOR 44 MPH TOP SPEED 

CONDITIONS: 4.3 FINAL DRIVE RATIO 
TRANSMISSION IN FIRST GEAR CONVERTER 

VEHICLE TRANSMISSION ENGINE 

SPEED, 
MPH 

TRACTIVE 
FORCE, 

LB 

HEAT 
REJECTION, 
BTU/MIN 

COOLING 

SPEED, 
RPM 

AIRFLOW RATE. 
CFM 

HP AT 2600 RPM 

1 98280 33440 18130 108 2040 

2 88660 21690 13390 79 2060 

3 78940 17810 9650 57 2070 

4 70030 13770 7470 43 2120 

5 61920 11720 6350 35 2202 

6 53670 11140 6040 32 2290 

7 46590 11530 6250 32 2390 

NOTE: FOR FULL COOLING, A FAN MUST BE PROVIDED THAT 
PERMITS THE VEHICLE TO OPERATE CONTINUOUSLY AT THE 
TRACTIVE FORCE REQUIRED BY THE VEHICLE SPECIFICATIONS. 

TABLE 8-2 

TRANSMISSION COOLING REQUIREMENT PREDICTED FOR 
VEHICLE DESIGNED FOR 36 MPH TOP SPEED 

CONDITIONS: 5.2 FINAL DRIVE RATIO 
TRANSMISSION IN FIRST GEAR CONVERTER 

VEHICLE TRANSMISSION ENGINE 

SPEED, 
MPH 

TRACTIVE 
FORCE. 

LB 

HEAT 
REJECTION. 
BTU/MIN 

COOLING    . 

SPEED. 
RPM 

AIRFLOW RATE, 
CFM 

HP AT 2600 RPM 

1 117880 30870 16730 100 2053 

2 103460 21140 11460 68 2070 

3 89290 14830 8040 46 2110 

4 76740 11870 6440 36 2190 

5 64560 11180 6060 32 2310 

NOTE: FOR FULL COOLING, A FAN MUST BE PROVIDED THAT 
PERMITS THE VEHICLE TO OPERATE CONTINUOUSLY AT THE 
TRACTIVE FORCE REQUIRED BY THE VEHICLE SPECIFICATIONS. 
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Q0   =   transmission oil heat rejection 
rate, Btu/min 

Ta =      temperature of air into cooler, 

T, =      temperature of air into cooler 
(ambient + 10), °F 

CFM = airflow rate, cfm at 2600 rpm 
engine speed 

N,   =   fan speed at operating point, 
rpm 

LP =    total vehicle system air static 
pressure drop, in. water 

11,   =   airside effectiveness of cooler, 
dimensionless 

r\s   =   cooling fan static efficiency, 
dimensionless 

The transmission cooling fan horsepower 
HPf at rated engine speed is 

HPf = CFM(26O0/Ne)1.575AP x 10^*, hp 

(8-10) 

where 

It should be recognized that each point 
on the curves shown on Fig. 8-7 represents a 
different design, each capable of cooling at 
the respective tractive effort points. A study 
of this curve shows the severe penalty paid in 
cooling power as a function of designed 
vehicle top speed and the specified tractive 
effort cooling point. These factors should be 
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considered in establishing the vehicle 
performance requirements specifications. 
These calculations are based on the 
assumption that airflow system resistance can 
be maintained at 15 in. water with the 
variation in required airflow rate. If this 
cannot be done due to limitations on cooling 
airflow areas, cooler size, and grille areas, 
then the rate at which fan horsepower 
increases with tractive effort will be greater 
than that shown. 

8-5.1.3 Design of the Experimental 
Power Plant Cooling 
System Installation for the 
M114 Product 
Improvement Program (PIP) 
Vehicle (USATACOM) 

A cooling study for an increased power 
version of the Ml 14 Vehicle was conducted 
by the US Army Tank-Automotive 
Command. The vehicle originally used the 
Chevrolet 283 CID engine rated at 143 
maximum hp at 4600 rpm engine speed. The 
power train system included a hydromatic 
305-MC transmission and a GS-100 steer 
unit. The gross vehicle weight (GVW) was 
16,500 lb. 

The PIP vehicle was to incorporate the 
Chrysler 361 CID (75M) engine rated at 200 
hp maximum at 4000 rpm engine speed and 
a hydrokinetic torque converter X-200 
Allison prototype transmission. 

The original vehicle used an inefficient 
sheet metal propeller fan. In the redesign it 
was decided that this fan would be replaced 
with a modern efficient axial flow fan. The 
new fan performance curve is shown in Fig. 
8-8. The fan design was based on a 

maximum allowable fan power consumption 
value of 15 percent of gross engine 
horsepower. The fan size was determined by 
the fan manufacturer after the airflow and 
static pressure were specified. To minimize 
fan noise, a fan speed of 4000 rpm was 
chosen. 

The original Ml 14 did not have an 
engine oil cooler, and desert tests had shown 
that the engine oil cooling was inadequate. 
An engine oil cooler was incorporated for the 
PIP vehicle to eliminate this problem. 

8-5.1.3.1    Cooling System Description 
for the Repowered Vehicle 

The cooling system consisted of the 
following components: 

1. Fan and shroud assembly 

2. Radiator 

3. Transmission oil cooler 

4. Engine oil cooler. 

The general cooling system arrangement 
is shown in Fig. 8-9. Since a gasoline 
engine was used, it was desired to avoid high 
engine compartment temperatures that could 
cause vapor lock. The cooling airflow path 
was selected to provide airflow over the 
engine before entering the fan, with the 
cooling system pressurized. 
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Figure 8-9.  Cooling System for the M114 Product Improvement Program Vehicle 
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The oblique orientation of the radiator 
and transmission oil cooler is due to the 
space constraints in the power plant 
compartment and was selected to provide for 
sufficient core area. An air-cooled 
transmission oil cooler was used to increase 
heat dissipation from the engine under 
operating conditions of high engine HP and 
high losses in the transmission system. The 
transmission oil cooler is located on the 
downstream side of the radiator. This is 
possible because the operating temperature of 
the transmission oil is higher than that of the 
engine coolant. A liquid-cooled engine oil 
cooler was chosen because of space 
considerations. 

8-5.1.3.2   Cooling    System    Design 
Procedure 

The system design procedure consisted 
of determining the following: 

1. Engine coolant heat rejection: 

a. The engine heat rejection 
including the engine oil heat rejection was 
provided by the engine manufacturer as: 

Total Engine Heat Rejection Q, Btu/min 
Engine Manufacturer Radiator Specification 
RPM    lesLData Design^  
3800 
2300 

5700 
4150 

6270 
4565 

A 10 percent safety margin was used in the design. This safety 
margin is considered necessary for military combat vehicles. 

2. Engine Compartment Temperature. 
(A 15 deg F air temperature increase was 
assumed through the engine compartment due 
to air recirculation and engine heat 
rejection.) 

Inlet Radiator Air Temperature = 125 °F 
+ 15°F = 140°F 

3.    Air Static Pressure Drop.    The 
estimated system AP in inches of water is 

Inlet Grille 

Radiator 

Transmission Oil Cooler 

1.5 

3.0 

1.5 

Exit Grille 2.0 

Power Plant Compartment 3J) 

Total 11.0 in. 
of water 

4. Fan Rotating Speed. The maximum 
allowable engine speed is 4000 rpm. 
Consultation with the fan manufacturer was 
held to determine performance that could be 
predicted based on a maximum of 15 percent 
of the gross engine HP being used for 
cooling. At this value of 30 hp, it was 
predicted that a 4000 rpm fan speed, a total 
of 11,000 cfm of air could be delivered at 11 
in. of water at 0.068 lbm/ft3 air density 
(125 °F) with a 20 in. diameter impeller and 
a fan width of 8 in. 

It was decided that the final airflow 
required would be determined from tests, and 
adjustment made to the fan speed to give the 
required flow. The fan as designed met the 
desired performance at 4100 rpm instead of 
the originally predicted 4000 rpm (see Fig. 
8-8). The actual engine fan operating at 
maximum speed for the installation was later 
determined to require only 3800 rpm to meet 
the vehicle performance requirements. 
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5. Engine Oil Heat Rejection. The 
engine oil heat rejection required, in 
accordance with data supplied by the engine 
manufacturer, is approximately 500 Btu/min 
at a maximum engine speed of 4000 rpm. 

6. Transmission Oil Cooler: 

a. The design criteria used for the 
transmission oil cooling was for a track slip 
at 0.70 tractive effort to vehicle weight ratio 

b. Transmission oil heat rejection 
prediction. At the design criteria point the 
heat rejection was determined as follows: 

(1) Design Tractive Effort = 
0.70 x 16,500 = 11,5501b 

(2) From Fig. 8-11 showing the 
relationship between vehicle speed and 
tractive effort, it is found that the vehicle 
speed at the system design point is 2.6 mph 
in first gear converter. From the same 
figure, it is found that the engine speed for 
third gear converter mode operation at 2.6 
mph is approximately 2300 rpm (it is often 
necessary to conduct dynamometer testing in 
3rd gear because of time limitations when 
operating at full power in 1st gear as well as 
the torque limits of the dynamometer). 

(3) The transmission output speed 
is approximately 400 rpm for third gear 
converter operation at 2300 rpm engine speed 
(see Fig. 8-12). The transmission input and 
output HP of the system are 122 and 77 hp 
(Points A), respectively, at this speed. 

(4) The heat rejection rate under 
this condition is 

(122 - 77) x 42.4 = 1908 Btu/min 

Applying a 10 percent safety margin, the 
minimum design heat rejection chosen was 
2100 Btu/min. 

(5) The transmission heat rejection 
at maximum engine speed and third gear 
lock-up occurs at a transmission output speed 
of 1920 rpm. The transmission input and 
output HP of the system are 167 and 144 
(Points B), respectively, at this speed. The 
heat rejection rate under this condition is 

(167 - 144) x 42.4 = 975 Btu/min 

Applying a 10 percent safety margin, the 
design heat rejection rate chosen was 1073 
Btu/min. 

8-5.1.3.3      Determination of Radiator 
Size 

The following parameters are given for 
the radiator: 

Heat rejection required = 6270 
Btu/min (at 3800 engine rpm this includes 
10% safety margin) 

The core face area available (from 
design) is: 

29.36 in. wide x 29 in. long in 
the coolant flow dimension = 5.9 
ft2 of core face area 

Inlet water temperature = 220°F 

Inlet air temperature = 140°F 

Stepl.  Determination of ITD: 

Assume a  10 deg F reserve for 
system degradation 
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ITD = 220 - 140 - 10 = 70 deg F 

Step 2. Determine the unit core heat 
transfer capability K to meet the required 
heat rejection: 

f=6270 Btu/min = 15.2 Btu/min-ft2-^ ITD 
5.9 ft2 x 70°F 

CFM = 0.068 x 10195 = 9243 cfm 
0.075 

The face velocity of the air stream in front of 
the radiator core is 

9243  =   1567ft/min 
5.9 

Step 3.  Estimation of airflow available: 

The fan tested performance (see Fig. 
8-8) is 

CFM = 11,000 cfm at 4100 rpm 

AP  = 11 in. of water 

P   =   0.068 lbm/ft3 air density 
at 125°F 

The maximum engine operating speed is 
3800 rpm. The fan performance at 3800 rpm 
is determined by the fan laws: 

CFM = 3JQQ x 11,000 = 10,195 cfm 
4100 

AP= (2£QQ\2 (Q.Q75\ x  11.0 
14100/    10.068/ 

Step 4. The McCord wavy fin, 11 
fins/in., 8 row tube heat exchanger core was 
chosen. The K for a 12 in. x 12 in. base 
core and for a coolant velocity of 7 gpm per 
row of tubes per 12 in. width core is 21.5 
Btu/min-ft2-°F ITD (from Fig. 8-13) based 
on a face velocity of 1567 ft/min. The 
coolant velocity was calculated to be 1.37 
ft/sec with one pass on the coolant side. To 
decrease scale formation on the tube surface, 
it generally is recommended that the coolant 
velocity in the radiator core be about 2 to 3 
ft/sec minimum. Therefore, a two-pass 
arrangement was used on the coolant side. 

Step 5. The equation for the unit core 
heat transfer capability Ka required to meet 
the require heat rejection is 

Ka =   KJFfJF,, Btu/min-ft2-°F ITD 
(8-11) 

where 

= 10.4 in. of water (varies as 
the square of fan speed and 
directly with density) 

p  =    0.068 lbm/ft3 air density at 
125°F 

RPM =    3800 rpm engine speed 

The CFM of airflow converted to standard air 
density of 0.075 lbm/ft3 at 70°F for constant 
air mass flow rate is 

Ka = unit core heat transfer capability 
(available), Btu/min-ft2-°F ITD 

Ke = unit core heat transfer capability 
(base core), Btu/min-ft2-°F ITD 

Fj = correction factor due to deviation 
of coolant velocity from reference 
value, dimensionless (see Fig. A- 
38) 
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F2 = correction factor due to deviation 
of coolant tube length from 
reference value, dimensionless 
(see Fig. 3-12) 

F3 = correction factor due to 
nonuniform air distribution for 
this system configuration, 
dimensionless (estimate based on 
system design) 

The fan exit and radiator inlet are offset in 
all three major axes. A special guide vane 
assembly was used to improve the airflow 
distribution 

where 

F, = 1.01 

F2 = 0.9 

F3 = 0.85 

Using Eq. 8-11 the unit core heat 
capability Ka (available) is found to be 

Ka = 21.5 x 1.01 x 0.90 x 0.85 

= 16.6 Btu/min-°F ITD 

Step 6. To check radiator performance at 
the 0.70 tractive effort point, the previous 
calculation is repeated: 

1. At the track slip point, the engine 
RPM and the coolant heat rejection rate are 
2300 rpm and 4565 Btu/min, respectively. 

2. The airflow rate available at 3800 
rpm is 

CFM = 9243 cfm x 2300 rpm 
3800 rpm 

= 22QQ x 9243 = 5594 cfm 
3800 

3. The unit core heat transfer capability 
required Kr is 

Kr = 4565 =11.1 Btu/min-ft2-core- 
°F 

5.9 x 70   ITD 

4. The face velocity of the air stream in 
front of the radiator for constant air mass 
flow rate at standard condition is 

5594  = 948ft/min 
5.9 

5. From the core performance data the 
unit core heat transfer capability K of the 
basic core is 14.3 Btu/min-°F ITD (Fig. 8- 
13). The correction factors are: 

F, = 0.95 

F2 = 0.90 

F3  = 0.85 

Therefore 

Ka = 14.3 x 0.95 x 0.90 x 0.85 

=   10.4 Btu/min-°F ITD 

6. This indicates that cooling conditions 
at the 0.70 tractive effort point are more 
severe than those at the maximum engine 
speed point. At this point the design effort 
was terminated and cooling mock-up tests 
were started to determine the overall 
adequacy of the system. 
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8-5.1.3.4     Determination   of  Engine 
Oit Cooler Size 

The following parameters are given for 
the engine oil cooler given the required heat 
rejection of 6270 Btu/min: 

500 Btu/min heat rejection rate at 3800 
engine rpm 

605 lbm/min coolant flow rate (assume 

4 gpm oil flow rate 

Inlet oil temperature is 250°F 

Step 1. Exit coolant temperature from 
the radiator is 

220 -     6270       = 209.6°F 
1.0 x 605 

Step 2. The TTD between the inlet engine 
oil temperature and the inlet coolant 
temperature is 

250 - 209.6 = 40.4 deg F 

Step 3. The unit core heat transfer 
capability required Kr is 

Kr = JQQ. = 12.4 Btu/min-°F ITD 
40.4 

Step 4. From the performance curves, it 
is found that the McCord No. 7 oil-cooler 
unit is about adequate as shown in Fig. 8- 
15(A). The unit has 11.9 Btu/min-ft2F ITD 
at 4.0 gpm of oil flow. 

8-5.1.3.5      Determination of 
Transmission   Oil   Cooler 
Size 

The following parameters are given for 
the transmission oil cooler: 

22 gpm oil flow rate 

Inlet oil temperature = 300°F 

2100 Btu/min heat rejection rate at 2300 
engine rpm 

The following approximations indicate: 

1. Airflow at 2300 rpm engine speed 

CFM = 23UQ x 11,000 = 6171 cfm 
4100 

2. Airflow rate per ft2 core frontal area 

6171   =   1046ft/min 
5.9 

3. The exit air temperature from radiator 
or the inlet air temperature to the 
transmission oil cooler is (using the 
previously calculated available air flow of 
5594 cfm, and given 4565 Btu/min heat 
rejection rate) 

140 + 4565 = 190°F 
5594 x 0.068 x 0.24 

The   unit   core   heat   transfer   capability 
required Kr is 

K = 2100 
5.9 (300 - 190) 

= 3.24 Btu/min-ft2-°F ITD. 
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From par. 8-5.1.3.3, Step 6, the equivalent 
air velocity in front of the core at standard 
condition is 948 ft/min. The equivalent oil 
flow rate per 12 in. width core is 22 
gpm/(30/12) = 8.8 gpm. 

From Fig. 8-16, the base core heat 
transfer capability Kc is 5.5 Btu/min-ft2-°F 
ITD. 

4.  From Eq. 8-11 

Ka = KJFfjFs , Btu/min-ft2-°F ITD 

Here 

Kc       =  5.5 Btu/min-ft2-°F ITD 

F, = 1.00 (NOTE: No oil velocity 
correction is needed because Fig. 
8-16 uses oil velocity as a 
parameter) 

F2  =  0.89 (Fig. 8-15(B)) 

F3  = 0.85 (estimated) 

Thus, Ka = 5.5 x 1.00 x 0.89 x 0.85 
= 4.2 Btu/min-ft2-°F ITD 

The design is therefore acceptable. 

8-5.1.3.6      Cooling System Mock-Up 
Tests 

An overall power plant and cooling 
system hot mock-up test was conducted on 
the Ml 14 Product Improvement Program 
(PIP) power plant at the Propulsion Systems 
Division of USATACOM (Ref. 7). The 
results of this test are contained in Figs. 8-17 
through 8-20. 

A summary chart comparing the design 

specifications to actual results is included in 
Table 8-3. It can be observed that the 
overall cooling system proved adequate to 
meet the requirements. 

8-5.1.3.7      M 1 1 4 Product 
Improvement       Program 
Hydrostatic Fan Drive 

It was desired to have a thermostatically 
controlled fan drive system available for the 
Ml 14 Product Improvement Program 
Vehicle, in addition to the standard fan belt 
drive. A fan drive system was designed as 
an optional system. The pump for the 
hydrostatic drive is mounted to the side but 
was located so that the same fan belt length 
could be used either for the fan belt drive or 
to drive the pump with the hydrostatic drive. 
The hydraulic motor drive was located to 
drive the fan from opposite the pulley end 
(see Fig. 8-9). 

This fan drive system was developed by 
the Vickers Corporation based on the use of 
standard pump and motor hardware for 
operation up to 4000 rpm at hydraulic fluid 
pressure up to 4000 psi. This system was not 
tested in the mock-up. The benefit to be 
derived from using a thermostatically 
controlled hydrostatic drive system is 
operation of the main power system 
components of the engine and transmission at 
more ideal temperatures under cold climatic 
conditions, especially at part throttle 
operation. Fan drive horsepower also is 
reduced, providing fuel savings in addition to 
faster vehicle acceleration. 

Operation at steady state, under desert 
climatic conditions at full load, requires 
higher fan drive horsepower. The maximum 
hydraulic drive efficiency attained on bench 
tests was 67 percent. 
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8-5.2 XM803 EXPERIMENTAL TANK 
WITH AIR-COOLED DIESEL 
ENGINE (Ref. 3) 

The XM803 Experimental Tank is used 
as an example because considerable effort 
has been spent by USATACOM in the design 
and evaluation of the cooling system for the 
vehicle. This vehicle incorporated the 
AVCR-1100-3B engine rated at 1250 bhp at 
standard conditions, and the XHM-1500 
hydrostatic   transmission. 

Selection of the components to be 
individually evaluated is determined by their 
installation and analysis of their heat 
rejection modes. For example, the heat 
rejected by the fuel injection pump is 
dissipated by a fuel cooler installed ahead of 
one of the transmission cooler fans. In this 
instance, the fuel tanks are no longer a heat 
sink for the heated fuel and can be ignored in 
the cooling system analyses. Conversely, the 
vehicle final drive efficiency is considered in 
the transmission efficiency for vehicle 
performance analysis. 

The AVCR-1100-3B engine is equipped 
with individual cylinders that are air-cooled 
by two axial flow fans mounted in the vee of 
the engine Engine oil 
cooling is provided by two coolers mounted 
one on each side. The engine induction air 
from the supercharger is cooled similarly by 
two aftercoolers. The cooling air is drawn 
through the cylinder fin spacings and the 
coolers in parallel paths, and is discharged 
vertically through the two fans. When 
installed in the XM803 Experimental Tank, 
the discharge air enters a low silhouette exit 
duct, is directed rearward, and flows out of 
the exit grilles at the rear of the vehicle. 

The air flowing through the oil-coolers 
and aftercoolers also flows over the top of 
the cylinders and across the exhaust manifold 
before entering the suction side of the fan. 
This path offers a flow restriction resulting in 
a pressure drop across the cooler somewhat 
less than that available for the cylinders; as 
will be brought out in the discussion that 
follows. Fig. 8-35 shows the cooling system 
performance diagram. 

To conduct this analysis, it has been 
necessary to use existing data as much as 
practical to predict the cooling characteristics 
of the engine as it is installed in the XM803 
Experimental Tank (Ref. No. 3). Along 
with these data, certain assumptions have 
been made in order to complete this analysis. 
These assumptions are: 

1. Full throttle engine horsepower output 
will vary as a function of engine induction 
air temperature and pressure, and fuel 
temperature as determined by correction 
factor tests conducted on an AVCR-1100-3B 
engine. In actual vehicle operation, 
induction air temperatures are often 15 to 50 
deg F above ambient. Fuel temperatures 
depend on the length of time the vehicle is 
operated. These correction factors are: 

a. 1%   reduction  per   10  deg   F 
induction air temperature above 70°F 

b. 1.3%    decrease   per    in.    Hg 
induction air pressure below 29.92 in. Hg 

c. 1.5% decrease per 10 deg F fuel 
temperature above 70°F. 

2. Cooling and induction inlet air 
temperature will be 10 deg F above ambient 
temperature (this allows for an air 
temperature rise in the vehicle due to 
radiation and recirculation). 

8-42 



4IM 

3110 

e 
±      2000 

ttll 

CONDITIONS 
FULL LOAD ZIOI ,,m 

AIR BEFORE CYLINDERS 

TEMP I0*F   PRESS 2S.92 in. H| 

^^ s^ 
j^ 
/ 

y 
,/ y 
/ 

/ 
/ 
/ 
/ 
/ i 

1 
• 12345I7IS10 

CYIINDER STATIC PRESSURE OROPAP.   i*. WATER 

Figure   8-21.   AVCR-1100-3B  Cylinder  Cooling Airflow 

3. Fuel temperature will be 30 deg F 
above ambient temperature (this assumes the 
use of a fuel cooler). 

4. Cooling fan horsepower varies as the 
cube of its RPM and as the first power of the 
air density. 

5. Cooling fan pressure rise and the air 
static pressure drop through any portion of 
the flow system varies as the square of the 
fan RPM. 

6. The engine power rating is 1250 bhp 
using DF-2 fuel at the following conditions: 

a. 60°F fuel supply temperature 

b. 60°F engine induction air inlet 
temperature 

c. 29.92 in. Hg (dry) induction air 
inlet pressure. 

8-5.2.1   Engine Cooling 

8-5.2.1.1      Engine     Cylinder     Heat 
Rejection 

The engine cylinder cooling 
characteristics have been determined as a 
function of engine fuel flow rate, cylinder air 
pressure drop and operating temperatures, 
cooling airflow rate, and heat rejection rate. 
Empirical formulas have been developed for 
this engine from experimental data that 
established these relationships for predicting 
operation temperatures in the installation. 
The method, employing these formulas, is 
presented. 

The heat rejected Qc from the cylinder is 

Qc = WcCp(T2 -  Tj), Btu/min-cyl (8-12) 

where 
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Cp = specific heat of air at constant 
pressure, Btu/lbm°F (0.24 
Btu/lbm-°F) 

7, = temperature of the cooling air 
before the cylinder (assumed to 
be 10 deg F above the ambient 
temperature), °F 

T2 = temperature of the cooling air 
leaving cylinder, °F 

wc = cooling airflow rate, lbm/min-cyl 

The cooling airflow rate wc was obtained 
from test results as shown in Fig. 8-21 where 
flow rate is plotted vs pressure drop &PS for 
a single cylinder. The cooling air outlet 
temperature was obtained from a cylinder 
head temperature survey test as summarized 
in Table 8-4. The results are from a single 
cylinder test engine running at an equivalent 
rating of 1475 bhp. These results also supply 
the basis for the cylinder temperature 
correction vs cooling air pressure drop across 
the cylinder. 

The heat picked up by the cooling air Qc 

as given in Eq. 8-12 is transferred from the 
cylinder at a rate of 

& = Uc (Tc - T,) - bJa \ Btu/min-cyl 

(8-13) 2   J 

where 

U, = overall heat transfer coefficient 
between the cylinder surface and the 
cooling air (including the geometry, 
area, and air velocity distribution), 
based on the arithmetic mean 
temperature difference, Btu/min-°F- 
cyl 

Tc = external cylinder surface 
temperature obtained from 
thermocouple readings at a 
standard location (below the 
exhaust port in the aluminum and 
near the combustion chamber 
surface), °F 

ATa= (T2 - Tj), rise in cooling air 
temperature, deg F 

Uc is now determined by setting Eq. 8-12 
equal to Eq. 8-13, i.e., 

Ue =      weCpATa      , Btu/min-°F-cyl 

(T, - T,) - ATa 

(8-14) 

and, by applying available experimental 
results, an empirical formula can be 
developed. By use of the data from Table 8- 
4, the empirical formula for the AVCR- 
1100-3Bis 

Uc = 3.6 + 0.3 APS, Btu/min-°F-cyl(8-15) 

where 

APS = pressure  drop  of the  cooling  air 
across cylinder, in. water 

The cooling air temperature rise bla may be 
expressed as 

ATa = (20 + 0.22 wf)   ,AP0 v °29 , deg F 

UP / 
(8-16) 

where 
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AP0= reference pressure drop used as 10 in. 
water corresponding to data as shown 
on Fig. 8-22 

wf = fuel flow rate for a 12 cylinder 
engine, lbm/hr 

The exponent (0.29) and constants (20) 
and (0.22) were derived by empirical 
methods using the data in Table 8-4 and Fig. 
8-22. 

The cylinder temperature Te from Eq. 8- 
14 is 

Tc = wcCpATa +  T,  + A7^ °F     (8-17) 

Sample Calculation 

A sample calculation employing the 
method described follows: 

Uc = 3.6 + 0.3 x 8 = 6.0 Btu/min-°F- 
cyl 

Let 

AP      =8 in. water 

T,   =  70°F 

wf  =  481 lbm/hr 

then 

wc  =  54 lbm/min-cyl (from Fig. 8-21) 

From Eq. 8-16 

ATa = (20 + 0.22 x 481) (1Q\0-29 

From Eq. 8-17 

Tc = 54X0.24X134+70+ 134 = 426°F 
6 2 

From Eq. 8-12 

Q = 54 x 0.24 x 134 = 1737 Btu/min- 
cyl 

Table 8-5 and Fig. 8-23 give the results 
for a range of pressure drops and ambient 
temperatures. 

8-5.2.1.2     Engine Oil Heat Rejection 

In order to establish the oil heat rejection 
characteristics of an engine, for use in 
making an accurate vehicle cooling 
prediction, some very specialized tests must 
be conducted. These tests are represented by 
Fig. 8-24 (A), (B), and (C), and are used to 
establish the oil heat rejection characteristics 
of the engine. They should not be confused 
with the heat rejection characteristics of an 
oil-cooler which may be provided for 
dissipating that heat. 

Test A is conducted by holding constant 
the cooling and induction air inlet 
temperature and the engine fuel flow rate 
(power), and varying the engine oil outlet 
temperature. 

Test B is conducted with varying air inlet 
temperatures, but with constant oil outlet 
temperature and fixed fuel flow rate. 

=  134degF 

From Eq. 8-15 
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vs Fuel Flow at 2600 rpm 
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Test C varies fuel flow rate while holding 
constant the oil outlet temperature and air 
inlet temperature. In each case the heat 
rejection rate to the oil is measured to 
establish the effects of these three variables. 
From these data, cross plots can be made to 
show the oil heat rejection rate as a function 
of fuel flow rate at several air inlet 
temperatures and at a fixed engine oil outlet 
temperature. 

Fig. 8-25 shows the results of these tests 
for the AVCR-1100-3B engine at 260°F oil 
oudet temperature and engine speed of 2600 
rpm. Superimposed on this curve are the 
ambient air inlet temperature effects on full 
load fuel flow to show full throttle operating 
fuel flow rates vs ambient air inlet 
temperature. The respective heat rejection 
rate values, at full load fuel flow rates for 
these ambient temperatures, at 260°F oil 
outlet temperature, is then plotted on Fig. 8- 
26 with the slope of the heat rejection lines 
as previously derived from Test A. Fig. 8- 
26 then represents the engine oil heat 
rejection rate vs oil sump temperature, at full 
throttle setting, while operating in various 
ambient air temperatures. On this curve, the 
oil-cooler heat rejection characteristics can be 
superimposed to determine resulting installed 
operating temperatures. 

An oil-cooler is selected that gives the 
required heat rejection and will fit the 
design. Several studies usually are made to 
determine the best selection for the vehicle 
design. For this application, the cooler is 
represented by the Harrison Radiator 
Division curve as shown on Fig. 8-27. Fig. 
8-28 repeats the engine oil heat rejection 
curves of Fig. 8-26 and adds the cooler 
capacity characteristics at 4 in. water air LPS 

for 100° and 120°F ambient temperature. 

In calculating the engine oil cooler heat 
capacity for plotting on Fig. 8-28, only 90 
percent of the heat rejection rate values 
shown on Fig. 8-27 are used to allow for a 
10 percent degradation due to dirt clogging. 

The oil-cooler heat rejection capacity 
curve data as plotted on Fig. 8-28 were 
calculated as follows: 

Given 

Engine oil flow rate = 500 lbm/min or 
250 lbm/min-cooler (using 2 coolers) 

Cooling air AP = 4 in. water (limiting 
factor based on past experience on previously 
designed engines, see Fig. 8-33). 

Then from Fig. 8-27 

Heat rejection/cooler = 3350 Btu/min - 
100 deg F ITD 

Then, for example, the heat rejection 
capacity at 120°F ambient, and 250°F oil 
temperature, will be 

Q = 3350 x 2 x 250 - (120 + 10) x 0.90 
100 

=  7236 Btu/min 

8-5.2.1.3      Engine Induction Air Heat 
Rejection in Aftercooler 

The engine induction air heat rejection 
rate in the aftercooler and the resulting 
induction air manifold temperatures for the 
AVCR-1100 engine at various aftercooler 
cooling air pressure drops are calculated (as 
shown in Fig. 8-29) using well known 
methods and available test data. A schematic 
diagram of the induction system is shown in 
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Figure 825. A VCR-1100-3B Engine Oil Heat Rejection vs Fuel Flow 
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Fig.  8-30.     The methods used in these 
calculations follow. 

The heat rejected in the aftercooler Qt by 
the induction air is 

Qt = w,Cp (T2 - T3), Btu-min-cooler 
(8-18) 

where 

Cp = specific heat of air at constant 
pressure, 0.24 Btu/lbm-°F 

T2 = induction air temperature before 
the aftercooler (or after the 
compressor), °F 

T3 = induction air temperature after the 
aftercooler (or inlet manifold air 
temperature), °F 

w,   =  rate of flow of the induction air, 

lb/min-cooler 

The rate of flow of the engine induction 
air w, was obtained by plotting w, versus fuel 
flow rate wf Fig. 8-31 represents the data of 
the AVCR-1100-3B engine. The same figure 
gives manifold air pressure also as a function 
of fuel flow rate. In part (A) of the curve, a 
correlation for full load fuel flow rate 
according to fuel temperature and ambient 
temperature is included. For a given value 
of ambient temperature the values of full load 
fuel flow, induction airflow, and manifold 
pressure can be read from an ordinate of the 
figure. It is noted that the basis of the curves 
assumes a vehicle fuel temperature that is 30 
deg F above the ambient temperatures. This 
figure shows the combined effect of changes 
due to ambient air and associated fuel 
temperatures. 

This induction airflow rate, however, is 
given for ambient temperature of 80°F and a 

r> > '/ 

ENGINE 
INDUCTION 
AIR IN 

COMPRESSOR 

COOLING 
AIR OUT 

ENGINE 
INDUCTION 
MANIFOLD 

AFTERCOOLER 

COOLING 
AIR  IN 

Figure 8-30. Schematic Diagram of A VCR-1100-3B Induction System 
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compressor inlet pressure of 27.5 in. Hg. 
The following correlation is required for 
variation of ambient temperature or pressure 

tPJ V 460 + T, 

460 + T,, Ibm/min 

(8-19) 
where 

T} = induction air temperature before 
compressor, °F 

P, = induction air pressure before 
compressor, in. Hg 

P, = pressure out of compressor, in. 
Hg 

w, = induction airflow rate per cooler 
and subscript t relates to test 
conditions of Fig. 8-31, lbm/min 

Tt   = temperature at test conditions, °F 

The induction air temperature T2 after the 
compressor is obtained from Eq. 8-2. 

The engine induction air temperature in 
the manifold T3 is derived from the definition 
of induction air-side cooler effectiveness i\, 

r\t = T2 - T3, dimensionless       (8-20) 

T3-T, 

However i\t is read from the curves given by 
Harrison, Fig. 8-32 which is for the 
aftercooler selected for this application. 
Solving Eq. 8-20 explicitly for T3 yields 

T3 = T2- ij, (T, - T,), °F (8-20a) 

The amount of heat rejected by the 
induction air that is transferred to the cooling 

air is expressed by 

Qi  = wcCp (T4 - T,), Btu/min-cooler 
(8-21) 

where 

T4  = cooling air out temperature, °F 

wc = rate of flow of cooling air, 
obtained from Fig. 8-32 as a 
function of cooling air pressure 
drop and corrected for change of 
ambient temperature, lbm/min- 
cooler 

wc  = wt i 460 + T,   >, lbm/min 

V  I 460 + T,   I       (8-22) 

Subscript t indicates the test conditions for 
Fig. 8-32. 

From Eq. 8-21 the temperature of the 
cooling air after the cooler is calculated as 

T4-     _0_   +TJt -F 

wjC, 

(8-23) 

All calculated results are tabulated in Table 
8-6. The aftercooler design is sized for 
maximum heat rejection. 

8-5.2.1.4     Engine       Cooling       Fan 
Selection 

In complex cooling systems where 
cooling components operate in parallel 
circuits, as do the coolers and the cylinders 
on the AVCR-1100 engine, it is necessary to 
determine the detailed flow losses to predict 
the operating points of the individual 
components. In this case, it is necessary to 
determine air pressure flow losses within the 
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vee of the engine to determine the pressure 
drop at which the oil-coolers and aftercoolers 
will operate. This was done by measuring 
the flow loss characteristic as shown on Fig. 
8-33 as a function of the cooling air flow rate 
through the coolers. This is better 
understood by reviewing the engine cooling 
arrangement .  As shown 
in Fig. 8-33 this loss detracts from the AP 
available to flow air through the cooler. 
Superimposing the AP vs the cooler airflow 
form the Harrison data curves (Figs. 8-27 
and 8-32) shows that with a AP of 7 in. 
water across the cylinders, only 4 in. of air 
pressure drop will be available at the cooler 
cores. 

Chapter 7 covers in detail the 
determination of losses through various 
sections of the vehicle. Based on the 
example given in par. 7-2.4.2, it is estimated 
that a 4.5 in. water loss will be encountered 
giving a total cooling fan rise requirement of 
approximately 11.5 in. water. Chapter 4 
treats the theory and practice of fan design 
characteristics. The fan for the A VCR-1100- 
3B engine has been tested to establish its 
operating characteristics. Fig. 8-34 shows 
those characteristics at conditions 
approximating the full load operation (i.e., at 
250°F and 29.92 in. Hg at fan outlet). This 
curve shows performance for one fan. The 
engine incorporates the use of two of these 
fans. The total system resistance curve 
obtained from the analysis of pars. 8-5.2.1.1, 
8-5.2.1.2, and 8-5.2.1.3, and summarized on 
Table 8-7 is shown plotted on the fan curve, 
Fig. 8-34. From these data it can be 
predicted that a fan speed of approximately 
5450 rpm is required where the fan 
efficiency will be 43 percent. From Eq. 8-8 
the fan power for two fans is calculated as 

HPf= 23.929 x 11,5 x 1,575 x 10" 
0.43 

=   101 hp 

This power along with the other calculated 
operating parameters are compiled in Table 
8-7. 

This combination of components was 
tested in a full scale engine compartment 
mock-up (Ref. 4) and a summary of 
measured results of that test also are given in 
Table 8-7 for comparative purposes. It 
should be noted that operating temperatures 
quite closely agree with calculated values, 
however, some deviations can be seen in 
airflow rates and measured air pressure 
drops. 

8-5.2.2   Transmission Heat Rejection 

The heat rejection rate for the XHM-1500 
transmission at the 1250 gross horsepower 
engine rating is 15,500 Btu/min. This is the 
heat rejection from the transmission when the 
tractive effort/vehicle weight factor is equal 
to 0.70 of the vehicle weight or 75,600 lb. 
This normally is used as the limit of tractive 
slip and heat rejection under these conditions 
must be provided for. Each of the two 
transmission oil coolers must handle a heat 
load of 7,750 Btu/min (15,500/2). The 
maximum allowable transmission oil 
temperature is 300°F. 

In addition to the transmission oil coolers 
as shown in Fig. 8-35, a fuel cooler core and 
a hydraulic oil cooler core (one in each of the 
two ducts) are located ahead of the cooling 
fans—in order to achieve the desired oil and 
fuel temperatures. These cores dissipate 
approximately 500 Btu/min under the 
ambient conditions in the installation and the 
total heat load handled by each cooling fan is 
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Figure 8-33. A VCR-1100-3B Cooling Airflow Characteristics from Hot Mock-up Tests 
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Figure 8-34. A VCR-1100-3B Cooling Fan Performance Measured for 

One Fan During Hot Mock-up Test 
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8,250 Btu/min (7,750 + 500). To handle 
this total heat load, each of the transmission 
cooling fans is sized to flow 300 lbm/min of 

The CFM of air at the exit grille is 

air. 

The air temperature rise A T from Eq. 8-1 
is through: 

1. The hydraulic oil cooler 

A7* _5QQ_ = 7 deg F 
300 x 0.24 

2. Each of the transmission coolers 

AT=       7750       =   107 deg F 
300 x 0.24 

The air temperature before and after the 
transmission cooler is 130 + 7 = 137°F and 
130 + 7 + 107 = 244°F, respectively. The 
airside effectiveness TJ, for the transmission 
cooler, Eq. 8-20, is 

r\e =       107       = 0.66 which is in 
300 - 137 

accordance with typical commercial 
practices. 

The CFM of air at the inlets of each fan 
by Eq. 8-7 is 

CFM = 300 = 4506 cfm 
460+  70 

0.075 x 460 + 137 

and the fan horsepower by Eq. 8-8 is 

HPf = 4506 x 16* x 1.575 X 1Q-4 

0.50 

= 22.7 hp 

CFM = JQ0_ = 5313 cfm 
460+  70 

0.075 x 460 + 244 

*The total fan air pressure rise (AP = 16 in. 
water) is apportioned as follows (design 
objectives) 

in. water 

Inlet grille and compartment 2.0 

Hydraulic and fuel cooler 2.0 

Transmission cooler 9.0 

Exit duct and grille JD 

Total 160 

Fig. 8-35 shows the complete cooling system 
performance diagram for the XM803 
Experimental Tank with details of the airflow 
rates and heat rejection rate for each of the 
components. It must be noted that the design 
of a vehicle cooling system is not strictly an 
analytical procedure but is actually a 
combination of design, analysis, and test 
evaluations. The final complete design must 
be tested to confirm the acceptability of the 
system. 

8-5.3 LIQUID-COOLED 
INSTALLATION 

ENGINE 

An example of the cooling system for a 
vehicle using a liquid-cooled engine is 
presented to illustrate techniques in 
optimizing the total system. This example is 
for a hypothetical vehicle weighing 17,000 
lb, using a 325 gross bhp rated engine, and a 
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TABLE 8-7 

SUMMARY OF COOLING SYSTEM OPERATION OF AVCR-110O-3B 
IN THE XM803 EXPERIMENTAL TANK 

CHARACTERISTICS 

CALCULATED 
COOLING 
CONDITIONS 

MEASURED 
RESULT 

HOT MOCK-UP 

TEMPERATURE, °F 

AMBIENT AIR 
COOLING INLET AIR 
COOLING INLET AIR RISE 
COOLING INLET AIR AT OUTLET 
CYLINDER HEAD (AVERAGE) 
ENGINE INDUCTION AIR 
OIL SUMP 

120 
130 
114 
244 
452 
232 
258 

120 
123 
126 
249 
480 
230 
252 

SPEED, RPM 

ENGINE 
FAN 

2600 
5450 

2600 
5250 

FAN HP (2 FANS) 101 102 

COOLING AIRFLOW, LBM/MIN 

OIL COOLERS 
AFTERCOOLERS 
CYLINDERS 

380 
400 
560 

375 
330 
515 

TOTAL 1340 1220 

HEAT REJECTION, BTU/MIN 

OIL 
INDUCTION AIR 
CYLINDERS 

7700 
11500 
17600 

7500 
12400 
16900 

TOTAL 36800 36800 

SYSTEM PRESSURE DROP AP,IN.WATER 

OIL COOLER 
AFTERCOOLERS 
CYLINDERS 
VEHICLE LOSS 
TOTAL FAN STATIC PRESSURE RISE 

4.0 
4.0 
7.0 
4.5 

11.5 

3.4 
4.6 
6.5 
4.3 
10.8 

FAN INLETS 

AIR DENSITY, LBM/FT8 

AIRFLOW RATE, CFM (2 FANS) 
0.0548 
23,929 

0.0541 
21,500 

(SEE FIG.  8-35 FOR DIAGRAM) 
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conventional gear shift type transmission. 
For this analysis it is assumed that the 
transmission heat will be transferred to the 
engine coolant by an oil-to-water heat 
exchanger. A parametric study is shown 
employing the radiator cooling characteristics 
as shown in Fig. 8-36. 

This figure shows values of unit core heat 
rejection capacity K in terms of Btu/min-ft2- 
°F ITD (initial temperature difference) and 
cooling air pressure drop vs airflow in 
cfm/ft2 of core area. Coolant flow rate does 
have an effect on heat rejection capacity of 
the core, however, it is relatively insensitive 
in the flow rate ranges normally applied. 
Therefore, in this example, it has been 
ignored to simplify the parametric study. 
Values for various core thicknesses are given 
in terms of number of rows of tubes. The 
parametric study involves calculating the 
required volume of cooling air and fan HP 
using cores of various rows of tubes, frontal 
area, and airflow velocities. The results of 
trnse calculations are given in Table 8-8, and 
the assumptions used for these parameters are 
listed also. The equations and methods used 
are exemplified by the calculations that 
follow for the first row of results shown in 
Table 8-8.  For the core front area A '/ 

4 = XL 
K XITD 

ft2 (8-24) 

where 

Q   =  total heat rejection rate, Btu/min 

K   = unit core heat transfer capability 
factor, Btu/min-ft2-°F ITD 

ITD= initial temperature difference, def 
F 

Given from Table 8-8 and read from Fig. 
8-36 

Q   =   10,800 Btu/min 

K   =   11.0Btu/min-ft2-°F 

ITD=   240- 130 = HOdegF 

Therefore 

Af =    10800      =  8.9 ft2 

11 x 110 

and 

CFM = AfV (pyp)  , ftVmin at operating 
condition (8-35) 

where 

V = inlet cooling air velocity through 
cooler at standard condition, 
ft/min 

p0  = air density at 70°F and 29.92 in. 
Hg 
= 0.075 lbrn/ft3 

p = density of cooling air flowing, 
lbm/ft3 

From  Eq.   8-25  the  CFM at operating 
condition can be calculated 

CFM   = 8.9 x 1000 x 0.075 
0.0658 

= 10,144 tf/min 

LP^,, =APKg.&.36 x Q.Q75 
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Figure 8-36.   Typical Radiator Core Performance Characteristics 
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= 0.74 X 0.075 =0.8 in. water at 
0.0658 operating 

condition 

*PM = R( CFM\ 2, in. water (8-26) 
110,000/ 

where 

R 

CFM = 

therefore 

vehicle flow resistance,  in. 
water/cfm (from Table 8-8) 

airflow through vehicle, cfm 

&*** = 4.4 (10,144 \2 , = 4.5 in. water 
10,000/ 

and 

A//    =     Scooter +   bPvekide ,  "».  Water 
(8-27) 

APf =  0.8 + 4.5 = 5.3 in. water 

From Eq. 8-8 the fan HP can be calculated 

HP,= 10144 X5.3 x 1.575 x lfr4 

0.50 

=   16.9 hp 

NOTE:   The static efficiency of all fans in 
this parametric study was assumed as 50%. 

The core depth in inches is furnished by 
the radiator core manufacturer and is related 
to the number of tube rows. 

The results of these calculations are 
plotted in Figs. 8-37 and 8-38 showing 
required cooling fan HP vs cooler frontal 
area and cooling airflow rate, respectively. 
Examination   of   these   data   shows   the 

influence on required cooling fan HP as 
affected by volume airflow rate and the 
resulting total system pressure drop. Note 
that the assumption of vehicle flow resistance 
AP (loss) being a function of flow rate is a 
major factor in fan HP. However, minimum 
fan HP does not necessarily occur at 
minimum AP because the efficiency of the 
fan for the particular application must be 
considered. This assumption is felt justified 
since in most military vehicles flow areas 
and grille sizes are limited. If, however, 
flow areas can be increased for the high CFM 
combinations, a much different optimization 
would occur. These curves indicate that the 
8-row core with 5 to 6 ft2 area is optimum, 
requiring near minimum fan horsepower and 
cooler frontal area. 

To study further the impact on fan 
power, the calculations were repeated at 
several water temperatures using 4-, 5-, and 
6-ft2 areas of 8-row cores. The result of this 
study, as shown on Fig. 8-39, indicates that 
cooling to low coolant temperature requires 
additional core frontal area to avoid high fan 
power requirements. This may be made 
possible by reconsidering the impact of 
existing trade-off on the overall vehicle 
operational capability. 

In order to study the effect of engine 
power on the cooling requirement, 
calculations were made at 3 part load 
conditions. For this analysis it was assumed 
that the coolant heat rejection varied directly 
proportional to the engine power level. The 
cooler core selected for this study has 8 rows 
with 5-ft2 area as shown on Fig. 8-40. Also 
shown on this graph are the result of a 15 
percent degradation of radiator heat rejection 
performance in anticipation of dirt clogging. 
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COOLER FRONTAL FACE AREA, ft2 

Figure 8-37. Parametric Cooling Study vs Cooler Frontal Face Area 

8-72 



COCKING AIRFLOW, tta IN THOUSANDS 

Figure 8-38.  Parametric Cooling Study vs Cooling Airflow 
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Figure 8-39. Parametric Cooling Study vs Coolant Temperature 
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Figure 8-40. Parametric Cooling Study vs Water Temperatures and Engine Power 
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The results of the parametric study to this 
point have indicated that a core frontal face 
area of between 5 and 6 ft2 is desirable, 
especially in light of the advisability to 
provide a safety margin for dirt clogging 
degradation. Therefore, for the last iteration 
a 5.75-ft2 area was chosen using a 15 percent 
degradation of core performance (at an equal 
airflow a 15% reduction in heat rejection was 
assumed). Calculations using the procedures 
explained, were made at several power levels 
and water temperatures and plotted as shown 
in Fig. 8-41. Fan HP vs engine gross 
observed BHP at the several water 
temperatures are plotted. The same data are 
used also to plot net BHP (gross BHP - fan 
HP) vs gross observed BHP at various water 
temperatures as shown on Fig. 8-42. It is 
evident in Fig. 8-42 that at 200°F water 
temperature and at 130°F air temperatures 
there is no increase in net available power at 
gross power above 250 bhp. This is because 
the cooling power load increases at a faster 
rate than gross power, resulting in an actual 
decease in net engine power available at over 
250 gross bhp. 

To further illustrate the impact of 
ambient air temperature on net engine power, 
calculations at various gross power levels, 
water temperatures, ambient air 
temperatures, and cooling fan powers were 
made culminating in the plot on Fig. 8-43. 
Note that this figure shows the gross 
observed BHP and how it drops with 
increasing ambient temperature as a function 
of ambient air temperature. Net full load 
BHP is shown for 3 fan combinations, i.e., 
20, 30, and 40 fan hp, respectively, at 125°F 
ambient. The water temperature lines shown 
on Fig. 8-43 indicate the temperature at 
which the coolant will operate vs various 
engine powers, ambient temperatures, and 
installed fan HP.    This curve shows, for 

example, if a 40 hp fan were used and a 
220°F top tank water temperature selected, 
satisfactory cooling could be realized at 
125°F ambient temperature. However, if 
only a 20 hp fan were used, the operation 
would have to be limited to 96°F ambient or 
the allowable top tank water temperatures 
would need to be increased to approximately 
240°F (Fig. 8-43). A cross plot of the 
required fan HP at 220 °F water temperature 
vs ambient air temperature, Fig. 8-44, is 
presented to show how seriously the required 
fan HP increases with increased ambient 
temperatures. System reliability and 
component life also may be adversely 
affected. 

This study indicates that a practical 
alternative may be to apply a fuel flow 
(power) limiting device that is responsive to 
a coolant temperature. This will limit the 
engine power at high coolant temperatures, 
thus allowing minimum fan HP requirements 
while preventing overheating. This will 
sacrifice vehicle performance at high ambient 
temperatures, and gain performance and 
economy at low ambient temperatures. This 
is a trade-off that the vehicle system engineer 
can make in optimizing the user's overall 
objectives. A fuel limiting device of this 
type currently is used by the Mercedes Benz 
liquid-cooled 1500 hp engine that powers the 
German Leopard Tank (see Fig. 3-34). 
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Figure 8-41.  Cooling System Performance vs Gross Engine Power 
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Figure 8-42. Engine Net Performance vs Gross BMP and Coolant Temperature 
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Figure 8-43. Engine and Cooling System Performance vs Ambient Temperature 
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Figure 8-44.  Effect of Ambient Temperature on Required Fan Power 
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CHAPTER 9 

TEST AND EVALUATION 

This chapter describes the test and evaluation procedures applied during the 
vehicle cooling system development, including findings from several cooling tests. 
These tests include evaluation of complete cooling systems in vehicles, heat 
exchangers, radiators, engine/transmission oil coolers, fans, coolant pumps, 
grilles, and surge tanks. Methods for testing and determining the heat transfer 
capabilities and flow friction characteristics of items in the cooling system are 
described. 

9-1   IMPORTANCE OF VEHICLE TESTS 

The importance of a properly designed 
and tested vehicle cooling system is a 
necessity since a cooling failure will, in most 
cases, immobilize the vehicle. There are 
many variables present in a cooling system, 
therefore making it difficult for the designer 
to arrive at the "ideal design." While 
engineering analysis can provide great insight 
for the initial design, actual testing, 
evaluation of the complete system in the 
vehicle will confirm or disprove proper 
functioning of all cooling components in the 
vehicle. 

Combat and field conditions to which the 
vehicles are subjected vary greatly. For 
example, conditions in a hot desert differ 
gready from those in a humid jungle and the 
vehicle must be able to endure all conditions. 
Many instances are documented where 
cooling problems have surfaced after the 
vehicle was fielded, requiring initiation of 
Product Improvement Programs (PIP's) to 
correct the deficiencies. 

9-2   REQUIREMENTS FOR 
COMPONENT TESTS 

In order to ensure that existing, and 
future, vehicular propulsion components will 

meet or exceed Army requirements, 
component testing must be performed on 
them. Throughout the vehicle development 
cycle then, the requirements for individual 
component testing exists. Component tests 
are required: 

1. To determine the difference in 
performance between the analytical model 
and the hardware 

2. To evaluate performance under 
controlled environments and conditions 

3. To select optimum components from 
multiple options to permit efficient total 
system testing from a time/cost basis 

4. To determine conformance with, or 
establish, specifications 

5. To accomplish accelerated endurance 
testing. 

9-2.1   HEAT EXCHANGERS 

Individual component tests are often 
conducted on heat exchangers prior to the 
testing of a new vehicle and during Product 
Improvement Programs of an existing 
military vehicle. It must be recognized that 
published heat exchanger heat rejection rates 
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are based on ideal installation conditions. In 
a military vehicle, ideal conditions are 
seldom realized. 

9-2.1.1   Radiators 

Component tests for radiators are outlined 
in Military Specification MIL-R-45306 (Ref. 
13). The portion of the specification 
concerned with test and evaluation is found 
in Appendix D. A schematic of a typical 
radiator test rig is shown in Figure D-l. 

Figure 9-1 illustrates the setup of a 
plastic radiator in the USATACOM airflow 
lab test chamber. This experimental radiator 
is a prototype item being tested for potential 
use on Army ground vehicles. The fins in 
this radiator are made entirely out of plastic. 
Note in figure 9-1 the wedge that has been 
inserted between the fins. To prove or 
disprove performance claims this radiator has 
been set up for conducting cooling 

component tests under simulated operating 
conditions. Should this radiator prove 
successful it would allow for a potential 
vehicle reduced weight and, as the fins are 
plastic, efficiency should remain higher since 
the fins will not be bent or dented if hit by 
foreign objects. 

Another experimental radiator is the 
Modular Core radiator shown in figure 9-2. 
This radiator has already undergone 
performance testing in the USATACOM 
airflow lab. The results were promising and 
the radiator is in route to be field tested. 
This radiator is unique in that each of the six 
sections of radiator core can be removed 
separately and repaired or replaced as 
necessary. The ability to remove a section of 
core gives this vehicle limp home ability. If 
a section is damaged in the field, it can be 
quickly removed and temporary plugs 
inserted. This allows the stricken vehicle to 
operate, though under degraded performance, 

Figure  9-1.     .Radiator  Test  Setup with  Plastic Radiator 
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and return to base rather than waiting for a 
recovery vehicle to tow it back to the base. 

A heat pipe radiator is currently being 
developed for the M109A6. A schematic of 
the heat pipe radiator is shown in Figure 9-3. 
The heat pipe evaporators are inserted into a 
manifold section through which the engine 
coolant is circulated. Hot coolant from the 
engine flows around the outside of the heat 
pipe evaporators. The heat from the coolant 
is then conducted into externally finned heat 
pipes which in turn transport the heat to 
forced air. The heat pipes operate 
independently of each other so damage to 
several heat pipes does not result in complete 
coolant system shutdown. Because the 
coolant flows around the heat pipe and not 
through it, damage to one or several heat 
pipes will not result in loss of engine coolant. 
Consequently, the heat pipe radiator 
improves the operation, reliability and 
survivability of the vehicle. 

9-2.1.2       Engine/Transmission 
Coolers 

Oil 

Component tests are run on engine and 
transmission oil coolers to ensure that the 
coolers meet the prescribed specifications. 
The coolers use either air or water as the 
cooling medium. The performance and 
endurance test specifications normally are 
called out on the cooler drawings. Typical 
test specifications and test procedures are 
outlined in Appendix D, par. D-2, for both 
air-and water-cooled oil coolers. 

9-2.1.3  Miscellaneous Coolers 

On occasion, coolers may be used in 
military applications peculiar to various 
vehicle or engine specifications. Some 
examples of atypical coolers include 
induction air aftercoolers and fuel coolers 
installed to meet special requirements. 

Figure  9-2.     Modular  Core  Prototype .Radiator 
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Induction air aftercoolers are installed on 
high output diesel engines to increase the 
power output by increasing the density of the 
inlet air charge from the supercharger. 

Coolers can be employed on some diesel 
engines to reduce the fuel temperature at high 
ambient temperatures in an effort to maintain 
fuel density and minimize fuel oxidation. A 
constant fuel density enables the diesel 
engine to supply nearly the same horsepower 
with variations in ambient air temperatures. 

Test specifications for the coolers 

normally are shown on the engineering 
drawings. The method and type of test 
conducted are similar to those tests conducted 
on the engine/transmission oil coolers as 
described in appendix D, par. D-2. 

9-2.2  FANS 

The fan airflow often is restricted as a 
result of vehicle imposed installation 
compromises. The effect of fans not 
centered in the heat exchanger, and of 
irregular shrouding and obstructions - such as 
the engine, transmission, accessories, hoses, 

CONDENSER 
FINS 

HEAT 
PIPES 

EVAPORATOR 
FINS 

COOLANT 

Figure   9-3.      Heat   Pipe   Radiator  Schematic. 

9-4 



and other cooling system components - 
cannot be analytically determined. Fan 
testing is done to determine these effects and 
normally is accomplished during mock-up 
tests of the complete cooling system as 
discussed in paragraph 9-3; however, a new 
design must be performance tested. A fan 
performance test procedure is given in 
appendix D, par. D-3. The AMCA 
Standards for airflow nozzles and flow 
straighteners are shown on Fig. D-7 (See 
Ref. 9). 

Another test which may be conducted as 
part of the fan performance testing is sound 
level measurement. This test is conducted 
according to AMCA Standard 300-67 Test 
Code for Sound Rating (Ref. 10). 

9-2.3   COOLANT PUMPS 

Coolant flow rates are supplied by the 
engine manufactures, and the values 
normally are specified for no inlet restriction 
to the coolant pump and a specified pressure 
in the engine block. Nonconventional 
cooling systems with external thermostat 
housings, long coolant pipes, or additional 
elbows and hose connections all contribute 
additional flow resistance to the cooling 
system. These designs should be evaluated 
by testing to determine actual coolant flow 
characteristics. 

A report of a water pump test is included 
for reference in appendix D, par. D-4 (Ref. 
12). 

9-2.4   GRILLES 

Grille airflow tests may be conducted 
individually, as described in Chapter 6, or 
evaluated as part of the system resistance 
test, as described in paragraph 9-3. The 
preferred method is to evaluate the grilles in 

the system resistance test. This test simulates 
the actual vehicle compartment 
configurations. 

9-3  COOLING SYSTEM 

The cooling system is a major vehicle 
subsystem and specific vehicle tests are 
conducted to fully evaluate cooling 
performance. The process of evaluation, 
modification and retest of cooling system 
components is conducted during a normal 
vehicle testing program. 

Vehicle cooling tests are conducted 
during major test and evaluation programs 
defined in AR 70-10 (Ref. 1). The 
maximum cooling requirements for a new 
vehicle (and sometimes for an existing 
vehicle during a PIP) normally are specified 
in terms of ambient temperature requirements 
(AR 70-38, Ref. 6) and vehicle operating 
conditions. Maximum      stabilized 
temperatures of engine oil, transmission oil, 
and liquid coolant at a prescribed ambient 
temperature condition are used to define the 
cooling requirement. To conform with 
worldwide climatic categories of AR 70-38, 
the vehicle cooling system should be 
designed for operating in ambient air 
temperature up to 125°F at sea level. The 
vehicle operating conditions are used to 
determine the maximum cooling 
requirements of a new vehicle and are 
generally specified at two conditions. The 
first condition indicates that the vehicle must 
operate at full load and maximum vehicle 
speed in any specified gear range (maximum 
engine cooling requirement). In some 
instances the maximum engine cooling 
requirement may occur at other than the rated 
speed for maximum horsepower. The second 
condition specifies that the vehicle is 
expected to operate at the designed tractive 
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effort to weight (TE/WT) ratio. The Army 
usually specifies a TE/WT of .7, however 
some vehicles eventually cannot cool at this 
ratio and may only be able to meet a .55 or 
.6 TE/WT ratio. This second condition 
applies to vehicles which in recent years are 
nearly all equipped with automatic 
transmissions, which are either hydrokinetic 
or     hydromechanical. Hydrokinetic 
transmissions have torque converters 
operating as low as a 0.4 to 0.5 converter 
speed ratio where as hydromechanical have 
pumps and motors which are infinitely 
variable. 

9-3.1 COOLING SYSTEM VEHICLE 
SIMULATION TESTS 

Specific tests, using computers or actual 
hardware, simulating the vehicle cooling 
system normally are run to evaluate fully the 
cooling system component performance prior 
to total vehicle cooling tests. 

9-3.1.1   Cold Mock-up Tests 

To provide early design guidance for the 
vehicle cooling system, a mock-up of the 
proposed power package and vehicle power 
package compartment is made to evaluate 
cooling system components and arrangement 
options. 

measuring AP across a cooler core, the 
pickup should be placed 0.25 to 0.5 inches 
away from the core surface. 

A relatively large number of pressure 
readings should be obtained across any 
component that presents a large face area to 
the cooling air path. The large number of 
readings are required to ensure that a correct 
average value is obtained. As an example, 
an air-to-oil cooler with a core 3 ft wide and 
2 ft high requires approximately nine 
pressure measurement points to determine an 
accurate pressure profile. The airflow also 
can be measured if the cold mock-up is 
instrumented sufficiently. The airflow is 
measured on either the inlet or outlet side of 
the cooler, depending on the ease of 
installation and availability of 
instrumentation. 

The changes in pressure drops and 
airflow are used to determine the optimum 
cooling component location and size to be 
used in further cooling tests such as the hot 
mock-up. 

The determination of cooling system 
resistance in a cold mock-up also can be 
obtained by using wooden mock-ups with 
simulated component subassemblies without 
an operating engine. 

For these evaluations the engine is 
normally operated at no-load. The reason 
behind this is because system air resistance 
and cooling airflow are nearly independent of 
engine load. 

The pressure drop across various 
components in the cooling airflow path can 
be measured using static pressure drop AP 
pickups. Acceptable static pressure test 
results can be obtained employing sintered 
ball or multi-orifice type pickups.   When 

The wooden mock-up of the 
engine/transmission compartment is 
constructed to simulate engine/transmission 
airflow restrictions with adjustable engine 
and heat exchanger plate openings. For an 
air-cooled engine power pack, simulated 
openings for engine cylinders and oil-coolers 
are calibrated separately at various airflows 
to correspond to cooling airflow 
requirements of each of the components. 
The air moved through the system is supplied 
by a test facility blower. With the simulated 
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openings calibrated and secured the system 
resistance is determined by airflow tests of 
the complete system including grilles. 

9-3.1.2  Hot Mock-up Tests 

Hot mock-up tests provide a means to 
evaluate cooling system and component 
performance while simulating actual 
conditions, though actually being under 
repeatable, laboratory controlled, conditions. 

The hot mock-up is a cooling system 
power package compartment similar, to the 
vehicle system. It may include simulated 
grilles and vehicle components to represent 
as near as possible the vehicle cooling 
configuration. In most cases a tank hot 
mock-up would not include a turret. Hot 
mock-up cooling tests were conducted on a 
Ml tank without a turret. The final drives 
are connected to the test cell's 
dynamometers. 

Hot mock-up tests for military vehicles 
usually are run in a facility that can control 
engine speed and load, air temperature, 
airflow and radiant heat load. 

To determine heat rejection, the 
thermostat bypass is blocked to the hot 
position. Coolant, oil, and air flows are 
measured. Temperatures are measured 
throughout the coolant and lubrication 
system, and across the air side of the 
radiator. Engine and transmission oil cooler 
heat rejection rates are calculated separately. 

Two different methods of reporting 
engine cooling capacity independent of the 
particular ambient test temperature are used: 

1. Coolant temperature and oil 
temperatures corrected for specified ambient 
temperature.   Normally the coolant and oil 

temperatures are reported as corrected to a 
specified ambient temperature on a degree 
for degree basis. This is done for the 
radiator coolant as well as the engine and 
transmission oil stabilized temperatures 
where 

Corrected 
Temperature   = (Observed Temperature) 

+ (Specified Ambient 
Temperature) 

- (Test Ambient Temp- 
erature), °F 

(9-1) 

2. Air-to-boil (ATB). The extrapolated 
test ambient temperature at which the coolant 
would boil is reported as 

ATB = (Test Ambient) 

+ (Coolant Boil Temperature) 

- (Observed Coolant Temperature 
at Radiator Top Tank), °F 

(9-2) 

The first method of reporting does not 
relate to the type of coolant used or the 
pressure cap. Therefore, it gives no 
information as to how far the system is from 
boiling without considering other data such 
as the coolant boiling point or the air-to- 
coolant temperature difference at which 
boiling occurs. This method gives emphasis 
to the level of the coolant temperature and is 
the method used in laboratory and field full 
load cooling tests. This method is normally 
used in military specification. 

The ATB method relates only to the 
coolant boiling point and provides 
information as to how far the cooling system 
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is from boiling under specified conditions. 
The ATB method gives no indication of oil 
temperature limits that also must be 
considered. It also permits direct comparison 
between systems with different pressure caps 
or different coolants insofar as degree of 
protection from boiling is concerned. 
However, it gives no direct information as to 
the actual coolant temperature unless the 
boiling point is specified. This method gives 
emphasis to protection of the cooling system 
from coolant boiling. 

Full load cooling tests usually are 
conducted by operating until stabilized 
temperatures are reached or until the 
maximum cooling temperature limit as 
specified is reached, whichever occurs first. 
Test results are recorded in three different 
ways: 

done in a laboratory test. First, the 
laboratory test cell ambient temperature can 
be lowered from the recommended 120°F to 
115°F (this temperature can be lowered to as 
low as 80°F to attempt to stabilize the 
coolant temperature). Second, the full load 
engine speed full power test point and/or the 
TE/WT can be reduced from the specified 
requirement (ex. from .7 TE/WT down to .5 
TE/WT). 

These methods can be taken to assure 
that the vehicle doesn't overheat, however, 
the military vehicle specification requirement 
will be lowered. It is very likely that the 
vehicle developer will make an engineering 
change to the vehicle cooling system if a 
deficiency occurs and schedule a retest to 
verify that original vehicle cooling system 
requirements can be met. 

1. Stabilized coolant temperature 
reached at "X" minutes 

2. Unable to stabilize before 30 
minutes and exceeds maximum coolant 
temperature limit as specified. 

3. Coolant temperature at 30 minutes 
near stabilization (understood to be still 
rising slowly). 

Methods of correcting the recorded data 
for test ambient are given as follows: 

1. The stabilized coolant temperature 
may be corrected directly for test ambient 
over a moderate ambient range. Normally a 
degree-for-degree correction is applied 
except if a specific test has been conducted to 
demonstrate a relationship other than degree- 
for-degree for a specific vehicle. 

3. If the temperature is still slowly 
rising at 30 minutes, it is possible to 
extrapolate the data to an approximate 
stabilized coolant temperature if the 
following conditions exist: 

a. The coolant temperature is close 
to the maximum limit. 

b. The coolant temperature is 
rising very slowly appearing to be close to 
stabilization. 

The test findings should indicate that 
coolant temperature marginally met specified 
temperature limit and is subject to retest for 
verification. 

9-3.1.3  Cooling System Deaeration 
Requirements 

2.   If a vehicle's cooling temperature 
exceeds the specified limit, two things can be 

Cooling systems for gasoline engines are 
not usually required to separate any air other 
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than that contained in the coolant system at 
start up. In the gasoline engine system, air is 
separated in the radiator top tank at the 
overflow location. However, the higher 
combustion pressures associated with the 
diesel engine may allow more gas into the 
coolant system. It is entirely possible to 
have air bubbles flowing from the engine at 
temperatures of 180°F and higher with a 
pressurized coolant system. These gases 
must be separated and eliminated from the 
system to prevent them from causing air 
locks or driving the coolant from the 
system. To determine the acceptability of a 
proposed cooling system, a series of tests are 
run which examine the system ability to 
expel air. A test example is given in 
appendix D, paragraph 6.4. 

9-3.1.4 Test Rig 

Power package and cooling system 
components often are evaluated in a test rig 
prior to the assembly of the first prototype 
vehicle. The test rig is usually a similar 
vehicle modified to duplicate the power 
package installation. This allows for a 
relatively inexpensive verification of actual 
powerpack cooling ability. 

9-3.2  TOTAL VEHICLE TESTS 

After the development tests have been 
completed and/or any pre-production 
engineering changes have been made on the 
cooling system components, subsystems, 
mock-ups, and test rigs, the total vehicle 
must be tested prior to production to 
demonstrate the cooling ability of the 
vehicle. A cooling safety margin, between 
hot mock-up results and the specified 
temperatures, must exist if the vehicle is to 
be   successful   in   the   field.       Cooling 

degradation must be anticipated due to such 
items as plugging of coolers and radiators by 
dirt and/or debris, internal scaling, and flow 
resistance. 

Total vehicle cooling system tests are 
associated with either the initial design and 
development of a vehicle system or with a 
product improvement program. Product 
improvement programs are initiated when a 
problem is discovered after a vehicle is 
fielded or where existing equipment is to be 
repowered or updated. 

Total vehicle cooling system tests prior 
to production can be conducted in the lab or 
in the field. Lab tests provide more precise 
control of all ambient temperatures. Lab 
tests also provide more precise evaluation of 
cooling component changes from a mock-up 
to a full production vehicle. Field tests 
conducted at Yuma Proving Ground (YPG) 
evaluate actual field conditions which include 
changes in wind direction and velocity. A 
typical Test Operating Procedure (TOP) 
published by YPG for a military vehicle 
cooling test is shown in paragraph 6.5 
Appendix D. YPG cooling Test Directors 
also schedule Road Load Cooling Tests 
which for a military truck could include 
ascending up a grade to a 6,000 foot 
evaluation with a fully loaded trailer. This 
may be as demanding on the vehicle cooling 
system as the full load cooling test. 

9-4   EXAMPLES OF VEHICLE 
COOLING PROGRAM TESTS 

Vehicle cooling verification and product 
improvement programs have been conducted 
on a number of military units. To illustrate 
typical examples of the programs completed, 
the C2V, M2A2, and M88A1E1 programs 
will be reviewed. 
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Figure 9-4.   USATACOM Propulsion Division  Vehicular  Test  Cell 

9-4.1    TEST FACILITIES.  METHODS, 
AND PROCEDURES 

All the vehicle tests discussed here were 
conducted in the USATACOM Research 
Business Group's propulsion lab vehicular 
test cell. The USATACOM test chamber is 
80 ft in diameter and has a 40 ft maximum 
usable height (see Fig 9-4). Wind direction 
can be changed through 360° in 45° 
increments and wind velocity maintained up 
to 20 mph. The total sprocket output load 
absorbing capacity of 128,000 lb-ft of torque 
at stall and 90,000 lb-ft, at 15 rpm per side, 
permits testing of any known vehicle in any 
transmission gear range. 

Each of the vehicles tested was 
positioned in the test cell and connected to 
the dynamometer. The C2V, M2A2 and 
M88A1E1 test cell illustrations are shown in 
Figs. 9-5, 9-6 and 9-7 respectively. 

Each vehicle was instrumented to 
measure critical temperatures, pressures, and 
related data. After an initial vehicle 
checkout was made, stabilized vehicle 
cooling tests were conducted. Cooling tests 
normally were conducted with 5 mph wind 
velocity and a light bank above the vehicle to 
simulate solar radiation. Normally, the light 
bank was positioned to provide 360 Btu/ft-hr 
on the vehicle decks. A cooling test was 
considered stabilized when three consecutive 
readings, each 10 min apart, showed a 
change of 1°F or less in a critical 
temperature. In general, these vehicle tests 
were conducted to: 

1. Measure the adequacy of the 
production vehicle cooling system, under 
controlled laboratory conditions, simulating 
field operating conditions 

2. Determine if modifications are 
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Figure  9-S.      C2V Vehicle  Cooling  Test   Cell   Illustration 

Figure  9-6.     M2A2  Vehicle  Cooling Teat  Cell  XIlustration 
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Figure 9-7 M88A1E1  Vehicle Cooling Test Installation 

required to the vehicle cooling system and 
conduct comparison tests 

3. Obtain test results to be analyzed in 
order to provide the basis for 
recommendations for improving vehicle 
cooling. 

9-4.2 COMMAND AND CONTROL 
VEHICLE PRE-PRODUCTION 
QUALIFICATION TEST (REF. 2) 

9-4.r 1   Background and Objectives 

Every vehicle to enter production must 
first undergo many different Pre-Production 
Qualification Tests (PPQT). One PPQT is 
the Full Load High Ambient Cooling Test 
(FLHACT). The Program Manager's office 
for the Bradley Fighting Vehicle, whom also 
is responsible for the Command and Control 
Vehicle (C2V), contacted the propulsion 
laboratory at TARDEC ror performing the 
PPQT FLHACT on the U2V.  Negotiations 

between various agencies eventually resulted 
in the approval to test at TARDEC. The 
vehicle was set up and instrumented in 
building 212, test cell 9. 

The purpose of testing this vehicle was 
to ensure that it would meet all the necessary 
requirements     for     production. The 
performance conditions it was required to 
meet were as follows: 

1. The engine coolant shall not exceed 
110°C(230°F)(measured at the inlet 
of the transmission oil cooler) 

2. The transmission oil temperature 
shall not exceed 126.6°C(260°F) 
(measured at the inlet of the 
transmission) 

3. The engine oil temperature shall not 
exceed 143.3oC(290°F)(measured 
at the engine oil sump). 
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9-4.2.2 As-received Vehicle Cooling 
Test Results 

9-4.2.3  Modified Vehicle Cooling 
Test Results 

The initial test was conducted at ambient 
temperatures of both 80° and 125°F. This 
vehicle configuration was not able to 
successfully complete the FLHACT at either 
temperature. 

During the 125 °F ambient run the 
engine exhaust temperature at the turbine 
inlet side of the turbocharger (exhaust before 
turbo) exceeded the recommended 
temperature limit of the engine. The engine 
manufacturer set a limit of 1350°F at 100% 
throttle. The test results came in with a 
temperature of 1355°F at only 80% throttle. 
The left exhaust bank was approximately 
80°F hotter than the right bank. 

The 80°F ambient temperature checkout 
run was then performed. During this test 
extremely high back pressures were 
experienced in the exhaust after the turbo. 
The normal back pressure limit for this 
specific engine was 40.8 in H20 (3 in. Hg). 
During the checkout, while at 100% throttle 
and 0.4 TE/WT the back pressure reached 71 
in. H20 (5.2 in. Hg). This exceeded the 
recommended value by approximately 75 %. 

Test cell instrumentation was checked 
and found to be normal. The powerpack was 
checked for air leaks in the exhaust pipes 
with nothing found. In the event that the 
muffler may be blocked or damaged, the 
building exhaust was connected to the 
muffler outlet in an attempt to remove any 
blockages. This effort did not prove 
successful. The customer and contractors 
were then consulted. The decision was made 
to replace the existing powerpack with a 
brand new one. 

With the new powerpack installed the 
tests were run again. The new powerpack 
was found to be experiencing the same 
problems as the original one. During the 
80 °F checkout, the back pressure was 
measured at 61 in. H20, 50% more than 
recommended. An attempt was made to run 
at the 125 °F ambient temperature. At 80% 
throttle and .39 TE/WT the exhaust before 
turbo temperature reached 1358°F. 

Conclusions from this test seemed to 
indicate that the muffler was the most likely 
cause. An obvious verification of this would 
be to run without the muffler, however, the 
back enclosure of C2V had to be removed to 
access the muffler. 

Due to the time constraints placed upon 
this test, removal of the muffler was not 
feasible. The muffler was instead bypassed 
by extending a pipe from the turbine exhaust, 
through the vehicle enclosure, and out the 
back. The pipe was wrapped and insulated 
to protect equipment in the enclosure. This 
improvised system included a variable 
restrictor plate at the end of the pipe to set 
and control the back pressure. 

Testing in this configuration allowed the 
C2V to complete the FLHACT. Without the 
restrictive muffler, the back pressure 
readings and exhaust temperatures were 
lowered to acceptable levels. By using the 
variable restrictor plate it was also 
determined that the maximum allowable back 
pressure that the engine could tolerate before 
the exhaust temperatures reached their limits 
was 35.5 inches of H20 at .4 TE/WT for the 
80°F ambient test. 
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Based on the results of this improvised 
test a decision was made to obtain a new 
muffler and install it on the vehicle in order 
to run a complete configuration for the 
FLHACT. 

The fourth test conducted included 
removal of the back enclosure and new 
muffler installation. The 80 °F ambient test 
was run and a noticeably lower back 
pressure, 45 in. H20 at .4 TE/WT, was 
recorded. The ambient test run at 125 °F 
resulted in a back pressure of 40.8 in H20 at 
.4 TE/WT which matches the recommended 
maximum limit. At .51 TE/WT the back 
pressure had fallen to 30.5 inches of H20. 
The exhaust temperature from .4 TE/WT to 
.51 TE/WT ranged between 1346°F and 
1351 °F. This was still high but these 
temperatures were now being obtained at 
100% throttle instead of 80% throttle. The 
right exhaust bank temperatures were still 
running cooler than the left side by around 
50°F. 

The vehicle was able to be taken to .57 
TE/WT (.51 TE/WT was the requirement) 
before operating conditions for the 
transmission oil make-up pressure began to 
drop below the minimum allowable value. 
This configuration, then, passed the 
FLHACT. 

9-4.3    M2A2     BRADLEY    FIGHTING 
VEHICLE SYSTEM FULL LOAD 
COOLING TEST AND FOLLOW 
ON ENGINEERING TESTS 
(REF. 15) 

9-4.3.1   Background and Objectives 

The M2A2 Bradley Fighting Vehicle 
System (BFVS) was brought to TACOM in 

order to perform a full load high ambient 
cooling test (FLHACT). This test would 
fulfill the requirements for the full-load 
cooling portion of the Comparison 
Production Test (CPT) #31. The purpose of 
this test was to establish the design margin 
baseline (DMB) for the new-production 
configuration vehicles and to evaluate the 
effectiveness of several modified cooling 
system configurations. 

9-4.3.2    As-received Vehicle Cooling 
Test Results 

The purpose of testing the as-received 
vehicle was to determine whether the 
production vehicle met the requirements of 
the full-load cooling portion of the CPT 31 
as well as to establish the DMB for follow-on 
comparative testing. This involved testing 
the vehicle at ambient temperatures of both 
90°Fandat 125 °F. 

The baseline configuration met the BFV 
cooling requirements at both 90°F and 
125°F. It was able to cool loads of 0.62 
TE/GVW at 90°F and 0.55 TE/GVW at 
125°F while keeping oil and coolant 
temperatures within normal operating limits. 

9-4.3.3 Modified Vehicle Cooling Tests 

Once the baseline results for this BFV 
were determined modifications were made to 
the cooling system of the vehicle and tests 
were run to determine their impact on overall 
cooling effectiveness. See Table 9-1 for test 
results. 

An exhaust shroud was used for one 
configuration. This directed the exhaust 
gases away from the engine's air intake. At 
90°F and 125°F the powerpack was able to 
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TABLE 9-1 
Effects of Cooling Modification on the Bradley Fighting Vehicle 

Configuration Tested * 
MaxTE/WT 

@ 125°F 
Ambient 

Coolant into Trans 
Oil Cooler 

(°F) 

Trans Oil out 
of Cooler 

(°F) 

Engine Oil 
Sump 
(°F) 

Baseline (Original) 
w/ standard transmission 

.55 220.3 247.1 258.7 

Baseline .55 221.0 247.6 261.0 

Baseline 
w/ vehicle's fuel system 
w/ DF2 fuel 

.55 224.4 251.6 264.8 

Baseline 
w/ DF2 fuel 

.55 224.8 252.3 265.3 

Baseline 
w/ new source fan 

.55 225.3 251.5 263.9 

Baseline 
w/ GTI radiator 

.55 223.1 249.7 262.7 

Baseline 
w/ high torque rise fuel 

pump 
.55 224.9 251.4 265.8 

Baseline 
w/ modulated PTO config 

.55 222.5 250.2 263.3 

All modified tests included the use of the new GE HMPT-500-3EC Automatic transmission 
Fuel is JP8 and supplied by the building system except where noted 

cool  loads of 0.60 and 0.55 TE/GVW 
respectively within normal operating limits. 

Another modification was to put the 
cooling fan's speed control valve in the 
modulated mode. The powerpack was able 
to cool loads of 0.60 TE/GVW at 90°F. A 
drawback to this modification was that the 
fuel consumption increased by 13.24 pounds 
per hour. 

An alternate fuel, DF2 instead of JP8, 
was used in another configuration. This fuel 
generated  an  average   increase  of 22.1 

horsepower over the baseline vehicle. At 
125°F the powerpack was able to cool to 
0.55 TE/GVW. 

9-4.4    M88A1E1 IMPROVED 
RECOVERY VEHICLE FULL 
LOAD COOLING TEST AND 
PRODUCT IMPROVEMENT 
(REF. 8) 

9-4.4.1   Background  and Objectives 

The   M88A1E1   Improved   Recovery 
Vehicle was brought to TACOM for the 
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purpose of verifying and possibly improving 
on cooling results obtained at Yuma Proving 
Grounds (YPG). YPG test data had 
indicated the M88A1E1 could not meet the 
cooling requirements. In order to 
accomplish this, a full load cooling test 
would be performed first to establish a 
baseline to compare against. Then 
modifications would be made and some 
recommendations generated to improve the 
cooling system performance. The goal was 
to keep the transmission oil temperature 
below 300°F at 0.7 tractive effort to weight 
ratio at 115°F ambient temperature and at its 
new weight of 70 tons (versus 55 tons) but 
also with an increased horsepower of 1050, 
up from 750. 

The vehicle was to be tested at a cell 
ambient temperature close to 82 °F under full 
throttle and at tractive efforts of 40, 50, 55, 
60, 65 and 70 percent of vehicle weight in 
order to match Yuma Proving Ground data 
taken previously. Then the vehicle was 
tested again at the same points, this time with 
115°F ambient temperature, to determine 
performance in accordance with the 
specification's specified cooling point. 

Following this, testing was performed 
with improvements to the system to allow the 
vehicle to operate in the required 
performance envelope. 

9-4.4.2   As-received Vehicle Cooling 
Test Results 

The M88A1E1 was tested at a cell 
temperature of 80°F. The vehicle passed the 
0.7 TE/WT portion but the transmission oil 
temperature out was running between 297° 
and 299°F. The limit for this temperature is 
300°F. Extrapolations using this data would 
put the transmission oil out temperature to 
approximately    333 °F,     close    to    the 

extrapolated temperature calculated by YPG 
of 340°F. 

The ambient temperature was then raised 
in the cell to 115°F, and the full load cooling 
test was run again. The vehicle failed this 
Full Load Cooling Test (FLCT) at 0.6 
TE/WT because the transmission oil out 
exceeded the 300°F limit. The apparent 
cause of the unsatisfactory cooling was that 
the transmission was not generating sufficient 
coolant flow at the high tractive effort to 
weight ratios. 

9-4.4.3 Modified Vehicle Cooling Tests 

It was determined that a new 
transmission would be obtained in order to 
determine whether the problem was specific 
to the originally installed transmission. The 
flow achieved with the new transmission 
indicated a higher flow rate, 21 GPM higher, 
at 0.7 TE/WT at an ambient temperature of 
115°F. However, even at higher flow rates, 
the transmission oil temperature stabilized at 
136F above the 300°F requirement. 

The coolant lines on the right side were 
then reversed to allow a counterflow 
configuration, and to match the left side. 
The counterflow configuration offers the 
most effective means of cooling due to the 
largest possible temperature difference 
between the two fluids. This configuration 
did improve the performance of the right 
cooler, making it similar to the performance 
of the left side cooler in both oil side 
temperature rise and air side pressure drop. 

As a last modification, using both the 
new transmission and the reversed cooling 
flow, the exhaust and both turbochargers 
were wrapped in insulation. The purpose of 
this was to minimize the radiation affect 
caused by heat escaping off these components 
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and their piping. This would prevent hot 
gases from recirculating back into the 
radiator and keeping coolant temperatures 
artificially high. This test showed large 
improvements in the effectiveness of the 
aftercoolers as indicated by the lower intake 
manifold temperature which added 20 
horsepower to the engine. This additional 
power allowed the engine speed to increase 
by 50 rpm at 0.7 TE/WT ratio. This allowed 
an increased fan speed, and an increase in the 
airflow through the coolers. The additional 
power also allowed an increase in the speed 
ratio of the torque converter reducing the 
heat rejection to the transmission. Using this 
configuration the improved recovery vehicle 
passed the FLCT at 115°F ambient with a 
transmission oil temperature of 297°F at 0.7 
TE/WT. 

The final recommendation was made to 
wrap the turbochargers and exhaust with 
insulation and switch the cooling line 
plumbing on the right side. This would be 
an economical, yet effective, means to 
improve the cooling of this vehicle. 

9-5   US ARMY TANK-AUTOMOTIVE 
& ARMAMENTS COMMAND 
COOLING SYSTEM 
RESPONSIBILITIES 

USATACOM is responsible for 
research, development, design and 
engineering support of all types of military 
vehicles and their components. The 
responsibilities of various groups within 
USATACOM in these areas are presented 
briefly. The Propulsion Systems Laboratory 
is responsible for: 

2. Testing of commercial engine 
cooling system adequacy for military usage, 
surveillance of suppliers cooling tests when 
tests are performed by the manufacturer, and 
recommending changes to meet military 
requirements 

3. Furnishing project/product managers 
and engineers necessary information on 
engine cooling systems 

4. Conducting and making 
recommendations to trade-off studies 

5. Coordinating and monitoring 
military proving ground vehicle cooling tests. 

Each USATACOM project engineering 
and project/product manager having 
responsibility for cooling system and end 
item or materiel development, is responsible 
for: 

1. Overall cooling system design, 
development, procurement, and service to 
the Army during the life of the vehicle. 
Service responsibility includes successful 
cooling system performance. 

2. Evaluating components and materiel 
in conjunction with the Propulsion Systems 
Laboratory to insure that adequate cooling 
systems are incorporated into: 

a. Basic design of new items 

b. Modifications or retrofits, when 
required, to items in the area of 
responsibility that are in the more advanced 
stages of development of in the field. 

1. Research, design supervision, 
development and performance testing of 
military engine cooling systems 

3. Taking action concerning in-process 
reviews ensuring that adequacy of the cooling 
system and components is addressed at all 
scheduled   in-process   reviews   to   assure 

9-17 



fulfillment   of   operational   requirements 
(TACOM Reg 70-7) 

4. Ensuring, through the Propulsion 
Systems Laboratory, the inclusion of an 
effective cooling system evaluation clause 
when contracts for materiel are initiated or 
modified, and maintaining contacts with 
contractors to insure effective implementation 

5. Furnishing to Propulsion Systems 
Laboratory, for review and consideration, 
materiel and engineering development 
documents specifying cooling systems and 
end item requirements. 

6. Including additional funding in annual 
program submissions and materiel 
development plans for the accomplishment of 
the cooling system evaluations. 

See Ref. 4 for additional details 

9-5.1 DEVELOPMENTAL TESTS II 
AND III 

Suitability Tests II and III generally may 
be defined as evaluations that normally lead 
to type classifications of materiel or 
recommendations as to suitability for release 
of end items for issue to the field. 

Testing and evaluation of all tactical 
vehicles used by the army is the 
responsibility of the US Army Materiel 
Command. These tests usually are 
performed by the US Army Test and 
Evaluation Command (USATECOM). The 
major tests performed by USATECOM are: 

1. Engineering Test DT II (ET) 

2. Service Test DT II (ST) 

3. Integrated Engineering/Service Test 

DT II (ES) 

4. Product Validation Test DT III (PV) 

5. Check Test (CK) 

6. Initial Production Test (IP) 

7. Product Improvement (PI) 

Test plans and reports are written by the 
USATECOM test agencies. Most subtests, 
including cooling tests, are selected from 
established Materiel Test Procedures (see 
Ref. 5). 

9-5.2   ENVIRONMENTAL TESTS 

Environmental tests are conducted to 
determine if an item will perform effectively 
in the environments of its intended use. The 
environmental requirements are specified in 
the Vehicle Specification documents in terms 
of the climatic categories defined in AR 70- 
38 (Ref. 6). The document that further 
defines the operational characteristics may 
permit the use of kits to enable the vehicle 
to perform in the temperature range 
specified. 

Vehicle cooling tests at Yuma Proving 
Ground are divided into two major divisions: 
full load cooling and road load cooling. 
Typical procedures for conducting full load 
tests are: 

1. Vehicle preparation (for other than 
special as-is tests): 

a. Ensure that the vehicle has been 
subjected to the applicable portions of MTP 
2-2-505, Preliminary Operations 
(Automotive). 

b. Special attention should be paid to 
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cooling    and    lubrication    systems    for 
cleanliness, proper levels, belt tensions, etc. 

c. Radiator pressure cap should be 
checked for proper relief setting and the 
radiator should be flow checked. 

d. Install the proper payload. 

e. Install calibrated instrumentation. 

f. Block all thermostats open. 

g. Adjust governor approximately 50 
rpm above rated speed; determine that the 
throttle rack is fully open when accelerator 
pedal is fully depressed. 

h. Use MIL Specification fuels and 
lubricants. 

2. The following instrumentation and 
supporting equipment should be installed (for 
usual type tests): 

a. Thermocouples to measure: 

(1) Engine oil sump or gallery 
temperature and/or temperature into and out 
of the cooler, as applicable 

(2) Gear box oil sump temperature 
and/or oil temperatures into and out of the 
cooler, when applicable 

(3) Transmission fluid 
temperature, and/or temperature into and out 
of the cooler, when applicable 

(4) Fuel temperature, to injector 
pump/carburetor and return to tank as 
applicable 

(5) Air temperatures before and 
after coolers,  crew area,  and others as 

required 

(6)  Exhaust   port   temperature, 
when applicable. 

b. Transducer or pressure gage to 
measure engine and transmission oil 
pressure, fuel pressure, and coolant 
pressure, as applicable 

c. Vacuum or pressure gages to measure 
manifold vacuum or air box pressure, as 
applicable 

d. Tachometer to measure engine speed 

e. Cylinder head temperatures of air- 
cooled engines 

f. Temperature of the coolant to and 
from the radiator of liquid-cooled engines. 

3.  Procedure: 

a. Pretest: 

(1) Inspect vehicle for proper 
coolant and lube levels, tire pressures, and 
other problem areas that might cause 
erroneous data. 

(2) Hook-up to field dynamometer 
and perform an instrumentation and 
communication checkout. 

(3) Determine road speed versus 
engine speed for usable gear ranges. If 
applicable, determine full load shift points 
when the transmission is warm. 

(4) Perform a "high stall", engine- 
transmission check when applicable. Check 
drawbar horsepower against previous reports 
to assure that the vehicle is operating 
normally. 
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b. During Operation: 

(1) Operate vehicle under full 
throttle (full rack), full load in the selected 
gear range at the proper engine or road 
speed, until temperatures have stabilized. At 
this point a cooling run will be started. A 
run will consist of a maximum of six 
readings (3 in each direction) taken at 5-min 
intervals. If a set of readings taken in one 
direction varies no more than 5°F and if 
there is no more than a 10°F total variance in 
any reading and if the temperatures are not 
rising, this shall be considered a valid 
stabilized run. 

(2) Dependent on vehicle 
characteristics, enough runs will be made 
throughout the available speed and gear 
ranges to obtain the full load cooling 
characteristics of the test item. These runs 
should cover road speeds for specified slope 
requirements, maximum cross country 
driving range, normal convoy speed, if 
possible, and one run at maximum road 
speed (no dynamometer load). Usually one 
gear range is covered throughout the usual 
engine operating range, i.e., five or more 
different engine speeds in one gear. Spot 
checks are made in other gears at similar 
road or engine speeds. 

(3) In the event stabilization is 
impossible, the vehicle will be run until an 
overheat condition is attained. "Rate of rise" 
will be determined during this condition. 

(4) Judgement is important in 
deciding whether runs are valid or not. For 
example, if the areas of major interest are the 
engine oil and coolant temperatures (as in an 
engine test), rather than transmission oil 
temperature, then, when the former 
parameters are stabilized, it may constitute a 

valid  run  even   if the  transmission  oil 
temperature is still rising. 

(5) It is important that test runs not 
exceed 90 minutes in duration. In this time 
period, axles, differentials, and final drives 
that are not internally cooled can exceed 
maximum specified temperature limits. Be 
advised that full load cooling tests are not 
intended to prove if axles overheat and 
therefore would be considered a failure. 
Axles, differentials, and final drives should 
be evaluated under road load cooling tests. 

(6) Meteorological data is obtained 
from the meteorological team. Preliminary 
ambient temperatures taken from an on- 
vehicle thermocouple may be misleading to 
any observer. Any data released at test time 
must be considered preliminary. 

4.  Data Presentation: 

a. Stabilized data. Data is prepared for 
final form by averaging and extrapolation. 
An average is made of the six data points 
taken during the run; it is then extrapolated 
to the temperature established by the criteria 
(e.g. TECR 70-38). This is done by adding 
1 °F to the averaged data for each degree that 
the ambient temperature was below the 
criteria. These data will be presented in both 
tabular and graphical form. Component 
temperature vs engine speed can be plotted 
for the data obtained in each gear range. 

b. Unstabilized data. Dependent on the 
test requirements, these data may or may not 
be extrapolated; in any event, they will be 
presented in graphical form as a "rate of 
risk" curve. Temperatures will be plotted 
against elapsed running time. 

Road load cooling tests at Yuma Proving 
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Grounds are conducted in accordance with 
the following procedure: 

1. Vehicle Preparation: 

a. Pay load must be the rated load for the 
terrain 

b. Proper tire inflation or track tension 

c. Towed load, if applicable 

d. Engine performance at optimum, 
thermostat blocked open 

e. Brakes properly adjusted 

f. Full crew or simulated full crew 

g. All OVM (On Vehicle Materiel) 
installed 

h. Instrumentation-similar, but less than 
full load cooling. 

2. Test Conditions: 

a. No unusual weather conditions- 
temperature should be over 100 F, if 
possible. 

b. Operate vehicle at maximum safe 
speeds (unless otherwise specified) over the 
following test courses until representative 
operation has been accumulated. This would 
be at least 2 hr (preferably more) so that 
temperatures of the components stabilize. 
The course conditions are: 

(1)    Paved road 

(2)    Straight and winding gravel 
roads 

(3) Level cross-country 

(4) Hilly cross-country 

(5) Desert Pavement 

(6) Hummocky sand 

(7) Sand dunes 

(8) With and across a dry wash 

(9) Stony desert 

(10) Sand plains 

c. Operate     vehicle     continuously 
except for operator change. 

d. Record temperatures and pressures 
of critical components. 

3. Data Presentation. As in full load 
cooling, data is extrapolated to the specified 
upper air temperature limit on a degree-per- 
degree basis. Data obtained is presented in 
tabular, and possibly curve, if fluctuating but 
continuous temperature rise occurs, format. 

Test procedures for environmental tests 
may be found in Ref. 7. 

9-6   MILITARY SYSTEM 
DEVELOPMENT DESCRIPTIONS 

During the development cycle for a 
military vehicle, three configuration baselines 
are established for the equipment: 

1. Functional Baseline (concept). The 
functional baseline is established at the end 
of the concept formulation phase and 
normally is concurrent with approval to 
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initiate engineering development or 
operational vehicle development. This 
baseline is established by the approval and 
release of the system specification that 
defines the functional requirements of the 
vehicle. 

2. Allocated Baseline (definition). The 
allocated baseline is established at the end of 
the contract definition phase of the 
development cycle and represents the vehicle 
configuration after the application of the 
System Engineering Process. Approval and 
release of the vehicle Development 
Specifications establishes this baseline. 

3. Product Baseline (production). The 
product baseline is established at the 
completion of the Physical Configuration 
Audit that is conducted after the vehicle test 
and development program has been 
completed, and consists of product 
specifications, process specifications, and 
material specifications. In addition, system 
engineering provides engineering drawings 
and related data adequate for procurement, 
production, evaluation and acceptance of the 
developed vehicle. 

These baselines define the vehicle at 
various stages in its life cycle. The 
subsystems of the vehicle (which would 
include the cooling system) similarly go 
through these discrete phases. Modifications 
are made as required to arrive at a final 
configuration that fully meets the vehicle 
specifications (Ref. 11). 

The baselines serve as system engineering 
management reference points and represent 
the progressive, evolutionary development of 
specifications, drawings, and associated data 
necessary to field a reliable, fully developed, 
and type classified military vehicle. 

This process of development requires 
evaluation of the vehicle, by test, to obtain 
performance data and to determine whether 
the product is satisfactory for its intended 
use. 

Materiel under development by the US 
Army Materiel Command and its agencies is 
subjected to tests and evaluations. Life cycle 
testing Army Regulations (AR's) are shown 
in Table 9-2. 

9-6.1 CONDUCT  OF  DEVELOPMENT 
TESTING (DT) AND 
OPERATIONAL TESTING (OT) 

Development Testing (DT) is 
requirement-oriented testing conducted to 
determine the degree to which the 
performance of a system meets performance 
specifications and to assess the operability 
and maintainability of a system by a 
prospective user. This category of testing 
encompasses DT I, DT II, DT III, and other 
development tests. Operational Testing 
(OT)-which includes OT I, OT II and OT Ill- 
is mission-oriented testing conducted to 
provide a user oriented assessment of a 
system throughout the materiel acquisition 
process. The concepts, policies, and 
responsibilities for DT and OT are provided 
in AR 70-10. The principle of separating 
initial planning and independent evaluations 
is followed. However, in the interest of 
developing the most efficient and economical 
testing programs for all systems, 
development and operational testing are 
accomplished in all possible cases by: 

1. Combined conduct of DT I and OT 
II. Conduct of separate DT III and OT III 

3. Determination of preferred means of 
conduct of DT II and OT II on a case-by- 
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TABLE 9-2 
Army Regulations (AR) Applicable to Life Cycle Testing of Materiel 

AR 70-10 

Subject: Research and Development Test and Evaluation During Development and 
Acquisition of Materiel 

Scope: Prescribes the objectives, concepts, responsibilities, policies and major 
tests that apply in testing and evaluation leading to type classification. 

AR 700-78 

Subject: Quality Assurance Testing During Production and Post Production 
phases of Army Materiel 

Scope: Prescribes the objectives, concepts, responsibilities and policies for 
testing of Army materiel during the production and post production 
portion of the materiel life cycle 

AR71-3 

Subject: User Field Tests, Experiments and Evaluation 

Scope: Outlines objectives, policies, responsibilities and procedures for the 
conducting of user field tests, experiments and evaluations. These 
include troop tests, field evaluation, field experiments and combat 
evaluations 

AR 700-35 

Subject: Major Improvement of Materiel 

Scope: Specifies responsibilities for conducting product improvements of 
materiel within the Department of the Army 

case basis. 

In addition to the description of DT and 
OT contained in AR 70-10, the following 
conceptual definitions and objectives apply: 

1. Development Test II Engineering 
Phase. DT HI (Engineering Phase) is 
characterized by use of engineering 
approaches under controlled conditions 
employing multi-disciplined engineers and 
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scientists. This phase is designed to provide 
quantitative data to assess performance 
characteristics inherent in the design in 
relation to the requirements contained in the 
Development Plan (DP). This phase of the 
testing will examine the safety aspects of the 
new system and provide a safety release for 
the equipment prior to testing by troops, to 
include both service aspects of development 
and operational testing. 

2. Development Test II Service Phase. 
General Statement: The DT II (Service 
Phase) is a test conducted during the 
engineering development cycle of system 
acquisition by military personnel 
representative of those who will operate and 
maintain the equipment in the field. The 
service phase of DT will be performed under 
controlled field conditions representative of 
the anticipated tactical environment to 
determine to what degree the item or system 
and its associated training and maintenance 
test package conform to the requirements and 
standards specified in the Development Plan 
(DP). Measurement    and    recording 
instrumentation will be used where 
appropriate to accumulate statistical data 
necessary for the quantitative assessments 
and evaluation of system performance, 
durability, reliability, maintainability, and 
the numerous man-materiel interfaces. 
Normally, the service phase of DT should 
precede the initiation of the operational test 
(OT II) field exercise to confirm safety and 
ensure readiness of the item or system for 
troop unit type testing. 

concurrently with the engineering phase DT 
II and may involve simultaneous testing at 
one or more of the service test boards and 
environmental test centers. An evaluation 
letter, interim (if appropriate) and final, 
containing results and analyses of all DT II 
test activities will be prepared by the materiel 
developer's test command and provided to 
the materiel developer and other participants 
in the acquisition process for review and use 
in preparation for IPR or ASARC/DSARC 
(Army System Acquisition Review Council/ 
Defense Systems Acquisition Review 
Council) proceedings. 

3. Operational Test II. General 
Statement: OT II is a test conducted during 
the engineering development phase of system 
acquisition to assess the overall operational 
effectiveness of an item or system. OT II 
will be characterized by the conduct of field 
exercises under realistic operational 
conditions using tactical scenarios and TOE 
(Table of Organization and Equipment) troop 
units/personnel of the type and qualifications 
of those expected to use and maintain the 
item or system when deployed. As a natural 
extension of the controlled service phase of 
DT II, OT II will be oriented toward 
qualitative observations and judgements 
pertaining to operational effectiveness in 
comparison with standard items and current 
threat, tactical and strategic deployment, 
communication and control, doctrine and 
logistics, and training. 

9-6.2  DEVELOPMENT TESTING 

Responsibility: The materiel developer's 
independent test command (TECOM) will 
plan for, conduct, and report the results of 
the service phase of DT II. The DT II 
(Service Phase), when an appropriate safety 
release     exists,     may     be     conducted 

Development  testing   is  conducted  as 
follows: 

1.  General: 

a. DT should be started as early in 
the development cycle as possible and should 
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first test components, then subsystems, and 
finally prototypes or pre-production models 
of the entire system. Previously acquired 
test data that can be validated, regardless of 
source, will be used whenever applicable. 
DT will include "soldier proofing" through 
participation of representative use personnel. 
DT Test results, reports, and evaluations will 
be distributed in a manner to assure timely 
review by commands and agencies involved 
in the decision-making process. 

b. During advanced development, 
adequate DT should be accomplished to 
demonstrate that the technical risks have been 
identified and are manageable. 

c. During engineering development 
and prior to the first major production 
decision, the DT accomplished should be 
adequate to ensure that the engineering is 
reasonably complete; that all significant 
design problems (including reliability, 
maintainability, and logistical considerations) 
have been resolved; that manufacturing 
methods and production engineering data 
have been generated; and that production 
planning has been completed to the extent 
required to provide a realistic basis for 
estimating costs and delivery schedules. 

d. Early production models should be 
subjected to DT to assure that the 
characteristics of the production item meet 
the specifications prescribed. 

2. Development Test I (DT I). This test 
is conducted early in the development cycle, 
normally during the Validation Phase. 
Components, subsystems, or the entire 
system are examined to determine whether 
the system is ready for full-scale 
development. This test may, in the case of 
competitive systems, provide a comparison 
between   the   systems   tested.       Where 

appropriate, operational testing is conducted 
concurrently with the test. 

3. Development Test II (DT II). This 
test provides the technical data necessary to 
assess whether the system is ready for 
production. It measures the technical 
performance and safety characteristics of the 
item and its associated tools, test equipment, 
training package, and maintenance test 
package as described in the DT. Technical 
reliability and maintainability will be 
assessed during this test. The test 
encompasses all the elements of the formerly 
designated Engineering Test/Expanded 
Service Test (ET/EST) except for the field 
test with a troop unit. DT II will include 
"soldier-proofing" through participation of 
user personnel but not necessarily in a truly 
operational environment. Operational testing 
normally is conducted concurrently with DT 
II by the designated command or agency in 
coordination with the materiel developer's 
command. 

4. Development Test III (DT III). This 
test is conducted on systems from the initial 
production run to verify that the system 
meets the specifications prescribed for it. 
The test also serves to confirm that 
deficiencies found in DT II have been 
corrected and it has the same scope and 
purpose as specified in AR 70-10 for the 
Initial Production Test. For Commercial 
Non-Developmental Items (CNDI), a DT III 
type test will provide the basis to evaluated 
the conformance of the commercial system 
to the specifications of the contract and the 
requirements of Section II of the DP. 

5. Other Development-type Testing. 
There are other types of technical tests that 
the materiel developer conducts as part of 
materiel system acquisition or in the 
examination of materiel systems of interest to 
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the Army. Examples are those previously 
designated as Engineer Design Tests (EDT), 
Contractor Demonstrations, Research and 
Development Acceptance Tests (RDAT), and 
Pre-Production Tests (PPT). Other technical 
testing and assessments of systems developed 
by another Service, foreign ally, or 
commercially, which may provide input for 
a new required operational capability or 
development plan, will be included in this 
category. 

9-6.3   OPERATIONAL TESTING 

Operational testing is conducted as follows: 

1.  General: 

a. OT is conducted as necessary and 
as early as practicable, beginning with early 
prototypes and continuing through 
production. OT will be accomplished by 
user and support personnel of the type and 
qualifications of those expected to use and 
maintain the system when deployed. OT 
normally will be conducted in phases, each 
keyed to the appropriate decision point. OT 
test results, reports, and evaluations will be 
distributed in such a manner as to assure 
timely review by commands and agencies 
involved in the decisions-making process. 

b. When established, the Operational 
Test and Evaluation Agency (OTEA), will be 
responsible for assuring that adequate OT is 
conducted for all major systems. In the case 
of major systems, the OTEA actively will 
participate with the designated user in the 
planning for and conduct of OT, and will 
prepare an independent evaluation of the 
adequacy of the testing and the validity of the 
results upon completion of each phase of OT. 
For non-major systems, the designated user 
will plan for, conduct, and report the results 
of OT. Involvement by the OTEA in OT of 

non-major systems may be directed by 
HQDA (Headquarters, Department of The 
Army) on a case-by-case basis. 

2. Operational Test I (OT I). This test 
provides early information on system 
operational suitability, and a comparison with 
existing systems, in order to assist in 
determining whether the system should enter 
Full-scale Development. OT I also may help 
identify or refine critical issues to be 
examined in subsequent operational testing. 
In those cases where the opportunity exists 
for the conduct of OT I - for example, where 
competitive prototypes or well advanced 
prototypes exist - it will be conducted 
concurrently with DT I using a single, 
coordinated test plan. 

3. Operational Test II (OT II). This test 
is accomplished prior to the production 
decision (ASARC Ila/DSARC Ila for major 
systems) and provides an assessment of 
system operational suitability and 
effectiveness. It also provides information 
needed to refine or validate organizational 
and employment concepts and determine 
training and logistic requirements. OT II 
normally is accomplished concurrently with 
DT II, using complete pre-production 
prototypes. Complete interchange of 
information and data obtained during DT II 
and OT II is mandatory. During OT II, the 
system is subjected to a realistic operational 
environment, using a small troop unit typical 
of a unit that ultimately will be equipped 
with the system. OT II will produce 
sufficient and timely results to allow an 
independent evaluation to be available to 
assist in making a Low Rate Initial 
Production decision at ASARC Ila/DSARC 
Ha for major systems, or a production 
recommendation at the IPR (In Process 
Review) for other systems. The DA letter 
authorizing    development   of   non-major 
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systems will specify the command to conduct 
OTII. 

4. Operational Test III (OT III). This 
test is accomplished using early production 
models and provides information to refine or 
validate earlier estimates of operational 
effectiveness, to determine the operational 
suitability of the production model, to 
optimize organization and doctrine, to 
validate training and logistic requirements, 
and to identify any additional actions that 
should be taken before the new system is 
deployed. 

In those cases where Low Rate Initial 
Production has been carried out pursuant to 
ASARC Ila/DSARC III, OT III will be 
conducted by the designated user and 
normally will be independent of DT III. The 
system will be placed in the hands of the 
designated user, tested by troops in 
appropriate units, and subjected to a realistic 
operational environment. The OTEA will, in 
the planning for OT III of major systems, 
actively participate in its conduct, and 
independently evaluate the adequacy of the 
testing and the validity of the results. The 
scope of OT III will be influenced by the 
results of the earlier OTE (Operational Test 
of Equipment) and the extent and importance 
of critical issues still to be answered. Results 
of OT III, in conjunction with the results of 
DT III, will provide input for the ASARC 
Ila/DSARC Ha, and a Full-scale Production 
decision is made following DT II and OT II. 
A determination will be made concerning 
whether additional OTE using production 
models is necessary. The determination to 
conduct this additional OTE will consider the 
recommendation of the user, the results of 
earlier OTE, and whether critical operational 
issues remain unanswered. 

5. Other    Operational-type    Testing. 

There are other types of operational tests that 
the user may conduct at any time during the 
materiel life cycle that relate to operational 
suitability or operational effectiveness of a 
system. 

9-7  TEST AGENCIES 

The   principal   agencies and   offices 
concerned  with  the  testing of wheeled, 
tracked, and special purpose vehicles and 
their involvement are: 

1. USATRADOC (Training and 
Doctrine Command), Fort Monroe, Virginia. 
Responsible for Vehicle Specifications 

2. USAMC (Army Materiel 
Command). Specific project managers are 
assigned to direct and manage the funding of 
the development and procurement of specific 
vehicles or classes of vehicles 

3. USATACOM (Tank-automotive & 
Armaments Command), Warren, Michigan. 
Responsible for research, development, 
design and support of all types of military 
vehicles and their major components to meet 
the needs of the Army at present and 20 
years or beyond into the future. Toward 
these goals, this command has continued to 
strengthen the technology base necessary to 
exploit scientific knowledge useful to the 
armed forces relevant to future as well as to 
current requirements. To accomplish this 
mission, USATACOM has provided 
laboratory facilities and supported personnel 
in Propulsion System (engine, cold climate 
studies, powertrain, cooling, air cleaners, 
fuel and lubricants, diagnostic equipment, 
long range research), Surface Mobility 
Systems (frame, suspension, track), physics, 
sciences, instrumentation, materials, and 
various component study laboratories. This 
command provides engineering support to 
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project managers for development and 
procurement of military vehicles, and 
engineering and technical support to the 
field Army. 

4. USATROSCOM (Troop Support 
Command), St. Louis, Missouri. Same as 
USATACOM except vehicles are for surface 
transportation, construction, bridging, and 
miscellaneous areas. 

5. USATECOM (Test and Evaluation 
Command): 

a. Armor Directorate. Responsible 
for accomplishing the testing and evaluation 
of combat vehicles 

and service equipment vehicles 

i. Artillery Board, Fort Sill, 
Oklahoma. Responsible for ST of field 
artillery, including self-propelled and towed 

j. Infantry Board, Fort Benning, 
Georgia. Responsible for tests related to 
tactical application of certain vehicles. 

k. Airborne, Electronics, and Special 
Warfare Board, Fort Bragg, North Carolina. 
Responsible for airdrop and air 
transportability testing. 

b. Field Artillery Directorate. 
Responsible for accomplishing the testing and 
evaluation of self-propelled artillery 

c. General Equipment Directorate. 
Responsible for accomplishing the testing and 
evaluation of construction and service 
vehicles 

d. Aberdeen Proving Ground/Material 
Test Directorate. Principal engineering test 
(ET) agency for testing vehicles 

e. Yuma Proving Ground. Secondary 
ET agency for vehicles; primary desert 
environmental test agency and air delivery 
engineering test 

f. Arctic Test Center, Fort Greely, 
Alaska.  Responsible for field arctic tests 

g. Tropic Test Center, Panama. 
Responsible for tropic testing of vehicles 

h. Armor and Engineer Board, Fort 
Knox, Kentucky. Responsible for service 
testing (ST) of most construction, support 
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APPENDIX A 

A-1   OIL-COOLER PERFORMANCE1 

A series of performance charts for oil- 
to-air heat exchangers is included to aid 
design engineers in selecting preliminary oil- 
cooler sizes in the design of military vehicle 
cooling systems (see Figs. A-1 through A- 
32). Because of the wide range of variables 
involved, these size determinations can be 
considered approximate only, and the 
manufacturer should be consulted before a 
final design is established, especially where 
space, weight, air horsepower or any other 
consideration may be critical. 

The type of heat exchanger used here is 
brazed aluminum plate-fin construction 
having extended surfaces ("fins" or 
"centers") on both oil and air sides. The air 
side fin height is 0.375 in. and the oil side 
fin height 0.125 in. The separating plate 
thickness is 0.021 in. The actual fin 
configuration on both sides of the 
interrupted fin variety are proprietary to the 
manufacturer. The flow pattern is single- 
pass cross-flow. 

The performance charts given here are 
based upon 1 ft2 of heat exchanger face area 
exposed to airflow. The variables for the 
various charts are (a) core depth in the 
direction of airflow, and (b) air side fin 

density, expressed as number of fins per inch 
of core width. For each performance chart 
there are variable airflows and variable 
oilflows. All are based on SAE 30 oil at 
225°F inlet to the heat exchanger, which will 
give close approximations for other oil 
grades at temperatures from roughly 160° to 
300°F. The reference inlet air condition, 
100°F, will allow for close approximations 

of heat transfer over a range of roughly 0° to 
200°F using mass airflow rate, lbm/min. 
Air pressure loss is given in terms of 
standard air density, p = 0.07651 lbm/ft3, 
which allows for correction to other 
conditions over a moderate range, the actual 
loss being inversely proportional to the inlet 
air density. For the range of all the variables 
given, interpolations and moderate 
extrapolations may be made readily. 

These are two sets of charts (Figs. A-1 
through A-32) given for all these variables, 
one incorporating a high-performance oil- 
side surface suitable for medium to high oil 
pressure losses. The other, although having 
a reduced heat transfer rate, has an 
appreciably lower oil pressure loss. This is 
a qualitative guide only; actual values for 
each construction should be compared. 

1 Courtesy of Harrison Radiator Division-GMC 
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A-2 TYPICAL RADIATOR CORE 
PERFORMANCE-FIN AND TUBE 
CORE1 

Typical radiator core arrangements 
(Fig. A-33) and performance characteristics 
(Figs. A-34 through A-37)1 are presented to 
serve as a reference for the designer in 
selecting existing core designs. The data 
presented are intended to be representative of 
data supplied by the radiator manufacturers. 
Specific performance charts should be 
obtained for each particular heat exchanger 
application. 

The variation in heat transfer capacity 
due to water flow applicable to Figs. A-34 
through A-37 is shown on the chart Fig. A- 
38. 

Performance charts for another series of 
core configuration2 are shown in Figs. A-39, 
A-40, and A-41. 

'Courtesy ofMcCord Corporation 
'Courtesy of Young Radiator Company 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.       CORE DEPTH 1.5 
OIL FIN  HEIGHT 0.125 in.       FINS/INCH II 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT  100'F 
SAE 30 OIL AT 225"F 
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Figure A-1.   11 Fins/in., Core Depth 1.5 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   CORE DEPTH 1.5In. 
OIL FIN HEIGHT 0.125 In.   FINS/INCH  12.5 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT lOO'F 
SAE 30 OIL AT 225*F 
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Figure A-2.   12.5 Fins/in., Core Depth 1.5 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   CORE DEPTH 15in. 
OIL FIN HEIGHT 0.125 In.   FINS/INCH  14 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-3.   14 Fins/in., Core Depth 1.5 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE ASIA 
AIR FZH HEIGHT 0.375 In.   CORK DEPTH 1.5 in. 
OIL FIN HEIGHT 0.125 In.   FIBS/INCH  W 
PLATE THICKNESS 0.021 In. 
OIL SIDE KINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100*7 
6AE 30 OIL AT 225*F 
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Figure A-4.   18 Fins/in., Core Depth 1.5 in.. Oil Cooler Performance, I 
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OIL-TO-AIR BEAT EXCHANGER—SQUARE FOOT PACE AREA 
AXE FIN HEIGHT 0.375 In.  COEE DEPTH 3.0in. 
OIL PIN HEIGHT 0.125 In.   FINS/INCH  II 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100'P 
SAE 30 OIL AT 225*F 
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Figure AS.   11 Fins/in., Core Depth 3 in., Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375  in.       CORE DEPTH   30 in. 
OIL FIN  HEIGHT 0.125  In.       FINS/INCH     12.3 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT  100'F 
SAE 30 OIL AT 225*F 
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Figure A-6.   12.5 Fins/in., Core Depth 3 in.. Oil Cooler Performance, I 
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4000 

OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.37S In. CORE DEPTH 3.0in. 
OIL FIN HEIGHT 0.125 In. FINS/INCH      14 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100'F 
SAE 30 OIL AT 225*F 
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Figure A-7.  14 Fins/in., Core Depth 3 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 in.       CORE DEPTH   3.01*. 
OIL FIN HEIGHT 0.125 In.       FINS/INCH      18 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-8.   18 Fins/in., Core Depth 3 in.. Oil Cooler Performance, I 
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OIL-TO-AIR BEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.  CORE DEPTH 4.5 in. 
OIL FIN HEIGHT 0.I2S In.  FINS/INCH  II 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100'F 
SAE 30 OIL AT 223*F 
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Figure A-9.  11 Fins/in., Core Depth 4.5 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT  EXCHANGER—SQUARE  FOOT  FACE AREA 
AIR FIN HEIGHT 0.375 In.       CORE DEPTH    4.5 in. 
OIL FIN  HEIGHT 0.125  In.       FINS/INCH       12.5 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT  100'F 
SAE 30 OIL AT 225*F 
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Figure A-10.   12.5 Fins/in., Core Depth 4.5 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   CORE DEPTH 4.5 in. 
OIL FIN HEIGHT 0.12S In.   FINS/INCH  M 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100'F 
SAE 30 OIL AT 225'F 

6000 , 1 i 1 I • I 1 , 1 , 1 ,40 

35 

-30       ^     - 

•HEAT REJECTION VS AIR FLOW 
 PRESS.  DROP VS OIL FLOW 
— PRESS. DROP VS AIR FLOW 

20 

(0 

100 200 3O0 400 900 COO 

AIR FLOW,  lb/aln 

8-31-1972 

100 200 300    "*     400     '     5o7S      '     SOO 

OIL FLOW,   lb/mln 

-i* 

<*> 

12 

O 

o 
I 

a. 

6* 
PS 

I 
CO 
CO 

s 
as 
l-H 

10 

CO 
CO 

s 
A. 

l-l o 

-4 

- 2 

Courte.y of HARRISON RADIATOR DIVISION - CMC 

Figure A-11.   14 Fins/in., Core Depth 4.5 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AHA 
AIR FIN HEIGHT 0.375 in.      COKE DEPTH  4.5 la 
OIL FIN HEIGHT 0.125 In.      FINS/INCH      it 
PLATE THICKNESS 0.021 in. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 
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SAE 30 OIL AT 225*F 
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Figure A-12.   18 Fins/in., Core Depth 4.5 in.. Oil Cooler Performance, I 

A-14 



7000 

6000 

OIL-TO-AIR BEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   CORE DEPTH 6.0in. 
OIL FIN HEIGHT 0.125 in.  FINS/INCH  II 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100'F 
SAE 30 OIL AT 225*F 
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Figure A-13.   11 Fins/in., Core Depth 6 in., Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.  CORE DEPTH 6.0m. 
OIL FIN HEIGHT 0.125 In.  FINS/INCH  12.9 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100#F 
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Figure A-14.   12.5 Fins/in., Core Depth 6 in., Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE ASEA 
AIR FIN HEIGHT 0.375  In.       CORE DEPTH    6.0 in. 
OIL FIN  HEIGHT 0.125 In.       FINS/INCH       14 
PLATE THICKNESS 0.021 in. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100'F 
SAE 30 OIL AT 225*F 
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Figure A-15.   14 Fins/in., Core Depth 6 in.. Oil Cooler Performance, I 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AHA 
AIR FIN HEIGHT 0.375 in.  CORE DEPTH CO In. 
OIL FIN HEIGHT 0.125 In.  FINS/INCH  18 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100'F 
SAE 30 OIL AT 225*F 
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Figure A-16.   18 Fins/in., Core Depth 6 in.. Oil Cooler Performance, I 

A-18 



OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In. CORE DEPTH 1.5in. 
OIL FIN HEIGHT 0.125 la. FINS/INCH  II 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-17.  11 Fins/in.. Core Depth 1.5 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   CORE DEPTH 1.5 ir 
OIL FIN HEIGHT 0.125 In.  FINS/INCH  0.6 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-18.   12.5 Fins/in., Core Depth 1.5 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375  In.       CORE DEPTH    1.5in. 
OIL FIN  HEIGHT 0.125  in.       FINS/INCH      14 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100 *F 
SAE 30 OIL AT 225*F 
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Figure A-19.   14 Fins/in., Core Depth 1.5 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT  EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.       CORE DEPTH   1.5in 
OIL FIN HEIGHT 0.125 In.      FINS/INCH     16 
PLATE THICKNESS  0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-20.   18 Fins/in., Core Depth 1.5 in., Oil Cooler Performance, II 
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OIL-TO-AIR BEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   CORE DEPTH 3.0 in. 
OIL FIN HEIGHT 0.125 In.  FINS/INCH  n 
PLATE THICKNESS 0.021 In. 
OIL SIDE FIRS LOW/MODERATE PRESSURE LOSS 
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Figure A-21.  11 Fins/in., Core Depth 3 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   CORE DEPTH 3.0in. 
OIL FIN HEIGHT 0.125 In.   FINS/INCH  12.5 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100#F 
SAE 30 OIL AT 225*F 
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Figure A-22.   12.5 Fins/in., Core Depth 3 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
• AIR FIN HEIGHT 0.375 In.   CORE DEPTH 3.0in. 
OIL FIN HEIGHT 0.125 In.   FINS/INCH  14 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100'F 
SAE 30 OIL AT 225*F 
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Figure A-23.   14 Fins/in., Core Depth 3 in., Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.  CORE DEPTH 30in. 
OIL FIN HEIGHT 0.125 In.  FINS/INCH  18 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-24.   18 Fins/in., Core Depth 3 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 in.       CORE DEPTH   4.5*. 
OIL FIN HEIGHT 0.125 In.       FINS/INCH      II 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-25.   11 Fins/in., Core Depth 4.5 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 in.   CORE DEPTH 4.5 in. 
OIL FIN HEIGHT 0.125 in.   FINS/INCH   12.5 
PLATE THICKNESS 0.021 in. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100'F 
SAE 30 OIL AT 225'F 
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Figure A-26.   12.5 Fins/in., Core Depth 4.5 in., Oil Cooler Performance. II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 in.  CORE DEPTH 4.5 in. 
OIL FIN HEIGHT 0.125 in.  FINS/INCH  14 
PLATE THICKNESS 0.021 in. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-27.   14 Fins/in., Core Depth 4.5 in.. Oil Cooler Performance, II 
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Figure A-28.   18 Fins/in.. Core Depth 4.5 in., Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FID HEIGHT 0.375  in.       CORE DEPTH    6.0 In. 
OIL FID  HEIGHT 0.125 In.       FINS/INCH      II 
PLATE THICKNESS 0.021 in. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 
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Figure A-29.   11 Fins/in., Core Depth 6 in.. Oil Cooler Performance, II 

A-31 



OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 in.  CORE DEPTH 6.0in. 
OIL FIN HEIGHT 0.125 In.   FINS/INCH  12-5 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT 100*F 
SAE 30 OIL AT 225*F 
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Figure A-30.   12.5 Fins/in., Core Depth 6 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQCARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 In.   COKE DEPTH 6.0 in. 
OIL FIN HEIGHT 0.123 in.  FINS/INCH  14 
PLATE THICKNESS 0.021 in. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 
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Figure A-31.   14 Fins/in., Core Depth 6 in.. Oil Cooler Performance, II 
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OIL-TO-AIR HEAT EXCHANGER—SQUARE FOOT FACE AREA 
AIR FIN HEIGHT 0.375 la.       CORE DEPTH 6.0 in. 
OIL FIN  HEIGHT 0.125 In.       FINS/INCH     18 
PLATE THICKNESS 0.021 In. 
OIL SIDE FINS LOW/MODERATE PRESSURE LOSS 

INLET CONDITIONS    AIR AT  100*F 
SAE 30 OIL AT 225*F 
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Figure A-32.   18 Fins/in., Core Depth 6 in.. Oil Cooler Performance, II 
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(C) RADIATOR   CORE TYPE  6 
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(D) RADIATOR  CORE   TYPE   I 

Figure A-33.   Typical Radiator Core Tube Arrangements 
(Courtesy of McCord Corporation) 
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Figure A-40.   10 Fins/in. Radiator Core Performance Characteristics 
(Courtesy of Young Radiator Company) 
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APPENDIX B 

B-1   COOLING    FAN    DETAILS    AND 
PERFORMANCE CHARACTERISTICS 

The physical and performance 
characteristics of a number of cooling fans 
used in contemporary military vehicles are 
presented in Fig. B-1 through B-10 to aid the 
cooling system designer in selecting the best 
design to satisfy a particular vehicle 
requirement. 

The data presented here are intended 
only to be representative of the types of fans 
commercially     available. The     fan 
manufacturer should be consulted before a 
final fan selection is made. 

B 2 MIXED FLOW FANS1 

B-2.1  MIXED      FLOW      FANS      FOR 
ENGINE COOLING SYSTEMS 

The mixed flow fan, as its name 
implies, has a configuration combining the 
essential characteristics of both axial and 
centrifugal fans. These basic fan types are 
shown in Fig B-ll. 

The pages that follow give preliminary 
outline information on a range of 
hydraulically driven, open discharge, mixed 
flow fan units suitable for compact cooling 
systems on both military and commercial 
vehicles and equipment. The manufacturer 
should be contacted for current data. 

The performances shown are indicative. 

Courtesy of Airscrew Howden, Ltd., Weybridge, Surrey, 
England 

As with any fan application, the geometry of 
the individual installation can modify the 
characteristics of the fan. 

These fan units, which are designed to 
meet most Government defense equipment 
specifications, can be supplied in a form for 
belt or shaft drive. Special adaptations can 
be made depending on the complexity and 
quantity involved. 

Typical performance charts are shown 
in Figs. B-19 through B-22. 

For mixed flow fans, the air leaves the 
impeller with both axial and radial 
components in a conical swirling pattern. 
The use of guide vanes, a volute or a radial 
diffuser, allows recovery of the rotational 
kinetic energy of the air leaving the impeller 
and, if properly engineered, can increase the 
efficiency of the fan significantly. In any of 
the arrangements, the fan has an inherent 
nonstalling characteristic. 

Modern design philosophy is directed 
toward high efficiency and low noise by 
maintaining aerodynamically clean inlet 
conditions and minimizing the effect of high 
relative velocities between the air and 
moving parts of the fan. 

This approach, when applied to mixed 
flow fans, can produce high total impeller 
effiencies which, when correctly arranged 
into casings, can maintain high overall fan 
static efficiencies of over 75 percent. This 
compares well with alternative axial flow and 
centrifugal types. 
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Speed I A*p 
(R.P.M.)! iwta) 

Teet 
NO. (No.) On.) 

ECS 
No. 

Customer 
No. 

Shroud Fan 
Imfn 

— P-8203 a 41 
d P-8203 B 41 
D P-6203 e 41 

1470 0.076 412108 
1575 0.075 412108 
1GS0     0.075     412108 

1882400 422 FlatPtato 50% 
1882400 422 Rot Piste 50% 
1882400     422   11st Piste    50% 

PBC 

Figure  B-7.      Performance  Data   for  PLS  Vehicle Fan 
(Courtesy of Engineered  Cooling Systems) 
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HVTP) No. 
Customer 

NO 
—wssa TUT 1ST 

OH 
Speed 

W.P.M.1 
  P-2079 a 40 1430 0.075 412073 
O P-2878 e 40 1510 0.075 412073 

o P-2S7S 8 40 1722 0.075 412073 

1801070 41.8 Rat Plata 08% 
18O1070 41.8 Plat Plata OB* 
1801070     41.8   Flat Plate    88% 

Figure B-8.      Performance Data,   for KBT Vehicle Fan 
(Courtesy of Engineered  Cooling Systems) 
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SpSS 
(R.P.M.1 No 

Gmtonwr 
No. 

Shroud 
«•: 2B2. Imm. 

Teat 
No. iNoi 

Bur 
On.) 

Airp 

— P-2679       8 40       1430      0.075      411106        1404350      41.B    FW Plata    80% 
o P-2B79       fi 40       1510     0 078     411106       1464360      41.8   Flat Plate    68% 
• P-2B79       8 40       1722     0076     411106       1454350      41.8   FM Plata    68% 

Figure B-9.   Performance  Dutrn.   for LVS  Vehicle  Fan 
(Courtesy of Engineered Cooling Systems) 
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W7 
No. 

ClIStOfTWW 

No. 
Tert" 60351 

JSSj. 
T5T Shroud 

- P-2467if        40      1490     0.07S     411138      «5020BX     41.0   Rat Plats    60% 
o P-24S7       0 40       1510     0.075     411136      eSOQOBX     41.8   Flat Piste    86% 
U P-2467       a 40       1725     0.075     411138       650208X     41.0   Rat Plate    08% 

P9C 

Figure B-10.      Performance Data for HEMTT  Vehicle Fan 
(Courtesy of Engineered  Cooling Systems) 
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(A) AXIAL 

/ 

( 

(B) CENTRIFUGAL 

The comparisons shown in Figs. B-12, 
B-13, and B-14 indicate the characteristics of 
the mixed flow, axial, and centrifugal type 
fans from the aspects of sound level, power 
requirements, and stability. 

Development in recent years allows the 
achievement of acceptable mixed flow fan 
efficiencies without the use of guide vanes or 
volute by optimization, in design, of outlet 
kinetic energy losses arising from the 
rotational and conical flows. 

This type of mixed flow fan is designed 
to operate by taking air from one chamber or 
space and discharging it into a second 
chamber or, alternatively, directiy to free air, 
being partition-mounted between the two. It 
is particularly suited to military and other 
engine-cooling applications where relatively 
large volumes of air have to be handled in 
very limited space against the high pressure 
associated with restricted entry and discharge 
grille arrangements, and compact radiators. 

This open-running mixed flow type of 
fan has the ability to operate with acceptable 
efficiencies in installations congested with 
equipment. The relatively low disci ge 
velocity coupled with the swirling and 
conical flow pattern allows the air leaving the 
fan to find its way easily around bulky 
components placed immediately in line with 
it. 

A range of mixed flow fans has been 
developed in line with this design 
philosophy. General technical details on 
typical fans are contained in Figs. B-19 
through B-22. 

(C)   MIXED FLOW 

Figure  £-22. Basic  Fan  Types 

B-12 



B 2.2 INSTALLATION OF MIXED 
FLOW COOLING FANS IN 
MILITARY VEHICLES 

Although careful arrangement of 
installation of the mixed flow fan is 
necessary in order to take full advantage of 
its potential capability, the diagrams that 
follow indicate the general configuration 
most likely to be required in a military 
vehicle. 

AXIAL 

RELATIVE 
SOUND LEVEL 

MIXED   FLOW 

SOUND    fc 
FREQUENCY" 

BACKWARD 
CURVED 
CENTRIFUGAL AIRFOIL 

Figure B-12.Fan Sound Level   Comparison 

Detailed performance and dimensional 
data are available for a range of sizes of 
hydraulically-driven mixed flow fans. Fans 
of this type also can be supplied suitable for 
shaft or pulley drive either on the inlet or 
discharge side in addition to the variable 
speed hydraulic drive. Advice on the best 
possible arrangement for individual 
installations should be sought in each case. 

Fig. B-15 illustrates the conventional 
arrangement of the open-running mixed flow 
fan that is designed for taking air from one 
chamber or space and discharging it into a 
second chamber or to free air. The 
convenience of simple partition-mounting 
and the possibility of arranging bulky 
components near the fan axis on the 
discharge side, without obstruction to the 
airflow, are illustrated. The conical path of 
the discharge air is shown and the only area 

where obstruction should be avoided is in the 
discharge path immediately next to the 
impeller. Farther from the impeller, the air 
tends to diffuse more easily and will tend to 
flow around the obstructions into a more 
radial or more axial direction without 
radically affecting the fan performance. 

Fig. B-16 illustrates a radial diffuser on 
the fan discharge. The static pressure 
recovery of the conical and rotational 
velocities leaving the impeller compensates 
for losses due to directional changes within 
the louver. This eliminates the dissipation of 
original fan performance which normally is 
experienced when conventional discharge 
arrangements are used. This type of radial 
diffuser is particularly able to incorporate 
proven ballistic protection louver forms or 
grilles into the diffuser shapes shown, and 
can then be situated external to the vehicle 
where its protrusion is locally permissible. 

MIXED FLOW AXIAL ft 
BACKWARD CURVEO —, 
AIRFOIL CENTRIFU6AL 

RELATIVE 
INPUT POWER 

• 

s 
y 
/ 
/ 

/ 
/ 

s 

design volume 

*'   1 AIR     * .,-- VOLUME W 

FORWARD CURVED CENTRIFUGAL 

Figure B-13.   Fm\n   Power Requirement 
Comparison 

A further refinement is the use of an 
additional cowl exterior to the diffuser which 
directs the outgoing air in a particular 
direction to minimize air recirculation into 
the system intake. 

Fig. B-17 illustrates a volute casing that 
can be designed and used to collect the air 
from the impeller efficiently and to discharge 
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it away in a particular direction. B 2.4 COOLING 
OPTIMIZATION 

SYSTEM 

IIXED FLOW 
RELATIVE 
PRESSURE 

VOLUME 

Figuxo B-14.Fan  Stability Comparisons 

B 2.3 SYSTEM ENGINEERING 

Considerable advantage can be gained, 
especially in the more extreme conditions of 
high heat load and limited space, by carefully 
engineered and optimized systems as opposed 
to the individual and sometimes irrelevant 
selection of components. 

The introduction of the mixed flow fan has 
facilitated a more flexible approach to system 
engineering. This flexibility has been found 
valuable in designing for the increasingly 
extreme conditions applicable to higher 
engine power and the resultant smaller space 
allocated for cooling systems, where 
conventional approaches have led to 
completely inadequate solutions. 

The greatest factor to be faced is the 
conflicting requirements of compact 
installation with low fan power. Present 
vehicle designs and re-engine projects 
demand the careful choice of all 
components, not only to achieve the lowest 
possible power, but also to optimize their 
interrelationship and relative positioning. 

Fig. B-18 shows the relationships 
among the number of rows of radiator tubes, 
fan power, pressure drop, and airflow to 
meet the heat dissipation. 

Vertical line A on these graphs shows a 
conventional choice of an 8-row radiator 
which has a high airflow requirement and, as 
a consequence, higher pressure losses in 
other parts of the air circuit, especially the 
inlet and exhaust grilles. Increasing the 
number of rows reduces the airflow with a 
corresponding increased pressure drop 
through the radiator. 

Vertical line B on these graphs shows a 
condition of minimum pressure drop for the 
radiator when considered by itself. 

Vertical line C on these graphs shows a 
condition of minimum pressure drop for the 
system when considered as an entity. 

Vertical line D on these graphs shows 
the condition where the fan power is lowest 
since this is dependent on the product of an 
airflow and overall system pressure drop 
being a minimum. A two-pass counterflow 
water circuit was used in the radiator to 
improve further the heat dissipation to the 
maximum in this particular case. 

It should be noted that although the 
deeper radiators gave the optimum in this 
particular case, this would not necessarily be 
true for all the cooling systems. 

This method of approach requires 
accurate proven data on radiator performance 
characteristics and fan performance together 
with the environmental and commercial 
parameters that influence selection.   With 
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this information, use can be made of 
developed computer programs to obtain final 
selection of an optimum system. 

In order to design an optimum cooling 
system, the following criteria must be 
supplied: 

1. Space envelope including any 
possible alternatives and areas of air inlet and 
discharge 

2. Heat to be dissipated from engine 
and transmission related to engine operating 
speed 

3. Maximum operational ambient 
temperature and normal operating range 

4. Maximum engine water 
temperature related to maximum ambient 
temperature and operational range of 
thermostat 

Flowrate 
Volume, Q 

Density, p 

MeterVsecond, 
mVs 

Cubic feet/ 
minute, CFM 

Kilogram/meter1,     Pound mass/ 
kg/m' cubic foot, 

lbm/ft5 

Typical mixed flow fan characteristic 
charts are shown in Figs. B-19 through B-22. 

B 3 DETROIT DIESEL 
COOLING FANS 

ENGINE 

A series of propeller type cooling fans 
are available for the Detroit Diesel Allison 
Division series of diesel engines. The 
performance characteristics curves for these 
fans are shown in Figs. B-23 through B-35 
for reference only. The engine manufacturer 
should be contacted for guidance and 
recommendations for each specific 
application. (See Table 4-2 for engine 
usage.) 

5. Water circulation rate against 
engine speed 

6. Any other requirements needing 
special consideration 

B-2.5 DEFINITIONS OF UNITS 

The mixed flow fan performance charts 
are labeled with both English and Standard 
International Units (SI). The following 
definitions of these units are presented for 
reference: 

Name 51 Unit Enslish Unit 

Power, P Watt, W Horsepower, HP 

Pressure, p Newton/meter2, 
N/m2 

Inch of Water, 
in. H20 

Pound/square 
inch, lb/in.2 
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AIR  FLOW  PATH. 
OBSTRUCTIONS   UNDESIRABLE 
CLOSE TO IMPELLER. 

\ 

\ ACCEPTABLE ^ /   k 
\      ENCROACHMENT     /        I 
\ /        /- 

if 

Figure B-15.   Partition Mounted  Open Running Mixed  Flow Fan 

RADIAL  DIFFUSER 
INCORPORATING   BALLISTIC    PROTECTION 

Figure B-16.   Mixed Flow Fan Diffuser with Ballistic Louvers 
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SCROLL  CASING 
WITH  OUTLET LOUVER 

Figure B-17.     Mixed Flow Fan  with  Volute  Casting 
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Figure B-18.      Cooling System   Optimization   Charts 
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MODEL 305 MP3 311 
ALL    DIMENSIONS    IN   MILLIMETRES 

i 

5-HOLtS   IO OIA 

EQUI-SPACED 

ON   370 P.C.O. 

3 SO 
OIA 

fl 
V 

i 

5« 

1 
O 
~J 

. u. h 

170 

24.5 
OIA 

4-00 
OIA 

DESCBIi'TlON 

A high output mixed fioir fan 
unit designed for partition 
mounting and free discbarge to 
a plenum or open space.  The 
backward inclined impeller 
blades are self-cleaning and 
give non-stall, non-overloading 
power character!sties with low 
noise esiission and high 
efficiency. Driven by a fixed 
displacement hydraulic motor 
it is capable uf variable speed 
operation through tlieruostatic 
control. 

Una 303 MJ'3 311 fan will cool 
2U0 h.p, witli manual gear-box 
as on Scorpion light tank. 

TECHNICAL llATA 

hated Performance: 
As shown by preferred 
region on curve. 

Hydraulic Motor:     , 
Displacement 4.88 cm /n 

Mounting Attitude: 
Unrestricted. 

Endurance: 
Overhaul period depends 
on application power 
requirement. 

Ambient Temp, llange: 
Max. ambient temp.100° 
Uin. operating temp, 
depends on hydraulic 
fluid used. 

Weight (approx.) 
13.3 kg. 

Climatic Bang*: 
BS.2G.100.DEF.133 

Vibration Grade: 
BS.2G.100.D17.133 

Acceleration Grade: 
Db.2G.100.DEF.133 

Shock * High Impact: 
BS.2G.1O0.DEF.133 

Fireproofmeat: 
Fire resistant 
hydraulic fluids 
can be selected. 

Noise Level at 1 m: 
96 dB at 3300 rpm. 

VOLUME FLOW »/» 

Figure B-19.   Mixed Flow Fan  Performance, Model   305 MP3  311 
(Courtesy of  Airscrew Howden,   Ltd.,   Weybridge,   Surrey,   England) 
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MODEL 380 MP3 311 
ALL   DIMENSIONS    IN    MILLIMETRES 

5-HOLES    12  OIA 

EOUI-SPACED 

ON   470 PCD 

440 
DIA 

70 235 

306 SOO 
DIA OIA 

DfcSCRli IluN 

A high  output mixed  flow  fan 
unit designed  for  partition 
mount ins  and  free discharge  to 
a  plenun or open   space.     The 
backward   inclined   impeller  blades 
are   aelf-cleaning  anil  give  non- 
stall,   non-nvi-r loading   powrr 
characteristics  with  low noise 
emission  and  high  efficiency. 
Driven  by a  fixed displacement 
hydraulic  motor   it   is  capable 
of variable  speed   operation 
through  thermostatic  control. 

Two  "580 M1'3 311   fans will  cool 
750  lip  with manual   transmission 
as on Centurion  tank engine 
retrofit. 

fLULNICAL  UATA 

Rated Performance: 
A* shown by preferred 
region on curve. 

Hydraulic Motor:     . 
Displacement 9.84 cm /rev 

.Mounting Attitude: 
Unrestricted. 

Endurance: 
Overhaul period depends 
on application power 
requirement. 

Ambient Temp. Range: 
Max. ambient temp.lOO°C 
Uin. operating temp, 
depends on hydraulic 
fluid used. 

Weight (apprux.) 
26 kg 

Climatic Range: 
BS.2G.100.DEF.133 

Vibration Grade: 
BS.2G.100.DEF.133 

Acceleration Grade: 
BS.2G.100.ULT.133 

Shock & High Impact: 
US.2G.100.DEF.133 

Fireproofneas: 
Fire resistant 
hydraulic fluids 
can be selected. 

Noise Level at 1 m: 
102 dB at 4800 rpa. 

16000 

VOLUME FLOW m/c 

figure B-20.   Mixed Plow Fan   Performance,   Modal   380  MP3   311 
(Courtesy of Airscrew Howden,   Ltd.,   Weybridge,   Surrey,   England) 
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MODEL 475 MP3 311 

DfcSCBIi'TION 

A high output nixed flow fan 
unit designed for partition 
mounting and free discharge to 
a plenua or open apace.  The 
backward inclined impeller 
blades are self-cleaning and 
give non-stall, non-overlonding 
power characteristics with low 
noise emission and tiigb 
efficiency.  Driven by a fixed 
displacement hydraulic motor 
it is capable of variable speed 
operation through tiiermnstatic 
control. 

Two 475 MP3 511 fans will cool 
7OU-9O0 h.p. with automatic 
transmission as on 1147 engine 
retrofit. 

TECHNICAL UlTA 

Kated J'erfurmance: 
As shown by preferred 
region uo curve. 

Hydraulic Motor: 
Displacement 19.0 e»J/re» 

Mounting Attitude: 
Unrestricted. 

Lndurance: 
Overhaul period depends 
on application power 
requirement. 

Ambient  Temp.  Range: 
Has,ambient  teap.l00°C 
Min.   operating   temp. 
de[>ends  on hydraulic 
fluid used. 

weight (approx.) 
39 kg. 

Climatic Hange: 
llS.2G.10U.UtK. 133 

Vibration Grade: 
US.2G.1O0.DLF.133 

Acceleration Grade: 
DS.2G.100.DU.131 

Shock A. High Impact: 
DS.2G.lO0.['L1.133 

Fi reproofncss: 
lire resivtant 
hydraulic fluids 
can be selected. 

Noise Level at i m 
10'<! dB at 4000 rpm. 

20000 

VOLUME PLOW m/i 

Figure B-21.   Mixed Flow Fan  Performance,  Model   475 MP3  311 
(Courtesy of Airscrew Howden,   Ltd.,   Weybridge,   Surrey,   England) 

B-21 



MODEL 680 MP3 311 
ALL    DIMENSION! 

5-HOLES   14   Dl* 

EOUI-SPACED 

ON   B20 P.C.D. 

>    IN MILLIMETRES                                           '7», * 
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DESCRIPTION 

A high output mixed flow fan 
unit designed for partition 
mounting and free discharge to 
a plenum or open space. The 
backward inclined impeller 
blades are self-cleaning and 
give non-stall, aon—overloading 
power characteristics with low 
noise emission and high efficiency 
Driven by a fixed displacement 
hydraulic motor it is capable of 
variable speed operation through 
thermostat if control. 

Two or three 680 SU>3 311 fans 
will cool 1500-2500 bp engines 
with automatic transmission as 
being considered on future 
main battle tanks. 

TECHNICAL DATA 

Rated Performance: 
As shown by preferred 
region on curve. 

Hydraulic Motor:     , 
Displacement 78.2 ca /rev 

Mounting Attitude: 
Unrestricted. 

Endurance: 
Overhaul period depends 
on application power 
requirement. 

Aabient Temp. Range: 
max. aabient teap.lOO°C 
Min. operating temp. 
depends on hydraulic 
fluid used. 

Weight (approx.) 
103 kg 

Climatic Range: 
BS.2C.100.DKF.133 

Vibration Grade: 
BS.2G.100.DEF.133 

Acceleration Grade: 
BS.2G.100.DEF.133 

Shock & High Impact: 
BS.2G.100.DEF.133 

Fi reproofnesa: 
Fire resistant 
hydraulic fluids 
can be selected. 

Noise Level at 1 a: 
104 dB at 2^00 rpa. 

10000 
CFM 

20000 40000 

VOLUME  r'LOW  m/s 

Figure B-22.   Mixed Flow Fan  Performance),   Model   680 MP3  311 
(Courtesy of Airscrew Howden,  Ltd.,   Weybridge,   Surrey,   England) 
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ISM DETROIT DIESEL ENGINE DIVISION 
6ENEML MOTORS CORPORATION 
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FAN CHARACTERISTICS 
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DETROIT DIESEL ENGINE DIVISION 
GENERAL MOTORS CORPORATION 

FAN CHARACTERISTICS 
22 INCH - 5 BLASE x 2 INCH PROJECTED WIDTH 

PROBABLE INSTALLATION PERFORMANCE 
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Figure B-25.      Cooling Fan  Performance  Curve No.   Fl-0000-00-58 
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DETROIT DIESEL ENGINE  DIVISION 
GENERAL   MOTORS   CORPORATION 

FAN CHARACTERISTICS 
22 INCH - 6 BLADE x 2 1/4 INCH PROJECTED WIDTH 
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Figure B-26.      Cooling Fan  Performance  Curve No.   Pl-0000-00-73 
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^_           DETROIT  DIESEL  ENGINE  DIVISION 
XZA                                       6ENERAL   MOTOtS   CORPORATION 
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Figure B-28.      Cooling Fan Performance  Curve No.   Fl-0000-00-64 
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JC\     DETROIT DIESEL ENGINE DIVISION 
WSJ                        GENERAL MOTORS CORPORATION 

FAN CHARACTERISTICS 
S8 INCH - 6 BLASE x 3 i INCH PROJECTED WIDTH 
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Figure B-29.     Cooling Fan  Performance Curve No.   Fl-0000-00-67 
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/r^      DETROIT DIESEL ENGINE DIVISION 
VS)                       GENERAL MOTORS CORPORATION 

FAN CHARACTERISTICS 
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Figure B-30.      Cooling  Fan Performance  Curve No.   Fl-0000-00-68 
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^^       DETROIT  DIESEL ENGINE  DIVISION 
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Figure B-32.      Cooling Pun   Performance Curve No.   F1-0000-00-8S 
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f-s      DETROIT DIESEL ENGINE DIVISION 
|BO                      GENERAL MOTORS CORPORATION 

FAN CHARACTERISTICS 
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figure B-33.      Cooling  Fan Performance Curve Wo. Fl-0000-00-69 
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DETROIT DIESEL ENGINE DIVISION 
GENERAL MOTORS CORPORATION 

FAN CHARACTERISTICS 
36 INCH - 8 BLADE x 3 1/16 INCH PROJECTED WIDTH 
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Figure B-34.      Cooling Fmn  Performance Curve No.   Fl-0000-00-70 
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DETROIT DIESEL ENGINE DIVISION 
GENERAL MOTORS CORPORATION 

FAN CHARACTKRISTICS 
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Figure  B-35.      Cooling  Fan   Performance   Curve  No. Fl-0000-00-71 
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APPENDIX C 

C 1      BALLISTIC GRILLE 
PERFORMANCE DATA 

Graphs of ballistic grille airflow data 
are published to provide background 
information and assist the cooling system 
designer in the selection of the best grille 
design to satisfy particular vehicle 
requirements. 

Graphs Figs. C-l through C-5 provide 
information to aid in prediction of the grille 
air pressure drop when the grille area is 
established. 

Graphs Figs. C-6 and C-7 present actual 
grille airflow restriction characteristics 
obtained by test. 
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APPENDIX D 

D-1      RADIATOR TEST AND 
EVALUATION PROCEDURES 

The radiator test and evaluation 
procedures that follow are taken from MIL- 
R-45306 (Ref. 18, Ch. 9). 

D-1.1 TEST PROCEDURES 

D-1.1.1 Conditions 

The test conditions that follow shall 
apply during the tests performed in 
accordance with this specification on 
complete radiators and on radiator cores 
when they are furnished separately. Radiator 
cores tested separately shall be tested in 
fixtures which simulate, for test purposes, 
the top and bottom tanks. 

D-1.1.2       Support 

The radiator or core shall be supported 
on its normal points of support and shall not 
be supported on a cradle or bracket that in 
any way restrains the possible distortion of 
the radiator or core under pressure. 

D-1.1.3       Equipment 

The test part is mounted on a test stand. 
A flow pump and piping are used to provide 
water to the test sample from a reservoir. A 
circulating pump is used to maintain an even 
temperature in the water reservoir. A 
throtding valve is used to regulate the flow to 
the desired rate. A variable speed fan or 
adjustable dampers or louvers are used to 
regulate the airflow to the test sample. 

D-1.1.4      Instrumentation 

Instrumentation shall be provided to 
measure: 

1. The temperature in the water lines of 
the inlet and outlet to the test sample. 

2. The water flow to the radiator. 

3. Airflow in the air duct (when an 
orifice is used to measure the airflow, a 
manometer shall be connected upstream from 
the orifice to indicate the static pressure in 
the duct). 

4. The pressure drop or the resistance to 
airflow across the core. 

5. The temperature of the airflow on 
each side of the core. 

D-1.1.5 Control   Limits 
Observations 

and   Data 

The observed data shall be recorded. 
All points for each test shall be recorded only 
after the variables have been stabilized. The 
degree of stabilization and accuracy of 
observations are considered acceptable when 
the comparison between the air gain heat 
rejection and the water loss heat rejection 
does not exceed 5 percent. 

D-1.1.6       Coolant 

The coolant shall be water. 
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D-1.1.7      Coolant Temperature 

The temperature of the water entering 
the test section shall be between 170" and 
210°F (180°F is normally used for the test). 

D-1.1.8      Heat Rejection 

The heat rejection test will be made 
using one of the following methods: 

1. Test Method. The core section shall 
be tested in the wind tunnel as indicated in 
Fig. D-1, at 100 and 125 percent of the rated 
waterflow. If these selected values are not 
possible, the core shall be tested at not less 
than three waterflow rates within the 100 and 
125 percent rate for each radiator size. At 
each waterflow rate, the heat rejection shall 
be determined at not less than four air 
velocities overlapping the range of 1500 to 
2100 ft/min as indicated on MS35773-7. 
The heat rejected by the water and the heat 

gained by the air shall be calculated 
separately at each test condition. A 
performance curve shall be plotted. The heat 
rejection and core resistance values at 1500, 
1800, and 2100 ft/min air velocity shall be 
taken from the performance curve and 
recorded on the qualification test data sheet. 
The difference between the test data and 
standard core data shall be checked. 

2. Alternate Test Method. In order to 
reduce the test work, and when the same core 
section is used for more than one radiator 
type and size, waterflow rates and air- 
velocity rates which overlap the entire range 
of required conditions shall be chosen for test 
points on the sample core. All air velocities 
shall be tested at each chosen waterflow rate. 
These results shall be plotted. The varying 
waterflow rates in gallons per minute can be 
plotted as a parameter on these curves. 
From these curves, a cross-plot can be made 
with heat rejection in Btu/minute as the 

INLET 

AIR NEATER 

REMOTELY OPERATED 
FlOW CONTROL VALVE 

COUPLING 

FAN MOTOR 
LIQUID 

LINES 

STRAI6HTENER 

Figure D-1.  Heat Exchanger Test Schematic Diagram 
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ordinate, waterflow rates as the abscissa, and 
air velocity lines of 1500, 1800, and 2100 
ft/min as the parameter. From this cross- 
plot, the required values can be obtained and 
recorded on the test data sheet. The data 
thus obtained shall be compared to the 
standard core values. 

of vibration of the test machine, and for 
adjusting and measuring frequencies and 
amplitudes of vibration to keep them within 
prescribed limits. 

D-1.2TESTS 

D-1.1.9       Airflow 

Airflow through the test core section 
may be measured on either side. 

D-1.1.10    Air-pressure-drop 
Corrections 

The air-pressure-drop measurements 
shall be corrected to standard conditions by 
the following 

D-1.2.1 Heat   Rejection 
Resistance 

and   Core 

fe)' 

APmfo0 \ (D-l) 

where 

APm = measure pressure drop, in. water 

pm = inlet air density, lbm/ft3 

p0 =   standard   air   density,   0.075 
lbm/ft3 

D-1.1.11     Vibration 

The radiator shall be filled with water 
for the vibration tests. The radiator shall be 
supported as specified in par. D-l. 1.2 and 
securely fastened to a rigid mounting bracket 
that shall be bolted to the vibration table to 
ensure that the motion of the radiator shall be 
essentially the same as the motion of the 
platform. The radiator should be at a normal 
operating temperature and pressure. Means 
shall be provided for controlling the direction 

The radiator or core shall conform to the 
requirements of the standard core based on 
rated heat rejection as defined in par. D-l.3. 
These values may be determined on a per 
square foot basis. These values shall then be 
corrected to the actual frontal area of the 
radiator. 

D-1.2.2       Pressure Cycling 

The complete radiator shall be tested 
with all outlets closed. Pressure, variable 
from atmospheric to 7 psig, shall be applied 
at the inlet using air or steam and shall be 
maintained at a temperature of at least 212°F 
during the test. When steam is used, means 
shall be provided to prevent the accumulation 
of water. The pressure cycling shall take 
place in 3 to 4 sec at a rate of 6 ± 1 pressure 
cycles/min. The radiator shall be cycled a 
minimum of 50,000 pressure cycles. The 
radiator shall be examined periodically for 
evidence of leakage or distortion. Only tube 
leaks and tube-to-header leaks, not to exceed 
three, shall be repaired or plugged before 
continuing the test. Any evidence of leakage 
or distortion of more than 1/8 in. shall 
constitute failure of this test. 

D 1.2.3       Resonance Survey 

The radiator which has been tested in 
accordance with par. D-1.2.2 may be rebuilt 
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or another radiator may be used for this test. 
The radiator shall be checked for leakage 
prior to the start of this test. The radiator 
shall be prepared in accordance with par. D- 
1.1.11 and vibrated at frequencies from 10 to 
33 Hz at the displacement specified in Table 
D-l. If resonance occurs at any point in the 
specified range, the frequency of vibration at 
that point shall be the test conditions of par. 
D-l.2.4. 

D-1.2.4       Vibration 

This test shall be run after completion of 
par D-l.2.3, if no leaks are observed. The 
radiator shall be vibrated for not less than 24 
hr at the most critical resonant frequency. If 
no resonance was observed, this test shall be 
performed at 33 Hz at the displacement 
referenced in Table D-l. The radiator shall 
be examined periodically during the test for 
evidence of seepage and leakage. At the 
completion of the 24-hr test, any evidence of 
structural damage, seepage, or leakage shall 
constitute failure of this test. 

D-1.3 DEFINITIONS 

For the purpose of this specification, the 
following definitions shall apply: 

1. Rated Internal Pressure. Shall be 7 
psig for Military Standards MS35773-1 
through -10. 

2. Standard Air. Shall be at a 
temperature of 70°F, 29.92 in. Hg 
barometric pressure, and a density of 0.075 
lbm/ft3. 

3. Rated Coolant Flow. Shall be the 
flow listed for the particular radiator to be 
tested and shall be based on approximately a 
10 deg F drop in coolant temperature in the 

radiator. 

4. Air Gain-Heat Transfer. The air 
gain-heat transfer Qa is 

&   =   waCpLTa , Btu/min (D-2) 

where 

Cp   =   specific   heat   of   air,   0.24 
Btu/lbm-°F (up to 215°F) 

wa   =   cooling airflow, lbm/min 

Ar„       =   air temperature rise, °F 

5. Water Loss-Heat Transfer. The water 
loss heat Qw is 

Qw  =   wwCpATw , Btu/min (D-3) 

where 

Cp   =    specific   heat  of  water,   1.0 
Btu/lbm-°F (up to 215°F) 

ww   =   water flow, lbm/min 

LTW =   water temperature drop, °F 

6. Average Coolant Temperature. The 
sum of the coolant inlet and outlet 
temperatures shall be divided by 2. 

7. Rated Potential. The average water 
temperature minus the entering air 
temperature, and shall have a value of 80 deg 
F. 

8. Observed Potential. The observed 
average water temperature minus the 
observed entering air temperature during the 
heat rejection and core resistance test. 
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TABLE D-1 

TABLE DISPLACEMENTS 

FREQUENCY RANGE, Hz TOTAL TABLE DISPLACEMENT, in. 

10  to   15 
16  to   25 
26  to  33 

0.060   ±   0.006 
0.050   ±   0.005 
0.040   ±   0.005 

9. Rated Heat Rejection. The total 
observed heat rejection in Btu/min times the 
rated potential divided by the observed 
potential. 

10. Resonance. A condition of 
maximum magnification of an applied 
vibration. It usually is manifested by visibly 
increased vibration of the radiator under test. 

D-2 ENGINE/TRANSMISSION OIL 
COOLER TEST SPECIFICATION 
AND PROCEDURE 

D-2.1 OIL-TO-AIR COOLER 

D-2.1.1 Specifications 

The following is an example of data 
taken from a detailed drawing of an oil-to-air 
cooler and constitutes the performance and 
endurance specifications the component must 
meet: 

Trans- 
Qil Side Engine mission 

Oil Type SAE 50 SAE 10 

Heat Rejection, Btu/min     8000   10,000 

Flow, lbm/min 512 608 

Inlet Temperature, °F 280 300 

Outlet Temperature, °F 250 268 

Pressure Drop, psi 12.5 12 

Working Pressure, psi 150 150 

Air Side 

Flow, lbm/min 320 390 

Flow (at 0.0683 lbm/ft3), 
cfm 8052 

Inlet Temperature, °F 120 

8052 

120 

Outlet Temperature, °F 224        227 

Outlet Pressure, in. Hg, Abs 29.92     29.92 

Pressure Drop, in. water 6.5        6.5 

Endurance    Specifications. Must 
withstand 600 psi hydrostatic pressure for 1 
min without failure. Must endure a test of 
15,000 cycles at a rate of 18 - 19 cycles/min, 
with oil pressure varying 0 - 375 psi/cycle. 
The unit may be out of square 0.06 in./ft in 
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any plane. 

D-2.1.2      Test Procedure 

D-2.1.2.1    Heat Rejection 

The test conditions for temperature 
pressure, flow rate, and grade of oil are 
given in par. D-2.1.1. 

The oil side temperatures and pressures 
are measured at the cooler inlet and outlet. 
The thermocouples should be installed so that 
their measuring tips are in the center of the 
oil stream and do not contact the metal sides 
of the flow passages nor restrict the flow. 
The fittings for the pressure gage should not 
protrude beyond the inside diameter of the 
flow passage, i.e., should offer no resistance 
to the oil flow. The oil flow is measured by 
means of a calibrated flow orifice installed in 
the inlet line to the cooler. 

If a thermostatic bypass is an integral 
part of the cooler, it should be blocked shut 
to eliminate any possibility of leakage 
occurring during the heat rejection tests. 

An auxiliary oil pump supplies the 
required flow to the cooler. The oil then 
flows from the cooler to an auxiliary heat 
exchanger and then back to the auxiliary 
pump. 

D-2.1.2.2   Air Side Measurements 

Air side measurements are made as 
outlined in par. D-l for radiator airflow. 
The test schematic diagram in Fig. D-l is 
applicable for oil-to-air coolers. 

D-2.1.2.3   Heat Balance 

To calculate the heat balance, the same 
procedure is used for oil as air as illustrated 

in par. D-l.3, Items No. 4 and 5.    The 
specific heat for oil varies with temperature. 

D-2.1.2.4  Pressure Test 

The cooler hydrostatic pressure test is 
conducted by filling the cooler with oil, 
blocking off the inlet and outlet with pipe 
plugs, and connecting a hydraulic hand pump 
to the system through a pressure tap in one of 
the pipe plugs. The system is pumped to the 
required pressure and the cooler observed for 
leaks for the required time period. This test 
can be dangerous. Safety glasses must be 
worn when inspecting the pressurized cooler. 

D-2.1.2.5  Cyclic Test 

The cyclic test is conducted by using an 
auxiliary pump to supply the necessary oil to 
the cooler. The required cycle can be 
maintained by cycling the power supply to 
the auxiliary oil pump or bypassing the oil 
flow around the cooler through an automatic 
bypass system. The pressure and 
temperature of the oil should be monitored, 
and an auxiliary oil cooler added to the 
system as required. An oscillograph trace of 
a cycle pressure test is shown in Fig. D-2. 

D-2.2 OIL-TO-WATER COOLER 

D-2.2.1       Specifications 

The following is an example of data 
taken from a detail drawing of an oil-to- 
water cooler and constitutes the performance 
and endurance specification the component 
must meet: 

1. For the purpose of qualification 
under the specification, the prospective 
supplier shall submit five (5) samples of the 
cooler. These samples properly marked with 
identifying information shall be forwarded to 
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the place designated by the procuring agency 
for approval. For qualification acceptance, 
coolers shall withstand a minimum of 
500,000 hydraulic pressure cycles of from 0 
to 300 psi at the rate of 13 to 20 cycles per 
min with SAE No. 10 oil at 170° to 200°F 
without leakage. This is a destructive test. 

2.  Rated performance: 

a. SAE Grade 30 Oil 

b. 150°F "Oil In" temperature 

c. 42.5 psi oil pressure drop at 30 
gpm 

d.  85°F "Water In" temperature 

e. Heat transfer and pressure drops 
as installed in the 1161851 Housing and 
11641853 Cover: 

Waterflow, 
 gpm  

50 

75 

Oil Flow,   Heat Rejection, 
gpm         Btu/min  

92 

15.0 
27.5 

15.0 
27.5 

15.0 
27.5 

1040 
1450 

1110 
1570 

1150 
1620 

Coolers    also    shall    be    checked    for 
performance requirements as listed. 

3. Production Requirements. All units 
must be subjected to a leak test of 150 psi air 
pressure with the cooler immersed in liquid 
at 120° to 140°F to detect porosity and pin 

hole leaks. No leakage is permitted. 

4. Production Endurance Test. Coolers 
selected at random from a production lot 
must withstand a minimum of 250,000 
hydraulic pressure cycles of from 0 to 300 
psi at the rate of 13 to 20 cycles per min with 
SAE No. 10 oil at 170° to 200°F without 
leakage. This is a destructive test. Coolers 
subjected to this test shall be scrapped after 
test. 

D 2.2.2  Test Procedure 

D-2.2.2.1   Heat Rejection 

1. The temperature, pressure, flow rate, 
and grade of oil are all given in par. D- 
2.2.1. 

2. The procedure for oil side 
measurements are oudined in par. D-2.1.2.1. 

3. Water side procedures are outlined in 
par. D-l for radiator water flow. 

D-2.2.2.2  Heat Balance 

The heat balance is as discussed in par. 
D-2.1.2.3. The applicable values of specific 
heat are applied. To obtain an accurate heat 
balance, the water side thermocouples must 
be very accurately calibrated since the AT on 
the water side is small. 

D-2.2.3  Pressure Test 

See par. D-2.1.2.4. 

D-2.2.4  Cyclic Test 

See par. D-2.1.2.5. 
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D-3 FAN PERFORMANCE TEST 
PROCEDURE (Refs. 13 and 15, 
Chapter 9, and Ref. 18, Chapter 4) 

Fan performance tests are carried out in 
accordance with the Air Movement and 
control Association (AMCA) Standard 210- 
85, Laboratory Methods of Testing Fans for 
Rating. Applicable potions of AMCA 
standard 210-85 are contained in the 
following paragraphs. Fan certification can 
be performed under AMCA Publication 211, 
Certified ratings Program - Air Performance. 
AMCA should be contacted for complete test 
and certification procedures. 

D-3.1 OBSERVATIONS AND CONDUCT 
OF TEST 

D-3.1.1       General Test Requirements 

D-3.1.1.1    Determinations 

The number of determinations required 
to establish the performance of a fan over the 
range from shut off to free delivery will 
depend on the shapes of the various 
characteristic curves. Plans shall be made to 
vary the opening of the throttling device in 
such a way that the test points will be well 
spaced. For smooth characteristics, at least 
eight determinations shall be made. 
Additional determinations may be required to 
define curves which are not smooth. When 
performance at one point of operation only is 
required, at least three determinations shall 
be made to define a short curve which 
includes that point. 

D-3.1.1.2   Equilibrium 

Equilibrium conditions shall be 
established before each determination. To 
test for equilibrium, trial observations shall 

be made until steady readings are obtained. 
Ranges of air delivery over which 
equilibrium cannot be established shall be 
recorded. 

D-3.1.1.3   Stability 

Any bi-stable performance points (air 
flow rates at which two different pressure 
values can be measured) shall be so reported. 
When they are a result of hysteresis, the 
points shall be identified as that for 
decreasing air flow rate and that for 
increasing air flow rate. 

D-3.1.2      Data to be Recorded 

D-3.1.2.1   Test Unit 

The description of the test unit shall be 
recorded. The nameplate data should be 
copied. Dimensions should be checked 
against a drawing and a copy of the drawing 
attached to the data. 

D-3.1.2.2   Test Setup 

The description of the test setup 
including specific dimensions shall be 
recorded. Reference may be made to the 
figures in this standard. Alternatively, a 
drawing or annotated photograph of the setup 
may be attached to the data. 

D-3.1.2.3   Instruments 

The instruments and apparatus used in 
the test shall be listed. Names, model 
numbers, serial numbers, scale ranges, and 
calibration information should be recorded. 

D-3.1.2.4   Test Data 

Test data for each determination shall be 
recorded.        Readings    shall    be    made 
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simultaneously whenever possible. D-3.1.2.4.6 Outlet Chamber Tests 

D-3.1.2.4.1 All Tests 

For all types of tests, three readings of 
ambient dry-bulb temperatures (r^), ambient 
wet-bulb temperature (O, ambient 
barometric pressure (p0), fan speed (N), and 
either beam load (F), torque (7), or power 
input to motor (W) shall be recorded unless 
the readings are steady in which case only 
one need be recorded. 

D-3.1.2.4.2 PitotTest 

For Pitot traverse tests, one reading each 
of velocity (Pv3r) and static pressure (Ps3r) 
shall be recorded for each Pitot station. In 
addition, three readings of traverse-plane 
dry-bulb temperature (t^) shall be recorded 
unless the readings are steady in which case 
only one need be recorded. 

D-3.1.2.4.3 Duct Nozzle Test 

For duct nozzle tests, one reading each 
of pressure drop (AP), approach dry-bulb 
temperature (td4), and approach static 
pressure (Ps4) shall be recorded. 

D-3.1.2.4.4 Chamber Nozzle Tests 

For chamber nozzle tests, one reading 
each of pressure (AP), approach dry-bulb 
temperature (r^), and approach static 
pressure (P^) shall be recorded. 

D-3.1.2.4.5 Inlet Chamber Tests 

For inlet chamber tests, one reading each 
of inlet chamber dry-bulb temperature (tjs) 
and inlet chamber total pressure (P^) shall be 
recorded. 

For outlet chamber tests, one reading 
each of outlet chamber dry-bulb temperature 
(td7) and outlet chamber static pressure (Ps7) 
shall be recorded. 

D-3.1.2.4.7 Outlet 
Tests 

Duct     Chamber 

For outlet duct chamber tests, one 
reading each of outlet duct dry-bulb 
temperature (td4) and outlet duct static 
pressure (Ps4) shall be recorded. 

D-3.1.2.4.8 Low Pressure Tests 

For tests where (Ps4) is less than 4 in. wg 
the temperature may be considered uniform 
throughout the test setup and only t^ and rw 

need be measured. 

D-3.1.2.5   Personnel 

The names of test personnel shall be 
listed with the data for which they are 
responsible. 

D-3.2 INSTRUMENTS AND METHODS 
OF MEASUREMENT 

D-3.2.1       Accuracy 

The specifications for instruments and 
methods of measurement which follow 
include accuracy requirements. The 
specified requirements correspond to two 
standard deviation and are based on an 
assumed normal distribution of the errors 
involved. The calibration procedures which 
are specified shall be employed to minimize 
systematic errors. Random errors can be 
established only from an adequate statistical 
sample. It is anticipated that calibration data 
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will be accumulated on the various 
instruments prior to their selection for use in 
a particular test. Instrument errors shall be 
such that two standard deviations of the 
accumulated data from their mean do not 
exceed the specified values. 

D-3.2.2       Pressure 

The total pressure at a point shall be 
measured on an indicator, such as a 
manometer, with one leg open to the 
atmosphere and the other leg connected to a 
total pressure sensor, such as a total pressure 
tube or the impact tap of a Pitot-static tube. 
The static pressure at a point shall be 
measured on an indicator, such as a 
manometer, with one leg open to the 
atmosphere and the other leg connected to a 
static pressure sensor, such as a static 
pressure tap or the static tap of a Pitot-static 
tube. The velocity pressure at a point shall 
be measured on an indicator, such as a 
manometer, with one leg connected to a 
total pressure sensor, such as the impact tap 
of a Pitot-static tube, and the other leg 
connected to a static pressure sensor, such as 
the static tap of the same Pitot-static tube. 
The differential pressure between two points 
shall be measured on an indicator, such as a 
manometer, with one leg connected to the 
upstream sensor, such as a static pressure 
tap, and the other leg connected to the 
downstream sensor, such as a static pressure 
tap. 

D-3.2.2.1 Manometers 
Pressure 
Instruments 

and    Other 
Indicating 

Pressure shall be measured on 
manometers of the liquid column type using 
inclined or vertical legs or other instruments 
which provide a maximum error of 1 % of 
the maximum observed reading or 0.006 in. 

wg whichever is larger. 

D-3.2.2.1.1 Calibration 

Each pressure indicating instrument shall 
be calibrated at both ends of the scale and at 
least nine equally spaced intermediate points 
in accordance with the following: 

1. When the pressure to be indicated 
falls in the range of 0 to 10 in. wg, 
calibration shall be against a water-filled 
hook gauge of the micrometer type or a 
precision micromanometer. 

2. When the pressure to be indicated is 
above 10 in. wg, calibration shall be against 
a water-filled hook gauge of the micrometer 
type, a precision micromanometer, or a 
water-filled U-tube. 

D-3.2.2.1.2 Averaging 

Since the flow and the pressures 
produced by a fan are never strictly steady, 
the pressure indicated on any instrument will 
fluctuate with time. In order to obtain a true 
reading, either the instrument must be 
damped or the readings must be averaged in 
a suitable manner. Averaging can sometimes 
be accomplished mentally, particularly if the 
fluctuations are small and regular. Multi- 
point or continuous record averaging can be 
accomplished with instruments and analyzers 
designed for this purpose. 

D-3.2.2.1.3 Corrections 

Manometer readings should be corrected 
for any difference in specific weight of gauge 
fluid from standard, any difference in gas 
column balancing effect from standard, or 
any change in length of the graduated scale 
due to temperature. However, corrections 
may be omitted for temperatures between 
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58°F and 78°F, latitudes between 30 and 60, 
and elevation sup to 5,000 feet. 

D-3.2.2.2   Pitot-Static Tubes 

The total pressure or the static pressure 
at any point may be sensed with a Pitot-static 
tube of the proportions shown in Fig. D-2. 
Either or both of these pressure signals can 
then be transmitted to a manometer or other 
indicator. If both pressure signals are 
transmitted to the same indicator, the 
differential shall be considered the velocity 
pressure at the point of the impact opening. 

D-3.2.2.2.1 Calibration 

Pitot-static tubes having the proportions 
shown in Fig. 1 are considered primary 
instruments and need not be calibrated 
provided they are maintained in the specified 
condition. 

D-3.2.2.2.2 Size 

The Pitot-static tube shall be of sufficient 
size and strength to withstand the pressure 
forces exerted upon it. The outside diameter 
of the tube shall not exceed 1/30 of the test 
duct diameter except that when the length of 
the supporting stem exceeds 24 tube 
diameters, the stem may be progressively 
increased beyond this distance. The 
minimum practical tube diameter is 0.10 in. 

D-3.2.2.2.3 Support 

Rigid support shall be provided to hold 
the Pitot-static tube axis parallel to the axis 
of the duct within 1 degree and at the head 
locations specified in Fig. D-2 within 0.05 
in. or 0.25% of the duct diameter, whichever 
is larger. Straighteners are specified so that 
flow lines will be approximately parallel to 
the duct axis. 

D 3.2.2.3   Static Pressure Taps 

The static pressure at a point may be 
sensed with a pressure tap of the specified 
proportions (see AMCA Document 210-85). 
The pressure signal can then be transmitted 
to an indicator. 

D-3.2.2.3.1 Calibration 

Pressure taps having the specified 
proportions (see AMCA Document 210-85) 
are considered primary instruments and need 
not be calibrated provided they are 
maintained in the specified condition. Every 
precaution should be taken to insure that the 
air velocity does not influence the pressure 
measurement. 

D-3.2.2.3.2 Averaging 

An individual pressure tap is sensitive 
only to the pressure in the immediate vicinity 
of the hole. In order to obtain an average, at 
least four identical taps shall be manifolded 
into a piezometer ring. The manifold shall 
have an inside area at least four times that of 
each tap. 

D-3.2.2.3.3 Piezometer Rings 

Piezometer rings are specified for 
upstream and downstream nozzle tapes and 
for outlet duct or chamber measurements 
unless Pitot traverse is specified. Measuring 
planes shall be located as shown in Fig. D-3 
for the appropriate setup. 

D-3.2.2.4 Total Pressure Tubes 

The total pressure in an inlet chamber 
may be sensed with a stationary tube of the 
specified proportions (see AMCA Document 
210-85). The pressure signal can then be 
transmitted to an indicator. The tube shall 
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face directly into the air flow and the open 
end shall be smooth and free from burrs. 

D 3.2.2.4.1 Calibration 

Total pressure tubes of the above 
description are considered primary 
instruments and need not be calibrated if they 
are maintained in the specified condition. 

D 3.2.2.4.2 Averaging 

The total pressure tube is sensitive only 
to the pressure in the immediate vicinity of 
the open end. However, since the velocity in 
an inlet chamber can be considered uniform 
due to the settling means which are 
employed, a single measurement will be 
representative of the average chamber 
pressure. 

that corresponding to 1 % of the maximum 
observed static or total pressure reading 
during a test (indicator tolerance), plus 1% 
of the actual reading (averaging tolerance). 
For systems used to determine fan flow rate, 
the combined error shall not exceed that 
corresponding to 1% of the maximum 
observed velocity pressure or pressure 
differential reading during a test (indicator 
tolerance) plus 1% of the actual reading 
(averaging tolerance). 

D-3.2.3       Flow Rate 

Flow rate shall be calculated either from 
measurements of velocity pressure obtained 
by Pitot traverse or from measurements of 
pressure differential across a flow nozzle. 

D-3.2.3.1    Pitot Traverse 

D-3.2.2.4.3 Location 

Total pressure tubes are specified for 
inlet chambers. Location shall be as shown 
in the figure for the appropriate setup. 

D 3.2.2.5   Other Pressure  Measuring 
Systems 

Pressure measuring systems consisting of 
indicators and sensors other than manometers 
and Pitot-static tubes, static pressure taps, or 
total pressure tubes may be used if the 
combined error of the system including any 
transducers does not exceed the combined 
error for an appropriate combination of 
manometers and Pitot-static tubes, static 
pressure taps, or total pressure tubes. For 
systems used to determine fan pressure, the 
contribution to combined error in the 
pressure measurement shall not exceed 

Flow rate may be calculated from the 
velocity pressures obtained by traverses of a 
duct with a Pitot-static tube for any point of 
operation from free delivery to shut off 
provided the average velocity corresponding 
to the flow rate at free delivery at the test 
speed is at least 2400 fpm. 

D-3.2.3.1.1 Stations 

The number and locations of the 
measuring stations on each diameter and the 
number of diameters shall be as specified in 
Fig. D-3. 

D-3.2.3.1.2 Averaging 

The station shown in Fig. D-3 are 
located on each diameter according to the 
log-linear rule. The arithmetic mean of the 
individual velocity measurements made at 
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these stations will be the mean velocity 
through the measuring station of a wide 
variety of profiles. 

D-3.2.3.2   Nozzles 

Flow rate may be calculated from the 
pressure differential measured across a flow 
nozzle or bank of nozzles for any point of 
operation from free delivery to shut off 
provided the average velocity at the nozzle 
discharge corresponding to the flow rate at 
free delivery at the test speed is at least 2800 
fpm. 

D-3.2.3.2.1 Size 

The nozzle or nozzles shall conform to 
specified dimensions (see AMCA Document 
210-85). Nozzles may be of any convenient 
size. However, when a duct is connected to 
the inlet of the nozzle, the ratio of nozzle 
throat diameter to the diameter of the inlet 
duct shall not exceed 0.525. 

D-3.2.3.2.2.     Calibration 

as shown in AMCA Document 210-85, 
Figure 4 shall be used in place of the 
downstream pressure taps shown in the figure 
for the setup and the piezometer for each 
nozzle shall be connected to its own 
indicator. 

D 3.2.3.2.4 Ducted Nozzles 

Nozzles with integral throat taps shall be 
used for ducted nozzle setups. Upstream 
pressure taps shall be located as shown in the 
figure for the appropriate setup. 
Downstream taps are the integral throat taps 
and shall be located as shown in AMCA 
Document 210-85, Figure 4. 

D-3.2.3.2.5 Taps 

All pressure taps shall conform to the 
specification in D-3.2.2.3 regarding 
geometry, number, and manifolding into 
piezometer rings. 

D-3.2.3.3. Other     Flow 
Methods 

Measuring 

The standard nozzle is considered a 
primary instrument and need not be 
calibrated if maintained in the specified 
condition. Reliable coefficients have been 
established for throat dimensions L = 0.5 D 
and L = 0.6 D, shown in AMCA Document 
210-85, Figure 4. Throat dimensions L = 
0.6 D is recommended for new construction. 

D-3.2.3.2.3 Chamber Nozzles 

Flow measuring methods which utilize 
meters or traverses other than flow nozzles or 
Pitot traverses may be used is the error 
introduced by the method does not exceed 
that introduced by an appropriate flow nozzle 
of Pitot traverse method. The contribution to 
the combined error in the flow rate 
measurement shall not exceed that 
corresponding to 1.2% of the discharge 
coefficient for a flow nozzle. 

Nozzles without integral throat taps may 
be used for multiple nozzle chambers in 
which case upstream and downstream 
pressure taps shall be located as shown in the 
figure for the appropriate setup. 
Alternatively, nozzles with throat taps may 
be used in which case the throat taps located 

D-3.2.4       Power 

Power shall be determined from the 
beam load measured on a reaction 
dynamometer, the torque measured on a 
torsion element, or the electrical input 
measured on a calibrated motor. 
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D-3.2.4.1   Reaction Dynamometers 

A cradle or torque table type reaction 
dynamometer having a demonstrated 
accuracy of ±2% of observed reading may 
be used to measure power. 

D-3.2.4.1.1 Calibration 

A reaction dynamometer shall be 
calibrated through its range of usage by 
suspending weights from a torque arm. The 
weights shall have certified accuracies of 
±2%. The length of the torque arm shall be 
determined into an accuracy of ±2%. 

D-3.2.4.1.2 Tare 

The zero torque equilibrium (tare) shall 
be checked before and after each test. The 
difference shall be within 0.5% of the 
maximum value measured during the test. 

D-3.2.4.2   Torsion Devices 

A torque meter having a demonstrated 
accuracy of ±2% of observed reading may 
be used to determine power. 

D-3.2.4.2.1 Calibration 

A torsion device shall have a static 
calibration and may have a running 
calibration through its range of usage. The 
static calibration shall be made by suspending 
weights from a torque arm. The weights 
shall have certified accuracies of ±0.2%. 
the length of the torque arm shall be 
determined to have an accuracy of ±0.2%. 

D-3.2.4.2.2 Tare 

case, the difference shall be within 0.5% of 
the maximum value measured during the test. 

D-3.2.4.3   Calibrated Motors 

A calibrated electric motor may be used 
with suitable electrical meters to measure 
power. 

D-3.2.4.3.1 Calibration 

The motor shall be calibrated through its 
range of usage against an absorption of 
dynamometer except as provided in D- 
3.2.4.3.4. The absorption dynamometer 
shall be calibrated by suspending weights 
from a torque arm. The weights shall have 
certified accuracies of ±0.2%. The length 
of the torque arm shall be determined to an 
accuracy of ±0.2%. 

D-3.2.4.3.2 Meters 

Electrical meters shall have certified 
accuracies of ±1.0% of observed reading. 
It is preferable that the same meters be used 
for the test as for the calibration. 

D-3.2.4.3.3 Voltage 

The motor input voltage during the test 
shall be within 1 % of the voltage observed 
during calibration. If air flows over the 
motor from the fan under test, similar flow 
shall be provided during calibration. 

D-3.2.4.3.4 IEEE 

Polyphase induction motors may be 
calibrated using the IEEE Segregated-Loss 
Method. 

The zero torque equilibrium (tare) and 
the span of the readout system shall be 
checked before and after each test.  In each 

D-3.2.4.4   Averaging 

Since the power required by a fan is 
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never strictly steady, the torque measured on 
any instrument will fluctuate with time. In 
order to obtain a true reading, either the 
instrument must be damped or the readings 
must be averaged in a suitable manner. 
Averaging can sometimes be accomplished 
mentally, particularly if the fluctuations are 
small and regular. Multi-point or continuous 
record averaging can be accomplished with 
instruments and analyzers designed for this 
purpose. 

D 3.2.5       Speed 

Speed shall be measured with a 
revolution counter and chronometer, a 
stroboscope and a chronometer, a precision 
instantaneous tachometer, an electronic 
counter-timer, or any other device which has 
a demonstrated accuracy of ±0.5% of the 
value being measured. 

D-3.2.5.1   Strobes 

A stroboscopic device triggered by the 
line frequency of a public utility is 
considered a primary instrument and need not 
be calibrated if it is maintained in good 
condition. 

D-3.2.5.2   Chronometers 

A quality watch with a sweep second 
hand that keeps time within two minutes per 
day is considered a primary instrument. 

D-3.2.6       Air Density 

Air density shall be calculated from 
measurements of wet-bulb temperature, and 
barometric pressure. Other parameters may 
be measured and used if the maximum error 
in the calculated density does not exceed 
0.5%. 

D-3.2.6.1   Thermometers 

Both wet- and dry-bulb temperatures 
shall be measured with thermometers or 
other instruments with demonstrated 
accuracies of ±2°F and readabilities of 1°F 
or finer. 

D-3.2.6.1.1  Calibration 

Thermometers shall be calibrated over 
the range of temperatures to be encountered 
during test against a thermometer with a 
calibration that is traceable to the National 
Bureau of Standards or other national 
physical measures recognized as equivalent 
byNBS. 

D-3.2.6.1.2 Wet-Bulb 

The wet-bulb thermometer shall have an 
air velocity over the water-moistened wick- 
covered bulb of 700 to 2000 fpm. The dry- 
bulb thermometer shall be mounted upstream 
of the wet-bulb thermometer so its reading 
will not be depressed. 

D-3.2.5.3   Other Devices D-3.2.6.2   Barometers 

The combination of a line frequency 
strobe and chronometer shall be used to 
calibrate all other speed measuring devices. 
Friction driven counters shall not be used 
when they can influence the speed due to 
drag. 

The barometric pressure shall be 
measured with a mercury column barometer 
or other instrument with a demonstrated 
accuracy of ±0.05 in. Hg and readable to 
0.01 in. Hg or finer. 
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D-3.2.6.2.1  Calibration 

Barometers shall be calibrated against a 
mercury column barometer with a calibration 
that is traceable to the National Bureau of 
Standards or other national physical measures 
recognized as equivalent by NBS. A 
convenient method of doing this is to use an 
aneroid barometer as a transfer instrument 
and carry it back and forth to the Weather 
Bureau Station for comparison. A 
permanently mounted mercury column 
barometer should hold its calibration well 
enough so that comparisons every three 
months should be sufficient. Transducer 
type barometers shall be calibrated for each 
test. Barometers shall be maintained in good 
condition. 

D-3.2.6.2.2 Corrections 

Barometric readings shall be corrected 
for any difference in mercury density from 
standard or any change in length of the 
graduated scale due to temperature. Refer to 
manufacturer's instructions. 

D 3.3 EQUIPMENT AND SETUPS 

D-3.3.1       Setups 

Ten setups are diagramed in Figs. D-4A 
through D-4J. 

D-3.3.1.1    Installation Types 

There are four categories of installation 
types which can be used with fans. They 
are: 

A. free inlet, free outlet 
B. free inlet, ducted outlet 

C. ducted inlet, free outlet 
D. ducted inlet, ducted outlet 

D-3.3.1.2   Selection Guide 

The following may be used as a guide to 
the selection of a proper setup. 

(1) Figs. D-4A through D-4D may be 
used for tests of installation types B or D. 

In order to qualify for installation type 
D, an inlet duct simulation shall be used. 

(2) Figs. D-4E through D-4I may be 
used for tests of installation types A, B, C, 
orD. 

In order to qualify for installation type 
A, the  fan  must  be  used  without  any 
auxiliary inlet bell or outlet duct. 

In order to qualify for installation type 
B, an outlet duct shall be used and this may 
be of the short duct variety. 

In order to qualify as installation type C, 
an inlet duct simulation shall be used and no 
outlet duct shall be used. 

In order to qualify as installation type D, 
an inlet duct simulation shall be used and an 
outlet duct shall be used. The outlet duct 
may be of the short duct variety. 

(3) Fig. D-4J may be used for tests of 
installation types C or D. 

In order to qualify for installation type 
D, an outlet duct shall be used and this may 
be of the short duct variety. 
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D-3.3.1.3   Leakage D-3.3.2.1   Flow Measuring Ducts 

The ducts, chambers, and other 
equipment utilized shall be designed to 
withstand the pressure and other forces to be 
encountered. All joints between the fan and 
the measuring station shall be sufficiently 
tight so that measurements are not affected 
more than one-half the allowable instrument 
error. 

D 3.3.2       Ducts 

A duct may be incorporated in a 
laboratory setup to provide a measuring 
station or to simulate the conditions the fan is 
expected to encounter in service or both. 
The dimension D in the test setup figures is 
the inside diameter of a circular cross-section 
duct or the equivalent diameter of a 
rectangular cross-section duct with inside 
transverse dimensions a and b where D = 
4ab/n. 

Ducts with measuring stations for flow 
determination shall be straight and have 
uniform circular cross sections. Pitot 
traverse ducts shall be at least 10 diameters 
long with the traverse plane located between 
8.5 and 8.75 diameters from the upstream 
end. Such ducts may serve as an inlet or an 
oudet duct as well as to provide a measuring 
station. Ducts connected to the upstream 
side of a flow nozzle shall be between 6.5 
and 6.75 diameters long when used only to 
provide a measuring station or between 9.5 
and 9.75 diameters long when used as an 
outlet duct as well. 

D-3.3.2.2   Pressure Measuring Ducts 

Ducts with stations for pressure 

t BRn + °-25n 85D-o.ooD-—MA UjMAX.—Qj. 

U__eM +°-25 _ 
r^5I),-o.ooD 

o 
y m. 

STRAIGHTENE*    *••*^ 
THROTTLING  DEVICE JC~3 

TRANSFORMATION  PIECE 

P)Jr P,u 

Figure D-4J.      Inlet Duct Setup   -   Pitot  Traverse  in  Inlet Duct 
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measurements shall be straight and may have 
either uniform circular or rectangular cross 
sections. Outlet ducts with piezometer rings 
shall be at least 10 diameters long with the 
piezometer plane located between 8.5 and 
8.75 diameters from the upstream end. 

D-3.3.2.3   Short Ducts 

Short outlet ducts which are used to 
simulate installation types B and D, but in 
which no measurements are taken shall be 
between 2 and 3 equivalent diameters long 
and an area within 1 % of the fan outlet area 
and a uniform shape to fit the fan outlet. 

0-3.3.2.4   Inlet Duct Simulation 

or smaller than the fan outlet area. Inlet 
ducts used to provide measuring stations shall 
not be more than 12.5% larger, nor 7.5% 
smaller than the fan inlet area. 

D-3.3.2.7   Roundness 

The portion of a Pitot traverse duct 
within one-half duct diameter of either side 
of the plane of measurement shall be round 
within 0.5% of the duct diameter. The 
remainder of the duct shall be found within 
5 % of the duct diameter. The area of the 
plane of measurement shall be determined 
from the average of four diameters measured 
at     45 "increments. The     diameter 
measurements shall be accurate to 0.2%. 

Inlet bells and one equivalent duct 
diameter of inlet duct may be mounted on the 
fan inlet to simulate an inlet duct. The bell 
and duct shall be of the same size and shape 
as the fan inlet boundary connection. 

D-3.3.2.5   Transformation Pieces 

Transformation pieces shall be used 
when a duct with a measuring station is to be 
connected to the fan and it is of a size or 
shape that differs from the fan connection. 
Such pieces shall not contain any converging 
element that makes an angle with the duct 
axis of greater than 7.5 degrees or a 
diverging element that makes an angle with 
the duct axis of greater than 3.5 degrees. 
The axes of the fan opening and duct shall 
coincide (see AMCA Document 210-85, Fig. 
5). Connecting ducts and elbows of any size 
and shape may be used between a duct which 
provides a measuring station and a chamber. 

D-3.3.2.6   Duct Area 

Outlet ducts used to provide measuring 
stations shall not be more than 5.0% larger 

D 3.3.2.8   Straighteners 

Straighteners shall be used in all ducts 
which provide measuring stations. The 
downstream plane of the straightener shall be 
located between 5 and 5.25 duct diameters 
upstream of the plane of the Pitot traverse or 
piezometer station. The form of the 
straightener shall be as specified in AMCA 
Document 210-85, Fig. 6. The dimension D 
is the inside diameter of a circular cross- 
section duct or the equivalent diameter of a 
rectangular cross-section duct with inside 
transverse dimensions a and b where D = 
4ab/n. The dimension y which is the 
thickness of the straightener elements, shall 
not exceed 0.005 D. 

D 3.3.3       Chambers 

A chamber may be incorporated in a 
laboratory setup to provide a measuring 
station or to simulate the conditions the fan is 
expected to encounter in service or both. A 
chamber may have a circular or rectangular 
cross-sectional shape.  The dimension M in 
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the test setup diagram is the inside diameter 
of a circular chamber or the equivalent 
diameter of a rectangular chamber with 
inside transverse dimensions a and b where 
M = 4ab/%. 

D 3.3.3.1    Outlet Chambers 

An outlet chamber (Fig. D-4E or D-4F) 
shall have a cross-sectional area at least nine 
times the area of the fan outlet or outlet duct 
for fans with axis rotational perpendicular to 
the discharge flow and a cross-sectional area 
at least sixteen times the area of the fan 
outlet or outlet duct for fans with axis of 
rotation parallel to the discharge flow. 

D 3.3.3.2   Inlet Chambers 

Inlet chambers (Figs. D-4G, D-4H, D- 
41) shall have a cross-sectional area at least 
five times the fan inlet area. 

D-3.3.3.3   Flow Settling Means 

Flow settling means shall be installed in 
chambers where indicated on the test setup 
figures to provide proper flow patterns. 

Where a measuring plane is located 
downstream of the settling means, the 
settling means is provided to insure a 
substantially uniform flow ahead of the 
measuring plane. In this case, the maximum 
velocity at a distance 0.1M downstream of 
the screen shall not exceed the average 
velocity by more than 25% unless the 
maximum velocity is less than 400 feet per 
minute. 

Where a measuring plane is located 
upstream of the settling means, the purpose 
of the settling screen is to absorb the kinetic 
energy of the upstream jet, and allow its 

normal expansion as if in an unconfined 
space. This requires some backflow to 
supply the air to mix at the jet boundaries, 
but the maximum reverse velocity shall not 
exceed 10% of the calculated mean jet 
velocity. 

Where measuring planes are located on 
both sides of the settling means within the 
chamber, the requirements for each side as 
outlined above shall be met. 

Any combinations of screens or 
perforated plates that will meet these 
requirements may be used, but in general a 
reasonable chamber length for the settling 
means is necessary to meet both 
requirements. Screens of square mesh round 
wire with open areas of 50% to 60% are 
suggested and several will usually be needed 
to meet the above performance 
specifications. A performance check will be 
necessary to verify the flow settling means 
are providing proper flow patterns. 

D-3.3.3.4   Multiple Nozzles 

Multiple nozzles shall be located as 
symmetrically as possible. The centerline of 
each nozzle shall be at least 1.5 nozzle throat 
diameters from the chamber wall. The 
minimum distance between centers of any 
two nozzles in simultaneous use shall be 
three times the throat diameter of the larger 
nozzle. 

D 3.3.4       Variable        Supply 
Exhaust Systems 

and 

A   means   of  varying   the   point  of 
shall be provided in a laboratory operation 

setup. 
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D-3.3.4.1   Throttling Devices 

Throttling devices may be used to 
control the point of operation of the fan. 
Such devices shall be located on the end of 
the duct or chamber and should be 
symmetrical about the duct or chamber axis. 

D-3.3.4.2   Auxiliary Fans1 

Auxiliary fans may be used to control 
the point of operation of the test fan. They 
shall be designed to produce sufficient 
pressure at the desired flow rate to overcome 
losses through the test setup. Flow 
adjustment means, such as dampers, pitch 
control, or speed control may be required. 
Auxiliary fans shall not surge or pulsate 
during tests. 

D-4     COOLANT PUMP TEST (Ref. 17, 
Chapter 9) 

Testing of coolant pumps to determine 
performance and endurance characteristics 
may be conducted as illustrated by the test 
reports that follow. 

D-4.1 OBJECTIVE 

Conduct a 200-hr laboratory test to 
compare the performance and endurance 
characteristics of two Rock Island Army 
Arsenal coolant pumps with two Field 
Service coolant pumps, Part No. 7034646. 

D-4.2 TEST EQUIPMENT 

1. Hydraulic motor 

2. Torque pickup, 0-500 lbf-in. 

3. Brush analyzer 

Courtesy of AMCA, Inc., 30 W. University Drive, Arlington 
Heights, 11 60004. 

4. Brush penmotor 

5. Hand tachometer, 0-4000 rpm 

6. Thermometer, mercury in glass, 32° 
-200°F 

7. Vacuum gage, 0-30 in. Hg 

8. Pressure gage, 0-30 psi 

9. Flowmeter. 

D-4.3 TEST MATERIAL 

The two Rock Island Army Arsenal 
coolant pumps are identified as No. 1 and 
No. 2, and the two Field Service coolant 
pumps are identified as No. 3 and No. 4. 

D-4.4 TEST PROCEDURES 

1. The following pump data were 
recorded: 

a. Delivery, gpm 

b. Input shaft speed, rpm 

c. Main pulley shaft speed, rpm 

d. Input torque, lbf-in 

e. Water temperature, °F 

f. Inlet vacuum, in. Hg 

g. Outlet pressure, psig 

h. Bypass pressure, psig. 

2. Prior to endurance testing, a 
performance test on each individual pump 
was accomplished in the following manner: 
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a. Belts were removed from all 
pumps except the pump tested. 

b. Belt tension was adjusted to 
required value. 

c. Pumps were run at 2000 rpm. 

d. Data listed in test procedure 
were recorded. 

3. Performance tests were made at the 
following intervals during the endurance test: 
31-2/3, 52, 96, 150, and 216 hr. 

4. Lubrication level in the grease cup 
was checked after each performance test. 

5. Water temperature was maintained at 
150° to 160°F. 

D-4.5 RESULTS 

A fluid flowmeter was installed in the 
test setup at 31-2/3 hr of running time. This 
caused a large reduction in flow due to a 100 
percent increase in the discharge line 
restriction. The flow rates at zero hour were 
obtained by weighing the test fluid (water). 

The running torque of pump No. 1 
increased by 12.5 percent at 52 hr and by 75 
percent at 216 hr. Upon completion of 216 
hr, pump No. 1 was disassembled and 
inspected. It was discovered that the pump 
lacked bearing lubrication. The reason for 
the lack of lubrication at the bearing was not 
determined. The remaining three coolant 
pumps completed the 216 hr of testing 
without incident. 

D-4.6 CONCLUSION 

Except for the lubrication deficiency, 
performance and endurance features of the 

two pumps were similar. 

D 5     XM803  EXPERIMENTAL TANK 
HOT MOCK-UP 
INSTRUMENTATION  LIST AND 
SCHEMATIC DIAGRAMS 

D-5.1 INDUCTION AIR 

D-5.1.1       Air      Temperatures 
Pressures 

and 

1. Below airflow meters 

2. At entrance to left vehicle air cleaner 

3. At entrance to right vehicle air 
cleaner 

4. Exit left cleaner (entrance to left 
turbo compressor) 

5. Exit right cleaner (entrance to right 
turbo compressor) 

6. After left compressor 

7. After right compressor 

8. In left bank intake manifold 

9. In right bank intake manifold. 

D-5.1.2      Miscellaneous 

1. Left bank airflow meter 

2. Right bank airflow meter. 

D-5.2 LUBRICATION SYSTEM 

D-5.2.1      Oil Temperatures 

1.  From left turbocharger 
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2. From right turbocharger. 

D 5.2.2  Oil Pressures 

1. In main gallery 

2. To left turbocharger 

3. To right turbocharger 

4. To oil filter 

5. From oil filter 

D 5.2.3      Oil      Temperatures      and 
Pressures 

1. Out of engine (oil to cooler) left bank 

bank 
2.    Into engine (oil from cooler) left 

3.    Out of engine (oil to cooler) right 
bank 

4. Into engine (oil from cooler) right 
bank. 

D 5.3 COOLING AIR SYSTEM 

D-5.3.1       Temperatures 

1. Before inlet grille, flywheel, and 
damper ends 

a. Left bank 

b. Right bank. 

2. Before and after left oil-cooler 

a. Bottom at flywheel end 

b. Top at damper end. 

3. Before and after right oil-cooler 

a. Bottom at flywheel end 

b. Top at damper end. 

4. Before and after left aftercooler 

a. Bottom at flywheel end 

b. Top at damper end. 

5. Before and after right aftercooler 

a. Bottom at flywheel end 

b. Top at damper end. 

6. Before and after cylinders 1, 3, and 
6 at head barrel junction 

a. Left 

b. Right. 

7. Above 

a. Rear fan 

b. Front fan. 

8. In vehicle outlet duct, left and right 
sides 

9. In duct after vehicle exit grille, left 
and right sides averaged. 

D-5.3.2       Pressures 

1.    Before inlet grille, front and rear 
averaged 

a. Left 

b. Right. 
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2. After inlet grille, front and rear 

a. Left 

b. Right. 

3. Before oil-cooler, at top front 

a. Left 

b. Right. 

4. Before left and right aftercoolers at 
bottom rear 

5. After left and right oil-coolers; top, 
center and bottom 

6. After left and right aftercoolers; top, 
center, and bottom 

7. Before and after cylinders 3 and 4 
left and 3 and 4 right 

8. After cylinders 1 and 2 left and right 

9. After cylinders 5 and 6 left and right 

10. Under and above fan shroud 

a. Front left and right sides 

b. Left and right center 

c. Left and right rear. 

11. Vehicle exit duct, left and right 
sides averaged 

12. Differential 

a. Test cell to control room 

b. Duct from vehicle exit grille to 
approximate exit plane of cooling air/exhaust 

duct. 

13. In duct after vehicle exit grille, left 
and right sides averaged. 

D-5.4 ENGINE FUEL SYSTEM 

D-5.4.1  Fuel Temperatures 

1. Before flowmeter 

2. At final filter 

3. Return before and after heater/cooler 

D-5.4.2 Fuel Pressures 

1. Before supply 

2. Return before supply pump 

3. After final filter. 

D-5.4.3 Miscellaneous 

1. Fuel flow - consumed by engine 

2. Fuel return flow from pump. 

D 5.5 ENGINE TEMPERATURES 

1. Cylinder heads 

2. No. 6 left cylinder base, top and 
bottom 

3. No. 1 right cylinder base, top and 
bottom. 

D 5.6 EXHAUST GAS 

D-5.6.1  Temperatures 

1.  At each cylinder exhaust port 
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2. Turbine inlet 1, 2, 3, 4, 5, and 6 left 
cylinders 

3. Turbine inlet 1, 2, 3, 4, 5, and 6 
right cylinders 

4. Exhaust ejector: 

a. Before left 

b. Before right 

c. After. 

D 5.6.2 Turbine Inlet Pressures 

1. Left cylinders 1, 2, 3, 4, 5, and 6 

2. Right cylinders 1, 2, 3, 4, 5, and 6. 

D-5.6.3 Instrumentation/Schematic 
Diagrams 

Instrumentation and schematic diagrams 
are shown in Figs. D-5, D-6, and D-7. 

D-6 COOLING SYSTEM DEAERATION 
TESTS 

Oudined in the paragraphs that follow is 
a typical deaeration test procedure which, in 
general, is applicable only to a particular 
vehicle. For a specific vehicle, the engine 
size, cooling system capacity, radiator and 
surge tank location, and engine thermostat 
characteristics must be considered before a 
deaeration test program can be defined. The 
MHO vehicle cooling test (Ref. 12, Chapter 
9) provides some actual deaeration test 
results based on the vehicle power package 
size and cooling system capacity. 

D-6.1 DEAERATION CAPACITY TEST 

Minimum Deaeration. With the system 

filled with water and operating, air shall be 
injected at a minimum rate of 0.21 in.Vmin- 
qt of water in the vehicle system for 60 sec 
to determine minimum deaeration. The 
water shall deaerate in 15 min or less. 

Maximum Deaeration. With the system 
filled with water and operating, the air 
injection rate shall be increased by 0.1 cfm 
increments until 1 cfm is attained or until 
maximum deaeration is determined. The 
water shall deaerate in 15 min or less. 

To determine conformance to the above 
deaeration capacity requirements, the radiator 
and surge tank (if any) shall be placed in the 
normal vehicle position in a tap water 
circulating system that has a capacity of 14- 
18 qt plus the capacity of the radiator and 
surge tank. The system shall have a 
minimum pumping capacity equal to the 
rated flow of the radiator. When the system 
is operating at a water temperature of 180° 
± 10°F (thermostat blocked to the hot 
position) and 7 ± 0.5 psi measured at the top 
tank, the inlet line pressure to the pump shall 
be sufficient to assure that the pump is not 
causing aeration by cavitation. Slight tubes 
shall be located at the radiator inlet(s) and 
oudet(s). The system shall be equipped with 
air injection nozzle(s) located in the water 
stream approximately 2 ft from the radiator 
inlet. To ensure a full radiator inlet, the 
radiator shall be filled to overflow. 
Deaerated water in the system shall be 
transparent as viewed in the sight tubes. The 
air pressure differential shall be not less than 
5 psi across the nozzle outlet to assure that 
the injected air pressure is greater than the 
system operating pressure. 
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Inlet duct dia 
1.9Dt mm. 

Fairing radius 
about 1/20 D6 
11 nccesaary 

For use ;n single nozzle arrangement 
only: -s static pressure taps 90° apart. 
connected to piezometer ring. Holes 
not over .125 in. ID, not less than 
two diameters long. Flange is only 
permissible for connection to trans- 
formation duct. 

The nozzle throat shall be measured (to sn accuracy of 0.001 D6) at the minor axis of the ellipse and the nozzle exit. 
At each place, four diameters — approximately 45° apart must be within » .002 Dg of the mean. At the entrance to 
the throat the mean may be 0.002 Dg greater, but no less than the mean at the nozzle exit. The nozzle surface shall 
fair smoothly to that a straight edge may be rocked over the surface without clicking and surface waves shall not be 
greater than 0.001 Dg peak to peak. 

Two and three radii approximations to the elliptical form that do not differ at any point in the normal direction more 
than i\% Dg from the elliptical form may be used. 

Whan nozzles are used where outlet static pressure is the measured pressure,as in the chamber nozzle apparatus, the 
nozzle may terminate at the plane of the static taps. 

7,%D 7J%D 

All dimensions   Z }% D 

«S%D 

cell size 
7,7. D 

Straighteners shall be positioned so that the sides of the cells are located approximately 45° from the traverse diameters. 

Figure D-5.   AMC  Standard Nozzle  and Flow Straightener 
(Courtesy of Air Moving &  Conditioning Association) 
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To determine conformance to the 
maximum deaeration requirement with the 
filled system operating with the injection of 
air as specified, the time for deaeration shall 
not be more than that specified. 

D-6.2 LOW CAPACITY TEST 

The tap water circulating system shall 
operate at the rated water flow at full 
capacity and down to 0.67 capacity of the 
radiator and surge tank. The water shall 
remain clean with no indication of aeration. 

To determine conformance to these 
requirements with the system operating as 
specified herein, water shall be slowly 
drained from the radiator and surge tank to 
the level specified. Make-up air shall 
maintain a 7.5 psi system pressure and shall 
be supplied at the radiator top tank above the 
fluid level. 

D-6.3 SURGE TEST 

A minimum of 12.5 in3 of air/qt of 
water shall be injected into the system at 1- 
min intervals until the surge of air no longer 
forces water to drain. The overflow shall not 
exceed 7 percent of the radiator and surge 
tank capacity. 

D-6.4 TYPICAL    VEHICLE    COOLING 
SYSTEM INVESTIGATION TESTS 

D-6.4.1 M110 Deaeration Test 
With/Without Surge Tank 
(Ref. 12, Chapter 9) 

Air was injected into the cooling system 
of the Ml 10 vehicle with and without a surge 
tank installed to determine the effect of 
aeration on the cooling system effectiveness. 
Results from the test are 

Injec- Water 
Vehicle Engine Air In- tion Ex- 
Cooling Speed, jected, Tune, pelled, 
System rpm cfm nun at Remarks 

No Surge 2300 0.22 3 12 Continued to expel 
Tank water (aeration 
Installed occurred after a 2-qt 

coolant loss) 

Surge 2300 0.22 11 11 No further expelling 
Tank In- of water (aeration 
stalled occurred after a 10-qt 
(10-qt coolant loss) 
capacity) 

These results demonstrate the advantage of 
the surge tank installation to prevent cooling 
system degradation. 

D-6.4.2 Tractor Truck Coolant 
Removal Test, 2-1/2 ton 
M275A2 (Ref. 26, Chapter 9) 

A coolant removal test was performed 
to determine the coolant system effectiveness 
at reduced coolant levels. Coolant was 
removed in 1-qt increments. The system was 
stabilized at full throttle after each coolant 
removal. Data in Fig. D-8 show that system 
degradation begins after 4 qt of coolant are 
removed and becomes severe after 7 qt of 
coolant are removed. 

D-6.4.3 Vehicle Hot Shutdown Tests 

The.M275A2 and XM817 vehicles were 
subjected to hot shutdown tests. Results 
from the tests are presented for information. 

D-6.4.3.1 Tractor Truck, 2-1/2-ton, 
M275A2 (Ref. 26, 
Chapter 9) 

Full throttle hot shutdowns were 
performed at 115°F ambient, with and 
without the thermostat. Coolant loss with the 
thermostat removed was 14.2 lbm after two 
successive shutdowns as opposed to 16.6 lbm 
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under the same conditions with the 
thermostat installed. The test with the 
thermostat removed was to determine if the 
thermostat restriction contributed to the 
coolant loss on hot shutdown. 

D-6.4.3.2 Dump Truck, 5-ton, 
XM817 (Ref. 27, Chapter 
9) 

Three different surge tank 
configurations were tested to evaluate the hot 
engine shutdown capability of the vehicle 
cooling system. Test results for each of the 
test configurations are presented in Table D- 
2. 

Table D-2 shows that with configuration 
A a total of 18.2 lbm of coolant was lost 
after the first run and the engine coolant out 
temperature after engine shutdown was 
230.6°F. After the fifth hot engine 
shutdown run, a total accumulation of 21.1 
lbm of coolant had been lost and the engine 
coolant out temperature after engine 
shutdown reached a maximum of 241.1°F. 
In configuration A testing, an estimated 2 to 
3 sec elapsed from the full load stabilization 
condition to engine shutdown. In 
configuration B a new design surge tank with 
the breather on the bottom of the tank was 
installed. In configuration B Group I tests 
the 2 to 3 sec full load stabilization time was 
maintained. Test results showed a total of 
16.3 lbm of coolant were lost after two runs, 
and the engine coolant out temperature after 
engine shutdown reached a maximum of 
233°F. 

In configuration B Group II test, after 
full load stabilization conditions, the engine 
was idled for 2 min at 600 rpm prior to 
engine shutdown. Test results under this 
condition showed a total accumulative 
coolant loss of 12.8 lbm after the third run 

and   a   maximum   engine   coolant   out 
temperature after engine shutdown of 254°F. 

In configuration C, the as-received 
vehicle surge tank was again installed. In 
Group I tests the surge tank was installed as 
in configuration A. Also in Group I, after 
reaching the full load stabilization test point 
(2100 rpm engine speed), the engine was 
idled for 5 sec at 600 rpm prior to engine 
shutdown. Under these conditions the 
configuration C Group I test showed that 
after one run 18.8 lbm of coolant was lost. 
In the configuration C Group II test, the 
surge tank was installed with the breather 
lines connected as in configuration B. Under 
these conditions, test results show a total of 
29.7 lbm of coolant lost. 

Since a standard cooling-off period at 
idle prior to engine shutdown had not been 
established, various time increments were 
used during the tests. For future engine hot 
shutdown tests it is believed that a more 
realistic test would be to employ a 15-sec 
cooling-off period at idle speed prior to 
engine shutdown. This is based on the 
following estimates of time: 

1. Reaction time of driver 
to imminent danger 1.5 sec 

2. Removal of foot from 
gas pedal 1.5 sec 

3. Application of brakes 2.0 sec 

4. Stopping time 7.0 sec 

5. Driver reaction time 
and engine shutoff 3.0 sec 

Total 15.0sec 
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D-7 M110 PRODUCT IMPROVEMENT 
TEST PLAN (USATACOM) 
PROPULSION SYSTEMS 
LABORATORY Test Program No. 
699 (Ref. 12) 

D-7.1 TITLE: COOLING AND 
PERFORMANCE TEST OF M110 
VEHICLE 8V71T ENGINE 

D-7.2 OBJECT 

The test has the following objectives: 

1. Conduct vehicle cooling and 
performance tests of the Ml 10 vehicle up to 
115°F ambient temperature. 

2. Develop a cooling system for 
satisfactory full rack cooling and 
performance capability in high ambient 
temperatures. 

D-7.3 OUTLINE OF PROBLEM 

The vehicle will be tested for complete 
cooling and performance characteristics at 
ambient temperatures up to 115°F. If the 
cooling system is inadequate, tests will be 
conducted to obtain information for 
correcting the deficiencies. Full rack 
sprocket torque, horsepower, and fuel 
consumption characteristics will also be 
determined. 

a. Fuel oil, diesel, conforming to 
Federal Specification W-F-800, grade DF-2 

b. Engine oil, grade 30, conforming 
to Military Specification MIL-L-2104, 
Government designation MB-901 

c. Oil, transmission and gear boxes as 
per TM's. 

D-7.5 TEST EQUIPMENT 

Test Cell 9, Bldg. 212, Propulsion 
Systems Laboratory, USATACOM, with 
associated equipment and instrumentation 
was used. This cell is capable of operating at 
temperatures from outside ambient to 160°F 
with winds up to 20 mph. Power absorption 
is located in two rooms below the test cell. 
Included in the cell equipment is an 
automatic warning and shut-down system that 
will sound an alarm or stop the test if 
temperature or pressure becomes critical. An 
automatic data printout for temperature and 
pressure is used. As many as 400 pressure 
and temperature readings can be printed out 
in 5 min. Solar radiation can be simulated 
with heat lamps. 

D-7.4 TEST MATERIAL 

The   test   equipment   and   material 
employed are: 

1. MHO vehicle using a USATACOM 
cooling system with a surge tank 

2. Fuel and Lubricants: 
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D-7.6 TEST PROCEDURE 

D-7.6.1   Instrumentation 

Item 

1. Sprocket torque (torque-meters) and dynamometer    0-35000 lbf-ft 
a. Load cells (north) 
b. Load cells (south) 

2. Sprocket speeds 

3. Engine speed 

4. Fan speed (radiator) 

5. Fuel flow 

6. Coolant flow (2) radiators out 

7. Cooling airflow (anemometer traverse of radiator)     0-25000 cfm 

8. Barometric pressure, wet and dry bulb temperatures 

9. Cell air speed 0-5 mph 

10. Control room reference thermometer and thermocouple 

Range Accuracy 

0-35000 lbf-ft ±20 lbf-ft 

0-1000 rpm ±2 rpm 

0-3000 rpm ±5 rpm 

0-5000 rpm ±5 rpm 

0-250 lbm/hr ±5 lbm/hr 

0-200 gal/min ±5 gal/min 

0-25000 cfm ±10 cfm 

11. Engine torquemeter 

12. Temperatures at the following locations, °F 
a. Air 

(1) ambient (6) 
(2) entering inlet grille (4) 
(3) entering radiators (8) 
(4) leaving radiators (8) 
(5) within engine compartment (4) 
(6) entering air cleaner (2) 
(7) air box (left or right) (1) 

b. Coolant 
(1) entering radiators (2 radiators) 
(2) leaving radiators (2) 
(3) leaving engine oil cooler 

0-1000 lbf-ft 

±1 mph 

±5 deg F 

±10 lbf-ft 

70°-150°F ±2 deg F 
70°-150°F ±2 deg F 
70°-150°F ±2 deg F 
70°-250°F ±2 deg F 
70°-200°F ±2 deg F 
70°-200°F ±2 deg F 
40°-250°F ±2 deg F 

70°-250°F ±2 deg F 
70°-250°F ±2 deg F 
70°-250°F ±2 deg F 
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c. Oil 

13 

(1) engine sump 70°-275°F ±2 deg F 
(2) entering engine cooler 70°-275°F ±2 deg F 
(3) engine gallery 70°-275°F ±2 deg F 
(4) engine turbine drains (2) 70°-300°F ±2 deg F 
(5) transmission sump 70°-300°F ±2 deg F 
(6) entering transmission 70°-300°F ±2 deg F 
(7) leaving transmission 70°-3006F ±2 deg F 
(8) right final drive 70°-300°F ±2 deg F 
(9) left final drive 70°-300°F ±2 deg F 

d. Fuel 
(1) leaving tank 70°-250°F ±2 deg F 
(2) entering engine (after primary filter) 70°-250°F ±2 deg F 
(3) spill 70°-250°F ±2 deg F 

e.  Gas, exhaust ports (8) 800°-1400°F ±10 deg F 
Pressures at the following locations 

a.  Air 
(1) ambient 0-5 in. water ±0.1 in. water 
(2) engine compartment (low area; try for 

stagnant air) 0-30 in. water ±0.1 in. water 
(3) before radiator(low area; try for stagnant air) 0-30 in. water ±0.1 in. water 
(4) air box (1) (left or right) 0-50 in. Hg ±2 in. water 
(5) crankcase 0-30 in. water ±2 in. water 
(6) after turbo (do not drill turbo) 0-50 in. Hg ±2 in. water 

b. Oil 
(1) engine gallery 0-100 psi ±2 psi 
(2) entering engine cooler 0-100 psi ±2 psi 
(3) leaving engine cooler 0-100 psi ±2 psi 
(4) entering transmission cooler 0-60 psi ±2 psi 
(5) leaving transmission cooler 0-60 psi ±2 psi 
(6) transmission main 0-200 psi ±5 psi 

c.  Coolant 
(1) entering pump 0-60 psi ±2 psi 
(2) leaving pump 0-60 psi ±2 psi 
(3) top tank radiators (2) 0-60 psi ±2 psi 
(4) leaving radiator 0-60 psi ±2 psi 
(5) entering engine cooler 0-60 psi ±2 psi 
(6) leaving engine cooler 0-60 psi ±2 psi 
(7) leaving transmission cooler 0-60 psi ±2 psi 
(8) surge tank 0-30 psi ±2 psi 

d. Fuel 
(1) supply 0-30 psi ±2 psi 
(2) after engine pump 0-100 psi ±2 psi 
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14. Warning and shutdown values will be as follows (max for temp, minimum for pressure): 

a. Engine oil sump temperature 
b. Coolant (leaving engine) temperature 
c. Exhaust gas temperatures (at ports) 
d. Transmission oil (leaving transmission) 
e. Engine gallery oil pressure (full rack) 
f. Engine gallery oil pressure (idle) 
g. Transmission oil (main) 

260°F 275 °F 
230°F 240°F 
1175°F 1250°F 
300°F 310°F 
26 psi minimum 18 psi 
5 psi 3 psi 
100 psi 80 psi 

15. Block open the coolant thermostat 

16. Vehicle exhaust will be connected to the cell exhaust system to prevent creating a vacuum 
on the vehicle exhaust 

17. Gear box oil will not be allowed to exceed 300°F 

18. Vehicle power will be taken from the front drive sprocket. This will require that the 
vehicle be backed into the cell. Air will be directed across the cell from the east. 

19. To install the given instrumentation will necessitate removing the power package. Route 
the thermocouple wire and pressure lines out of the vehicle in such a manner that the power 
package can be removed and operated on the floor without disconnecting any lines. When 
replacing the power package in the vehicle, take care to replace all air seals. 

20. Align the vehicle hubs (with adapters installed) with the dynamometer shafts (with flexible 
coupling removed). The sprocket adapter pilot diameter should be concentric within 0.030 
in. Record concentricity and face parallelism and get the engineer's approval before 
coupling the vehicle to the dynamometer. 

21. Cell C02 local spurt system must be installed or adapted to vehicle system 

22. Flow meter (coolant) radiators out (2). 

D 7.6.2  Preliminary Operation 

1. Bring all oil sumps, transmission, 
engine gear boxes, hydraulic systems (if 
present), and final drives up to required 
levels. Fill the cooling system with water. 
All checks will be made per TM's. 

3. Start and warm up the engine without 
load and make a complete instrumentation 
checkout. Check thoroughly for leaks. 

4. Warm up the vehicle for 15 min at 
part load before going into any full load 
testing. 

2.  Start the vehicle in neutral only and 
shift at idle speed with the brakes fully on. 

5. Plug in the monitors to observe all 
the temperatures and pressures (except 
exhaust   gases)   that   have   warning   and 
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shutdown values.    Mark the limits with a 
china marker on the monitor glass. 

6. Bring the engine speed down to 1200 
rpm no load whenever the panel goes into 
warning. 

7. If the engine is shut down 
accidentally at full load, immediately restart 
and cool off at 1200 rpm no load. 

D-7.6.3 Tests 

Shift the dynamometer to 1:1 ratio. Fuel 
will be supplied to the engine by the cell 
system at 115° ±5°F. Head wind velocity 
will be 5 ± 1 mph. Ambient air temperature 
will be the average of the 6 thermocouples in 
front of the vehicle, each of which must be 
within 2 deg of 115°F. During the cooling 
test the cell will be soaked 2 hr at 115°F 
before starting. It is suggested that the 
115°F ambient be set at the beginning of the 
work shift, and all the vehicle and 
instrumentation checks be accomplished 
during the soak period. Also immediately 
after start-up for cooling runs and each 10- 
min period thereafter, record a complete 
column of log sheet data. Stabilization of a 
cooling test point will be considered as 3 
consecutive 10-min data type-outs with no 
temperature change. A temperature drop of 
1 deg F will not be considered a change. 
Perform the tests that follow. 

D-7.6.3.1   Stall    Check-Gear   Setting 
High Range 

Apply a load to stall the torque converter 
(use vehicle braking system) and record the 
maximum engine speed and oil temperature 
out of the converter at 5-sec intervals until 
the oil has reached 265°F (15 to 30 sec). 

D-7.6.3.2 Cooling Tests 

1. Third-gear Cooling Tests (Phase I) 
are conducted under the following 
conditions: 

a. Ambient temperature 115° ±2°F 

(1) the average of 6 thermocouples 
in front of the vehicle 

(2) thermocouples must be within 2 
deg of 115°F 

b. Headwind velocity 5 ± 1 mph 

c. Engine at full rack 

d. Two hour cell soak at 115°F 
required 

e. Fuel supplied to engine at 115°F 
±5°F 

f. Operate in third gear at the 
following speeds until stabilization (operate 
by engine speed in lockup and by 
dynamometer in speed converter): 

(1) Lockup; 1700 engine rpm, dyn 
rpm 200 (approx) 

(2) Lockup; 2000 engine rpm, dyn 
rpm 235 (approx) 

(3) Lockup; 2300 engine rpm, dyn 
rpm 270 (approx) 

(4) 0.7 conv; 168 dyn rpm, engine 
rpm 2010 (approx) 

(5) 0.5 conv; 114 dyn rpm, engine 
rpm 1940 (approx) 

(6) 0.4 conv; 92 dyn rpm, engine 
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rpm 1930 (approx) 

2. Vehicle cooling investigation tests 
(Phase II). If the cooling system is 
inadequate, tests will be conducted to obtain 
information for correcting the deficiencies. 
The scope and direction of the tests will 
depend on the outcome of the basic cooling 
test. The tests that follow are planned. 

D 7.6.3.3  Surge   Tank   Investigation 
(Phase II) 

1. Install a transparent plastic tube in the 
engine crossover tube and the water pump 
cover, and connect a hose and shutoff valve 
to the cooling system drain to permit removal 
of measured quantities of coolant. 

2. Drain the cooling system. With one 
radiator cap installed, fill the system through 
the other radiator without bleeding. Reinstall 
the fill cap, start the engine and operate for 
approximately 10 min. Shut down the 
engine, remove both radiator caps, and fill 
system to capacity. The quantity of water 
added both initially and on the final fill 
should be recorded. 

3. The cooling system shall be filled to 
its capacity by removing both radiator caps 
but without bleeding entrained air from the 
engine. With the engine running at 2000 
rpm minimum and the coolant temperature 
above 190°F, flow through the engine 
crossover tube shall be monitored until 
aeration is no longer observed. Water shall 
then be drained from the system in 1-qt 
increments until aeration is observed in the 
water passing through the engine crossover 
tube. The total amount of water removed at 
this time shall be noted. 

the engine shall be run at governed speed 
until the coolant temperature reached 190°F 
minimum. A container should be placed 
beneath the right hand radiator overflow tube 
so that the quantity of water expelled from 
the system can be measured. When air 
bubbles are no longer observed in the water 
flowing from the engine to the radiator, air 
shall be injected into the water passage in the 
oil-cooler. The airflow rate gradually should 
be increased until 0.8 cfm is reached. 
Throughout this operation the coolant flow 
through the coolant pump and engine 
crossover tube should be observed for the 
presence of air. Also, the amount of water 
expelled from the overflow tube should be 
noted. If this amount exceeds 14 qt, the test 
should be terminated. After conditions have 
stabilized to a point where the continued 
presence or absence of air in the various lines 
is established and water is no longer being 
expelled from the overflow tube, air injection 
should be stopped. The period of time 
required for air to disappear from the 
circulating coolant should be noted. A 
quantitative estimate of the air observed in 
the engine crossover tube and the amount of 
water expelled from the system should be 
reported. 

5. The test described in the preceding 
par. 4 should be repeated except that the 
water temperature should not exceed 160°F. 

6. Install the revised cooling system 
proposed by USATACOM which 
incorporates a surge tank. Install transparent 
plastic tubes in the engine crossover tube, the 
thermostat housing to surge tank bleed tube, 
the radiator top-tank to surge tank bleed 
tube, the surge tank to coolant pump tube, 
and the coolant pump cover. 

4. With the cooling system filled and the 
cap removed from the right hand radiator, 

7.   The tests outlined in the preceding 
subpars. 2, 3, and 4 (par. D-7.6.3.3) of this 
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plan should be repeated except that the surge 
tank cap should be removed rather than the 
right hand radiator cap, and if the quantity of 
water expelled during aeration should exceed 
9 qt, the test shall be terminated. The same 
air injection rate as established previously 
should be used. Observe the amount of air 
present in the engine crossover tube during 
the air injection period. Report the amount 
in terms relating to the original results. 

D-7.6.3.4  Radiator Restriction 

Block the airflow through the radiator 
(vary the amount of radiator area covered 
and keep repeating the cooling tests at the 
most severe point). 

D-7.6.3.5 Fan Belt Investigation 

Repeat cooling tests at the most severe 
point with various numbers of belts and with 
various degrees of belt slip. 

D-7.6.3.6  Other Tests 

As funding permits. 

D-7.7  TEST RESULTS 

The data will be summarized by charts 
showing temperatures of the engine and 
transmission oils for each test condition with 
respect to output speed. Sprocket power and 
vehicle fuel consumption will be included. If 
the cooling system is inadequate, the data 
shall be analyzed to determine the nature of 
the deficiencies. All other power package 
deficiencies shall be reported. Pertinent 
miscellaneous vehicle operation also will be 
included in the report. 
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INDEX 

Aberdeen Proving Ground, 9-28 
accessibility, 1-39 
aeration warning systems, 5-41 
after boil, 5-3 
aftercoolers, 3-57 

performance, 3-56 
air 

density, 4-25, D-17 
properties of, 3-74, 3-78 
thermodynamic properties of, 2-26 

Airborne, Electronics, and Special Warfare 
Board, 9-28 

air compressors, 2-71 
air conditioning systems, 2-71 
aircoolers, 1-12 

induction, 8-2 
air cycle, compound, 2-4 
air drop, 1-36 
airflow 

area, 6-2 
ballistic grille, C-l 
characteristics, 8-10 

air flow resistance 
area, 6-7 
grille, 6-7 

air heat rejection rate, 8-61 
air moving devices, 4-3 
air pressure drop, D-3 
air recirculation, 8-10 
air resistance, total system, 7-33 
air standard cycle, 2-4 
air transportability, 1-32 
allocated baseline, 9-22 
AMCA Standard 300-67 Test 

Code for Sound Rating, 9-5 
antifreeze, 1-41 
APU, 2-55, 5-12 
AR 

70-10, 9-5, 9-22, 9-23, 9-25, 9-26 
70-38, 1-30, 1-49, 2-55, 9-5, 9-18 

71-3, 9-23 
700-35, 9-23 
700-78, 9-23 

Arctic Test Center, 9-28 
Armor and Engineering Board, 9-28 
Artillery Board, 9-28 
auxiliary engines, 2-72 

B 

ballistic grille, 1-46, 6-4, C-l 
protection, 6-10 

ballistic protection, 1-34 
batteries, 2-36 
blades, fan, 4-18 
brakes, internal, 2-49 
Brayton cycle, 2-5 

camouflage, 1-48 
Carnot cycle, 2-5 
cavitation, 5-1 
centrifugal fans, 4-3 
centrifugal pumps, 7-34 
climatic categories, 1-10 
clutches, 2-48, 8-9 
cold mock-up tests, 9-6 
component tests, 9-1 
compound air cycle, 2-4 
compressible fluids, 7-5 
conduction, thermal, 3-6 
conductivity, thermal, metals, 3-73 
controls, 5-16 
convection 

forced, 2-3 
heat, 3-6 

conventional cooling systems, 1-4 
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coolant 
circulation, 1-6 
flow, 3-24 
flow control, 5-27 
flow rate, 3-31 
performance, 1-4 
removal test, D-33 
reserve, 3-34 
temperature, 1-4, 8-71 

coolant level indicators, 5-38 
coolant pumps, 7-34, D-25 

testing, 9-5, D-25 
coolants, 1-41, 2-26 
cooler 

area, 8-71 
engine oil, Ml 14 vehicle, 8-33 
oil, test, D-5 
oil-to-water, D-6 
transmission, Ml 14, 8-33 
transmission oil, 8-61 

coolers, keel, 3-63 
cooling 

air, 1-4 
airflow, 8-71 
airflow tests, 7-26 
air velocities, 7-5 
control, 5-3 
direct, 3-25 
engine, XM803, Tank, 8-43 
indirect, 3-26 
performance evaluations, 9-3 
requirements, 1-8 
test, 9-21 
test objectives, 9-12 
test results, 9-13 
transmissions, 8-20 

cooling-air heater, 5-12 
cooling air system, D-27 
cooling fan, B-l 

diesel engine, B-15 
cooling subsystem, trade-off analysis, 8-14 
cooling system 

analysis, 8-6 
atmosphere, 2-3 
component arrangement, 3-70 

control, 5-1 
design, example, 8-16 
design, Ml 14 vehicle, 8-25 
functions, 5-1 
instrumentation, 5-1 
integration, 8-13 
optimization, 8-14, B-l4 
parametric study, 8-68 
performance, B-14 
performance, XM803, Tank, 8-65 
pressure, 2-4 
rotary engine, 1-7 
special, 2-4 
testing, 9-1 
thermo-syphon, 2-3 
vapor-phase 2-4 

core 
design, 3-30, A-2 
radiator, A-2 
correction factors, fluid flow, 7-12 
corrections, temperature, 9-8 

crane, 20-ton, rough terrain, 1-17 
cycles, thermodynamic, 2-5 
cylinder, temperature, 8-45 

data presentation, 9-20 
dearation, 3-33, 9-8 

tests, D-29 
deflector, rock, 6-2 
design 

cooling systems, 8-16 
radiator, 3-30 

development cycle, 9-22 
diesel 

cycle, 2-5 
engine, air cooled, 8-42 

diffuser, 7-14, B-13 
drag 

form, 7-5 
pressure, 7-5 

drive components, 2-37 
drives, electric, 2-63 
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duct 
design, 7-21 
outlet, 7-28 

ducting, 1-7 
durability, 1-35 
dynamometer, D-16 

efficiency, 1-12, 2-64 
fan, 4-17 
heat transfer, 3-32 

electric drives, 2-63 
energy balance equations, 3-18 
engine 

accessories, 8-8 
compartment, 7-26 
cooling, 8-16 
exhaust, 8-9 
fuel system, D-28 
heat flow characteristics, 2-3 
performance, 8-4 
temperature, 1-4, 1-10 

engine oil, properties of, 3-76 
engines 

air-cooled, 2-3 
air-cooled M274AS, 1-67 
auxiliary, 2-72 
AGT1500, 1-22 
VTA-903T, 1-24 
diesel, 1-24 
dual cycle, 2-5 
gas turbine, 1-7 
liquid-cooled, 2-3 
liquid-cooled, installation, 8-65 
Rankine cycle, 2-32 
rotary, 1-7 
Stirling, 2-33 
Wankel, 1-7, 2-31 
6V53T, 1-17 
8V71T, 1-26 

environment, military, 1-2 
environmental 

extremes, 1-30 

tests, 9-18 
equipment, supporting, 9-19 
ethylene glycol, 1-4, 2-28 
ethylene glycol-water solutions, 3-77 

boiling point, 5-2 
expansion of, 5-23 

exhaust 
ejectors, 4-3, 4-54 
engine, 8-9 
gas, D-28 
manifolds, 2-29 
pipe, 1-45, 3-72 
systems, 2-29 

facilities, test, 9-10 
failures, cooling systems, 1-3 
fan 

airflow, 8-18 
characteristics, 4-6 
comparisons, 4-10 
components, 4-19 
design, B-l 
drive, hydrostatic, Ml 14 vehicle, 8-35 
drives, 4-45 
efficiency, 4-9 
installation, B-13 
laws, 4-19 
location, 4-41 
noise; 4-21 
outlet velocity, 4-18 
parallel operation, 4-29 
performance, 4-26, 8-64 
performance test, D-8 
pressure differential, 4-12 
selection, 4-26, 4-30, 7-28, 8-58 
series operation, 4-30 
specific speed, 4-25 
speed modulation, 5-12 
system engineering, B-14 
testing, 9-5 
tip speed, 4-18 
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fans 
axial flow, 4-10 
centrifugal, 4-3 
cooling, B-l 
diesel engines, 4-15 
military vehicles, 4-14 
mixed flow, B-l3 

Field Artillery Directorate, 9-28 
final drives, 2-66 
fins, 3-7, A-l 

cooling, 2-26 
flow 

analysis, liquid, 7-34 
incompressible fluids, 7-4 

flow resistance 
coolant, 7-41 
liquid, 7-35 

fluid 
coupling, 2-48 
flow, 7-4 
pressure, 4-9 

fluids, compressible, 7-5 
fording, 1-51 
form drag, 7-5 
friction 

losses, 7-30 
losses, grille, 7-20 
number, 7-7 
pressure drop, 7-6 

fuel 
cells, 2-32 
injection pumps, 2-71 
tanks, 8-10 

fuels, 1-41 
functional baseline, 9-21 

General Equipment Directorate, 9-28 
generators, 2-72 
grille 

area, 7-21 
design, 6-3 
exhaust, 7-32 

friction loss, 7-20 
installation, 6-13 
testing, 9-5 

grilles, 6-8, C-l 
ballistic, 1-46 
bar type, 6-4 
chevron type, 6-7 
fish-hook type, 6-4 
table-top type, 6-5 
venturi type, 6-4 

H 

heat 
balance, D-6, D-7 
conduction, 3-6 
convection, 3-6 
radiation, 3-5 
sources, 2-3, 2-70 

heat exchangers, 3-9, A-l, D-6 
core design, 3-22 
design, 3-18 
effectiveness, 3-19 
pressure drop, 3-24, 7-19 
selection, 3-15 
testing, 9-1 

heat rejection, 8-10, D-6, D-7 
engine, Ml 14 vehicle, 8-26 
engine, XM803 Tank, 8-43 
gas turbine engine, 2-29 
oil, XM803 Tank, 8-45 
rate, 3-30 
rate, transmission, 8-20 
reciprocating engine, 2-3 
schematic, 8-11 
test transmission, Ml 14 vehicle, 8-27 
transmission, XM803 Tank, 8-61 

heat transfer, 2-3 
capability, 3-22, 3-31 
capacity, A-2 
devices, 3-5 
methods, 3-5 
rate, 3-18 
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heaters 
air, 5-12 
coolant, 5-12 
oil, 5-12 

Howitzer, M109, 1-30 
hot mock-up tests, 9-7 
hot shutdown tests, D-33 
hydraulic 

drives, 2-59 
drives, fan 4-46 
fluid, properties of, 3-75 
retarders, 2-66 

hydraulic diameter, equivalent, 7-15 
hydromechanical transmissions, 2-63 

keel, coolers, 3-63 

liquid flow analysis, 7-34 
loss coefficient, fluid flow, 7-12 
losses, dynamic, fluid flow, 7-14 
low capacity test, D-33 
lubricants, 1-41 

viscosity, 7-38 
lubricating oil, 1-4, 2-29 

I M 

impact loads, 1-28, 1-31 
impeller, 4-3 
incompressible fluid flow, 7-4 
indicator 

cooling level, 5-38 
temperature, 5-36 

induction 
air, D-26 
system, 8-51 

Infantry Board, 9-28 
infrared 

signature, 1-42 
suppression, 1-42 

installation 
fan, 4-37 
radiator, 3-28 

instrumentation, 9-19, D-l 
cooling systems, 5-1 

instruments, 5-16 
power, D-15 
pressure, D-10 
speed, D-l7 
temperature, D-9 
test, D-25 

insulation, 3-71 

maintenance, 1-31 
requirements, 1-39 

manifold, 3-70 
manometer, D-10 
military 

environment, 1-1 
fleet, 1-1 
requirements, 1-27 

Military Specifications 
MIL-A-8421 (USAF), 1-32 
MIL-A-11755, 1-41 
MIL-G-3056, 1-41 
MIL-T-5624, 1-41 

Military Standards 
MIL-STD-210, 1-31 
MIL-STD-669, 1-33 
MIL-STD-810, 1-28 
MIL-STD-1472, 2-71 

modular construction, 1-40 
motors, electric, 2-70 
mufflers, 1-45 
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N 

noise, 6-10, B-l 
fan, 4-21 
fan drive, 4-51 

nuclear energy, 2-37 

observed potential, D-4 
oil 

flow rates, 7-35 
temperature, 8-4 

oil coolers, 3-41, 8-9 
design, 3-49 
performance, A-l 
selection, 3-44 
testing, 9-3, D-5 

oil pumps, 7-35 
operational test, 9-22 
optimization, 

cooling system, 8-14 
oil cooler, 3-49 

Otto cycle, 2-5 

power train, 2-49 
terms, 2-37 

power unit, auxiliary, 2-72, 5-12 
pressure, D-13 

cycling, D-6 
differential, fan, 4-12 
drag, 7-5 
drop 

dynamic, 7-7 
fluid, 7-5 
fluid, bend, 7-12 
friction, 7-7, 7-33 
grille, 6-7, C-l 
heat exchanger, 7-19 

fluid, 4-12 
test, D-35 

pressure caps, 3-35, 5-16 
pressure cooling system, 2-4 
pressure profile graph, 7-34 
product baseline, 9-22 
product improvement 

program, 9-15 
test, D-36 

production endurance test, D-7 
Propulsion Systems Laboratory, 9-17 
pump 

coolant, 7-34, D-25 
oil, 7-36 

performance, 
engine, 8-4 
specifications, 8-13 

pipe size selection, 7-38 
pitot tube, D-9 
potential, D-4 
power 

measurement, D-15 
losses, 2-48 

immersed bodies, 7-17 
minimization, 7-21 
static, 8-17 
requirements, fan, B-12 

power plants, combination, 2-37 

radiation, heat, 3-5 
radiator cap, 5-16 

pressure, 3-35 
radiator shutters, 5-5 
radiator size, Ml 14 vehicle, 8-27 
radiators, 3-26, B-35, D-l 

air-cooled, 3-22 
core design, 3-30 
core performance 3-41, 8-69, A-2 
selection, 3-35 
size, 3-36 
testing, 9-1 
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ram airflow, 4-3 
Rankine cycle, 2-5 

engine, 2-32 
rated 

coolant flow, D-4 
heat rejection, D-5 
internal pressure, D-4 
potential, D-4 

reliability, 1-35 
cooling systems, 1-39 

resonance, D-3 
retarders, 8-9 

hydraulic, 2-66 
Reynolds number, 7-7, 7-31, 7-33 
rock deflector, 6-2 
roughness, 7-7 

integration, 8-4 
resistance, cooling system, 4-22 

screens, 6-2, 7-14 
sensors, temperature, 5-36 
shock and vibration, 1-29 

data, 1-29 
shutter, radiator, 5-5 
simulation, 9-6 
solar radiation, 2-71 
sound level, B-13 
specifications, performance, 8-13 
specific speed, fan, 4-25 
speed measuring, D-17 
splitter, 7-22 
standard air, D-4 
static pressure 

curve, 7-23 
drop, measurement 9-6 

Stefan-Boltzmann law, 3-5 
Stirling cycle, 2-5 
supercharger, 3-54 
surge tanks 

radiation, 5-21 
surge test, D-33 
system 

development cycle, 1-2 

tank 
cooling systems, 1-22, 7-23 
surge, 5-21 

Tanks 
M1A1, 1-22 

temperature 
coolant, 5-1, 8-74 
effects, 1-3 
engine, 1-4 
engine compartment, 2-70 
indicator, 5-36 
limits, 1-6, 3-36 
maximum, operating, 3-35 
measurement, D-9 
oil, 8-4 
warning unit, 5-38 

terrain, 1-3 
test, 1-36 

agencies, 9-27 
cell, vehicular, 9-10 
equipment, D-25 
facilities, 9-10 
instruments, D-9 
objectives, 9-14 
results, 9-14, 9-27, D-26, D-42 
rig, 9-9 

testing 
components, 9-1 
coolant pump, D-25 
cooling system, 9-1 
cooling system, Ml 14 vehicle, 8-35 
grille assemblies, 6-11 
methods, 9-10, D-15 
procedures, 9-27, D-l, D-25 
radiators, D-l 
total vehicle, 9-9 
vehicle, 9-1 
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tests 
cold mock-up, 9-6 
cooling, D-41 
cooling airflow, 7-26 
cooling program, 9-9 
cyclic, D-7 
deaeration, D-29 
environmental, 9-18 
hot mock-up, 9-7 
hot shutdown, D-33 
investigation, D-33 
major, 9-18 
operational, 9-22 
production endurance, D-7 
suitability, 9-18 
surge, D-33 
type, 9-18 
vibration, D-4 

thermal, 3-20 
insulation, 3-71 

thermodynamic cycles, 2-5 
thermo physical properties, 3-72 
thermostats, 1-20, 5-13, 5-25 

bellows type, 5-30 
control modes, 5-33 
pellet type, 5-30 

throttling, 5-3 
torque converter, 2-41, 2-56 
TRADOC, 1-2 
transmissions, 8-9 

cooling, 8-20 
Tropic Test Center, 9-28 
truck, cooling systems, 1-4 
turning vane, 7-22 

U 

USATECOM, 9-18, 9-28 
USATRADOC, 9-27 
USATROSCOM, 9-28 

vane, turning, 7-22 
vapor-phase cooling systems, 2-4 
vehicle 

cooling, 3-25 
cooling, system characteristics, 2-18 
design, 1-1 
tactical deployment, 1-35 
tracked mileage cycle, 1-37 

vehicle, types 
assault SHERIDAN, M551, 1-49 
combat, 1-22 
combat, liquid-cooled, 1-24 
MHO, test, D-29 

vehicle types 
Ml 14, 8-23 
special-purpose, 1-15 
vehicular test cell, 9-10 

velocity, cooling air, 7-5 
ventilation, 2-72 
viscosity, lubricants, 7-38 
viscous drive, fan, 4-51 

W 

Wankel engine, 2-31 
water, properties of, 3-75 
winterization, 1-48, 5-8, 8-10 

units, B-l 
USAMC, 9-27 
US Army Materiel Command, 9-27 
US Army Tank-Automotive Armaments 

Command, 9-27 
USATACOM, 1-2, 9-27 

Yuma Proving Ground, 9-28 
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