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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 lbm, 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/sec’. 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=_§1g_, 1bf

where
m = mass in lbm
= rate of acceleration, ft/sec?

Note that g, 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

llbf=lmeLg‘ZJﬂ_ﬁls_ﬂ‘Z

therefore

g. = 32.174 lbm-ft
Ibf-sec?

Note that g. 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 "Ib"
should never be used by itself.

Engineers have commonly used the pound (Ib) 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 (Ibf). 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/sec?.

Therefore, in this Handbook, the term "Ib" will be specifically defined. The term "lbm" will
be used when defining a quantity or amount of material, and the term "1bf" or "Ib" 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
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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.



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

1-1



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 diligently 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
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(TRADQC), 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
finalization.

When general approval of the vehicle,
vehicle configuration, and mission has been
received, a more detailed document 1is
prepared which cites detailed specifics of
design, performance, and the intended
mission requirements. A development group
18 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



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




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 odcurs, 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
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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



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
COMmMpressor. 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

4 COOLANT PUMP
/

RADIATOR

Figure 1-1. Rotary Engine Cooling System Diagram




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,

COOLANT
FROM RADIATOR

HEAT EXCHANGER

COOLANT PUMP N\

ROTOR HUB

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

OIL FILTER

OlIL PUMP

OIL SCREEN

~» WATER
- 0iL

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,
Chilton 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 wvalues 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



TABLE 1-2

SUMMARY OF TEMPERATURE, SOLAR RADIATION, AND RELATIVE HUMIDITY

DAILY EXTREMES (Ref. 2)

STORAGE AND TRANSIT

OPERATIONAL CONDITIONS CONDITIONS
CLIMATIC AMBIENT AIR SOLAR AMBIENT INDUCED AIR INDUCED
F Btu/th-hr HUMIDITY, °p HUMIDITY,
: %
it Nearly Nearly
WET - WARM constant 75 | Negligible 95 to 100 constant 80 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 85 to 100 0 to 360 63 to 90 90 to 160 10 to 85
DESERT
4
HOT-DRY 90 to 125 0 to 360 5 to 20 90 to 160 2 to 50
5
INTERMEDIATE 70 to 110 0 to 360 20 to 85 70 to 145 5 te 50
HOT-DRY
6 Tending Tending
INTERMEDIATE -5 to -25 Negligible toward -10 to -30 toward
COLD saturation saturation
) Tending Tending
COLD -35 to -50 Negligible toward ~35 to -50 toward
saturation saturation
8 Tending Tending
EXTREME COLD -60 to -70 Negligible toward -60 to -70 toward
saturation saturation

Note:
Category 7
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Kits may be allowable to meet

and 8 conditions.
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Figure 1-3. Typical Cooling System Components (Ref. 12)



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.
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The heavy duty coolant system is
configured with the Charge Air Cooler
(CAQ) 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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Figure 1-4.Coolant Flow With Cooclant Bypass and Bleed Hole in Thermostat (Ref. 8)
(Courtesy of Detroit Diesel Allison Division, General Motors Corporation)
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splash shield prevents mud, water from
hitting the coolers during off road operation.
Alr 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 Multi-Purpose
Wheeled Vehicle (HMMWYV)

The HMMWVAL is shown in Fig. 1-9.

The HMMWVAL1 power package includes a
6.2 liter Diesel L1L4 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
HMMWYV 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

FAN

90° HOSE
EXPANSION TANK
PAGE ASSEMBLY

il R

. WATER PIPE ASSEMBLY
AR DUCT

RADIATOR WATERCOOLER
CHARGE AIR COOLER (CAC)

aNon

Figure 1-7. FMTV Cooling System Elevation View.
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Figure 1-8. FMTV Cooling System Schematic.



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 MI113A3 Armored Personnel
Carrier, shown in Fig. 1-11, is full-tracked,
diesel-powered, combat loaded weight of
27,000 Ibs, 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 (HMMWV)
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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 MI113A3 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

e

7

Figure 1-11. Armored Personnel Carrier M113A3
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X200-4 transmission

Figure 1-12. M113A3 Cooling Air Flow Path.

tank temperature of the engine radiator is
stabilized.
1-3.2.3 ARMORED COMBAT
EARTHMOVER, W19 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 M113 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

1-20

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 by a pressure release in the
radiator filler cap. The hot coolant flows
from the engine to the radiator tank and
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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 0il 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.
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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.

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

PRIMARY
TRANSMISSION
OIL COOLER

ENGINE
OIL COOLER

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

ENGINE EXHAUST DUCT

TURRET HYDRAULIC
OIL COOLER

AUXILJARY -
TRANSMISSION
OIL COOLER

Figure 1-16. MI1Al Primary and Auxiliary Cooling System
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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 continucusly 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 Vehicle.
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Figure 1-19. Cooling System Schematic Diagram M2A2
Bradley Fighting Vehicle System
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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.

1-3.3.2.2 Howitzer, Medium, Self-
propelled, 155 mm,
M109A6

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

a full-tracked aluminum-armored vehicle
mounting a 155 mm Howitzer. The vehicle
power package includes a Detroit Diesel
8V7IT, 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.

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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14 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

O OV®NOoO WL EaWN —

-

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

. SURGE TANK-TO-RADIATOR HOSE

. SURGE TANK-TO-RADIATOR HOSE

. SURGE TANK-TO-PRESSURE RELIEF VALVE HOSE
SURGE TANK

. SURGE TANX PRESSURE RELIEF VALVE
. CROSSOVER TUBE-TO-RADIATOR VENT HOSE
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. CROSSOVER TUBE TEE
. CROSSOVER TUBE-TO-SURGE TANK HOSE

Figure 1-21. Howitzer, M109, Cooling System Schematic 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
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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



TABLE 1-3

SHOCK AND VIBRATION DATA (Ref. 45)

VIBRATION
Type of Operation Part of Vehicle Shock
Gonsidervad (Accel Vertical Longitudinal Transverse
,g)
g Hz g Hz g Hz
Hull 4 500 3158 500 213 520
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
Off-the-road Instr. Panel 1352 120 L8 120 0.9 120
Eng. Mount. 11.4 500 18.7 900 1413 850
Generator 8 650 10 700 25.4 900
Hull 8 3 500 10.8 850 . 700
Instr. Panel 1 550 10 750 14 %00
Eng. Mount. 9.4 300 3.6 350
Generator 5v.i4 10 2535 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 S 300
wing Aircraft Side 1.[5; 0.25 10
Vert (up) 3 S 300
Aft L5 0.5 10
Vehicle Assembly 4
Shipment by Rotary- Fwd 1525
wing Aircraft Side 2)
Vert (up) 2
Aft
Parachute Drop Vehicle Assembly 16
Ballistic Impact Turret 20 50 1000 140 600
(0.75
in.
ampl)
HE Blast Turret and Hull 25
(1.0
in.
ampl)
NOTE: The values given are presented as a guide only.

Check applicable AR's for latest available information.




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
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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 21343
11000 1928
12000 16.2
13000 12.6
14000 9.1
15000 5.5




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.
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 1s 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.

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. 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 by

Personnel

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
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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.



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 wvarious
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 for Ballistic

Protection

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
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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 Grille
Configurations

1-4.2.3 Impact of Ballistic
Requirements on Cooling

System Design

The restriction to airflow caused by



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.




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 (0.90°). Similarly, 100
components, each with a 99 percent
reliability, will have an overall reliability of
36.6 percent, i.e. 0.99'%. 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:
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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



TABLE 1-5

MILEAGE CYCLE FOR TRACKED VEHICLES (Ref. 41)

Miles Per Cycle
Total
SGroup | cycles Roads Cross-Country
pPaved | Secondary Level Hilly | Miles 1000 hr
Mi/Op
T 4 225 225 400 400 5000r 1 chesran
IT 4 350 350 400 400 26000 10 (water)
510
VT 4 225 225 400 400 25000 1 ceoneres
IV A 4 : 3 2000
B 4 350 350 400 400 6000 42000
v 4 225 225 400 400 5000 100 (Water)
VI 1 , 200 500 - 700 (e)
VII al 100 RORREPE 400 " 500 400
VIII s £50
IX 1 . eifeies 100 (Mud) < v 43 8
X : . 50 — 50 10 (Water)

*One-half of mileage is run with applicable towed load (except for cargo tractors
that have towed load 100 percent of operation),

omitted if basic vehicle has proved satisfactory.

bApproximately 2 hr of water operation per cycle to total 10 hr.

‘Time includes all functions of wrecker equipment.

avoid excessive temperatures in hydraulic systems.
stopped for cooldown if fluid temperatures exceed specified limits of the output of
the motor, usually 215°F.

9Vehicles are operated the required mileage followed by performance of work,

total operation and work to be 2000 hr.

but towed load operation may be

Care will have to be used to

Operation should be temporarily

the

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

fExcept when unspooling, winches are tested at rated capacity, but care should be

used to avoid damage to worm-driven winches.
one spooling and unspooling with subsequent rest periods of equal time.

Normal cycling should include time for

Overall

test time will have to be sufficient to provide 8 hr of actual winching time.

9See 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
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T™M 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.



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, Fuels, and
Lubricants

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).

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

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).
1-4.5.5 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 of IR
Phenomena

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 mu 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.
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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 Suppression
Required

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




TABLE 1-7

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

SPECIFICATION DESCRIPTION

MIL-L-2104 Lubricating 0il, Internal Combustion Engine, Combat/Tactical

Service

MIL-L-46167 Lubricating 0il, Internal Combustion Engine, Arctic

MIL-L-6086 Lubricating 0il, 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

NATO F-35

Turbine Fuel, Aviation,

Kerosene Types, NATO F-34 (JP-8) and

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

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.

1-4.6.4.1.1 Concealing Mufflers and
Exhaust Pipes

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 DRIVE
AND SUSPENSION

Figure 1-25.

RADIATION PROJECTED
TOWARD GROUND

Typical Projected IR Radiation Patterns for Tracked Vehicles
(USATACOM)
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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 With
Cooling Air

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
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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

B

ATMOSPHERIC AIR

RS
Y = »
27

ENGINE EXHAUST PIPE

08l @

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 rinal 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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RADIATOR
GRILLE

INSULATION

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

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 in IR

Suppression

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. 14.6.5 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
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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 Il emphasized
the need for vehicles capable of sustained



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.

The standby-heat method wuses 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

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 wused 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 Dbatteries 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.

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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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 wvarious 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 and
Motors

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
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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 Cut-off
Switches

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.



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

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 Electrical
Equipment

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 Installation

(Ref. 40)
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2.0 LIST OF SYMBOLS
A = area, ft*
a = acceleration, ft/sec?

BHP = brake horsepower, bhp

T = coefficient of friction, dimensionless

g = acceleration due to gravity, 32.2 ft/sec?
Hz = frequency, cycles/sec

h = enthalpy, Btu/1bm

K = loss coefficient, dimensionless

k = ratio of specific heats, dimensionless

P = pressure, PSI

[0 = heat flow, Btu/sec, Btu/min

RPM = speed, revolutions/min

T = temperature, °F

TE = tractive effort, Ib

U = overall heat transfer coefﬂqien't, Btu/sec-ft>-°F
14 = speed relative to air, mph

w = weight, Ib

n = efficiency, percent

0 = grade angle, deg

Y = ratio of specific heats
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Subscripts:

a

axle, addition, ambient, inlet

crankshaft, clutch, coolant, cylinder head,
compressor

driving axle

equivalent

equivalent, engine

generator, gas, gear

motor

pressure, piston

ratio, rejection, rear, outlet, radius
transmission, thermal

volume

air resistance, admitted

rolling resistance, exhausted



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

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

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:

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
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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.



TABLE 2-1

CHARACTERISTICS OF THERMODYNAMIC CYCLES

CYCLE

PV DIAGRAM THERMAL EFFICIENCY

CHARACTERISTICS

Carnot

(2)

Fig. 2-1, Nn. =1~ 460 + T,

460 + T,

ab
bc
cd
da

isothermal
isentropic
isothermal
isentropic

heat rejection
compression
heat addition
expansion

Otto

Fig- (B) N

rvk- 1

ab
bec
cd
da

isentropic compression
constant-volume heat addition
isentropic expansion
constant-volume heat rejection

Diesel

(C) LS =

k(L-1)

Eiigi. n. 1 [

rvk- 1

ab isentropic compression
constant-pressure heat addition
isentropic expansion

constant volume heat rejection

cd
da

Dual
Cycle

Fig. D |ng=121-1

k-1

[rp e = 1

i r-1 + kr,(L-l)]

isentropic compression
constant-volume heat addition
constant-pressure heat addition
isentropic expansion
constant-volume heat rejection

bb?
blc
cd
da

Brayton

Fig. (n) n.

(k-1) /X
rP

ab
bec
cd
da

isentropic compression
constant-pressure heat addition
isentropic expansion
constant-pressure heat rejection

Stirling

Fig. (B} ak

n. = A6 % Ty

460 + T,

isothermal compression
constant-volume heat addition
isothermal expansion
constant-volume heat rejection

Rankine

()

2 kg = 1B
hb_ hd

Fig. n.

ab
bc
cd

constant pressure admission
isentropic expansion
constant pressure exhaust

Legend:

0.

thermal efficiency, percent expressed

as decimal

h,

h.

h,

k

enthalpy of the steam admitted, Btu/lbm
enthalpy of the steam exhausted, Btu/lbm

enthalpy of liquid in steam exhaust,
Btu/lbm

specific heat ratio at constant pressure r,
and constant volume, dimensionless

temperature of heat
source, °F

temperature of heat sink,
B

Ta

T,

cutoff or load ratio,
Vy,/V. (V. is determined by
the fuel injection process)

constant-volume pressure
ratio (P,/P,)

compression ratio V,/V,,
dimensionless

r,
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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.

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
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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.

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.



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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ENGINE SPECIFICATION

General Engine Description:

Model
Number of cylinders
Bore and stroke - in (mm)
Displacement - in’ (1litre)
Compression ratio
Firing order
Clockwise rotation (RH)
Counter clockwise rotation (LH)
Dimensions & weight (approx.)
Length - in (mm?
Width - in (mm)
Height - in (mm)
Weight - 1bs (kq)

Technical Engine Specifications:

Injector (timing)
Turbocharger

Engine speed - r/min
Brake horsepower - bhp (ki)
Bmep - 1b/in? (kPa)
Peak torque - 1b-ft (N-m) @ r/min

Fuel consumption - 1b/hr (kg/hr)
Specific fuel cons. - 1b/bhp-hr (g/kW-hr)
Fuel pump suction at pump inlet

Maximum - in Hg (kPag

Clean system

Dirty system
Airflow - ft3/min (m 3/min)
Airbox pressure, min. - in Hg (kPa)
Afr intake restriction, max. - in HZO (kpPa)

(Dry type air cleaner)

Full load - dirty

- clean

Exhaust temp. - °F (°C)
Exhaust flow - ft'/min (m /mln)
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 (kwg
Coolant inlet restriction, max. - in Hg skPa)
Lubricating oil press., normal - 1b/in* (kPa)
Lubricating ofl temp., in-pan - °F (°C)

7123-7396

12

4.25 x 5 (108 x 127)

852 (13.97

1721

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

63.0 (1600)

50,1 (1273

43,3 (1100

3360 (1524)

N8O (1.484)

T19A40 (1.29 A/R HSG.)

2500

600 (448)

112 (772)

1470 (1993) @ 1600

245 (111)

408 (248)

6 (20)

12 (41)

2430 (68.8)

39.0 (132}

20 (5.0)

12 (3.0

750 (399)

5480 (158)

3 (10.2)

278 (1052)

170 (77)

22180 (390)

3 (10.2

60 (414

200-250 (93-121)

FPigure 2-5B. BEngine Specification Data for the HET M746
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Model:

6V-92TIA

Rating: 550 bhp @ 2400 r/min
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MILITARY SPECIFICATION SHEET
Cooling System

s

.. 4.54 x 5.00 (108 x 127)
... 1501

.. 2000

s

.. 61.5 DEG VEE - 2CYCLE

Gavity Distance:
FromR.F.O.B. (xaxig) ~in_ (mwn) ........... 2.4 (239)

Above Ceankshafl {y axit) - in. (mm) ......
Right of Crankshaft (z axis) = in. (mm) ........
INSBAMIONOraWING ... .coiiiiininiiaiannoane
MechsnicalDeta
Thrust Bearing Load Umit, Conti -Bb(N) ... 800 (2669)
mmwmm-bm....lm(m
swc

Lubricstion System e
OR Pressuce at Rated Speed — /.2 (kPa) ...... 49-70 (338487}
Oll Pressure st Low idie - D/in.2 (kPs)

Figure 2-6B.

Engine
Speed
omin
2400
2200
1950
1800
1600
1400

256 (191)

1204 (1632)
1260 (1735)
1300 (1763)
1234 (1673)
116 (1513)
960 (1302)

Engine Specification Data for the Armored Gun System
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ENGINE SPECIFICATION
8V-92TA, TV8117 (1.39 A/R)

FEDERAL CERTIFICATION - 1981, 1982

General Engine Description:

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

Displacement - in. 3 (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 - 1bs. (g)

Technical Engine Specifications:

Injector

Engine speed - RPM

Brake horsepower - BHP (kW)
BMEP - PSI kPa)

Peak torque LB FT (N-m) @ RPM -

Fuel consumption - LB/HR (g/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. )
Alrbox pressure, Min., - in, Hg (kPa)
Air intake restriction, max. in. HyO &Pa)
(Dry type air cleaner)
Full load - dirty
- clean (recommended)
Exhaust temp. ~ °F (°C)
Exhaust flow - CFM (m3/min.)
Exhaust back press., max. in Hg (kPa)
Full load

Coolant flow - GPM (liter/min.)
Coolant normal operating temp. °F ("C)
Heat rejection - BTU/Min. (KW)

Coolant inlet restriction, max, - in. Hg kPa)

Lubricating oil press. normal - psi (kPa)
Lubricating oil temp., in-pan °F (*C)

8087~ 7800

8

4.84 x 5 (123 x 127)

736 (12,1)

17:1

1L-3R-3L - 4R-4L-2R-2L-1R
11,-1R-21,-2R - 41L-4R-3L-3R

44 (1118)

38 (965)

50 (1270)

2415 (1095)

9A90 @ 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)

20.0 (5,0)

12.0_(3,0)

721 (383)

3035 (85.94)

3.0 (10,2)

187 (708)

170 -195 (77-91)

*13525 (238)

3,0 (10,2)**

49 - 70 (338 - 483)

200 - 250 (93 - 121)

E4-8081-32-68

*CALCULATED VALUE Sheet 2 of 2

*+MUST BE A POSITIVE PRESSURE WITH RAPID
WARM-UP SYSTEMS

Figure 2-7B. Engine Specification Data for the HEMTT
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NGIN

Genergl Oote
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i ]
4.84x5.000123x127)
736€12.1)
18.0:1°

Pleton Speed-fe/min(a/min)....c.c..ce... 1750¢533)
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[3
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1.95:1
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Mexiowm Mo Losd Speed-r/ 230
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£ngine Crankcase Vent Systea... OPEN
Haximm Pressurs-in NOCKPE)..oeeeenn J.5¢0.47)
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Length- in(am), £9.301252)
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Instalistion 07aWiMgecececcccocacacaas. B3S00VLBIREF.)
Kaxisum Allousble Static Sending moment

at Raer Face of FV Nsg-lbf fe(n m).... 600(814)

Fuel Syjtem

Fuel (njector Pert Mo, /Timing.. S234775/1.520
Ceet Code...c..... oA A 000 0201

Fuel Conmumption: ib/hr(kgs/hr).. 186.5(84.6)
fusl Consumption-gel/he(L/hr). . 26.7(101)
fuel Split Rate-/he(k9/Mr).. 339¢176)

Fuel Spili Rate-gai/hr(L/hry. 55.6(210)
Total Fuel Flow-I/ne(kg/Mr)...... 576¢261)
total Fuei Fiou-pal/hr(l/hr)...... . 82.3¢312)

Maximm Fuel Intet Tewp.-®F(°C)..... .o 160C60)
Maximm Aflovable Fuei Pump Suction

Clean System-in Mg(kPs)...
Ofrty Systemin ug(kPa)......
Fuei Fllter Mleron Size
Prismry © MICMOM.cicesiocacccasosorans 30
Secandary - Mleron...... TR e ¥

tubrication Systen

ol1 Pressure 2
Reted Spnd-lb!éln (KP8)eccecrcaaaaaas €9-70(338-403)

6(20)
12¢61)

Low ldie-ibf7in (kPs).......... S¢3L)

n Pan Ol Temoderature-°F(°C). 200-250(93-121)
0l Fleu-gal/min(L/miny.___.... 37(140)

0l Pan Capscity

Migh-Qtll)ecccccccacccococcscncaccnnnn 23¢22)

L a1 { (S O PN I ( & T}
Total Engine Oil Capecity with

Fiiters -Qt(l)ececccccccccoccccoscacces B(R8)
Sypass Oii Fiiter Orifice-in(am)....... 0.)01(2.57)
Engine Anguterity Limits

front w sosccccestcaccesaces 20

front dowun © degrees.. .3
Side tilt - degrees.......... o NOT AVAILASLE

Emigsion Oate

Mofse - BC(A) @ VA .....ccvicncnacanaas NOT AVAILABLE
Cartification Approvai.....ccccceceeeas 50 STATE Y990

Figure 2-8B.

FICATION 0ATA

Gooling System

Engine Weat Rejection-tu/min(iv)......
Engine Redieted Nest-StWminKiV).......
Coolant Flowgat/ain(il/min)..cccaccca..
Thermostat
Start to Open-*F(°Cleccecccccccacacane
Fully Open-°F(*C).cccoccsccsccscacaaae
Maximm water Pump Inlet
Restriction-in Ne{kPa).....
£ngine Coolant Capacity-qt(
Ninisus Pressure CAp-lMM:”(: o'......
Hazioum Coolant 'nul.rtz( lusive
af Pressure Cap)-ibf/in (kPa).........
Maxiewre Top Tank Tespersture-*F(°C)....
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ninlmm Coolant FL11 &ate-
Pol/MiN(L/BINYceececeenccacaconcasancn
Cooling Index
Aintem Alr to 80ii-"F(°Cl.ccccnccan..
Maxisum Air ts Water DIff.-°F(°C).
Rom Al Flow * Riie/hr(km/hr).....
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Capacity-ft /minte /min) . eoceennna...
Orosdoun - Minimm Requirement (or 102
of Cooling System Capecity-unichever
is Larger) -qQe(llecccccccccacsccanacnas

Air_System

Maxienm Allowsblie Temperaturs Riss
(Asdlent Alr to Englne Inlet) °F(°C)..
Air Intake Restriction Maximm timit
0irty Atr Clesner~in ¥W,0(kPe)
Clean Air Cleaner-ig X k§e).
Erqgine Air Flow + ft /min(m™/min)......
Engine Alr Sox/Manifold Pressurs-
N RG(kP®) ceceenccoononccaccccacanance
Recowserded (ntake Pipe Ois.-intem)....

£xheuse Svstem
3

Exhaust Flow-ft I-in(-,/-in)...........
Exhaust Tempereture-"F(°C)..ccacaccncas
Haximm Allowedle Sack

Pressuresin Wo(kPe)..ccccvsoccccccacces
Recammevwied Eshaust Pipe Oi
Singlesintam)...cacaecnn..
DUl -IN(MM).ccocecnacscossccsannacancs
Exhaust Srake Max. Allowsdls Back
Pressure-in NE(RPS) ... ccaccccacacannce

Electrical Syjrem

Recomended Sattery Capscley(CCA d 0°F)
12 volt System
Abowe 32°F(0°C)-A.
Selow 32°FC0°C)-Ac.cccacee o
26 volt System
Above J2°F(0°C) Acccccccscccccncacens
Solow J2°FCO°C) -A.cccccercacccencanes

Mazimm Allowable Resistance of
Starting Circuit
12 volg aystem - el o.ecevcacccen-s
26 volt system « O .cccccccacrccces

Perforeance Date

Peak Torgue-ib ft(u m). ..
Pesk Torcue
CMEP- DI/ LA (KPR cocececnsane
friction Power

Rated Speed-bAM(IV). .ccocecccnccocanan
Pesk Torque Speed-thp(k¥).... .-
Altitute Capabitity ft(m)e.ccceccccanee
Torque Avaiisble ot 800 r/min-

15200¢267)°
2600¢43.2)
187(708)

177¢81)
197¢92)

0.0¢0.0)
29.0(27.4)
9.0¢82.%)

NOT AVAILABLE
210¢99)
180(71)
3.0(11.4)
112¢64.4)
300(55.4)
15¢24)

0.8(0.023)

£.003.8)

30€16.7)
20¢5.0)
12(3.0)
1550¢L2.95)

Sa.7¢198)
6.00352)

II30(9%.3)
695(368)

3.0¢30.9)

6.0¢)52)
NOT APPLICARLE

NOT APPLICABLE

950
1250

0.0012
0.002

K70(1993)
1200
122(841)
106¢?)

3%29)
10000 (3050)

1D 8 (N B)eeueeeeecsssnscscacscacaca. SOOCI0ES)

i
Speed fower Lorgue | 11i9
e/mn bhp( k) b fe(n m) it/ohp he

(o/u hey

2100 S00(373) 1250¢ 16953 7ce2n
1950 500¢373) 1347¢ 1826) IIN218)
1800 $00¢(373) 1459(1978) S3$2(244)
1600 £46(333) ek ( 1983) SAN12)
1400 391¢292) *67()909) 349(212)
3200 336¢251) 1LT0(1993) .332(214)
1000 270(¢201) 1498(1423) ST

Engine Specification Data for the PLS
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TABLE 2-2

COOLING SYSTEM SUMMARY OF MILITARY VEHICLE INSTALLATIONS

HP Flow

Bogine ;gg:ile Gross Max Percent Coolant Cooling Eng

@rpm Fan in Fan Air 0il

(Net)

gpm
cfm gpm

GM 6.2L LL4 HMMWV Al (155) 28.7 18.1 66 H 5848 H 3.5 H
Diesel 23600
GM 6.5L L57 HMMWV A2 (160) 28.7 17.9 64 H 5848 H 4.1 H
Diesel @3400
GM 6.5tc HMMWV ECV (190) 18.8 9.8 83 H X X
165 Diesel 23400
Cummins M939 24082100 17.9 ThoS 88 460 9.57
NHC250
Cummins NHC250 M939a1 24002100 17.8 7.5 88 460 9.57
Cummins 6CTA8.3 M939a2 24082100 27.0 11.3 65 521H 11.65
DD 8V92TA HEMTT 44502100 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 LvsS 445 x X x x X
AGT1500 M1Aal 1500 42.0 3.0 X 7500 8.7

83000
Cummins VTA-903-T M2/M3A1 50082600 90 18.0 127 H 17,000 T 36 H
Cummins VTA-903- M2/M3A2 60002600 100 16.6 150 H 17,000 T 40 H
T600
DD 8V71T M109A6 45002300 38.0 8.4 143 N 1420 N 39 N
DD 6VS3 M113a1 212@2800 16.7 759 87 H X 24 H
DD 6V53 M113A2 212@2800 23.9 11.3 87 H x 24 H
DD 6VS3T M113A3 275082800 27.5 10.0 85 H 11,200 H 34 H
Cummins v-903 M9 ACE 29582600 x X 150 H 610 x

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




PUMP ENGINE
AABES o COOLANT PUMP

- ENGINE OIL COOLER

on sAllE

Figure 2-11. Integral Engine 0il
Cooler (Ref. 27) (Release granted by
Socliety of Automotive Engineers,
Inc., Paper No. SP-284)

RADIATOR

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-ft>(°F/ft)

2. Density = 0.075 lbm/ft**

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

2-26

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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Transfer for a 12-cylinder, Liquid-cooled, 980 IHP, Aircraft Engine (Ref. 1)
(Reprinted from the Internal Combustion Engine in Theory and Practice, the MIT Press)
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Concentration of Antifreeze Freezing Point of Coolant (° F)
Ethylene Glycol

(Volume %) Propylene Glycol
Base
Antifreeze
0 32
20 19
30 10
40 -6
50 27
60 -56
80 -7
100 -76

Pigure 2-13. Freeze Protection of Propylene

Molecular Weight

Specific gravity 25° C

Refractive index 25° C

Bolling point * C

Freezing point ° C

Specific heat (Btu/lb/° F) 25° C

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

Surface tension (dynes/cm) 25° C

Flash point * C

and Ethylene Glycol

EG
62.1
1.033
1.431
187.2

Base
Antifreeze

32
16

Supercools

0.60
12
440

104

Base Antifreezes

76.1

1.110
1.430
197.3

0.58
17
16.5
47
115

Pigure 2-14. Thermal and Physical Properties of Ethylene 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.

5 %,, 273 —— RECTANGULAR
%

- A""""mw——-—- TRIANGULAR
/// o

-f - TRAPEZOIDAL

Figure 2-15.Basic 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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Figure 2-16. Gas Turbine Engine 0il

Cooler Installation Schematic Diagram

(Ref. 22) (Release granted by Society

of Automotive Engineers, Inc., Paper
No. 720685)

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
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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-away View of the Stirling Engine (Ref. 5)
(Release granted by Society of Automotive Engineers, Inc.

Paper No.

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 Ib/BHP and 0.05 ft*/BHP are
expected.

650731)

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 cm®.

Figure 2-18. Typical Configuration of a Vee-
type Double-acting Stirling Engine (Ref.
30)(Courtesy of Railway Gazette
International. From "Combustion Engine
Progress™, 1973)

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
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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.

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 2-19. Stirling Engine Cooling System (Ref. 6)
(Release granted by Society of Automotive Engineers, Inc. Paper No. 650074)

MODEL GPU-2.5 (SINGLE CYLINDER-RHOMBIC)
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Figure 2-20.Single Cylinder Stirling Engine Performance Characteristics (Ref.5)
(Release granted by Society of Automotive Engineers, Inc., Paper No. 690731)
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(A) Air-cooled
(Release granted by Society of Automotive Engineers, Inc., Paper No. 288A)(Ref. 7)
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(B) Liquid-cooled

Figure 2-21. Liquid-cooled Rotary Combustion Engine
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TABLE 2-3

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

Heat in
Fuel
Preheated air
Total

Heat out
Engine power
Cooler water
Buffer water
Engine oil

Nozzle water

Exhaust gas

Radiation loss, calculated
Convection loss, calculated
Unaccounted for

Btu/hr %
109,617.6 68.5
50,515.4 31.5
160..3332..0 100.0
24,050.7 15.0
43,431.6 7.3
L 1.6
16845 1.8
1,707.9 1.1
78,577.1 49.1
G 0.5
526.1 0.3
6,551.0 4.1

Release 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.
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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



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 Gear
Transmissions

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 1is 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 24

A GLOSSARY OF POWER TRAIN TERMS (USATACOM)

TERM & SYMBOL
1. Fluid Coupling:

2. Torque Converter:

3. Transmission:

——d -
3a. Manual
Transmission:

> M

3b. Power Shift
Transmission:

R PS |—>

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.

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.

REMARKS

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

-Popular when used
in conjunction with
a power shift
transmission.
Efficiency is

usually B3% or less.

-May have a direct
drive "lock-up”
clutch: gives 99+%
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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3bl. Automatic
Transmission:
A
3c. Hydrostatic
Transmission:
[~
A
N
3d. Hydromechanical
Transmission:
=—— HM
4. Steering Unit:
-
5. Power Train or

2-42

Steering Trans-
mission

TABLE 24 (Continued)

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.



HEAT REJECTION . Btu/min

COOLANT - WATER + 44% ETHYLENE GLYCOL
180°F THERMOSTAT |
Gike 170 * 5°F OIL IN TEMPERATURE
|_— 5000
/olo
3000 / 3000 rpm
//
//f::::/”::;:f’
-
0
40 80 120 160 200 240

Figure 2-26.

INDICATED HORSEPOWER

Engine Transmission Matching
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Test Conditions: Input Torque = 250 Lbs*ft

Gear: OD2
Lock-Ui:

100 ; P
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Figure 2-30. Transmission Efficiency Versus Output Speed
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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 effici 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).
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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



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 I/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
TRANSMISSIONS

DRIVE

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 S B 76.0

20 L) 2320 64.0

30 4.9 2240 5 )

40 e 2180 57.0

50 2.6 2150 5:3:.i5

60 k57 2170 318:.15
M48A1 No.
117 0 5:0 i s 76.0

20 5.8 2275 724

30 4.7 2220 76.0

40 3o 2180 66.7

50 2:53 2150 A

60 0 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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COMBINATION

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

P

PS }—sr

Steer——\\ Aj

PSI
Ratio

2. Torque converter,
power shift trans.,
& hydrostatic
Steer.

PSr—
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TABLE 2.7

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
detail.

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.

POWER TRAIN COMBINATIONS (USATACOM)

REMARKS

-Fixed ratio steer
at any vehicle
speed.

-STip a clutch to
steer.

-Will not steer at
converter stall.

-Steer ratio changes
with each gear
range.

-Wi1l 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.



2a.Torque converter,

power shift trans.,

& engine driven

hydrostatic steer

I

PS |

3. Hydromechanical
Power Train

t

HM

HM

3a.Hydromechanical
power train with
added mechanical

ratio.
§in

A HM

TABLE 2-7 {Continued)

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

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.

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

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

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

ratio and steer).

- Limited ratio
coverage.

-Very compact.

-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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3b.Hydromechanical
power train with
added hydro-
mechanical ratio

T

HM

[
(o

HM

TABLE 2-7 (Continued)

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 in
added ratio path.

-Steer ratio varies
with vehicle speed.

-Good ratio coverage.

-Requires three
hydraulic units.

-Good interchange-
ability of
components.
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Figure 2-35,
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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
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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 = fW, , Ib (tractive effort)  (2-1)

where
f = coefficient of  friction,
dimensionless
W,=  weight on driving axles, 1b

The maximum tractive effort for a
17,000-1b. vehicle as shown in Fig. 2-33 is
assumed to occur at

TE = 0.75 x 17,000 = 12,250 1b.
This corresponds to a vehicle speed of

4.8 mph for first gear converter operation.
At this point the heat rejection is

0O, = (Input HP) ~ (Sprocket HP),
Btu/min (2-2)

therefore
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0O, =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 M113
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.

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

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.
2-2.4.2 and

Power Losses

Efficiency

Calculated component efficiencies and
the resultant total system efficiency are
shown in Fig. 2-45. It can be seen from Fig.
245 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

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
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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

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

Limits for
Limits for Short Periods
Sustained (not exceeding
Type of System Operation 15 min)__
Open System 160°F -
(Open reservoir)
Closed System 275°F -
(Enclosed
reservoir)
Sealed System - 500°F
(Pressurized
reservoir)

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 AND
GENERATORS

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

N, = (input-losses)/input, percent (2-3)
and the efficiency of n, of a generator is

n, = (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



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.

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

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

y1
MEARAG
r]t: Pl

-1
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.

2-3.6 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
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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 28

TYPICAL ENGINE COMPARTMENT TEMPERATURES

(Yuma Proving Ground)
TEMPERATURE AMBIENT COMPONENT
LOCATION TEMPERATURE,°F TEMP RANGE, °F
Engine Comp. 11§ 119 - 157
(before
radiator)
Engine Comp. 115 117 - 163
(before ;
radfator)
Air into 115 161 - 195
Alternator
Comp.
at rear 201 - 232
over trans 227 - 254
over regu- 125 196 - 218
lator
near fire 198 - 223
exiting
Air between 122 - 158
cylinders
(air in
Eng. Comp.)
Alternator 151 - 165
skin
Eng. Comp. 125 131 - 165
to
radiator)
Eng. Comp. 118 172 - 225
(after
rad)
Behind Regulator 130 - 175
Eng. Comp. 120 170 - 208
(after rad)
To cardb. 174 - 176
Eng. Comp 115 156 - 202

(after rad)

YPG

REPORT NO.

3081

3081

6005

9029

not
assigned

6007

8007

0069

5023



2a.

FINAL DRIVES —/

TRANSMISSION

SOLAR RADIATION

EXHAUST SYSTEM

OTHER (NYDRAULICS, ELEC.
MOTORS, SPECIAL EQUIP.)

ENGINE RADIATION

ENGINE
COMPARTMENT

HEAT LOAD

o GROUND RADIATION

\ ALTERNATOR

{TORQUE CONVERTER )

\— INJECTION

PUMP COOLING

Figure 2-47. Typical Engine Compartment Ventilation Heat Loads

REFERENCES

Charles Fayette Taylor, The Internal
Combustion Engine in Theory and
Practice, Volume I, The MIT Press,
Cambridge, Massachusetts, 1966.

Theodore Baumeiste, Standard
Handbook for Mechanical Engineers,
Seventh Edition, McGraw-Hill Book
Company, New York, N.Y., 1967.

Michael A. Kluger, Joseph 1.
Greenbaum, and Douglas R. Mairet,
Proposed Efficiency Guidelines for
Manual Transmission for the Year

2b.

3a.

2000, Paper No. 950892, SAE, New
Yotk, NY, 1995.

John S. Bishop and Michael A. Kluger,
Proposed Efficiency Rating of an
Optimized Automatic Transmission,
Paper No. 960425, SAE, New York,
NY, 1966.

AMCP 706-355, Engineering Design
Handbook, The Automotive Assembly.

Charles R. Jones, Heavy Duty
Drivetrains, the System and Component

2-75




3b.

3c.

3d.

3e.

8f.

2-76

Application, Paper No. SP-868,
SAE, Warrendale, PA, 1991.

Michael A. Kluger, Douglas R.
Fussner, and Bob Roethler, A
Performance Comparison of Various
Automatic  Transmission  Pumping
Systems, Paper No. 960424, SAE, New
York, NY, 1996.

Design Practices, Passenger °Car
Automatic Transmissions, Publication
No. AE-18, 3rd Edition, pg 755, SAE,
Warrendale, PA, 1994.

Design Practices, Passenger Car,
Automatic Transmissions, Publication
No. AE-18, 3rd Edition, pg 744, SAE,
Warrendale, PA, 1994.

Marvin Beasley, Low Flow Cooling
System Application Considerations for
On/Off and Off Highway Equipment,
Paper No. 850753, pg 4.201, SAE,
Warrendale, PA, 1986.

Ibid.

"Mobility Engineers Test Stirling Cycle
Engine",  Automotive  Industries,
Volume 35, August, 1963.

Mattani, Heffner, and Miklos, The
Stirling  Engine for Underwater
Applications, Paper No. 690731, SAE,
New York, N.Y., 1969.

Agawal, Mooney, and Toepel, Stir-Lec
1, A Stirling Electric Hybrid Car, Paper
No. 690074, SAE, New York, N.Y.,
1969.

Dr. W.G. Froede, The NSU-Wankel

10.

11.

12

13.

14.

15.

16.

Rotating Combustion Engine, Paper No.
288A, SAE, New York, N.Y., 1961.

Herman Friedlander, The HS400 Power
Shift Transmission with Hydrostatic
Steer for High Speed Military Track
Laying Vehicles, Paper No. 680540,
SAE, New York, N.Y., 1968.

SAE  Handbook, Truck  Ability
Prediction Procedure - SAE J688,
SAE, New York, N.Y., 1973.

Gary Smith, Commercial Vehicle
Performance and Fuel Economy, Paper
No. SP-355, SAE, New York, N.Y.,
1968.

David M. Latson, et al, A
Hydromechanical Transmission
Development, Paper No. 670932, SAE,
New York, N.Y., 1967.

Kirtland, Andrus, and Slobiak, An AC
Electric Drive System as Applied to A
Tracked Vehicle, Paper No. 690442,
SAE, New York, NY 1969.

Julius Mackerle, Air Cooled Motor

Engines, Cleaver-Hume Press Ltd.,
London, England, 1958.

William L. Snider, Desert Testing of
Military Vehicles, Paper No. 690354,
SAE, New York, N.Y., 1968.

W.E. Woodson and D.W. Conover,
Human  Engineering  Guide for
Equipment Designers, University of
California  Press, Los Angeles,
California, 1970.

MIL-STD-1472, Human Engineering



1Z:

18.

19.

20.

y |8

22,

23.

24.

25,

Design Criteria for Military
Systems, Equipment and
Facilities.

C. Gasaway, Heat Flow Characteristics
of LDS 465-1B and -2 Engines,
Technical Note No. LDS 465-2 1642,
Teledyne Continental Motors,
Muskegon, Mich., 1969.

PDTM 9-2350-235-20, Volume No. 3,
Preliminary Organizational Maintenance
Manual, CAE Engine and Accessories
for Main Battle Tank Armored, Full-
Tracked, 152 MM, MBT70, December,
1969.

Gordon J. Van Wylen and Richard E.
Sonntag, Fundamentals of Classical
Thermodynamics, 2nd Ed., John Wiley
& Sons, New York, N.Y., 1973.

Carl J. Heise, Dual Turbine - Battery
Electric Vehicle Drive System, Paper
No. 729164, SAE, New York, N.Y.,
1972.

AR 70-38, Research, Development, Test
and Evaluation of Materiel for Extreme
Climatic Conditions, May, 1969.

J.F. Boyle and D.N. Nigro, Applying
the Allison GT-404 "The VIP in Action”,
Paper No. 720695, SAE, New York,
N.X.. 1972,

AMCP 706-356, Engineering Design
Handbook, Automotive Suspensions.

MIL-H-6083, Hydraulic  Fluid,
Petroleum Base, For Preserving and
Testing.

MIL-H5606,

Hydraulic Fluid,

26.

27,

28.

28,

30.

Sl

32

33

Petroleum Base, Aircraft, Missile and
Ordnance.

J.A. Hoess and Ralph C. Stahman,
Unconventional Thermal, Mechanical,
and Nuclear Low-Pollution-Potential
Power Sources for Urban Vehicles,
Paper No. 69023, SAE, New York,
N.Y., 1969.

P.K. Beatenbough, Engine Cooling
Systems for Motor Trucks, Paper No. SP
284, SAE, New York, N.Y., 1966.

Robert Cramer, Jr., Heat Rejection and
Cooling Requirements of Internal
Combustion  Engines, Paper No.
670524, SAE, New York, N.Y., 1967.

AMCP 706-120, Engineering Design
Handbook, Criteria for Environmental
Control of Mobile Systems.

Torbjorn Lia, The Sterling Engine,
"Combustion Engine Progress”,
Transport Press Division of ITC
Business Press, London, England, 1973.

M.J. Schiatter, Evaluation of Fuel Cell
Systems for Vehicle Propulsion, Paper
No. 670453, SAE, New York, N.Y.,,
1967.

Harry K. Ihrig, The Fuel Cell
Powerplant For Electrically Propelled
Earthmoving Machinery, Paper No. S-
253, SAE, New York, N.Y., 1960.

Edward J. Rambie, Crew Compartment
Air Leakage, Pressure Drop, and
Cooling Load Test of T-95 Tank, Report
No. 7460, Detroit Arsenal, Centerline,
Michigan, October, 1962.

%77



34

S5

36.

3,

38.

J. Kenneth Salisbury, Editor, Kents'
Mechanical Engineers’ Handbook, John
Wiley and Sons, Inc., New York, N.Y.,
1953.

Obert, E.F., Internal Combustion
Engines and Air Pollution, Intext
Educational Publishers, New York,
N.Y., 1973.

Charles Jones, A survey of Curtiss-
Wright's 1958-1971 Rotating
Combustion Engine Technological
Developments, Paper No. 720468, SAE,
New York, N.Y., 1972.

Zhang, H., and Widener, S. K., 4n
Integrated Engine Cycle Simulation
Model with Species Tracking in Piping
System, SAE Paper No. 960077,
1996.

Woschni, G., A Universally Applicable
Equation for the Instantaneous Heat
Transfer Coefficient in the Internal
Combustion Engine, SAE Paper No.
670931, 1967.

2-78

39.

40.

4]1.

42.

Schwarz, E., Reid, M., Bryzik, W.,
and Danielson, E., Combustion and
Performance Characteristics of a Low
Heat Rejection Engine, SAE Paper No.
930988, 1993.

Dickey, D. W., The Effect of Insulated
Combustion Chamber Surfaces on
Direct-Injected Diesel Engine
Performance, Emissions, and
Combustion, SAE Paper No. 890292,
1989.

Hercamp, R. D., Hudgens, R. D., and
Coughenour, G. E., Aqueous Propylene
Glycol Coolant for Heavy Duty Engines,
SAE Paper No. 900434, 1990.

Heywood, J. B., Internal Combustion
Engine Fundamentals, McGraw-Hill,
Inc., New York, 1988.



BIBLIOGRAPHY

H.T. Adamo, Elements of Internal
Combustion Turbine Theory, The
Cambridge University Press, London,
England, 1960.

Burtz and Burton, The Demonstration of
an External Combustion Engine in a City
Bus, Paper No. 720682, SAE, New
York, N.Y., 1972.

F. Feller, The 2-Stage Rotary Engine - A
New Concept in Diesel Power, The
Institution of Mechanical Engineers
Proceedings, Volume 195, 13/71, 1970-
%

Gay, et al, Power Plants for Industrial
and Commercial Vehicles - A Look at
Tomorrow, Paper No. SP-270, SAE,
New York, N.Y., 1965.

Arthur W. Judge, Modern Gas Turbines,
Chapman and Hall Ltd., London,
England, 1968.

Kirkland and Hopkins, U.S. Army
Research in Electric Propulsion, Paper
No. 670454, SAE, New York, N.Y.,
1967.

James H. Kress, Hydrostatic Splitting
Transmission for Wheeled Vehicles-
Classification and Theory of Operation,
Paper No. 690358, SAE, New York,
N.Y., 1969.

Lienesch and Wade, Stirling Engine
Progress Report: Smoke, Odor, Noise,
and Exhaust Emissions, Paper No.
680081, SAE, New York, N.Y., 1968.

John G. MacDonald, Hydromechanical
Transmission as Applied to Mobile
Equipment, Paper No. 690358, SAE,
New York, N.Y., 1969.

R.T. Sawyer, Gas Turbine Construction,

Chapman and Hall Ltd., London,
England, 1958.
C.0. Weisenbach, Hydrostatic

Transmission Applications, Paper No.
680259, SAE, New York, N.Y., 1968.

J.V.D. Wilson, et al, A Laboratory
Engine Test Method and Its Application
to Evaluation of High Temperature Oil
Thickening Problems in Gasoline
Engines, Paper No. 720688, SAE, New
York, N.Y., 1972,

Francis C. Younger, Characteristics of
the Brobeck Steam Bus Engines, Paper
No. 720684, SAE, New York, N.Y.,
1972.

K. Yamamoto, et al, Combustion
Characteristics of Rotary Engines, Paper
No. 720357, SAE, New York, N.Y.,
1972.

2-79




3-0

ATB

CFM

GPM

HP

ITD

LIST OF SYMBOLS
area, ft
air-to-boil, °F
flow rate, ft*/min
specific heat at constant pressure, Btu/lbm-°F
diameter, ft
heat exchanger effectiveness, dimensionless

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

correction factor, dimensionless

water flow rate, gpm/ft core width

flow rate, gal/min

horsepower, hp

convection heat transfer coefficient, Btu/hr-ft>-°F
initial temperature difference, °F

thermal conductivity, Btu/hr-ft? (°F/ft)

unit core heat transfer capability, Btu/min-ft>-°F
length, ft

log-mean temperature difference, °F

fin parameter as defined by Eq. 3-6a

molecular weight of gas, Ibm/Ibm-mole

gas pressure 1bf/ft?

wetted perimeter, ft
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Pr

Re

Res

AP

AT

= number, dimensionless

= Prandtl number, dimensionless
= heat flow rate, Btu/min, Btu/hr
= heat flux, Btu/hr-ft*

= radius, ft

= universal gas constant, 1544 ft-1bf/lbm-mole-°R;
temperature, ° Rankine

= Reynolds number, dimensionless

resistance to heat transfer, hr-°F/Btu

temperature, °F or °R

overall heat transfer coefficient or conductance,
Btu/hr-ft?-°F

= fluid velocity, ft/hr

= flow rate, lbm/hr

= pressure drop, in. water

= temperature difference, deg F
= thickness, ft

= absolute viscosity, Ibm/hr-ft
= kinematic viscosity, ft*/sec

= efficiency, dimensionless

= density, lbm/ft*

= Stefan-Boltzmann constant, 1.713 x 10°
Btu/hr-ft2-°R*

= surface emissivity, dimensionless



Subscripts:

a

am

aw

wa

cl

c2

cond

cony

ca

co

hl

h2

la

air, actual

ambient

air to water

water and air

cold

cooling air in

cooling air out

conduction

convection

coolant to air

coolant

fin, frontal, face

fluid

fin conduction cross section
heat exchanger front

gas

hot, hydraulic

inlet of hot fluid

hot air out

insulation material, inside, inlet

liquid and air
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m = meéan

max = maximum

min = minimum, smaller

0 = overall, outside

oc = overall cold

oh = overall hot

r = reference for U, required, rejected
rad = 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
Force
Length
Time

Thermal energy

lbm, pounds mass

Ibf, pounds force

ft, in.; feet, inches

sec, min, hr; seconds, minutes, hours

Btu, British Thermal Unit



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

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.

3-2 MODES OF HEAT TRANSFER

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),.a = €0T*, Btu/hr-ft? (3-1)
where

A = surface area, ft*



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 -°R*

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) cona depends on the thermal

conductivity of the substance and the local
temperature gradient:

(Q/A)eons = k (T,- T.), Btu/hr-ft2

L
(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
T, = Temperature of hot surface, °F

T, = Temperature of cold surface, °F
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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 Res,,; 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)..,, between a solid and a fluid, is by
means of the equation

(Q/A)cony = h (T, — T) Btu/hr-ft
(3-4)
where

A = convection heat transfer area, ft

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



Q = total rate of heat flow, Btu/hr
T; = fluid temperature, °F
T, = surface temperature, °F

The value of A 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 ., is given by

Res .y =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 n, of a straight fin
with cross-sectional area and dissipating heat
to the surroundings by convection only is

w = tanh  (mlL)
mL; (3-6)

, dimensionless

where

L, = effective fin length, ft (fin
length plus one half its
thickness n)

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

m=/ hp, ; or* ’ 2h, 1/ft
KAy kd¢

(3-6a)
and
Ay = fin conduction cross-sectional

area, ft*

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

pr =  wetted perimeter of fin, ft

8, = fin thickness, ft

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

The factor mL, is important in designing
fins because the smaller the product of mL,
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 n4, the higher the heat transfer
rate.

The overall surface efficiency n, 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




e [ I O O
= STRAIGHT FINS
0.9 \ T i’
N
C\ \) i
~ 08 W ;'-L P 1o/T; = 1:00'
z 07 NN N ‘.;2.
& -3 ANKNRN /, 1,50
5 ! Y, 2.00
& 06 —i’o P
w \\
(™ 0.5 r -
3.00 o NN
0.4 4 00 -
03 ] NN
0 02 04 06 08 12 14 16 18 20 22 24
m“o.'l)
lmLf)

Figure 3-1. Fin Efficiency of Straight and Circular Fins (Ref. 2)
{Courtesy of McGraw-Hill Book Company)

Mo =t Af
4,

(1 = v,), dimensionless

where

A; = fin heat transfer area, ft?
A, = total heat transfer area, ft

ny = fin efficiency, dimensionless

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

Q =npA,(T,~ T,,), Bu/hr (3-8)
where

h = convection heat transfer coefficient,
Btu/hr-ft*>-°F

I, = ambient temperature, °F

T, = surface temperature, °F

n, = 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.



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.

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
1s 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 1s this
type of heat exchanger.

342 HEAT EXCHANGER
CLASSIFICATION BY FLOW
ARRANGEMENT

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

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.

3-4.2.1 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.

3-9
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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.
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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).
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



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.

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.

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

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.

3.00 & - '

2.00

CROSSFI.[IW
|

RELATIVE HEAT TRANSFER AREA

FLUID TEMPERATURE CHANGE IN PERCENT

OF INLET TEMPERATURE DIFFERENCE
(Courtesy of Jom Wiley & Soms Ime.)

Figure 3-5. Required Relative Heat Transfer Surface Area As a Function of the

Ratio of the Temperature Change in the Fluid Stream (Ref. 3)
(Courtesy of John Wiley & Sons, Inc.)
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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-
%

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

4. Concentric type

5. Tube bundle type

3-14

(C) TRAPEZOIDAL FIN PASSAGE

Figure 3-6. Heat Exchanger Core Construc-
tion With Plate-fin Shapes

(Herrison Radistor Division-GMC)



HOT
FLUID

(B) SINGLE SANDWICH HOT SIDE. TRIPLE SANDWICH CDLD 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.

344 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
fabrication techniques

requirements and

5. Cost considerations

6. Operating, servicing, repair, and
maintenance considerations.
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(A) OFFSET FIN (sometimes called
segmented fin, serrated fin,
or strip fin)

(D) DIMPLED FIN

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 Q,
(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
AT, 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 (7, -
T cl)

b. Average coolant temperature
minus the temperature of the cooling medium

(T + Tw)
EE———— &g
2

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 AP
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 F, for tube
length other than 12 in. (See Fig. 3-12).

10. Apply correction factor F; for
coolant flow rates other than rates given on
the manufacturers’ charts.

11. Apply correction factor F; for
nonuniform airflow distribution across the
core face area.

12. If the heat transfer rate required Q,
is less than the calculated heat transfer rate
Q, then it becomes necessary to perform
iterations by changing one or more of the
following parameters until Q, is equal to or
greater than Q,:

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

3-18

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
Equations

Design

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 Con (T~ Ty ) }
- {wccpc (Tcz - TcI ) } =0 (3'9)

where

C,. = specific heat of cold fluid at
constant pressure, Btu/lbm-°F

C,» = specific heat of hot fluid at
constant pressure, Btu/lbm-°F

T,; = cold fluid temperature (inlet), °F
T,; = hot fluid temperature (inlet), °F
T, = cold fluid temperature (exit), °F

T,, = hot fluid temperature (exit), °F



w,. = cold fluid flow rate, Ibm/hr

w, = hot fluid flow rate, Ibm/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

0 = UA, B i » Btu/hr (3-10)
where

A, = area in reference to U, ft’

U = overall heat transfer coefficient,
Btu/hr-ft?- °F

AT g = Tu = T - Ty - To)
In (T“ - Tﬂ) (3-11)
I, = Tp

(Eq. 3-11 is the LMTD between the two
fluids assuming true counterflow)

where
T, = inlet temperature of cold fluid, °F
T,, = outlet temperature of cold fluid, °F
T,; = inlet temperature of hot fluid, °F

T,, = 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 N,
(number of heat transfer units) method. In
the N, 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 N, 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 N, for various
flow patterns where

0 = e WC) (T - T,),Btu/hr - (3-12)

where
C, = fluid specific heat at constant
pressure, Btu/lbm-°F
w = flow rate, lbm/hr

(WC)min = the smaller of either (WC,)
or (WG, ) .. magnitudes, Btu/hr- °F

e = heat exchanger effectiveness,
dimensionless

3. Unit core heat transfer capability (or
unit conductance) method

Q = KF,F)FA; AT, , Bw/min  (3-13)
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where

A, = reference heat exchanger core
face area, ft*

F, = correction factor for coolant flow
rate, dimensionless (see Fig. A-63)

F, = correction factor for tube length
other than 12 in., dimensionless
(see Fig. 3-12)

F; = correction factor for nonuniform
airflow distribution across the heat
exchanger core face area,
dimensionless

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

AT, = fluid temperature difference, °F
(as defined in par. 3-5)
3-5.1.1.2.1

Thermal Resistance

Equation

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 U_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 _ 1t L & 1
UA, NoltAn Ak, Mo A,
(3-14)
hr-°F/Btu
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where

A, = heat transfer surface area of the
hot side, ft2

A, = heat transfer surface area of the
cold side, ft?

» = conduction cross-sectional area of
solid wall, ft?

A, = reference surface area for U, fi*

k, = thermal conductivity of wall,
Btu/hr-ft>-(°F/ft)

h,, = convection heat transfer coefficient
of the hot side, Btu/hr-ft?>-°F

h. = convection heat transfer coefficient
of the cold side, Btu/hr-ft*>-°F

U = overall conductance or overall heat
transfer coefficient, Btu/hr-ft*>-°F
of A,

n. = overall hot side surface efficiency,
dimensionless

n.. = overall cold side surface
efficiency, dimensionless

8, = wall thickness, ft

Most heat exchangers for vehicle
applications have very thin walls and
8./(A,k,) is small enough to be neglected and
Eq. 3-14 becomes

. 1 1

= +- , hr-°F/Btu
UA, nahdn  noh A (3-14a)

The nomograph presented in Fig. 3-9 is
useful for determining UA, .
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Ngp A = 400
A LINE IS MAOE BETWEEN THESE TWD PDINTS.
THIS LINE INTERSECTS UA, AT 240 WHICH IS ITS VALUE.
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A = HEAT TRANSFER AREA OF THE COLO SIOE, ft
Ay = HEAT TRANSFER AREA OF THE HOT SIDE. f1?
A, = REFERENCE AREA FOR U, 12

¢ = CONVECTION HEAT TRANSFER COEFFICIENT OF THE COLD SIDE, Btu/hr—$t2—°F
hy, = CONVECTION HEAT TRANSFER CODEFFICIENT DF THE HOT SIOE, Btu/he—f12—°F

U = DVERALL CONDUCTANCE FOR HEAT TRANSFER. Btu/hr-f12-°F
oc = OVERALL COLD SIDE SURFACE EFFICIENCY, DIMENSIDNLESS

Nen = OVERALL HOT SIDE SURFACE EFFICIENCY, DIMENSIONLESS
NOTE: THIN WALLS AND CLEAN HEAT TRANSFER SURFACES
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Figure 3-9. Nomograph of Thermal Resistance Eq. 3-14 (Ref. 5)




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 N, 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 j, fluid
friction factor f, 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 A7, 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:
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A=KA,F,F,F;(T,,~ T,), Bu/min (3-15)
where

As = core frontal area, ft’

F, = correction factor for coolant flow
rate, dimensionless (see Fig A-63)

F, = correction factor for tube length
other than 12 in., dimensionless
(see Fig. 3-12). This factor is
applied when the ITD method is
used

F; = correction factor for nonuniform
airflow distribution across the
core face, dimensionless

T, = inlet air temperature, °F

T,, = inlet or average water
temperature, °F

The unit core selection method presented
in Eq. 3-15 wuses initial temperature
difference ITD which is (Z7,, - T,). In
addition to this, T,, (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 AT,,) 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 F, as a function of tube
length, unit core heat transfer capability, and
coolant flow rate.

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 wi