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CHAPTER i

INTRODUCTION TO THE HANDBOOK

1-1  INTRODUCTORY DiSCUSSION

The submerged powerplant installations required in helicopter and air-
ship designs result in a unique internal airflow situation. Various
internal airflows must be provided for these submerged power plants,
and the most distinguishing feature is that the system must operate
satisfactorily from a condition of maximum forward speed to the com-
pietely un-rammed hovering flight regime.

Paramount among the required internal airflows for reciprocating en-
gines is the cooling air with its attendant power losses. With the ad-
vent of shaft turbine engines, the induction airflow problems include
a compressor face pressure distribution criterion of no minor propor-
tions.

The Industry need for a gathering of the material required for the de-
sign and test of helicopter and airship internal flow systems into one
convenient source was recognized by the Bureau of Aeronautics. There-
fore, this handbook has been preparedt provide aerodynamic and thermo-
dynamic data required in the design of helicopter or airship cooling
and induction airflow systems. In addition, considerable data have
been provided to assist in the physical design of the various internal
flow components. A rather extensive bibliography has been presented;
the mest apparently useful works are catalogued with each appropriate
chapter, while an additional extensive bibliography is presented as an
entity in Appendix il.

It should be pointed out that this handbook has not particularly at-
tempted to develop the aerodynamic and thermodynamic theories of heat
and fluid flow; obviously essential principles must be discussed, but
the basic aim of providing a useful design handbook has been the prime
consideration.

The organization of this handbook has been by subject chapters. It is
hoped that the table of contents and the index will provide easy ysage.

In order to clarify the steps required in the design of the internal
flow systems for helicopters and airships, an extensive illustrative
problem has been prepared in Appendix I. This illustrative problem
presents a cooling system design from the heat rejection, through cool~
ing airflow requirements, to fan design and test.

1-2 SCOPE

The intent of thi-s handbook is to provide a basis forthe design of in-
ternal flow components such as ducts, fans and ejectors so that an op-
timum cooling or duct system may be selected for helicopters or air-
ships.. Certain limits to the extent of the data were therefore defined;
where applicable the following general limits apply:
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Mach Number 0 to .5

Pressure Altitude 0 to 35,000 ft.
internal Air Flow Quartities 0 to 50,000 cfm
Air Pump Pressure R-:e Maximum of 20" H,0

1-3.C HELICOPTER AND AIRSH:P COOL NG SYSTEMS

1-3.1 Discussion

To satisfy the reauirement of cooling at zero forviard speed, the heli-
copter or airship cooling system requires an air pump. This may be an
ejector but is most often a fan. The cocling system 1is typically an
air inlet, ducting to the fan, ducting to the air using components
(such as the engine cyilinder cooling fins and baffiing, oil coolers,
and accessories), a collecticn chamber, and ducting to the air exit.
Figure i-1 schematically presents such a cooling system for a recipro-
cating power plant.

Turbine cooling installations are similar except for the almcst negli-
gible external cooling required for the engine. A turbine installation
is, therefore,essentially an oil cooling problem. Unlike reciprocating
engine installations where oil cooler pressure drop is dictated by the
engine baffle pressure drop, oil cooling air pressure drop may be op-
timized in a turbine installation. This is discussed in Chapters ||
and V.

As shown in Figure 1-1, the cooling airflow is supplied by one fan.
Of ten, components may be cooled individually by a separate system.
This is an advantage when:

(a) Large distances between cooler locations exist (requiring either
extensive air ducting or lengthy oil lines).

(b} Large differences in cooling airpressure drop occur for different
coolers (relatively high pressure drops for engine cylinder fins
and baffling may not be desired for oil coolers).

Whether separate cooling systems or a common system are utilized, the
design data in this handbook are applicable for the cormponents.

As with any aircraft cooling system, the intent is to provide cooling
with the least power absorption and at a minimum weight. Particularly
for helicopters, a minimum of cooling power requirements takes preced-
ence over minimum weight considerations. That this can be the correct
approach may be seen by remembering that currenthelicopter power load-
ings range from 10 to 15 pounds per horsepower. Each horsepower saved
by efficient cooling will be worth 10 to 15 pounds of gross weight
lifting capacity.

1-3.2 Airflow Pressure Energy Diagrams

The airflow energy levels and the power required for a typicai helicop-
ter cooling system may be best evaluated by construction of a pressure
energy level diagram for the system. Figures 1-2, 1-3, and !-4 present
such diagrams for a typical cooling system. The construction of the
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pressure energy diagrams is guided by the fiuid flow principles of a
subsonic internal flow system. Since flow may be considered incompress-
ible, the flow continuity equation

Q =V Ay =V, Ay = V3 A3 . . . . Equation I-]

applies. The significance of such flow continuity is that the velocit
at any station of ducting (any streamtube station for the generalcaseg
is completely defined by the flowing wvolume and the cross-secticnal
area of the duct. This is the basis c¢f the velocity pressure diagram
of Figure 1-2, where

- - . 2
a = P, =1/2-Pv2
Static pressures within the duct system, if there were no flow pressure
energy losses, would exactly reflect the velocity pressure. That is,
for a frictionless system, Bernoulli's equation is
q + Ps] = q, 952 Equation 1-2
However, the friction and eddy losses which do exist add an additional
term, AP .
loss
qp +Pg = gy + P+ AP Equation 1-3
1 2 1-2
loss

If a device is inserted into the duct to provide a pressure energy in-
crease (such as a fan)

=q, +Pg + AP - AP Equation 1-4
2 1-2 1-2
loss boost

a4 + Ps]

It should be noted that either the right or left side of Equation 1-4
is total pressure. Total pressure is the algebraic sum of velocity
pressure plus static pressure and is the same at any duct station ex-
cept for losses or additions in pressure energy between stations. Fig-

ures 1-3 and 1-4 are therefore dependent on Bernoulli's principle.
Losses encountered are the subject of a complete chapter in this hand-
book.

Al though considerable simplification of boundary layer and flow dis-
tribution principles has been made, this has been found adequate for
helicopter or airship internal flow system visualization. The signi-
ficant fact is that duct losses are total pressure losses. Whether
the static pressure decreases or increases while such a loss occurs
depends on the flow area.

Velocity pressure, static pressure and then total pressure may be con-
structed beginning at the inlet and exit and working toward the fan.

The flow quant’’ must be known as well as the pressure drop of the
cooling resis. and the pressure losses of the ducting. Entrance

) or exit presst levels need not necessarily be zero {the hovering sit-
uation is pre¢ ..ted on Figures 1-2, 1-3 and 1~4) but should be deter-
mined from the external flow characteristics of ram inlets or flapned
exits.

1 -7~
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It can be seen that the resistance of a typical helicopter cooling sys-
tem can greatly exceed the flow resistance of the cooler itself. Levels

of energy expenditure are evident from such diagrams and are found to
be essentially:

a. lInlet

b. Ducting

c. Fan Expansion

d. Cecoler Resistance
e. <xit

Since the fan horsepower requirement is

Hp = Q APF Equation 1-5
N 550
where Q = airflow,ft. 3 /sec.

APs fan pressure rise, 1b./ft.2

N = fan efficiency,

a reduction in any of the flow path pressure losses will result in the
design of a fan which would require less power.

Helicopter or airship ducting other than cooling may alsc be studied by
pressuire energy level diagrams. Regions of energy expenditure may thus
o2 known, and if reviewed at various sta?es throughout the design (pre-

liminary, layout, test, etc.), Internal flow system power may be kept
at a minimum. .

1-3.3.0 OUIngE OF DESIGN PROCEDURE FOR HEL ICOPTER OR A!RSHIP COGL ING

The procedure required for the design of a helicopter cooling system,
based on the design data detailed in the following chapters, will now
be very briefly reviewed.

1-2,3,1 Cooling Requirements

Tne first step in cooling system design is the evaluation of the cool~

ing requirements, This means the required guantity of airflow and the
pressure drop of the system.

(a) Engine Cylinders: The cooling air quantity and baffle pressure
drop are directly specified by the engine manufacturer.

(b) Engine Qil: The heat rejection to the engine oil, and the oil
operating temperature limits are specified by the engine manu-
facturer. To obtain the airfiow quantities, the oil heat rejec-
tion data must be referred to an oil cooler manufacturer.

(c) Transmission Oil: The heat rejection from the gear meshes must
be calculated. This heat rejection, the oil flow and cil tempera-
ture limits must then ke referred to an oil cooler manufacturer to
obtain airflow quantity and pressure.

1 -8-
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(d} Accessories: Airflow quantity and/er pressure required may, be
obtained from military specifications for the equipment (for in-
stance generators) or other sources (for instance the manufac-
turer's required blast for engine shock mounts).

1-3,3.2 Selection of Critical Cooling Condition

The above steps (a thru d) must be performed for various flight regimes.
Airflow quantity and pressure should be ratioed to a common atmospheric
condition and a common fan RPM to select the critical design condition.
Careful compromising may he made at this point so as not to severely
over design the cooling system for some improbable flight regime,

1-3.3.3 Air Pump Design Conditions

Once the critical cooling point is known,ducting, inlet apd exit losses
may be added to define APc, ..

It is helpful here, as previously discussed, to construct a diagram of
the pressure energy levels through the system.

1-3.3.4 Fan or Ejector Design

The fan or ejector may now be designed to provide the required AP and
quantity airflow.

1-3.4 Fan or Ejector Test

A prototype fan or ejector should be constructed (not necessarily a
flight article) and flow tested. |{f any redesign is required, this
should be accomplished and the final design released. The final fan

1

or ejector should be completely aerodynamically and structuraliy tested.

1-3.5 lInstallation Tests

Functional, cooling and endurance tests must be performed on the air-
craft,

The steps outlined above (1-3.3.0 to 1-3.8) will result in the proper
cocaling system for the aircraft. Details of each step are presented
in Chapters || through VI.

1-3.6 Applicable Specifications

The following specifications and drawing bear directly oun the design of
submerged cool ing systems and duct systems in helicopters and airships:

Military Specifications

MIL-C-8678 (Aer.) '"Cooling Requirements of Power Plant

instalfations!"

MIL-G-6099 "Generators and Regulators; Aircraft,
Alternating Current, General Specifi-
cation for!"

MIL-G-6162 HGenerators, 30 Volt, Direct Curnent,
Aircraft 'Engine Driven, Generzl Speci-
fication for"

I I Sy T
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Air Force - Navy Aeronautical! Bulletins

No. 421 “"Atmospheric Properties - Extreme Cold And
Hot: Standard For Aeronautical Design"

Drawing

Sureau of Aeronautics Drawing No. 4941815

1-4,0 HELICOPTER AND AIRSHIP DUCTING SYSTEMS

1-4.1 Discussion

Aerodynamic data for the design of ducting systems, elther for cooling
air, induction air, or even heating and ventilating systems, are con-
tained in this handbook. Essentially, aerodynamically good ducting de-
sign is based on the three concepts of:

g]) Minimum flow pressure losses.
2) Minimum contribution to external drag.
(3) Minimum duct weight.

External drag concepts may be more important for the airship with its
inherent long range and endurance requirements, while helicopter duct-
ing is often compromised toward hovering where maximum power is re-
quired to support the aircraft.

Duct aerodynamic design data are presented primarily in Chapter [Ii,
but the significance of ducting is included throughout the handboock.
Chapter VI on testing methcds includes a section on duct test proced-
ures and the illustrative problem in Appendix | includes samples of
duct loss evaluations.

1-4.2.0 OQutline of Design Procedure For Helicopter or Airship
Ducting Systems

1-4,2.1 Layout

The usual procedure in aircraftducting design is to follow the princi-

ples of adeguate flow area, bend radii, diffusion ratios, and inlet

contours as descriped in Chapter Il1i. This work proceeds in unisoen
with the layout of the aircraft so that the restrictions of space and
shape may be incorporatad.

1-4.2.2 Component Testing

Helicopter and airship ducting problems benefit greatly from mode! flow
tests performed concurrently or prior to the layout stage.

Inlet compromises, which often must be made in favor of the hovering
conditions, may be investigated for forward flight effects by model
(or full scale) tests in conjunction with a wind tunnel. Probabiy the
most important type of ducting for which such tests are recommended are
turbine inlet ducts. Here, aside from the considerations of duct loss-
es, a rather severe limitation to compressor face pressure distribution
must usually be met.




Another type of helicopter or airship ducting which is recommendsd for
pre-layout flow tests is the ducting often provided between the cool-
ing fan and the carburetor, Such reciprocating engine induction duct-
ing is used to becost the available carburetor deck pressure in an air-
craft which has essentially no external ram., (Note that the coolin

fan design would have to include the engine induction airflow volume.

The usual problem with the fan pressurized :induction duct lies at the
cowl duct entry where a very turbulent region (between the fan and the
engine) exists. Cowl entry radil based on bellmouth data of Chapter
11 have been found to increase carburetor deck pressutes by as much
as thirty percent of the available fan total pressure rise. '

installations tests in the alrcraft will provide the final avaluation
of ducting systems, The details of duct test procedures are presented
in Chapter Vi, ‘ '

i-5 LiST OF. SYMBOLS
SYMBOLS

Q Fiow, CFM

Vv Velocity, Ft/Sec

A Area, Ftd

Area of Surface Exposed to Airflow, Ft2 .
Area in Plane Perpendicularvgo Heat Flow Path

q Dynamic Pressure * 1/2 @
P Power |nput, HP
Pressure, Absolute
g Density, Slugs/ft3
Delta
HP Horsepower
n Efficiency
P Pressure Loss
BSCRIPT
] Flrst Station In Direction of Flow
2 Second Station in Direction of Flow
3 Third Station In Direction of Flow
51 Static 2Pressure at First Station
52 . Statlic (Pressure) at Second Station
1*210g5-Pressure Loss Between Stations | and 2
}-Zbcost;rassure Rise Provided Between Stations 1 and 2
an
fan fan
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CHAPTER 1|
COOLING REQU...CMENTS

2-1 INTRODUCT ION

The first step in the design of any cooling and ducting system is the
estabiishment of the requirements to be fulrilled by that system.

The purpose of this Chapter is tc set forth the heat transfer theory,
discussion and analytical methods with which the cooling requirements
of a helicopter or airship submerged cooling and ducting system may be
determined.

The heat rejection requirements or temperature limits of the various
aircraft components (such as engine cylinders, engine oil, transmis-
sions, electrical equipment, engine-dynamic mounts) must be assimilated
and resolved into a total required airflow rate and required pressure
drop for each component. The determination of the total cooling airflow
required permits the selection of a suitable cooling configuration and
the determination of the airflow path pressure losses. Finally, the
total pressure rise and flow rate are obtained to form the requirements
for the airflow pump design. The task is unavoidably lengthened by
the necessity that these requirements be determined at various operating
conditions of the aircraft so that the most critical cooling condition
may be determined.

Chapter [Il, entitled Internal Airflow Systems, deals with the design
of the ducting system through which the required air must flow.

Chapter |V, entitled Air Pumps, treats the design means to create the
differential pressure required to cause the air to flow.

Chapter V, 0il Coolers, is concerned with the design of the oil cooler,
one of the most important cooling resistances in the submerged or
internal cooling system of a helicopter.or airship.

Chapter V| treats the testing of axial flow fans and ejectors, ducting
systems and submerged hel icopter and airship power plants.

With the above basic procedure as s guide, the individual requirements

of the various components may be approached. However, a few basic
fundamentals of heat and heat transfer will first be reviewed.

2-2 BASIC HEAT TRANSFER THEORY

Thermal energy either may be storedin a mass or it may be passing from
one mass to another due to a temperature difference between the two.
The term heat is normally reserved to define the latter, i.e., heat is
energy in transition due to a temperature difference. Likewise,the
thermal energy stored in a mass is generally defined as internai energy.

A .
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Internal energy is further differentiated as internal kinetic energy
or internal potential energy. A change in the internal potential energy
is evidenced by a change of state, while a change in interpal kinetic
energy is due to a change in temperature. Therefore, .the internal

kinetic energy level of a mass is measured by the temperature of the
mass.

The most commonly used measure of heat energy is the British Thermal
Unit or BTU. The BTU is defined as 1/1800of the amount of heat required
tec raise the temperature of one pound of water from 32° to 212°F at a
pressure of 29.92" Hg.

The same quantity of heat added to two different substances of equal
mass Will usually produce different changes in temperature. The heat,
measured in BTU, required to raise the temperature of one pound of a
substance through 19F is the specific heat of that substance. Since
the specific heat of water is unity, 1i1t, therefore, follows that spe-
cific heat is the ratio of the heat capacity of a substance compaired
to the heat capacity of water.

The specific heat of a compressible fluid such as air depends upon the
flow process. The flow process in an aircraft cooling system is essen-
tially a constant pressure process. Specific heat, as ordinarily used
throughout this handbook, is, therefore, specific heat at constant
pressure. The specific heat of air varies somewhat with the temperature
of the air, but for most purposes relative to aircraft cooling system
calculations, a constant value of .24 BTU/#/°F may be used.

Within the definition of specific heat lies a most useful tool for the
cooling system designer. |f heat is added to a substance, the internal
kinetic energy of that substancewill be increased by an amount depend-
}ng upon its heat capacity and weight, as expressed by the following
ormula

H = W cp At Equation 2-1
where
H = headt in BTU
W = weight in pounds
Cp = heat capacity or specific heat - BTU/#/9F
At = temperature rise

:f, during the process of adding heat, a change of state of the sub-
stance is evidenced, Equation 2-1 must be expanded to include the change
in internal potential energy, i.e., the latent heat of vaporization or
of fusion of the substance.

Itwill be noted that up to this point the discussion has been in terms
of static bodies and absolute quantities of heat. In aircraft cooling
systems, fluids in motion are encountered and heat is treated in terms
of heat per unit time. However, the same basic concepts presented are
applicable to flowing fluids. For example, Equation 2-1 may be used to
define the heat per unit time absorbed byof! flowing through an engine
or transmission, in which case the terms would represent:

(- b -




heat absorbed B8TU/min.
oil flow rate pounds/min.
0 specific heat of oil BTU/#/°F

O =
| | (12 4}

At temperature difference between oil
into and out of the transmission -

temperature rise ©OF

Heat has been defined as thermal energy in transition due to a temper-
ature difference. The three methods by which heat may be transferred
are radiation, conduction and convection. Normally heat is transferred
by all three methods simultaneously; however, a temperature difference
must exist before any net heat transfer will occur.

Thermal radiation is the transfer of heat from one body to another
through space. Such radiant energy transfer s usually considered
negligible in aircraft cooling analyses due to the relatively low sur-
face temperatures encountered. A possible exception to this is the
power plant. OCf some significance, but rather difficult for quantita-
tive evaluation, is heat radiated from the engine to the cowling in
reciprocating engine installations. A more important consideration of
radiated heat may be encountered in submerged turbine engine .instal-
lations, not so much in the quantity of heat radiated from the engine
surface, but in the amount of radiated heat which is absorbed by the
surrounding structure. In this handbook, no attempt is made to present
theory or methods of determining effects of radiant heat. However,
various bibliography items are listed in Sections B-2, B-3 and B-4 of
Appendix |1i.

Conduction is the transfer of heat from one part of a body to another
part of the same body, or from one body to another in physical contact
with it, without displacement of the particles of either body. The
transfer occurs only if there is a temperature gradient within the
body or between the two bodies. The rate of heat conduction is a
function of the temperature difference, the conductivity of the material,
the area over which the heat transfer occurs,and the distance the heat
must travel. The heat transfer by conduction through a body may be
determined by the expression

H A E (t] - ty) Equation 2-2

where

heat transfer, BTU/hr

area in plane,perpendicular to heat

flow path, ft?

thickness of body OF length of flow path,
inches 2

k = conductivity of material, BTU/hr/ft</°F/inch

> I

X

t) -ty temperature difference causing the heat

transfer, ©F

Thermal convection is literally the carrying of heat to or from a body
due to mass movement of a fluid contacting the body. This form of heat
transfer may occur either as natural convection, wherein the fluid
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motion is due to a change in its density caused by a temperature change,
or as forced convection, wherein the fluid motion is attained by some
mechanical means.

Whenever a fluid is moved across a body there exists a thin film of
stagnant fluid adjacent to the surface. Heat transfer by convection
cannot occur without a motion of the fluid; therefore, the heat must
be transferred through the stagnant fiim by conduction.

Since gases are poor heat conductors, this stagnant film produces an
undesirable insulating effect on the surface in the case of air cooling.
The film thickness may be reduced, with a corresponding increase of
heat transfer, by increasing the speed of the air past the surface or
by producing a turbulent boundary layer at the surface. The heat trans-
fer per unit area between moving air and a surface is a function of
the film heat transfer coefficient and the temperature difference be-
tween the surface and the air. The film heat transfer coefficient is
in turn dependent upon the type of flow, laminar or turbulent, the fiow
velocity, and the mean temperature between the surface and the air.
Whendtge'FHm transfer coefficient is known,the heat transfer is deter-
mined by

H % h A At Equation 2-3
where
H = heat transfer, BTU/hr
h = film heat transfer coefficient, BTU/hr/ft2/°F
A = area of surface exposed to airflow, ft2
At = temperature difference between surface and

air, °F

2-3.0 ENGINE EXTERNAL COOL ING

The heat transfer process occurring between the combustion gases of an
engine and the cooling air may now be examined. Regardless of the type
of engine, whether reciprocating or turbine,some of the thermal energy
released by combustion of the fuel will be transferred to the .engine
external surfaces. This heat must then be carried away by the engine
coolant, either liquid or air. The rate of the heat transfer depends,
.among other things, upon the aliowable temperature of the engine
exterior. |If, for example, the allowable temperature of the engine
exterior were equal to the mean combustion gas temperature, there would
be no transfer of heat to the exterior and, therefore, no need for
engine external cooling. However, such factors as breakdown of the
lubricating oil, strength of the engine components, and engine detonation
problems limit the temperature of external surfaces surrounding the
combustion chamber to 450 - 500°F for reciprocating engines and.800 -
1200°F for turbine engines.

2-3.1 Reciprocating Engines

Due to the allowable cylinder head temperature of a reciprocating engine,
which is relatively low compared to the mean combustion gas temperature,
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a very substantial quantity of heat is delivered to the cylinder fins.
The magnitude of the thermal energy, as a matter of interest, varies
from 30% to 40% of the energy delivered to the shaft in an aircraft
reciprocating engine., Before being convected away by the cooling air,
the heat must be conducted through the stagnant film adjacent to the
cylinder cooling fins. Turbulent flow is obtained by proper cooling
fin and baffle arrangements during the engine design, thus increasing
the heat transfer rate. Therefore, the heat transfer process need not
be considered during the design of the cooling system for an engine
already equipped with proper finning and baffling,

Detailed information defining cooling characteristics for the entire
range of anticipated engine operating conditions is available from the
engine manufacturer. This information includes (a) baffle pressure
drop, (b) cooling airflow rate, and (c) cooling air temperature rise
across the engine, Also, maximum allowable temperatures for critical
engine components are specified by the engine manufacturer.

Typical curves of engine manufacturer's cooling data are included in
the illustrative problem of Appendix |. The required pressure drop and
airflow for any flight condition for a particular engine may be deter-
mined from the manufacturer's data. This procedure is illustrated in
the aforementioned |[llustrative Problem.

2-3.2 Turbine Engines

As previously noted, the external surface surrounding the combustion
section of aircraft gas turbine engines is at a temperature between
800° and 1200°F. The lower value may be somewhat misleading in that
it occurs in a special type of turbine wherein the induction air passes
through an annular section between the combustion chamber and the
external surface before entering the burners. This method of pre-
heating the induction air tends to lower the engine external surface
temperature and effectively provide internal cooling for the engine.

The more common aircraft gas turbine, in which the induction air makes
one direct pass through the engine, normally operates with an external
surface temperature of between 1000° and 1200°F. This high surface
temperature results in a low cooling air requirement, compared to an
equivalent reciprocating engine, for two reasons. First, by virtue of
the increased surface temperature, the temperature difference between
the combustion gases and the external surface is decreased, thus reduc-
ing the heat transferred to the surface. Secondly, the increased sur-
face temperature increases the temperature difference between the sur-
face and the cooling airn thus decreasing the required film heat trans-
fer coefficient. The combined effect reduces the required engine sur-
face cooling to such an extent that the engine compartment usually need
only be ventilated, Certain components on the engine, such as fuel
pumps and the fuel control system, will most likely require cooling in
order to maintain their temperatures at acceptabYe levels. This may
be accompl ished by blasting coolingair upon these components. Required
blast cooling air data should be furnished by the engine manufacturer.
If such data are not available for a particular component, a heat
transfer analysis may be made to determine the approximate blast cool-
ing air requirements.
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2-4,0 0OIL COOLING

The determination of requirements for oil cooling in terms of pressure
drop and airflow is more involved than that for engine surface cooling.
The oil heat rejection required must first be determined, then the
allowable oil cooler air pressure drop established, a suitable oil
cooler selected, and finally, the required cooling airflow rate deter-
mined. Essentially, the procedure must be undertaken for any flight
condition which might be a suspected critical ccoling condition.

It is normally expected, however, that the critical cooling condition
fer an ¢il cooler will occur at sea level., This is basically due to
the relatively low temperature difference existing between the oil and
cooling air. The temperature change with increasing altitude increases
the temperature differernce between the air and oil, thus tending to
increase the heat rejecvion rate. Conversely, the density change tends
to decrease the heat rejection rate for two reasons: (1) at a constant
cooler air pressure drop, the decreased density decreases the cooling
air mass flow rate, thus decreasing the heat rejection, and (2) the
decreased density decreases the pressure rise of the air pump, causing
a corresponding decrease in the available cooler pressure drop, thus
further decreasing the air mass flow rate. Examination of the charac-
teristics of a typical aircraft plate type oil cooler at a constant
heat rejection rate reveals that the decreasing cooling air temperature
associated with increasing altitude usually more than compensates for
the effects of decreasing air density. A possible exception to this
may occur with required operation at an altitude condition other than
as defined by the ANA hot day, such as the familiar 95°F at 6000 feet
altitude.

The transfer of heat from the oil to the air within the cooler is due
to the relative temperature of the incoming air and oil. This inlet
temperature difference, commonly referred tc as ITD, 1is probably the
most important single factor in oil cooler system design. For a given
heat rejection, the higher the available [TD, the lower will be the
cooling power and/or cooler weight.

In consideration of oil cooler design parameters, as in other cooling
system design calculations, allowance should be made for the expected
cooling air temperature rise upstream of the cooler. The cooling air
may absorb heat by conduction through the duct walls and f:om compres-
sion through the air pump. The cumulative effect of these may increase
the coolingair temperature to a value 5° to 159F above ambient temper-
ature.

The maximum allowable oil temperature in engines and transmissions
varies from 175°F to 2509F. The maximum allowable oil temperatures
for engines are specified by the engine manufacturer in engine model
specifications. |In the case of transmissions; the temperature may be
limited by such factors as gear tooth loading, bearing life, oil seal
life, and perhaps even the oil .itself. The temperature of the oil
entering the oil cooler, neglecting the heat loss in the oil lines, is
equal to the temperature leaving the engine or transmission and also
equal to the maximum oil temperature in the engine or transmission.

Thus the |TD for the critical oil cooler condition is equal tothe max-
imum allowable oil temperature minus the cooling air temperature.
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To restrict cooling power required and the cooler weight to minimum
values (1) the highest possible oil temperature should be utilized and
(2) the system should be designed to restrain the cooling air temper-
ature rise upstream of the cooler to a minimum.

The oil cocler design air pressure drop value depends upon the type of
cooling system installation. |{n the case of a single air pump supply-
ing air to cool several items,that item requiring the highest pressure
drop dictates the pressure drop to be available for each of the items
in the system. This is illustrated in the case of a reciprocating
engine installation. The engine baffle pressure drop at the critical
cooling condition is specified by the engine manufacturer. Since the
engine cooling air is the major portion of the totai air pump flow, it
should dictate the air pump pressure rise. The pump pressure rise
being known and the prel iminary layouts of the ducting having been made,
the available oil cocler pressure drop may be determined.

In a system cooling severai items, none of which requires a given pres-
sure drop, or in a system cooling only a single item which does not
require a given pressure drop, the optimum cooler pressure drop for the
installation may be chosen. This is accomplished by compromising be-
tween the air pump power required and the cocling system weight. A
hiigh pressure drop will result in high air pump power requirements and
low oil cooler weight, while low pressure drop coolers will be heavier
but require less pumping power. In a study of this type, it is recom-
mended that the known data (items 1 through 5 Section 5-1 of Chapter V,
0il Coclers) be presented to an oil cooler manufacturer and that he be
requested to furnish cooler parameters {weight, size, airflow required)
for three or four cooler air pressure drops. With this information,
one pressure drop may be selected which best fits the particular instal-
lation, i.e., that which permits the lowast combination of pump power
and system weight. However, at this point the available cooler space,
rather than the minimum power and weight, may dictate the design cooler
pressure drop.

fn the design stage, the allowable cooler pressure drop has little
effect upon the required cooling airflow rate. The airflow rate is.
more nearly a fuhction of |TD for a given heat rejection rate. High
ITD's usually reflect 1low required airflow rates. In the preliminary
design stage, the required cooling airflow rate may be apﬁroximated by
assuming an air temperaturerise across the cooler of 30 to 40°F (depend-
ing upon the [TD} and the expression H = Wc, At solved for W, the air
weight flow rate. This method should be used only for that condition
representing the design -ondition of the cooler involved.

All cooler units mounted together in an installation will operate at
the same cooler air pressure drop. This does not necessarily mean that
they should each be designed for the same pressure drop, since the
critical condition for each cooler may occur at different aircraft
flight conditions. Rather, each cooler sheuld be designed at the
critical cooling condition for its respective unit, the design pressure
drop being that pressure available at the specific flight condition.
If the critical condition of zach of the codlersis expected to occur
at the same flight condition (which would normally be expected if the
operating |TD for each cooler were approximately the same) the dezign
pressure drop for each cooler should be the same.
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A further discussion of oil cooler parameters and oil cocoler design is
presented in Chapter V.

2-4.1 Engine Qil Cocling

The lubricating oil of an aircraft reciprocating engine absorbs some
heat from the combustion chambers byway of pistons and cylinder walls.
The major pertion of tiie heat rejected to the oil, however, is that
which is released through mechanical friction, and thus is essentially
a function of engine RPM. Varving the power output of a particular
engine at a constant RPM has very little effect on the heat rejection
to the ail  as shown by Figure 2-1,

The heat rejection of an oil cooler installation is affected by ITD,
oil flow rate, and airfiow rate. The effects of ITD have been discus-
sed previously, An increase of oil flow, |TD being constant, will
increase the heat rejection rate of the cooler. Likewise, an increase
of airflow will slightly increase the heat rejection.

When the engine RPM is increased, the required heat rejection increases,
the engine oi! flow increases, and the cocoling airflow rate increases
for a mechanically driven air pump. The combined effect of increasing
oil flow and cooling airflow rate may increase the actual cuoler heat
rejection to a greater extent than the required rejection is increased.
For this reason, the critical engine oi! cooling condition will not
necessarily occur at maximum engine RPM. Since the critical condition
is not readily determinabie withcut knowledge of the particular cooler
characteristics, this conditicn must be estimated. The other conditions
mgy then be checked after the calculated cooler performance curves are
obtained.

Turbine engine bearing oil cooling and the selection of coolers for
turbine engines are essentially the same as for reciprecating engines.
However, the required oil heat rejection is normally much less than
that for a reciprocating engine of the same power.

Required cil heat rejection rates,oil temperatures, and oil flow rates
for both turbine and reciprocating enginesare obtained from the:engine
manufacturer. These data are usually presented in curve form so that
the values may be determined at any desired engine power and RPM.

2-L,2 Transmission 0il Cooling

Required heat rejection characteristics of transmissions or engine
reduction gear boxes are almost identical to those for engine oil cool-
ing since the heat Iinvoived in both cases is primarily due to mechan-
ical friction.

{f the engine reduction gear box is provided by the engine manufacturer,
the applicable ccoling requirements may be obtained from that manufac-
turer. This is generally included with engine o0il cocling in the case
of reciprocating engines. In the case of turbine engines, the engine
manufacturer ordinarily provides the engine bearing cil cooling system.
If not, the requirements are generally included with engine reduction
gear oil ceocling as in the case of reciprocating engines.

The heat rejection reauirements and characteristics for transmission
and gear boxes designed by the airframe manufacturer must be determined
by the cocling system designer.
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Examination of Figure 2-2 reveals that, as with reciprocating engine
oil cooling, the heat rejection of turbine engine reduction gear boxes
iscnly slightly affected by variation in power transmitted, but greatly
affected by RPM. This indicates that the power loss in the transmission
( power loss being directly related to total required heat rejection)
is more nearly a function of bearing surfaces and is, therefore, asso-
ciated with the power for which the gear mesh was designed.

The total power lost in the transmission is converted to heat erergy.
Some of this energy is rejected by conduction,convection, and radiation
by way of the transmission case and shafting. The remaining heat energy
must be rejected by the oil cooler. Current practice in the helicopter
industry is to use values of 0.6 -per cent to 1.0 per cent of the design
power transmitted per mesh for the oil cooler required heat rejection,
rather than the actual power being transmitted at any specific condi-
tion. This Is illustrated by the following example.

Figure 2-3 Is a schematic diagram of the mixing gear box for a twin
engine helicopter. Gears | and 2 are the input gears from each of the
two engines. Gear 3 Is the collector and speed reduction gear and
gear ﬁ represents the final speed reduction and output gear for this
gear box.

Mesh C

Mesh A

e SIR T

Figure 2-3

Schematic Diagram of a Mixing Gear Box

The desired gear surface finish, the location within the aircraft, and
the design practice for this gear box indicated a value of 0.75 per
cent of the design power transmitted per mesh for the required oil
heat rejection. For this helicopter, the full engine power available
is utilized only during single engine operation. For normal operation,
a maximum of 3000 horsepower is used. Therefore, referring again to
Figure 2-3, mesh A and mesh B were designed for the transmission of
full engine power, or 2000 horsepower, and mesh C was designed for 3000
horsepower. The basic oil! heat rejection for the gear box at design
RPM is determined by:
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Mesh A 2000 HP @ .0075 = 15 HP

Mesh B 2000 HP @ .0075 = 15 HP

Mesh C 3000 HP @ .0075 = 22.5 HP
effective sum = E52.5 HP

or 2230 BTU/min.

2-5 COOLING OF ACCESSORIES

In addition to the primary power plant and drive system components, the
cool ing of many secondary accessory components such as generators,
inverters and electronic equipment must be considered. These may be
classified into three categories accoirding to the method of coeling:
(1) those which include provisions for internal blast cooling, (2) those
which are cocled by external blast air, and (3) those which may be
cooled by ventilation.

Aircraft generators, excepting those which have an integral cooling air
pump, are cooled by internal blast air which must be provided by the
aircraft cooling air pump. An inlet tube for entrance of cooling air
is incorporated in the generator design, The maximum required ccoling
air flow rate and pressure is limited by Military Specification MIL-G-
6099 or MIL-G-6162, references 2-1 and 2-2, respectively. Even though
the generator which is planned to be installed may not require the
maximum allowable cocling air flow, the system should be designed to
provide the maximum flow in order to insure cooling of any generator
of equal rating. The instaliation would then not be restricted to a
particular generator. Rather, it would allow use of any generator of
equal rating which meets the applicable Military Specification.

The sea level cooling requirements may be determined from the afore-
mentioned Milltary Specifications. The required airflow rate is depend-
ent upon the generator electrical rating. A curve of basic airflow vs.
generator rating is included as Figure 2-4, The required pressure,
defined as inlet total pressure minus outlet static pressure, is spe~
cified as 6in.'Hy0 at basic airflow.or 5.31 "H,0 at 130 per cent basic
airflow. These somewhat odd requirements are to allow for differences
in generators due to production methods. Required pressure at altitude
may be determined from Ficdire 2-5. The pressure required at a given
altitude will depend upon the cooling air temperature and the desired
per cent generator rating. w
.o ,‘-;'»?'w;h ,

Accessories such as magnefps, engine dynamic mounts, and various elec-
trical equipment may be ccoled by ventilation or, if located in a high
temperature or stagnant air area, may require external blast air cool-
ing. In order to determine whether ventilation will provide adequate
cooling, the mean velocity and temperature of the air surrounding the
un!t must be estimated and a heat transfer analysis performed. Approx-
imate heat transfer coefficients for this analysis may be obtained from

Flgure 2-6, if the analysis indicates a possible cooling deficiency,
it may be deslired to perform the more rigorous analysis presented in
section 4-20 of reference 2-3. In the event that ventilation will not

provide adequate coollng, blast air must be supplied. An analysis
sImilar to that for ventilation cooling will yield approximate values
of blast alr flow rate and velocity. :
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2-6 TOTAL COOL {NG REQUIREMENTS

At this point in the cooling study, the critical coocling condition for
each component should have been estimated and applicable cooling data,
including calculated oil cooler performance charts, should be avail-~
able, Several flight conditions probably would have been investigated
even though the same flight conditions may not have been investigated
for all components.

The next step in the analysis is to determine, at each flight condition
which has been investigated, the maximum pressure drop required for
cooling any component in a given system. This pressure drop must be
the sum of the pressure drop across the compdonent and the pressure drop
through the ducting to and from that companent. The maximum required
pressure drop at each flight condition represents the total pressure
rise required at that condition.

The flow rate through each airflow path may now be determined for each
flight condition. This flow rate must be based on the maximum pressure
rise required at that flight condition, rather than on the pressure
required for cooling each respective component. This means that the
critical component at each condition Iinvestigated will receive just
enough air to provide adequate cooling,while the other components will
receive slightly more air than is required. This over supply of air
cannot be amended unless it occurs for a given component at each.flight
condition. In this case, the ducting to that component could.be re-
stricted if it were desired to decrease the total cooling airflow rate.

After determining the airflow rate of each component, the total cooling
airflow required at each flight condition 1is obtained by summing the
individual airflow rates. This results in the total airflow rate which
must be provided by the air pump.

The required air pump pressure rise is obtained by subtracting any inlet
ram or exit external pressures from the previously calculated total
required pressure rise.

This procedure gives the total airflow and pressure rise which must be
provided by the air pump of one cooling flow system for each flight
condition. If the aircraft cooling system consists of more than one

' air pump, the total flow and pressure requirements of each pump-may be
determined in the same manner.

2-7 DETERMINATION OF THE CRITICAL AIR PUMP CONDITION

The airflow and pressure rise requirements for the air pump have now
been ascertained for several aircraft flight conditions. It is now
desirable to determine the most critical of those requirements. This
may easily be obtained if the air pump is to be a fan. For each flight
condition, the following data have been determined: (1) airflow; Q,
(2) pressure rise, AP, (3) engine RPM, and (4) air density ratio,c” .
By utilizing the fan laws, - ‘
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Volume of Air - Cubic Feet Per Minute
(Basic Airflow)

1000
800

600
500
400

300

200

100
80

60
50
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30

20

10

For Higher Ratings Assume. Extension of Straight Line
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7
| SR
] 2 3 56 810 20 30 40 5060 80 100
Design Output, KVA
FIGURE 2-4. Required Generator Cooling Air.
(Source: Ref, 2-1)
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the fan requirements at each flight condition may be resolved to one
common condition such as sea level, standard day, -‘and normal engine
RPM, The critical fan condition s then readily discernible,

There are no generalized laws for ejector air pumps., Therefore, if it
is desired to utilize an e{ector, it Is necessary to estimate the most
critical pump condition, seiect tha required geometry to meet that con-
dition and then check the operation of the ejector at the remaining
conditions., The design procedure for constant area cylindrical ejectors
with a primary pressure ratio greater than the critical pressure ratio
for the primary fluid used is described in Section 4-3.0 In Chapter 1V,
Conical electors andcylindrical ejectors with a primary pressure ratio
less than critical cannot be sensibly analyzed mathematically and must
be designed by trial and error.
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2-9 LIST _OF SYMBOLS
SYMBOL S

H

Heat, BTU
Heat absorbed, BTU per minute
Heat transfer rate, BTYU per hour

W Weight, pounds
Width of duct
Weight flow rate, pounds per second
Resul tant velocity vector
C Coefficient
Blade chord, feet
Coefficient of discharge
At Temperature difference, degrees Fahrenheit
ITD Inlet temperature difference between alr and oil, degrees
Fahrenheit
X Thickness of body or length of flow
K LLoss factor, decimal fractional part- of velocity head
h Film heat transfer coefficient, BTU/hour/square foot/®F
RPM  Revolutions per minute
BTU British thermal units
Hy0 Water
& Alr density ratio (ambient density ~ NACA standard density
at sea level)
26 inciuded angle between sides of converging or diverging duct
KVA  Kilovoltamperes
SUBSCRIPTS
p Constant pressure
] higher
2 lower
{1-- 20
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CHAPTER [
iINTERNAL AIRFLOW SYSTEMS
INLETS, DUCTS, EXITS

3-1 PRESENTATION Of AERODYNAMIC THEORY

internal fluid flow principles required for most helicopter or airship
cooling and ducting systems are based on three simple concepts:

a. Equation of Flow Continuity

Q = AV Equation 3-1
(volume Flow = Area x Velocityj}

b. Equation of Pressure Energy Continuity (Bernoulli's Theorem)

2 = 2 -
Py 4 1/2 Py Py * I/ZQV2 + AP Equation 3-2
loss of
static velocity . static 4 velocity L total
pressure 7 pressure =~ pressure pressure pressure
at station at station between
(1) (2) station (1) & (2)
c. Equation of Impulse & Momentum
F s M (Vy - V) Equation 3-3
« Mmass r i i
/ (Force tnit time X Sg?gg?t§n 3

In addition,since the volume occupied per pound of fluid (or per total
pounds of fluid flowing per minute) is a function of the density of the
fluid, a very convenient expression for relative density for air may be
expressed as

o = = 245 % Equation 3-4

"‘259‘”

(-]

where P is 1b/ft z , static pressure
T is °F absolute (° R)

From e?uation 3-1 it may be seen that the velocity is dependent on the
size of the duct (for a given quantity flow)

!
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From equations 3-2 and 3-3 a convenient development can be obtained to
express the losses in pressure energy suffered through a ducting com-
ponent. This principle is developed on Page 213 of Reference 8 but
will only be explained in words here. The statement is 'made that duct
losses due to an expansion of flow area may be expressed as a percent-
age of a velocity head associated with the expansion area, that is:

Pr * K (1/2 P VRef,Z) Equation 3-5

In addition, it is postulated that all losses due to flow area.chapges
are expansion losses. Even pressure losses due to contractions or di-
rectTon changes are due to an expansion, a deceleration of the flow ve-
locity. That this is so may be visualized from the following 3 sketches:
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This concept, that pressure energy losses due to duct area or direction
change are a result of a flow expansion, combined with the ability to
evaluate the pressure loss as a percentage of the approaching (or some
other pertinent) velocity head provides a convenient means of data pre-
sentation. The percentages of a referenced velocity head lost in an
"expansion are presented for many duct configurations in the following
portions of this chapter.

As with all rules, one exception must now be made: pressure energy
losses due to friction in a duct are expressed as a percentage of the
velocity head but the percentage varies with velocity, or more exactly
with Reynolds number. Duct frictional loss data are also presented in
the following portions of this chapter.

3-2.0 Application of Theory to Design

The intent in this chapter is to provide design data for ranges of pa-
rameters as follows:

a. Duct Sizes

1. Length from zero to ten feet
2. Diameter from three inches to three feet

b. Duct Shapes

1. Straight sections with circular, ellip:ical and annular
cross-sections with radius ratio up to 2:', and rectangu-
lar with aspect ratio up to 3:l.

2. Transition sections between the above sections from abrupt
to 10 degrees included angle and up to &4:1 area ratio.

3. Bends of simple and compound nature with radius ratio from
zero (square corners) to 6 and up to 90 degrees of turn,

c. Inlets and Qutlets

1. Flush and submerged inlets and outlets with air passing
through at relative flow angles from zero to ninety degrees.

In most of these cases, the intended rangeof design parameters has been
far exceeded.

A presentation has been made of physical duct design considerations in
Section 3-3.0 of this chapter.

The most important criteria for the design of aircraft internal ducting
systems are weight, flow losses and available space. The relative im-
portance of these criteria depends on the particular application and
installation,

In many fixed-wing aircraft, high flow losses are tolerated to reduce
weight and space. In helicopters equipped with submerged power plants,
flow losses must be carefully analyzed against weight and space consi-
derations. Often, modest weight penalties are more desirable than flow
losses. For a given helicopter witha power loading of 10:1, flow losses




which decrease the engine power available by one HP decrease the pay-
load by 10 015 pounds if the helicopter is to maintain its performance.
This is vividly illustrated for a particular widely-used engine, where
an increase in the carburetor induction duct loss of one inch of water

penalizes the full-throttle avaiiable power by approximately 4 horse-
power .

Airship flow losses are minimized in designing ducting systems in order
to achieve the highest possible available pressure drop across cooling
resistances at critical low cooling fan rotational speeds.

For a secondary branch duct to a small oil cooler, on the other hand,

there may be ample pressure available, but space and weight restrictions
may be of paramount importance.

Flow losses can be minimized as follows (Reference No. 3:3):

(ag By using minimum practicable duct velocity.

(b) By using ducting having the smallest practicable wetted sur-
face area. '

(c) By keeping all wetted surfaces smooth and '"streamlining' all
decreases in flow area.

(d) By making all changes in direction of flow through efficient
eibows.

(e) By makingall velocity reductions in accordance with efficient

diffuser design requirements.

(f) By using flow-straightening devices when serious flow dis-
turbances are unavoidably introduced.

Rotation, or ‘Yswirl' of the fluid about an axis parallel to the mean
flow path is likely to introduce abnormally high losses in elbows and
turning vanes. Accordingly, when swirl exists, an effort should be
made to straighten the fluid fiow before turning a corner.

3-2.1 Selection of Duct Area

The duct area is chosen as that necessary to carry the required flow
rate of air, plus an allowance for leakage, if required, as discussed
in Chapter 11. The area should be sufficient to permit the minimum
practicable velocity, according to the relationship of the continuity
theory Q * VA,

3-2.2 Selection of Cro;s-Sectional Shape and Transition Shapes

The following two considerations should be used to determine the cross-

sectional shape, and transition shapes, within the limits of available
space:

a. The duct having the smallest practicable wetted perimeter
should be designed.

b. The cross~-section should be chosen to be as uniform as pos-
sible along a duct section. |f changes of cross-sectional

shape must be made, transitions should be as gradual and
"streaml ined'" as possible.
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3-2.3.0 Duct Entrance Desigygn

3-2.3.1.0 General |[nternal Airflow Duct Entrances

The duct entrance shape should be chosen to yield the lowest possible

flow loss. However, there are times when the duct inlet is restricted

to a particular design. Therefore, several inlets will be discussed
"with a view towards finding the factor, K, used in the equation

2
ar = ke !

3-2.3.1.1 Abrupt Entry to Duct

There are round, square and rectan-
gular inlets of this types as shown
in Figure 3-1, Figure 3-29 gives
the entrance loss, K, for these
shapes at an included angle of 1809,

FIGURE 3-1
Abrupt Entry to Duct

3-2.3.1.2 Rounded Entry (Bellmouth)

For & well-rounded bellmouth (Rc/D> Re
’0.15) shogn in ?igure 3-2 the flow N
loss may be neglected for ordinary i
ventilating work since K is less i;:ﬁgit‘
than 0.05. When Rc/D < 0.15, K T
can be determined by K' x C. whére
K' = 0.46, and C. is determined by -~
using Figure 3+308B.

FIGURE 3-2
Rounded Entry (Bellimouth)

3-2.3.1.3 Re-Entrant or Open End Duct

This type of entrance shown in Figure
3-3 causes a large loss (K = 0.85 to
0.95), and should be avoided whenever
possible. The aforementioned K factor
is for re-entrant distances of at least

-2 diameters. For shorter distances, K
will be lower, approaching the values

v given for an abrupt entry.

FIGURE 3-3
Reentrant or Open End Duct




3-2.3.1.4 Converging Entry

There are round, square and rectan-
gular inlets of this type shown in
Figure 3-4. Figure 3-29 gives the
entrance loss, K, for these shapes
as a function of the total included
angle (208) between the sides of the
hood. The ratio of the area of the
hood to the area of the duct, Aj/A,,
should be 2 to | or greater in order
to gain the effect.of a converging
entry. Figure 3-29 is from tests
based on a hood ratio of 5 to 1, but
the values are not reduced more then
5% for hood ratios as low as 2 to 1.

3-2.3.1.5 Sfraight Expanding (Ram) En

FIGURE 3-k
Converging Entry

try

The flow loss for thig type of entry duct

= K e v , where Vv >
2

as shown in Figure 3-5. Figure 3-31 gives the factor K as a function
1.00, As 28 becomes larger, K
increases, untul there is an angle at whlch it is no longer feasible

of 20 for V/V ratios of from 0.25 to

to expand the entry,

FIGURE 3
STRAIGHT EXPAND
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3-2.3,1.6 Rectanqular (Ram) Duct Inlet with Expanding Curved Entry.
Two Walls (Diverding and Two Walls Parallel: Figure 3-6)

The flow loss for this type of entry duct

- KQVIZ
2

where K is presented in Figure 3-32 as a function of Aj/Ay with R;/d
and Ry/d as parameters,

A inlet area

Ay

final area

The values in Figure 3-32 are for an inlet aspect ratio (w/d) = k.0.
Data are available only for this aspect ratio.

FIGURE 3-6

RECTANGULAR DUCT INLET WITH EXPANDING CURVED
ENTRY, TWC WALLS DIVERGING AND TWO WALLS PARALLEL
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3-2.3.2 Inlet Screens

Losses due to screen installations in duct systems requite carefui con-
sideration. The flow through a screen of round wire may be considered
as that through a number of nozzles arranged in parallel, wherein the
stream velocity is increased passing through the screen (nozzles), then
adgain decreased. The energy loss for a round wire screen installation
was expressed by Borda as

/ 2
Kround 2 (——6;7‘->
1 - ¢

. . i d solid area
where ¢’z screen solidity ratio = Projected s

total area

Kround» the loss coefficient, is equal to
Py - Po - AP
3 (3 v2 q
The flow through a screen or grid of sharp-edged strips is contracted
to approximately two-thirds of the nozzle area, so that the solidity is

effectively higher than the physical dimensions indicate. The loss co-
efficient may be expressed as

\
Ksharp * (0? 7"097, /\ 2

Test data for round wire screens, presented in Figure 3-33, substan-
tiate these theoretical equations at solidity values above 0.6

The loss for round wire screens at lower solidities may be expressed
by the equation

/

Kfree * Cd d
(1 - ¢’ )2
where Cd is the drag coefficient of the screen member shape. In the
case of round wire screens of low solidity where Cq = 1.2 for the cir-

cular cross-sectional shape, this equation fits test data well. How-
ever, a transition occurs in test data between this equation up to_so-
lidicy values of 002" to 0.3 and the equation Kround * g’ )2 at

' 1 -0
solidities of 0.6 and above, as shown in Figure 3-33.

The ionsses incurred by screens or grids composed of streamlined or air-

foil-shaped sections are much smaller than those for round wire screens.

The loss coefficient may be based on the skin-friction drag, taking

}n?o accoy;t the average velocity increase through the grid as Vo = Vi
1 - 0 ):

= 20f o’
t/c (1- 0’ )2

Test data shown in Figure 3-33 substantiate this equation to solidities
of 0.5.

Kstreaml ine

A high~solidity round wire screen installed in the carburetor inlet duct
of an average supercherged reciprocating aircraft engine entails a loss
of approximately two percent of the engine power. Agrid of streaml ined
elements results in saving most of this loss.
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3-2.3.3 Ram Recovery

The recovery of ram pressure in forward flight may be used effectively
to a. ment the total pressure of an internal air pump for a submerged
engine cooling installation. The magnitudes available are relatively
small for slow-flying aircraft such as helicopters and airships. For
instance, the free-stream velocity pressure at 100 miles per hour at
standard sea level density is 4.92 inches of water. This pressure, of
course, varies as the square of the velocity, where

q = /2 Q v, 2

The pressure recovery of an engine cooling system inlet is decreased

from this value by an ambunt resulting fromall pressure losses between

the free-stream and the point under consideration within the duct<.
These losses may include all of the following: friction loss on duct

walls, friction Jloss on approach surfaces ?on skin ahead of entry),

shock losses from flow separation caused by bends, inefficient diffus-

ion, abrupt expans.ion as into a plenum chamber, or the adverse pressure

gradient caused by the entry, and drag losses from objects within the

duct or upstream of the entry (such as from turbine shafting in a tur-

bine compressor inlet duct).

in airships, inlets operating essentially as wing leading edge entries
are used to supply air to.the engine cooling fan. In helicopters, much
less efficient entry locations are commonplace. For example, some en-
gine cooling air inlets are located on fuselage tops and sides, far
from the nose of the aircraft. These eniries are normally of the flush
type so that entry losses in the hovering condition are minimized. |In
hover, the helicopter requires a large percentage of its available power
and, of course, no forward speed ram pressure is available. A proper-
ly designed fixed area ram entry may.often result in unnecessary flow
pressure losses during hovering due to (1) ercessive entry velocities
and (2) an additional elbow. : '

Below critical aititudse, such a loss may be offset by further opening
the throttle so that the decrease in throttle loss is equivalent to the
entry loss. Above critical altitude, the increased entry ioss would
result directly in an equivalent power loss. However, each design must
be studied according to its own peculiarities. In several instances,
helicopter submerged engine cooling systems have been supplied air
through ducting having ram recovery entrances when adequate "natural®
external fairings were available.

If a fan must satisfactorily cdol to a very low RPM,such as in an air-
ship operating at minimun power, ram inlet ducting may be desirable.
The principle here is to prevent the slightest ingrease in required
fan pressure outputwhich would.be muttiplied by RPM= with censiderable
overcocl ing energy waste when opereting at normal or military RPM. The
large inlet areas required to recover low external ram pressures unfor-
tunately will need or require variable area inlets so that excessive
external drag is not encountered at higher aircraft speeds.

if a ram sccep is to be used, the agrodynamic design problems center

on the internal flow pressure recovery., Fiagure 3-31 shows the basic
relationship for such a suhsonic inlet,and the pressure recovery effi-

P1i o~ 1k
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ciencies to be expected. The principle, of course, is to recover the
velocity energy of the external airflow by raducing the velocity during
entry, This deceleration may occur externally, internally, or both.
The rate of external deceleration depends on the area of the inlet,
which defines” V|/V, for a given quantity flow. lInternal deceleration
is then a function of the external deceleration as shown in Figure 3-31;
the more the external expansion, the greater the internal expansion may
be. Maximum efficiency may be maintained with internal wall divergence
as great as 20 degrees included angle if a /1/Vg of .25 can be utilized,

The limits to external deceleration lie in the external drag character-
istics of the inlet, With large natural fairing, greater external de-
celeration may be used. For a typical helicopter fixed area inlet, a
Vi/Vo ratio of about .5 is usually a good compromise. Detailed duct
entry design data are presented in Section 3-2.12,

Low speed (40 and 80 miles per hour) tunnel test data were obtained on
a variety of inlets (and outlets) and presented in Refex3=0E¢11, Side
entries of flush holes, flush circular ducts, internal and external
flaps, protruding scoops, submerged inlets, wing inlets of flaps, nose
and 0.800C wing inlets are included, as are outlets of the same con-
figurations., Extracted data from this source are included in Figure
3-34 for inlets and Figure 3-35 for outlets in Section 3-2.12. of this
chapter.

3-2.3.4, Drag Effects of Inlets and Outlets

The drag of internal flow systems is divided into two components, the
momentum drag and the external drag.

The momentum drag of a helicopter or airship internal flow system
D = M AV HP = D Vv

may be calculated, based on the inlet and exit areas of the duct system
configuration. The momentum power resulting from the deceleration of
& mass of air entering a fixed area internal flow system is at the
greatest value at the maximum speed of the aircraft. When the: helicop-
ter is hovering V ® 0; the momentum drag is zero. Theamomertumndrag
may be minimized by directing the exiting air in the sense opposite
to the travel of the aircraft (rearward). A considerable treatment of
the value of variable areas to control momentum drag losses is present-
ed in References 3-9»dndi3-ll. If the air and/or gas passing through the
system is heated within the aircraft and exited with a rearward com-
ponent, the momentum drag may be made negative or, in other words, a
thrust force realized,

An inlet protruding from a fuselage increases the total drag of the
fuselage through two effects. A scoop-type inlet, for instance, not
only presents its own drag but, if located in an Qrdinarily laminar-
flow area, may cause the boundary layer flowing along the fuselage to
become turbulent and this may increese the drag loss of the fuselage.

A flush inlet may be expected not to have an external drag component

since it operates completely within the fuselage boundary layer. Of
course, this type opering will not of itself cause internal flow to
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occur if the inflow Is perpendicular to the external flow across the
fuselage. The pressure differential required to maintain flow must,
in such a case, be produced by an air pump such as a fan or ejector or
by a local positive static pressure resulting from the inlet location.
Tests of various inlet scoops and flush entries in reference 10 were
made in which the total drag of the scoop was measured, corrected to
present total drag coefficients for the scoop only, as mounted on a
flat surface,

The data are presented as plots of P' versus V]/V The total pressure
q
in the duct or inside the entry or outlet may be computed as follows:

Pry T4 f o (E ) %o
do
where subscript i indicates a station inside the duct and subscript o

indicates the free-stream condition.

An internal flow system operating in the propeller slip stream or in
the boundary layer or the wake of an aerodynamic body such as awing on a
fuselage, in which the inlet velocity may differ from that of an iso-
lated system, has ideai characteristics described as follows:

Drag D=Q @ (Vi - Vo)

Drag Power DV

2 Qq (Yi-Yo Equation 3-6
vV \Y

Total Pressure Loss AP, Equation 3-7

1]
Nal
E
|
=l

Vi -
—_— - K: and.V =

v

and, where

Pump Efficiency W, = AEE Ki + Ko K; ,L(Kiz - gg_)”z
DV 2 2

in the majority of a'rshipand helicopter submerged engine cocling sys-
tems, the most important aspect of system performance is moving a re-
quired airfiow quantity with a minimum pressure loss, not pump or pro-
pulsive efficiency,

The power loss, DV - APy Q; may be used to establish a dimensionless
performance parameter, the power loss coefficient

it - 16
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DV - AP
Qq

Equation 3-8

Substituting equations 3-6 and 3-7 in equation 3-8 yields the following
simplified equation:

Cp = (Ko = 12 = (K; - 1)2

2 |K; -(Kiz - A_ﬁ) 2| - ap,
q q

Therefore, the minimum Cp; occurs when K% equals unity and when K; is
a minimum for systems giving thrust or at a maximum for systems expe-
riencing drag.

The relationships among the above parameters may be expressed by the
following two equations:

'n = 1+ CPL
Pt/q

\

5 [ # % -
Pt/q

When inlets and ocutlets are considered separately, rather than as parts
of a complete internal system,as is often the case in design analyses,
the foregoing theory may be altered to show the ideal characteristics
of the inlet and outlet openings. In each case alone, the aircraft mass
may be considered to change at the rate Q @, which represents a change

of kinetic energy at the rate gqQ. The separate ideal characteristics
are:

inlets Qutlets

Di = Qe@Vi Do # -0 @ Vo
- M ,2 =

PTi q I(' PTO G Koz

Cpp; = VDI - (P, @4 9Q)% -(k-n)2 ¢, = Voo £(Pr_ q 46Q)=(Ko-1)2

aQ aQ
1 = = ,2 = .
Pi PTi Q#4qQ = K;j* 7+ 1 Po VDo = 2%
VD; 2K Pr, @790 k2 4
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where (Py. Q #+ qQ) is the available power and (Pt Q + qQ) is the ex-
pended po&ércﬁ the internal flow at the inlet andT8utlet,respectively.

In the ideal fluid theory presented thus far in this chapter, the fluid
density has been considered to remain constant along the flow path
and, therefore, the volume rate of flow Q is equal at inlet and outlet.
When the exchange of heat or combustion changes the fluid density and
quant’ity flow between the inlet and outlet, the above formulae may be
used by adding subscripts to define the conditions at the inlet and
outliet:

Inlet Qutlet
drag D; = 07 Q; @ Vi Do==-T5 &% @ Vo
Total 2 )
Pressure PTi « 07 g Kj PTO= Oy d Ko

The other formulae maybe altered as required to account for the effects
of variations of Q- and Q. '

Power-loss coefficients and efficiencies, as functions of the velocity
ratios, are unaffected by variations of fluid density. The total drédg
for any particular case, however, depends upon the addition or loss of
heat as well as upon the addition or loss of pressure energy within
the system. Any increment of heat energy may be computed and the re-
sult'ing change in volume flow used to ‘evaluate the power ioss or useful
work of the internal-flow systenr.

The above treatment is essentially that of Reference 3%, although not
presented here in as great detail. This presentation was made in order
to take full advantage of the performance data for inlets and outlets
of Reference 3-lY), presented in part as dimensioniess parameter plots in
Figure 3-34 and 3-35 in Section 3-2.12.0 of this chapter. Additional
valuable data are presented in Reference 3«39,

3-2.4.0 Design of Duct Contractions

There are several types of duct contractions encountered in internal
airflow systems. Contraction losses are rather small because the flow
separations which cause the energy losses are minimized by the favor-
able pressure gradient during the static to velocity pressure trans-
formation.

3-2.4.1 Abrupt Contraction (Figure 3-7)

The pressure loss coefficient, K, is a
function of A,/Ay, and can be determined
from Figure 3-30A.

f

2 » nay 4 y smp 4

FIGURE 3-7
Abrupt Contraction
(Sharp Edged)

I - 18




3-2.4,2 Streamlined Contraction
(Bell-Mouth) (Figure 3-8)

A streaml ined contraction is an abrupt
contraction corrected by a factor for
the rounded contraction. Therefore

EH

the flow loss would equal K@Cc¢ V2
2

where C. is the "streamline" factor
for the rounded entrance from Figure
3-30B and K is the same factor as
for the abrupt contraction from
Figure 3-30A.

FIGURE 3-8
Streaml ine Contraction
(Bell Mouth)

3-2.4,3 cConical Contraction
(Figure 3-9)

The converging nozzle or cross-
sectional area reduction for the
moderate angles ordinarily used
has very little total pressure
loss, the loss being mainly due
to the reestablishment of the
flow after the slight contraction
in the small pipe. For total
angles up to 45° the actual shock }

loss, ordinarily will not be over o
4 or 5% of the velocity pressure 22.57 Max.
in the smailer pipe.

FIGURE 3-9

Conical Contraction

3-2.5.0 Design of Bends

3-2.5.1 General Discussion

The pressure loss in an elbow is of a complicated nature varying with
size, shape, velocity, and even the conditions of the ducts leading
to and from it. In most cases it will not be possible to take all of
these factors into consideration, and a conservative analysis of elbow
losses may be considered good practice.

The greatest factor influencing loss of pressure in an elbow is the
curvature in relation to the depth of the duct. This may be expressed
in either nf two ways, curve ratio or radius ratio. The curve ratio
is equal to the inside radius ofthe elbow divided by the outside radius
Ri/Rg. The radius ratio is equal to the center line radius of the elbow
deptﬁ in the plane of the bend (R/D).
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FIGURE 3-10
Elbow Terms
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The loss in an elbow may be divided into two components: (1) The eddy
loss or internal friction of the fluid itself due to the elbow and
(2) the surface friction along the walls of the elbow.

Figures 3-36 and 3-37 show the flow loss in round and rectangular elbows
as a function of the curve and radius ratios, and refer to a design in
which the elbow in a duct system is followed oy at least 3 or 4 dia-
meters of straight duct. The values given are for the complete losses
of the elbow including surface friction. |t mav be observed that the
pressure loss increases as the inside radius becomes less and is at a
maximum value when both the outside and inside radii are square corners.
As the rate of curvature becomes less, that is the curve ratio becomes
larger, the value of the elbow loss diminishes wuntil a minimum value
is reached at about 0.6 to 0.7 curve ratio. |f, however, the friction
of the extra length of straight duct is added to the loss of an elbow
of this curvature to make the equivalent of an even greater curvature
the total loss would be decreased. Elbows of very large curve ratio
are not regularly used because the weight, space and cost are out of
proportion of the loss saving effected. Generally, then a low loss
elbow is considered to be one of 0.5 curve ratio and this has become
an accepted <tandard for most engineering work. In aircraft applica-
tions available space is usually the limiting factor.

In rectangular ducts the effect of the cross-sectional shape has con-
siderable bearing upon pressure loss. The term aspect ratio is used
to represent this shape in relation to the bend, and is the width of
elbow along the axis of the bend divided by the depth in the plane of

‘the bend. Figure 3-47B expresses the loss. in percent of thée velocity

head for the R/D of the bend. Figures 3-38 and 3-39 give correction
factors for degree of bend and aspect ratio, respectively,
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The flow loss factor AP, for both rectangular and elliptical cross-

section bends may be obgained from Figures 3-40, 3-41, and 3-%2 and
3-43, 3-44, and 3-45, respectively, as a function of radius and aspect
ratios. In the data for elliptical elbows, friction losses .tatte not
included in the net pressure loss coefficient.

Values of loss in per cent of velocity head for circular, square and
mitered elbows are presented in Figures 3-46, 3-47A and 3-478.

The size of an elbow has little effect on the pressure loss for elbows
in the neighborhood of 0.5 curve ratio which is that ordinarily used
in good designs. Figure 3-48 contains a tabulation of the elbows tested
in Reference 3:5.

The velocity effect wupon pressure loss in elbows depends upon the
abruptness of turn.,

A common misconception is that the loss in an elbow is proporticonal to
the angle of bend for angles up to 90°, while the loss in a 45° elbow
is somewhat greater than half of that for a2 90° elbow, the loss 'in
elbows greater than 900 shows less than the proportional increase in
loss. For example, tests on a 1800 elbow of square cross-section and
0.28 curve ratio show that the loss is 165% of the 90° loss instead of
the 200% as might be supposed.

3-2.5.2 Elbows at the End of a Duct

Elbows at the end of a duct have losses which are materially higher
than when the regain effect of the discharge duct is present., Figure
3-49 gives the loss factor, K, for such elbows as a function of the
aspect and curve ratios. ‘ ’

3-2.5.3 Compound Elbows

Compound Elbows are of 3 types: U~ bend, Z- bend, and the 90° - offset
bend as shown in Figure 3-50. The flow loss factor for these bends
without spacer, K » AP! (excluding frictionlosses) can be obtained

q
from Figures 3-51 and 3-52, where K is expressed as a function of the
aspect and radius ratios at a constant Reynold's number., Figure 3-53
shows K excluding friction losses, as a function of aspect and .radlius
ratios for these bends with 5 foot spacer.

It is clear from these plots that the relative radius of curvature R/D
is the most important of.the factors affecting the net pressure drop.
As compared with this factor the effect of length of spacer between
elbows may be regarded as being of the nature of an interference. |[n
general, as the length of the spacer is decreased, this interference
causes a decrease of net pressure drop in the case of the U - bend, an
increase in the case of the Z - bend, and almost no change in the case
of 900 - offset bends.

The pressure drop across the 90° - offset bend is less than that across
the corresponding U - bend or - Z - bend, but the magnitudes of the
differences are small.
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The test data from Reference 35 were cross~plotted at two different
Reynolds numbers. It was found satisfactory to not differentiate among
the types of compound elbows. Accuracy of K' values for the common

- plot is within 0.05q of the loss coefficients presented in the original

data for the three types of compound elbows.

3-2.5.4 Splitters

Curved vanes called splitters are sometimes installed in elbows to mi-
nimize the elbow losses. One or more splitters may be used, each con-
centric with the inner and outer radius and extending the full arc of
the elbow, The separate flow paths created have larger curve ratios
and a larger aspect ratio than those of the elbow alone. The optimum
arrangement is that which improves the curve ratio of each of the sepa-
rate paths over the original path, The improved aspect ratio, although
beneficial, is not as important as the improvement of curve ratio.

The curve ratio change due to splittefs may be expressed by the fol-
lowing formula:

cR' = x#1/ CR

- R R R
d Ry = _a_ = 2, = e -
TN T R R 3 et
where CR© 2 curve ratio of component elbows formed by splitters

CR = curve ratio of the original elbow without splitters

X = number of splitters

Rg = inside radius

R1» Ro, R3 = radii of first, second and third splitters start-

ing on the inside,

The placement of splitters in rectangular elbows can be determined by
using Figure 3-54. Figure 3-36 shows the effect of 1, 2 and 3 split-
ters in square cross-section elbows. This figure may also be used for
cross-sections approximating this shape.

3-2.5,5 Turning Vanes

Curved vanes of small radii placed diagonally at a uniform spacing
across the corner of a mitered elbow,wherein the axes of the curvature
of the bend and the vanes are parailel, are known as turning vanes. The
vanes may be of constant thickness or of varying thickness in order to
maintain constant flow path depth through the vaned bend. .

The dimensions and spacing of turning vanes depend upon the installa-
tion under censideration, but in general the vane length should be ap-
proximately six times the spacing to derive the benefit of the aspect
ratio factor.

Reference 3-~1 contains information onboth turning vanes and splitters.
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Figures 3-55 and 3-56 show recommended vane designs. Figure 3-57 shows
the loss coefficient, A = K, for certain vanes. For a rectangular
elbow with optimum desigh turning vanes (Figure 3-55), the loss coeffi-
gi??t at various bend angles, compared to bends without vanes, is as
ollows:

Elbow Bend With Vanes Without Vanes
9009 K = 0,13 K= 1,63
600 = 0,15 = 1.08
450 = 0,14 = 0,53
300 = 0.10 = 0,15

Turning vanes in elbows may be used to reduce the pressure loss and to
provide a more uniform velocity distribution downstream of the bend.
Vanes and concentric splitters are recommended particularly for mitered
elbows in which even the most elementary vane installation results in
a substantial reduction in pressure loss.

3-2.6 Design of Duct Branches

Internal flow systems are often comprised of main ducts with individual
branch ducts to divert parts of the flow. In the usual case of a duct
system supplied from a common source, all hranches of which exhaust to
a common chamber (pressure), the pressure loss through all branches must
be equal, A good aerodynamic design approach is to analyze the pressure
energy losses through each path to provide the required airflow and to
restrict each branch exit as required so that the velocity head dissi-
pated will equal the total head remaining at the exit., Data on branch
duct losses are sufficiently incomplete to warrant the conservative
practice of designing branch duct exits with converging sections to have
an exit area ten to twenty percent less than calculated, Tests may then
be conducted inwhich the converging sections are shortened to increase
the exit area and thus reduce the exit velocity pressure loss until
balanced branch flow is achieved.

Branch duct system losses consist of:

1. Losses in the main duct
2., Losses in the branch ducts

Loss coefficients for mains and for branches are presented in diagrams
on Figure 3-58, wherein the reference velocity pressure, q, is deter~
mined upstream of the connection.

It is stated in Reference 3-7 that the loss in the main duct is approxi-
mately 35% of that for an abrupt expansion for the same velocity ratio.
The loss in the branch duct is dependent upon the velocity ratio, branch
to main, and on the branch takeoff angle. The total loss is at a minimum
at a given takeoff angle for each given velocity ratio. Therefore, both
the main duct loss and the branch duct loss must be analyzed for a range
of takeoff angle in order to determine that angle at which the total
loss is at a minimum.

A tabulation of branch duct loss coefficients as a function of the take-
off angie and of the velocity ratio, branch to main, “"Reprinted by
permission from HEATING VENTILATING AIR CONDITIONING GUIDE 1956,
Chapter 32Y, follows:
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RAT!O OF PRESSURE LOSS TO BRANCH VELOCITY PRESSURE

Ratio of Velecity in Branch tc Velocity in Main Duct

Take-off Angle 0.4 0.6 ¢.8 1,0 1.5 2.0 3.0
90° 6.5 3.1 2.0 1.5 0.95 0.74 0.62 Avpbr
600 5.0 2.2 1.3 0.77 0.47 0.47 0.58 9,
k5o 3.5 1.3 0.64 0.43 0.40 0.45 0,54
3-2.7.0 Design of Diffusers
Diffuser design practice is a highly specialized subject., In general,

the problem reduces to decelerating the relativeair velocity in a duct
at a rate compatibie with good efficiency. However, the deceleration
rate that may be used varies with configuration, mach number and Reynolds
number.

3-2.7.1 A Design Method

In helicopter and airship internal airflow duct systems, diffusers are
often used upstream of resistances (heat exchangers, compressors,etc.).
A method suggested in Reference 313 for their design is as follows:

Since the length of the diffuser is the most important consideration
in its design, great care should be exercised in leccating the various
resistances so that sufficient diffuser lengths may be obtained to
minimize expansion losses. If the various units can b2 so located that
conical diffusers of approximately 7° included angle may be utilized,
the system will be as efficient as possible. If the =pace available
does not aliow a 79 conical diffuser to expand the aii the required
amount, as is usually the case, the following layout proc:dure is sug-
gested for the case where a resistance follows the diffuser:

(1) Lay out a 7° or 8° conical diffuser. starting from the duct
entrance.

(2) Lav out 2 cone of about 20° using the resistance as the base
and proéecting the elements wupstream until they intersect the
7° or 8% entrance cone.

(3) Check ratio of duct area at resistance to that at intersection
of 7° or 8% and 20° cones. If this expanston ratio is less than
3, it is considered to be satisfactory.

A certain amount of latitude may be exercised in the design details to
suit the case in question., For instance, most duct passages in actual
installations will not be circular in cross-section. Although a great
deal is not known about the behavior of diffusers other than those with
circular cross-sections, it seems reasonable that the rate of expansion
should be slightly less for other cross-sections, especially for rec-
tangular ducts where the air in the corners is actually expanding at a
much greater rate than the air along the center of the sides.

3-2.7.2 Diffuser Losses (Figures 3-i11 and 3-12)

Although there are numerous cross-sectional diffuser shapes the same
basic equation is used te determine the total pressure loss due to this
diffusion,
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where (1 - i ) 1 -(él>2
. A2

FIGURE 3-12
Diffusers, Square Cross-Section

The efficiency of diffusion,R , can be obtained from Figures 3-59A,
-598, -60 .as a function of the included angle, 206 and the area ratio
Ap/A) for the various cross-sections (round, square, rectangular). |[f
t%e cross-section is of a different shape it is best to deal with equiv-
alent diameters. The equivalent diameter, D = kA/; , where A is the
cross-sectional area ang £ the wetted perimeter. The angle of diffusion
8 can then be determined from Tan & = Dy - Dy where L is the length

2L
of diffusion,and 1 and 2 refer to stations before and after diffusion.

3-2.7.3 Annular Diffuser with Constant - Diameter Quter Walls

The general diffuser configuration and station locations for tests of
Reference 3-& are given in Figure 3-62. Performance data are compared
for 5 diffusers which cover a range of equivalent conical expansion
angles from 15° to 180°; the corresponding ratios of diffuser length
to center body diameter, Lg/dz range from 1,072 to 0. Line drawings of
these £ configuration and curves of the longitudinal variations of flow
area are given in Figqure 3-63; data are in Figures 3-64 and 3-65.

3-2.7.4 Diverging Nozzle (Figure 3-13)

A diverging nozzle is used in an air
duct when the area is increased in
order to reduce the velocity, or when
moving intoé an enclosed space or
plenum chamber.

FIGURE 3-13
Diverging Nozzle




Any change from a higher to a lower velocity is accompanied by a con-
version from velocity to static pressure, but inasmuch as there is al-
ways some loss in making this conversion, the total pressure is less
after the velocity is reduced. '

Figure 3-61 shows the per cent regain of velocity pressure as a function
of the area ratio and angle of divergence (&', when the diverging‘con-
nection is in a section of duct with & 6 diameters of straight duct
following. '

3-2.7.5 Abrupt Expansions

There are times in internal airflow
ducting when a gradual expansion

cannot. be achieved and a sudden e ——
expansion is the only alternative. //ru
In this case, the flow loss coef- Py ;1»/5%:::;
ficient, K, is eﬂual to (I-Al/Az)z, A}-———,—.1 A,
and the formula for the tota >7§j‘-\
pressure loss for a sudden_expansion H ~
becomes AP = (1 - AI/A2)29v12 (o
2
FIGURE 3-14

Abrupt Enlargement

3-2.8.0 Design of Duct Exits

3-2.8.1 Introduction

At a duct exit the entire velocity head is lost when diffusing into the
atmosphere. |f a certain pressure drop is required, ‘at the outlet, a
method of diverging or contracting the exit to decelerate or accelerate
the flow may be needed. This is accompliished with the use of nozzles
or orifice plates which will be discussed in Secticn 3-2.8.2.2.0.

3-2.8.2.0 Orifices and Nozzles

Orifices and nozzles may be divided into 3 categories; discharging from
a plenum, at the end of a pipe, and in the pipe line.

3-2.8.2.1.0 Discharging from a Plenum

3-2.8.2.1.1 Sharp Edged Orifice (Fiqure 3~15)

The flow characteristics of orifices make them useful for flow measure-
ments of air or other gases. The sharp edged orifice is a thin plate
in which is a carefully made hole. The inlet edge is deburred so that
the flow is over a sharp 900 cerner. The following plate thicknesses
may be used for low pressure work: 1/16" up to 6" orifice diameter,
3/32" for 6 to 12" diameter, 1/8% for 12 to 24" diameter, and 3/16"
for 24 to 48" diameter. Should high pressures dictate thicker plates,
the downstream side should be beveled so that the axial constant-dia-

~ meter Is no more than twelve per cent of the orifice diameter,
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The sharp edged orifice discharging from a plenum or installed atsa

pipe entry may be used over a Reynold's number rz:.je of 30,000 to

1,000,000 for the determination of flow rates within approximately one

?er cent accuracy, as stated in Reference 3~1 using the following coef-
icients:

Coefficient of velocity Cy = 0.97 to 0.98
Coefficient of contraction Cc = 0.62

Coefficient of discharge c = 0.60 = Cy x C¢
Coefficient of resistance Cr = 0.04 to 0.06

The coefficient of contraction is the ratio of the vena contracta or
contracted stream minimum diameter to the orifice diameter. Using the
above coefficients the discharge flow rate may be determined as fcllows:

- P - P
Q = 1096.5 Cc C, A= = 1096.5 CAW/W
where
Q = discharge, cfm )
A = area of orifice, fi.2
P = static pressure, inches Hj0 FIGURE 3-15

w = spec. weight of air, #/ft.3 Sharp Edged Orifice |

and the total pressure loss, which may be expressed as:

. . (1 . v 2
ap = Cr Py (E;’Z - '.) (Py) = G w (1096.5) A

where AP * total pressure loss, inches of Hy0

Py = wvelocity pressure at the vena contracta, inches of Hj0
V = wvelocity at the vena contracta, fpm
w = gspecific weight, #/F1.3

The small frictional pressure loss of the flow through a sharp edged
orifice has resulted in this orifice being described as the frictionless
orifice,

3-2.8.2.1.2 Smooth Edged Orifice (Figure 3-16)

The coefficient of discharge is increased if the inlet or upstream rSide
of the orifice is even slightly rounded. Flow nozzle characteristics
are approached.
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FIGURS 3-16
Smooth Edged Orifice

}
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Flow Nozzle
Actual Inside Pipe ' (Source: Ref., 3-17 by
Diams 1.9 D, Min, permission from the A.S.M.E
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Radtus

Abcet B
20

32
D l : ['ﬁ D for D = 1

: -i*;‘-%" for D < Iy

ASME Long Radius Nozzle
i1t - 28

— . ——_ -~ ?




3-2.8.2.1.3 Slots

Long narrow orifices with high aspect ratios are called sliots. Regard-
less of whether the shape of a sharp edged orifice is round or rectan-
gular, the coefficient of discharge is approximately 0.6. The coeffi-
cient of discharge may approach 1.0 if the upstream edges are rounded.

3-2.8.2.1.4 Flow Nozzle

An accurately made flow nozzle, in which the upstream side is rounded
to prevent the formation of a vena contracta, as in Figure 3-17, will
have a coefficient of discharge of approximately 0.99, changing slightly
with Reynold's number. Approximate coefficients for the average flow
nozzle are:

¢ 0.97 to 0.99

0.02 to 0.06

Cv
3-2.8.2.1.5 Short iength of Pipe (Figqure 3-18)

Three to four diameters in the axial direction are required for the

stream to be reestablished downstrean of the vena contracta. For this
configuration

c = 0.82 R S e
Cv. = 0.7 FIGURE 3-18

- 9 e : - Short Length
3-2.8.2.1.6 Reentrant Nozzle (Figure 3-19) I8 Pipg
The reentrant nozzle or Borda mouthviece is a configuration in which
the pipe entry extends approximately three diameters into a chamber or
pienum. The coefficients are

C = 0,72
Cv

0.85

For a reentrant pipe less than three diameters in length, contraction
may occur (when the stream does not fill the pipe) and

the coefficients become FIGURE 3-19 Y
c = o0. - \\\
>3 Reentrant Nozzie \\\-
C : 00 6
v 5 /
3-2.8.2.1.7 Bivergina Nozzle

The diverging nozzle with a sharp edged entrance has no special appli-
cation but the diverging nozzle with a rounded entry causes a flow con-
traction followed by an expansion. The venturi meter of Section 3-2.9.2
is based on this contraction - expansion process, test appiications of
which are presented in Chapter VI,
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3-2.8.2.1.8 Converging Nozzle (Fiqure 3-20)

The lcss cocfficient curves for sharp edged and rounded entry conver-

", ging nozzies discharging from a plenum are presented in Figure 3-66.
) Regardless of the entry shape, the stream contracts leaving the nozzle.
The optimum included angle (A?) for a sharp edged entry is 13°. The
nozzle length should be app.oximately three times the crifice diameter.

3-2.8.2.2.0 Orifices and Nczzles at the End of a Pipe

3-2.8.2.2.1 Flow Nozzle (Fiqure 3-21)

The differential pressure producing flow through an orifice or nozzle
at the end of a pipe is the totai (velocity plus static) pressure in
the pipe minus the static pressure outside the pipe exit. The velocity
pressure effect may be taken into account by the use of the velocity
of approach factor, f,when the static pressure is measured in the pipe
ahead of the orifice or nozzle.

] 1/2
f -
1 - (7\3/1\]) 2

The discharge may be expressed as

FIGURE 3-20
P B Converging
Q = 1096.5 CAp, f. /-2 = 1096.5 CAyqf_t Nozzle
' W w
! Where
Q = Discharge, CFM
C = Coefficient of discharge
Ay = Area of pipe, Sq. Ft.
A2 = Area of orifice, Sq. Ft. FIGURE 3-21
Flow Nozzle
A3 = Area of Vena Contracta, Sq. Ft.
= Ay for flow nozzle with smooth (Bell mouthed) approach
Pg = Static pressure in pipe, inches of water
Pr = Total pressure in pipe, inches of water
w = Weight of air, 1b. per cubic foot

In the average flow nozzle or rounded entry orifice, A3 = Ap. Values
of the velocity of approach factor, f, for different area ratios A2/Aj,
are as follows:

TS .2 .3 U ,5 .6 .7 .8
- 1,065 1.021 1.048 1.091 1.155 1.250 1.400 1.666
111 - 30
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3-2.8.2.2.2 Sharp Edged Orifice (Figure 3-22)

Both the coefficient of contraction and the coefficient of discharge
must be considered for the sharp edged orifice at the end of a pipe
because the values of the area ratio, Aj/Aj, reflect the orifice ratio,
not the actual stream topipe area ratio. The following values of Aj/Aj,
may be used for normal air work, but more complete data should be used
for unusual pipe sizes or velocities:

AZ/A] -] 02 03" oL} 05 :6 07 08
C 601 609 .6i8 .636 .656 .682 .708 .73
f 1.002 1.008 1.018 1.036 1.061 1.095 1.15 1.23

Cxf .602 .614  ,629 .659 .697 .78  .815 .90

Above values of Cxf are to
be used in the formula:

om———— \
o iy sl dmy o &

. P
Q 1096.5 CA,f Wg’_ FIGURE 3-22 - FIGURE 3-73 )
Sharp tdged Orifice Short Length of Pig

3-2.8.2.2.3 Short Length of Pipe (Fiqure 3-23)

The following values should be used in the formula of Section 3-2.8.2,2.2.

Ap/Ay .1 .2 .3 A .5 .6 .7 .8 .9
c .821 .827 .83 .853 ,868 .893 .912 .935 .96
3-2.8.2.2.4 Converging Nozzle {Figure 3-24)

A converging nozzle at the end of a pipe causes a velocity increase,
There are special applications,such as in a thrust producing device or
as a flow measuring device., Pitot tube readings are taken at the center
of the vena contracta, where the static pressure is zero. Therefore,
the total or impact tube may be used to determine velocity pressure
directly, This technique is useful for testing small capacity, high
pressure fans for which only a few operating points are desiied. A noz-
zle with a straight entrance has a very low coefficient of resistance.
The pipe or fan ocutlet diameter should be reduced considerably at the
orifice to achieve a uniform velocity distribution across the orifice
cross~-section. The velocity of approach factor does not apply directly
@ecausg the fiow total pressure is taken. Thus, the following formula
is used:

FIGURE 3-24
Q = 1096.5 Chyl Pt é:::;:;:;:S;:::::::E
w

f a static pressure is taken inside of the pipe, the following formuia

is used:
Q = 1096.5 CAp f_| 5&
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Pipe

In either case,the following values of C for various angles of conver-
gence may be used:

Included Angle 10 12 14 16 18 20
c 972 .965  .957 .948  .940  .932

3-2.8.2.2.5 Diveraing Nozzle

"Flow discharged from the end of a pipe entails the loss of the velocity

-

head. A diverging nozzle or diffuser may be used to reduce the velocity
head, that is, to convert a portion of the velocity pressure to static
pressure. The curves in Figure 3-67 show the stavic pressure regain
for diverging nozzles at the end of a pipe in terms of per cent of the
inlet velocity pressure. Only a portion of the theoretical regain will
be achieved depending on the nozzle diffusion angle and the area ratio.
Any regain achieved in a system outlet is in effect an increased entry
pressure.

The following formula may be used for the determination of the static
pressure regain:

- 2 .
APS = e 1 - (é,]_) PV] e [Pvi = PVZ:!
\ 2
where
APy = regain or increase in static pressure in larger pipe,
inches of water
PV1 = velocity pressure in smaller pipe, inches of water (%)
Pvy and Py, in same units as APg
PV2 * velocity pressure in larger pioe, inches of water (%)
Ay = area of smaller pipe, square feet
Ap = area of larger pipe, square feet
e =  factor representing the efficiency of the conversion

The loss in total pressure may be found by substituting (1 - e) for e
in the above.

The zbove equation, neglecting compressibility effects (Mach Number
below 0.5), may be expressed, to keep terms uniform, as in Reference33,
as
2 2
vV A
APg "= Pg - Pg = -1 1 - ol
2 ! T e ' A2
Square or rectangular cross-section diffusers may have divergence angles

between all four walls, or between only two walls. Efficiencies to be
Jexpected for such units are shown on the chart in Figure 3-598.
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FIGURE 3-25
Orifice Plate in Duct

FIGURE 3-26
Venturi Tube




3-2.9.0 Flow Mrasuring Devices

3-2.9.1 Orifice Plates in Duct (Fiqure 3-25)

Orifice plates installed in a duct constitute a convenient device for
measuring flow. Their application to testing is discussed in Chapter
VI,

From Figure 3~25 it may be seen that the stream is subjected to an
abrupt contraction followed by an abrupt expansion tothe pipe diameter,
In cases where the value of the area ratio, Az/Ay, is small, the ususal
orifice coefficients are used., However, as the area ratio approaches
unity, the flow conditions are changed considerably.,

The coefficients presented in the tabulation of this section were com-
puted from experimental data in Reference 3-11 for pipes three to twelve
inches in diameter with area ratlos upto 70 percent. For this tabulation

AP = C; /...__Q___ and Q is cfm
L4005 CA Ay is orifice area, ftz

AP is total pressure loss, ' Hp0

R
Q = 4005 cA W/ P P is static pressure differential
between main pipe ahead of ori-
fice and at vena contracta.

A/Ay 0,1 0.2 0.3 0.4 G5 0.6 0.7

f 3 C 619,631 .653 .684 ,728 .788  .880
Pipe  Cr .875 .773 .675 .587 .508 425 354
j2" c 610  .620 .637 .663 ,700 .756 .846
Pipe  Cp .881 ,777 .67% .s84  ,503 427  .359

Straight line interpolation may be used for intermediate pipe sizes.
These data are only for orifices within, not at the end of, a pipe,

3-2.9.2 Venturi Meter (Figure 3-26)

The venturi meter, consisting of algradually contracting, followed by
a gradually expanding, section of piping, usually with a short constant
diameter between the two, is another desvice for the measurement of flow

through pipes. The venturi meter is treated here and further in Chap-
ter VI.

Although the process Is not completely a reversiblie adiabatic one be-
cause of losses due to friction and turbulence, it is nearly so., It
may be considered that the gas or other fluid expands adiabatically in
the converging section to a lower static pressure and contracts adia-
batically in the diverging section. Actually, the lcsses entailed in
the flow through a well-designed venturi meter are as much as approxi-
mately twelve per cent of the venturi pressure difference., The throat
to pipe diameter ratio is ordinarily 1/2 to 1/3 so that the area ratio
is 1/4 to 1/9. The included angle of the converging section should be
approximately thirty degrees and that of the diverging section seven
to eight degrees for minimum venturi losses,
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The formula for flow through a venturi meter, from Reference 3-1, Is:

o 1
1096.5 CAZ-J; J] R

O
]

where

Q a flow, cfm.

= coeff, of discharge = about 0.98
A} = area of pipe, square feet
A2 = area of throat, square feet
P = pressure difference between pipe and throat, inches of H
w = specific weight of air, #/ft.3

3-2.10.0 Throttling Devices

When a fluid flows from a region of higher pressure into a region of
lower pressure through a valve or constricted passage, it is said to
be throttled or wiredrawn. Examples: steam through a pressure reducing
valve, expansion valve in a refrigerator.

The general equation applicable to throttling processes is:

(Vo2 - 12)  /ag (hy - hy) J

The velocities V9 and Vy are practically equal, and it foliows that
hy = hp; i.e., in a throttling process therz is no change in enthalpy.

Usually a gas drops in temperature when throttled. This is not univer-
sally true. Hydrogen, for example, has a temperature rise for throt-
tling processes over ordinary ranges of temperature and pressure. The
inversion temperature, for every gas, is that at which no temperature
change occurs ‘during a Joule-Thomson expansion. Below this temperature
a gas cools on throttling; above, its temperature ililses.

Loss due to throttling - a throttling process in a cycle of operations
always introduces a.loss of efficiency. There are several throttling
devices, two of which will be discussed.
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3-2.10.1 Gate Valve

Representing a contraction -
expansion throttling 'oss in

| which AP = Kq, as shown in

Figure 3-27, the loss coef-
ficient is tabulated below.

1/
Source: Ref. 3-3 flilg
il
S/D K ////Jlu/ljr
])8 0 \o v
7 .07 m
6/8 026 l, _—js_ J
5/8 08] f‘[ Y AR A A A4 VAR AR A0 )
L/8 2.06
3/8 5.52
2/8 17.00
1/8 97.8
g = is determined downstream FIGURE 3-27
of the valve Gate Valve
AP = pressure loss across the valve

Essentially all duct losses are throttling processes, but a throttle
is usually considered for use when a loss is desired,

3-2.10.2 Dpamper or Butterfly as shown in Figure 3-28, is a throttling
means in which: AP = Kq, loss coefficient values are tabulated
below.

Source: Ref. 3-3
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3-2.11 Friction Losses

A difference in static pressure is required to cause a fluid to flow
through a pipe of uniform cross-section. |f the pipe has changing
cross-section, the energy due to velocity must also be considered so
that for any conduit it can be said that a difference in total pressure
is required to cause flow. :

Professor Osborne Reynolds was the first to show that there are two
very different conditions under which a fluid can flow through a con-
duit, namely, laminar flow and turbulent flow.

Reynold's explanation of the phenomenon exhibited during his experiments
was that at low velocities there was no intermingling of the moclecules
and the fluid particles moved in paralliel layers of laminae; thus, the
name laminar flow. At higher velocities there was the intermingiing of
particles of turbulence.

Critical velocity is that velocity at which there is a transition from
laminar to turbulent flow. Critical velocity varies with the fluid and
other factors, but even for a specific flukd, critical velocity is a
range rather than a definite value.

A dimensionless term,now called Reynolds number, can be used to define
the type of flow:

where R = Reynolds Number, dimensionless for any homogeneous system
of units

V = ‘average fluid velocity, fps

D = internal pipe diameter, ft.

w = fluid density, lb. mass per ft.3

M = fluid absolute viscosity, 1b.

mass per ft. sec.
? = fluid Kinematic viscosity, ft. 2 per sec.

Plots of absolute viscosity and kinematic viscosity for air at var#ous
temperatures are presented in Figures 3-71 and 3-72.

In aircraft internal airflow applications, laminar flow is very rarely
encountered because of the high Reynold's numbers of the airflow.

Therefare, the loss of pressure caused by friction of the fluidwith
the walls of the pipe can be expressed as follows:

from Reference No. |




where hg ® static pressure loss, ft.of fluid in uniform duct

L = length of pipe, ft.

D = diameter of pipe, ft.

M = mean hydraulic radius, feet- A/P; that is, the -cross-
sectional area divided by the perimeter of the section

V = wvelocity, fps

g = acceleration of gravity = 3.2 Fps2

f = friction coefficient, Figure 3-70

Flow losses in straight ducting may be determinedwith knowledge of the
following factors (from References 3-2pdnd3-—3) .

a. Weight velocity per unit cross-sectional area

b. Temperature of air (Stream)

c. Shape and size of duct cross-sectzior

d. "Roughness factor" of duct wa il

e. Density of air flowing

f. Length of duct

g. Absolute fluid viscosity
In considering the duct cross-section, it ism»ecessary to determine the
tequivalent diameter". This number is used to relate losses in round
ducts to those of other shapes. The hydraulic radius is defined as the

area of flow cross-section divided by the wet ted perimeter. Inaround
pipe of diameter D, the hydraulic radius

roE D2/4 : )
D - §

and D = 4r , where D is the hydraulic or equ ivalent diameter. Refer-
ence No.3-2 presents the following formulae:

a. For a round duct, ‘the equivalent diameteer is equal to the actual
diameter,

ap - fEVEL | fGPL B1F W 1
20 2g%7Q D oZ @D’

b. For a square duct, the equivalent diamt er is equal to the length
of one side,

s
¢

Ap = feviL . fe2L = .50F¥ |
2s Zgzes g2 s
11t - 38
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c. For & rectangular duct, the equivalent diameter, plotted on Figure

3-68, is:
=_2_d._t2 z -
De b where d depth of rectangle
b = width of rectangle
z 2 2 = 2
AP fFOViL = f6° L .25fw5|§
db_ 2 , [db_ 2 . [d°b
4 (d+b) g e(chb) 9 @ (d+b )
d. Fo- an annular duct
De = Do - Dj Do = outside dia. D; = inside dia.
Ap = feviL £FG2L 81 fw? L
2 2
2(Do - Dj) 2 gze(Do-D;) gze(Dd+D;) (Do-D;)
e. Ducts of any cross-section other than square, rectangular or cir-
cular,
r 5 hydraulic radius (sometimes referred to as hydraulic mean
depth)
r " A where A = cross-sectional area, fr.2
£ £ = length of wetted perimeter, feet

The circular diameter which is hydraulically equivalent to the cross-
section under consideration is equal to four times the hydraulic radius.
(This diameter is hydraulically equivalent only as concerns friction.
Original area must be used in computing velocity.)

b F hra b
y4
Therefore,
AP = feviLg = fad Lg = fw: L/
8A 8920 A 8 g2 A3 ¢

Friction factor "f% is given as a function of Reynold's Number R, for
round pipes of different diameters and roughness in Figure ?-69.

Re * GD = LgA = hvA@g
y AL~ A

k = k4

D L

Density of air is commoniy expressed as a ratio, g

here G ® density of air in duct
W ?'e NACA standard sea level air




and g’

29.92

pressure in inches o mercury absolute
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where P
T = temperature in R (OF £ 459.6°)

This may be expressed as

g~ = 2hk5 P
T
where P = pressure, #/Ft.2 = 2116 @ sea lavel
T = temperature in °R

Friction factor, f, is plotted as a function of R in Figure 3-70. R,
"Reynoids Number", is @ dimensionless parameter expressing the tendency
toward turbulence in fluid flow. |t thus serves as an indication of the
types of fiow losses that may be expected within any given system., The
definitive equation is as follows;:

R = GDe = geV De " VD,
A A D
where G = W = weight rate of flow per unit area
A
W = weight flow, lbs./sec.
A = duct area, square feet
De = equivalent diameter
i =  absolute fluid viscosity, #/sec./ft. (Figure 3-71)
e = fluid density, slugs/Ft.3
v = fluid velocity, ft/sec.
2 = kinematic viscosity, sq. ft/sec. (Figure 3-72)

With these basic parameters determined,and the friction factor charts,
the pressure loss for any configuration duct may be determined.

3-2.12 Calculation of Pressure Losses

The previous sections have dealt with the determination of the pressure
loss coefficient, K to be used in the formula AP = K @ y2 , except
where otherwise noted. |In this section plots based 2

on these determinations of K are presented in figures, the numbers of
which were presented in the individual sections dealing with specific
cases.

(Text continued on page 1I11-71),
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ngqold's No. = 500,000 . Reynold's Mo, = 600,000
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FIGURE 3-42, Total Pressure Loss Coefficients for Rectangular 90° Bends at Reynold's
No. of 500,000 and 600,000, (Source: Ref, 3-3)
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' Mean
-~ Cross Width Dimensions Area Radius |} Radius
Elbow] Section Depth (in.) (Sq.in.) ¥ (in.) Ratio
] ¢ L.5 0.75
?
) 2 (@9' 1 . |Radius 3 28.2 9.0 1.5
N\
3| © 24.0 4,0
L S 2,65 0.75
5 o 3 Major Axis 10.5 28.2 5.25 1.5
QQR Minor Axis 3.5
N
6 | ¢ 14.0 5,0
N 2.0 0.75
0
8 X 5 Major Axis 13.251 28.2 L.o 1.5~
<$& Minor Axis 2.65
<
9 10.6 L.o
10 Width 5,125 3.9 0.75
@
1 090( 1 28.0 7.75 1.5
('9
12 Depth 5.125 20.75 4,0
13 X Width 9.1875 2:3 075
I & 3 28,0 | .6 1.5
9
15 | < Depth 3.06 12.25 4.0
i \
16 S Width 11.875 .8 0.75
17 O@° 5 28.0 3.56 1.5
¢
18 | € Depth 2.375 9.5 4.0

FIGURE 3-48,

ST a—————n

Dimensions of Elbows (Typical)

I1l - 53

Tested in Reference 3-5.




-

4.0

~
I s

Re

3.0
(Source

90 Degree Elbow

n

Ll - 54

2.0

Aspect Ratio
to the Air,

n

he editor and publisher)

By ~

™~

g

Pressure lLosses

1.0

ing Directly

g s (S WO D TN SR - o - 3= —— - s T ry
TR o et P spte R ot e s 3 L e s e St
[ GRS R owi L -t e e el i Rl <2 B — e e, Setdeg—id
- S P WEARGC JE MUECH g TS ——t - o= .mll,l PICICY WSy S
$ors e 0 ¥ )
NI Wy —_ el . - 3 - =g o= : e 2
L T Sotaring s gy p sty vimhostl st - I e ety el e e
P iy 4 STy I T T . T T — ey fartn o | R -
i + ki "
g o e Py g gy e ” F e o Tn
A aycay r hafin ol s T TR EER gt e . ) n : bl i S e
e o dw 1
-t — J Sy J ok R e . R Sttt 39
hotpel n wRya 17 g } p g —Aa—
g Bhvias —] . ¢ Mo FaniPRNE Y .ﬂu.ﬂl i e } Rt s
N kY L - o - o ¢ chomes- " - - — e - R —
o T TSR g b o - — ML_ - rm [ ) T 2 A8 35 1K X S LRI § R EER o S
by T ~1 T 1
[EPIPr puton el Mierst 5 Ra B Meaiva oy o § P e B Sl R e ) —
> = 4 417 rags
-~ ~peet i+ ~ it Dhocivus e syl (e 3 ) 3l B g 3wt = T + by
b oy At e e ! + i -t
R pa ¥ e a ]} epn T RS - doid pomme bdefdon - o, ]
- 1 0 T~ 13 e * r3 2 e - i Sl Sharmery A3 " T et Sy -
- . e xe R : s e g g S AP o Iraet ey S : a
T J + Qg = H ot o i~ z it} "
Al soneiot & ghondty il T LIy SwarEe.) y e T 2] —r ittt e g 'y -+
e dniiind Gy Y ra SO U =7 Py - v T — ) ety > =
- e p wrm i — b 4 CUR ey o -~ Aoy g QT Y Sl o) 2 yebr . -
e 0 - = ~L r - = s s = kY LIk 5
et gt T Artosepetmpmes Yy e jok - Tt 1 38 ra-te s ks Y
o pr) e P - Fars. s 3 “...u: ToaTTIrT™S SR T 1
MH.R R L2 I S ¥ o o Lacs L TS e S 2 e~ IS -
= cong e e e S = s O Rl o B
<t o + =3 - S A 3 Tl e o uR 2 O =
e A WA RS RN Y yral SN ke n s e H o\ arc it ¥ 4
i— 1 + -3 IS O ix nmallo | T
= T T e —_— = rex n XN A (32} o ey o
= 00 IR 3 n T b Fa¥ ey s
3y * T T o i TTT n [ 1% —~der Tt
‘.'JR Y q T T T hd * Tr @ Pt Py 'S ML
.r.R ~s = 44 , [ S~ T ot 2
nd T x| t e 3 " T LO0T e FRP Y
- + - it T 1 | marst 33 t — =
g ") TR 131 L3 [ S ) 3] ﬁ.lw T .
Tin T : o SofEEhhe Tiomt € e dbe o ISHET
e = T o I=5 R or oot € I £ET z :
: LY 3 i L) [N I 3 R 3 T
e} : 2 = ot w3 - 1T a3 e
= t " IRARE RS XY S0 M S E7T S5E O s f ey
Z . : -+ .. wn L — N — .H.S.qqlo e -
= St T N s Tl e~ T = * T e 3T h Beus s mm s
i s T 1 4 o 3 b g in] e -t
T T I 1T 0O T T t ° s r— 11 I maow i
v C
) -y 30 fon :
e + : R o mef ot triTy = VI :
1 1 : b T eyt rary T
. t s e I R 0 RO o : 81 pue 132 ) | ] —
ry Fog N - " — — v n X ry ey
el e W ] 0 T i q o n » S 1 rus
O W i 1 : r T .oy s gt e a2
138 o Y Laaral e 4 T A (e T I by
-+ Lo I ' v _ ¥ :
T It i gty 2 T b - T | g 1] I3
N P ALIRNS T t - I i T » 1 * ™1
i Tk i . LCR BR ] - P P $ el | 3 D
yas . i . t o s ! —1 n o
-+ 3 1 rR dort s T s M e R T AW ) 1 i Emaw o Eh g
. g1 £ NP1 b1 5. i e 1 ki riad I § 903 l
% ] i n i) Oy 13 Te .-Fo P R it aut e 4o e 3t Yoo r " =T
£ fese rsa
ik P 00 T3 e gos > |l...!T~.. - - i +i- R
B S e e AT i oIS ol = i I ke i el LY
bides - s PaRay S o= 4y : - P s . f 2 ettt
* 2 : — I —— = Yy Sy - & Syt
SDUUE e e e Berie s Rarsiah Rond s =gttt 2 1 fpaiuie A W i e ooy st 3 8 i st e w2 .
PR EARLAL B W1 — A e - S ek 1 A 3 —te vt e e N i r 9 &3 1 p
3 SLICIRN S0 N1 I I SO WA g | > LY pu C a4 g i & SN WS
Fa2 - - — * - + ? i
s - * - gt § —  ae- - - - -~ - —rew - — 1 - - -
Bl Pel sl SRt bt i kv s bl Moot oo Syesvec T s 3 : S 3 ¥ s :
PO S b = - H R A [P Sayitandt MESCTS ¢ I W 1Y 3
Ponivingk Al P Wsasugl i.l.n».., e ddid oy i L) N ERER X7 - - 1.» 8 - TUSST Y 1
T I Ly y I A0 ") 0 —
B e B e ey FETTY o Shsaky sae ME oy it Kpeeos Sl I g ffo s
it B iposangs mhasl - oy D " s |2 Y o = T2 : T
PO o acookt Wis S8 IS v DU Vel My It s b Botaios Yt Teaatin, ey t }fv LN gt T ¥ juy 4 =3 A D s
SRR YOO B G DS T IR Y C i : g s E
- 1ESAS T - Eu) P R ) z - 1 : Pt S P i PP
- S S RS e - - bk for e et o ——— | DD S 2N IR —
PRI P IOAR PP RS E1E DI ey e 3 M — - + -
L] -
o o O < o~ o 20 O =i o~

24nssadd A11D0|8p 4O 1usdUdd U] SSOT

EA

by permission from t
K e e TR 24

FIGURE 3-49.
Discharg




Amlm * 1o *3D S d mlm 3

us
pusg 19s313j0 06 pusg-~-7Z
puag-n
\\M”’vﬁlldi ﬁ\\d// f
. 3 . -~ f 4
M .V\ﬂﬂs\ L AN N w
! o UG o~y \‘mw\ ~ ST .
// — _ /i// m..- \\m. b // /)
N A RN , .
-~ ! 1 = N “ AR - \+// ™ /Aw./ﬂ/
< . B < i N ] N ~ \v_mﬂ
, i //_ o t i o ! | NG/ /w/
B Y % ooy 1T o ;
I o { | o | L I /
, _ S r 18 20 4 :
- 1 { N ! % _ { P m _
y ~ 1 I L 2
o | | _ c o
I e ¢ 3 |
P = '
1 _ es HE |
| = |
M 3 g - ‘
\7 . . /ﬁ T .m :
D w
. NG /M H 3
4 N |
— ]
4 { *

_7/

. 13%eds 31no #
Y3 IM ~—4sdeds 3n0U3 IM

%
/




(5-¢ *39y .
*000°009 30 °ON S,pjouday 3e siade
spuag 3195330 .06 Pue ‘Z ‘n Je(nbue3ld’dy punodwo)

285 sso7 adnssald 39N  “ZG-€ 3HNT;d

$304N0S) *pepPn{duj ION SISS

104 sS3jus1ol ]

3\£ - ojxey 3oadsy

uoIIDIL4
InoY3 1IN

0168L9 S % € < 01168°L9°s" 4 €° z° o
T 10°
o.
=
o
0°
-
0° m
0° @
\.\ Co m
Pl 70°
/] \\, r2. Oo m.
d e e wn
\\ Pz 2 &. [
\\\\\\ g M
\“\\\\\ S0 - T
Y, \\ .\\\ -
o : 2 2
/4 = 8
\\\\ \\\\ - - €
A | L] o B
Z .
7 5
7 Ay ..mmm g o m“
o o§31>® njpey
2T M tp e

(s-£ -39y

3924n0%5)

016829 S 4 €

x\s - ol3ey 3oadsy
4 016'8°L9°S* #° €°

N'

*papn|ouj 3ION SI5507 U0IAIDIAY
*000°00E€ 3O °ON S,pP|OuA3Yy 3e siaadeds Ino
spuag 3195430 o06 Pue ‘Z ‘n Jepnbueaday puno
J103 S3ua1213490) SSOT] 24nSSasd I9N

i

*1S~€ 3undid

[g

et

\
bl Io

il Pkl

———
gl

——
o
e L
\
"1

U\ MA

TR RYRNNY

\
\

\

-

E

10°

z0°

’g = JU3]D]4J90) $S0O7] 3.INnsSsSald 19
/ o 1914 d 39N

z\L- o.mlmmr snipey -

i1l - 56

PR

To3 e,

T
—

PR ——
Lriar st el

T
T e

DAL i A et b L7
X M

¥
-

»

&

-
g




/

Net Pressure Loss Coefficient - &P /%

].00‘ -r Y

1
80 _Radius Ratio, F/w
& e
50 ;/// )
40 N N e /{
030 \\ //
h\\,J 25 |~ //
w7
.20 N Lliee /Ié/
N e
15 S 7s A
\‘“'\\2-.99__,////7./
.10 .
:08 B e A A
.06 7
.05 4o ///
.04 '
.03
.02
.01

.2 .3 .k .5.6.,7.891,0 2 3 L 5678910

Aspect Ratio - N/y

FIGURE 3-53, Met Pressure Loss Coefficients for
Compound Rectangular U, Z, and 90C 0ffset Bends with
5-Foot Spacers at Reynold's No. of 600,000. Friction
Losses Not Included. (Scurce: Ref, 3-5)
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