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FORENORD

This report was prepared in the Mechanical Engineer-
ing Department of the Ohio State University. The work was
performed between June 1952 and August 1954 under Contract
No. AF33(616)-1,7 with the Ohio State University Research
Foundation. It was administered under the direction of
the Mechanical Branch, Equipment Laboratory, Directorate
of Laboratories, Wright Air Developmert Center, Wright-
Patterson Air Force Base, Ohio, Mr. F. R. Ebersbach was
the Equipment Laboratory project engineer in charge of the
work which was accomplished wnder Task 61181, "Centra-
lized versus Individualized Cooling of Aircraft Equipment™,
formerly RDO No, 66L~Z03F-3,

The report is presented in three parts, Part 1 is
concerned with an introduction to the scope of the study,
tne functional classification of cooling system components
and types, and a summary and comparison of the character-
istics of seven types of cooling systems. Part 2 combains
methods of aircraft penalty evaluation, and the performance
and physical characteristics of components used in the
evaluation of cooling systems, Parht 3 presents details of
analysis and evaluation of seven types of cooling systems
for design conditions up to 65,000 feet altitude and flight
speeds up to Mach 1,8,

The authors acknowledge with thanks the contributions
of the following research associates to the development of
subject matter and the preparation of the three parts of
this report. Part 1: K. G. Hornung. Part 2: S. E. Arneti,
T. C. Taylor, W. Robinson, G. D. Hudelson and D. J. Masson.
Part 3: C, F. Borteck and G. D. Hudelson.
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ABSTRACT

Part 2 of the report contains data developed and com—
piled for use in the evaluation of cooling systems.
Methods are given for the evaluation of aircraft penalty
of cooling systems in terms of equivalent drag, increase
in gross weight, reduced range, or reduced payload. The
. components of cooling systems are classified as equipment,
distribution, intermediate and ultimate. Methods for the
analytical simulation of equipment items by means of an
equipment component are developed. The physical character-
istics ard performance of coolant distribution systems are
analyzed for constant velocity, constant-pressure-gradient,
and constant—diameter designs. Methods are developed for
the analytical representation of cooling load distribution
along the header of a distribution systems Various types
of heat exchangers applicable as intermediate components
in cooling systems are analyzed. Methods are developed for
the evaluation of physical characteristics of air-to-air,
liquid~to-air, and ligquid-to=evaporant heat exchangers.
Data on performance and physical characteristics are com-
piled for items serving as parts of the ultimate component
of cooling systems. Included are: air intakes, air ducts,
radial and axial blowers, compressors and turbines,

PUBLICATION REVIEW

The publication of this report does not constitute
approval by the Air Force of the findings or conclusions
contained therein. It is published for the exchange and
stimulation cf ideas.
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SECTION III
AIRCRAFT PENALTY OF COOLING SYSTHMS

A problem fundamental to the study of aircraft equipment cooling
systems is the evaluation of the flight performance penalty imposed on
an aircraft by the addition of cooling systems., The overall evaluation
and comparison of different types of cooling systems is affected to a
great extent by thelr flight performance penaliies. The purpose of this
section is to present the methods of analysis and basic working equations
employed to permit evaluation of flight performance or aircraft penalty
for the various types of cooling systems studied and for various types
of aircraft with which the cooling systems may be associated.

Flight perfarmance penalty imposed on an aircraft by cooling sys-
tems results from system weight, external and momentum drags and change
in powerplant performance. Indirectly, factors such as reliability,
vulnerability, ease of maintenance, off-design performance of the cool-
ing system, etoc. affect the overall aircraft penalty. These factors are
not considered within the scope of the presented working methods which
aim for analytical evaluation and comparison of the more direct factors
of cooling systems influencing the aircraft.

The penalty on an aircraft due to welght of cooling systems may be
evaluated in terms of the effect on (1) aireraft gross weight at take-off
for range and payload equivalent to that of the camparable aircraft with—
out cooling systems, (2) on range for equivalent gross weight and payload,
(3) on payload for equivalent gross weight and range. Also, in some
cases other interpretations of the weight effect may be required, since
with any aircraft having fixed mission characteristics, gross weight and
payload, the introduction of a cooling system or systems might necessi-
tate disposal or compromise of other equipment items and accessories of
the adrcraft. The general procedure employed in this study to define
flight performance penalty is to determine the penalty relative to com-
parable aircraft without cooling systems. Thus, the weight of the cool-
ing system is translated into effects on gross weight, range or payload.

External and momentum drags of cooling systems result whenever at-
mospheric air is used, elther for direct or indirect cooling of equip-
ment items. The external drag represents the parasitic drag added to
the alrcraft because of protuberances such as, for example, air intakes.
The mamentum drag represents the net drag on the aircraft for the pro-
cess of taking air on board and subsequent ejection. It is possible for
same cooling systems to have negative momentum drag, i.e., to produce
thrust. Normally, however, systems impose a momentum drag penalty. The
sum of external and mamentum drags associated with cooling systems may
be consldered with good approximation to represent additional thrust re-
quired of the aircraft's powerplants to maintain camparable f£light char-
acteristics as without cooling systems.
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Penalties imposed on powerplant performance by cooling systems can
result from (1) shaft power extraction required in all indirect cooling
systems for circulation of transfer fluids, circulation of air in direct
cooling systems employing blowers, and input power to wvapor cycle refrig-
eration machines, and (2) fram air extracted intermediately or after the
compressar of a powerplant for direct and indirect bleed-air cooling sys-
tems, and for remote power drives when alr turbines are employed in pref-
erence to electric or hydraulic drives. Extraction of shaft power or air
from the alreraft's powerplants requires increased fuel consumption of
the powerplants in order to maintain comparable flight characteristics as
without cooling systems.

Powerplant performance penalty must be integrated with drag and
weight penalties to define the overall effect of the cooling systems on
the aircraft. Of the many methods possible for defining flight perform-
ance penalty, two general methods are presented that have been used in
the evaluation and comparison of the various cooling systems studied. The
first method consists of evaluating the equivalent drag of the cooling
system. The second method is based on evaluation of the effects of the
cooling system on aircraft gross weight, payload and flight range.

Nomenclature
Symbol Concept Dimensions
C constant ' dimensionless
Dr drag pounds
ILe 1if4 of aircraft pounds
P static pressure pounds per square foot, abs.
P power Btu per hour
‘Rg range of aircraft feet
SFC thrust specific fuel consumption R;unds per howr-pound thrust
T - temperature
w fluid flow rate pounds per hour
W welght pounds
X ratio of fuel weight at take-off
to gross welght of aircraft dimensionless
B Mach mmber parameter,
1+ 0.2 dimensionless
Jay difference or change of a quantity
Subseript Refers to
bd bleed air
c compressor
D distribution camponent
° exit
eq equivalent
ex external
£ gross weight
i inlet
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I intermediate canponent

mom momentum

para parasitic drag

p-sy power supply system

pi - payload

ref reference value

sh shaft power .

sy c¢ooling system

U ultimate camponent

T turbine

w free stream conditions
Superscript Refers to

o total or stagnation condition

! power in units of horsepower

Equivalent Drag Method

Equivalent drag is defined as the sum of weight drag, external
drag, momentum drag and any potential loss in thrust of a powerplant due
to air bleed and/or shaft power extraction. External and mcmentwum drags
are defined directly by the system evaluation procedures as the parasitie
drag introduced by air inlets and outlets, such as leading-edge or
boundary-layer-air intakes, and the drag (possibly thrust) resulting
from momentum change of atmospheric air taken aboard the aircraft and
subsequently discharged. Weight drag is defined as the drag equivalent
to the system's dead weight, converted to a drag basis by assumption of
an operating lift-to-drag ratio for the aireraft.

Drag due to air bleed or shaft power extraction frum a powerplant
can be defined in one of several ways. The assumption may be made that
the powerplant operating conditions remain fixed, and that the loss in
propulsive thrust due to air bleed or power extraction suffices to de-
fine the powerplant performance penalty. Alternately, it may be assumed
that best comparison of systems would be obtained by assuming constant
filight characteristics, with or without air bleed or power extraction;
so that constant thrust level; and, hence, flight speed, should be main-~
tained. On this basis, an increased fuel rate is required and the drag
penalty is defined by the potential gain in powerplant thrust corre-
sponding to the increased fuel rate if the powerplant had no air bleed
and power extraction. The latter procedure is believed preferable to
that assuming a constant fuel rate, since evaluation of effects for an
extensive range of flight Mach numbers is more satisfactory, the power-
plant penalty effects can be more directly combined with other drags to
define flight performance penalties, and, in general, the assumption of
constant flight speed should provide a better datum plane for comparison
of eocling systems.

The equivalent drag of a cooling system is defined, therefore, by
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Drgq = Drex + Drpem + Wsy/(Lf/Dr)ref +AVpye1/SFCref (II1-1)

where Drey represents the external drag, Dryom the mamentum drag caused
by air taken on board, Wgy the dead weight of the cooling system,
(L£/Dr)per and SFCpep the operating lift-to-drag ratio and specific
fuel consumption of the powerplants, respectively, and Awpygy the in-
crease in fuel flow rate*to the powerplants necessary to maintain con-
stant thrust level with air bleed and/or power extraction. In defining
the equivalent drag of a cooling system, the assumption is made that
all changes in drag and engine performance are small in camparison to
the corresponding values without a cooling system. Specifically, it is
assumed that decremental thrust and incremental drags are small in can-
parison to the total drag of the aircrafi, so that decremental values
of thrust and incremental drags can be assumed equivalent aerodynaml-
cally and in their effects on flight performance, thus permitting sum-
mation of the individual effects to yield a total equivalent drag.
Also, it 1s assumed that in defining the drag due o bleed air and/or
power extraction, the specific fuel consumption SFCref, expressed in
pounds of fuel per hour-pound net thrust; may be used as the specifie
fuel consumption of the powerplant without air bleed or power exirac-
tion. Evaluation of powerplant performance with air bleed rates needed
for cooling systems in this study has shown this assumption to intro-
duce a very negligible error in defining the equivalent drag.

Gross Welight, Payload and Range Methods

While the equivalent drag of a cocling sysiem provides an index to
the effect of the cooling gystem on the aircraft's flight performance,
the use of this parameter has oftentimes the disadvantage that its mag-
nitude cannot be readily translated into direct or concrete effects on
aircraft £light performance, particularly when considering different
types of aircraft, cooling systems and flight conditions. The alternate
method of defining flight performance penalty is based on evaluatlon of
cooling system effects on flight range, aircraft gross weight, fuel load
and payload. For this purpose, the first assumption is that the Breguet
range equation {(Reference III-1) is accurate for relative comparisons
of the effects of cooling systems, The range of any aircraft may,
thereby, be defined in the form

. —0 1 -

where the parameter C includes all flight conditions affecting the ba-
sic range of the aircraft, Rg, and Drygra represents the total equiva-
lent parasitic drag of the aireraft. "The initial fuel load Wyyel is
represented as a fraction of the aircraft's initial gross weight Wy.
The second assumption is that the aircraft operates at a constant §1ight
speed and altitude. Thus, the operating lift-to-drag ratlo 1s assumed
constant and the flight altitude will increase with flight time. The
increase in altitude for operation above 35,000 feet depends upen the
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value of Wpye g2 and will normally be 5000 to 15,000 feet. The drag
term is included in equation (III-2) to incorporate effects of drag in-
crease (due to cooling systems) on the fuel consumption rate of the

powerplants.

Since comparison of the effects of cooling systems is made on the
basis of equivalent flight conditions with or without a cooling system,
it is possible to define the reference range of the aircraft without
cooling sysiems Ly

1
Reref SFCref Drpgrg-rer = C 1n T2 oot

where Xp.or is the ratio of initial fuel load to gross weight of the
aircraft without a cooling system. Hence, the range for an aircrafi
with a cooling system relative to the same aireraft having comparable
flight conditions and powerplants but without a cooling system is de-
fined by '

SFC Dr '
Rg « Ztref para-ref {,, 1 1 ITI-

By this procedure, the flight plans of the aircraft are essentially
equivalent, i.e., variations in altitude; flight speed, etc., which nay
occur will be similar in both cases since one might justifiably assume
that cooling systems will not create pronounced effects on aircraft
operational characteristics.

In order to introduce into equation (III-3) the effect of air
bleed or power extraction, one may write

SFC AV¥puel
« 1+ = (IIT-L)
5F Cref Drpes SFCref

To include the effects of external and mamentum drags, it may be as-
sumed that _ :

_Drpara 3, Dex * Pmom (111-5)
Drpara-ref Dryes

where Drpof is defined as the flight drag of the aircraft without a
cooling system, being equal to the net thrust of the powerplants during
unaccelerated level flight. It is reasonable to assume that in air-
craft operating in the Mach mmber range from 0.5 to 1.8 the changes in
fuel rate, external drag and mamentum drag due to cooling systems are
normally small in comparison to their reference values, i.e., the fuel
rate and drag for the entire aircraft without cooling system., Thus,
equations (III-L) and (III-5) may be introduced into equation (III-3)
in the form
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1 1
In 2 fin .2 |
Rg . [ 1-1/]'“ 1-xref]

B . : - (II1-6)
fref 1+ [Drex + Drpom +Awfuel/SCFrei;]/brref

The relative range defined by equation (III-6) is assumed to be applica-
ble to all types of aircraft, regardless of the flight speed or power-
plant perfommance, since the range effect is related to a canparable
aireraft having the same flight comditions 5 but no cooling system. Lim-
itations on the accuracy of equation ( III-6) depend on the correctness
of the assumptions that drags are additive and that relative effects on
range are described by the Breguet-type range equation.

1. Constant Range

0f coneiderable interest in the design and evaluation of cooling
systems is the determmination of effects on the alrcraft when the flight
range 1s equal to that for the same aircraft without a cooling system,
For purposes of evaluation, let it be assumed that any change in a vari-
able is small in comparison to the basic value of the variable. Thus 3
for the condition of constant range, equation (III-6) may be expressed as

L. 1 Eﬁfr_] .

1 . 1 pr sy
¢ [ln I:i'] [ln I'iref:l a Dryef

where Drg, is hereafter referred to as the drag of the system, which is
smaller than the equivalent drag of the system by the weight drag as de-
fined in equation (III-1). Differentiation of this expression ylelds

X 1 Drey -
X [1“ X ]d Broos (111-8)

ref
Suppose now the condition is examined when it is permissible

to increase the gross weight of the aircraft in order to maintain con-
stant payload. Thus,

x - Xrof(Meye1/Mrue1) - xref(dwg/w g) | (I11-9)

and
dwg - deuel + Clwsy (III—lO)

8o that equation (III-8) may be rearranged to the following form, as-
suming small finite changes in the variables s
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AWPyel |: 1 ] Wy [ i 1 ] Dr _
_ + 1n ﬁi III-11)
fuel-ref r"iref wg-—ref Zrer I'i;ei‘ ref (

Equation (III-11) defines the fractional increase in fuel load required
to maintain constant range under the condition that the maximum gross
weight is permitted to increase. The fractional increase in gross
weight, neglecting possible changes in the aircraft's fixzed weight which
might be required if the gross welght is increased during the aircraft
design stage, is defined by

Awg - Wsy + Aquel .

AW W Dr
SWg [.._1 ] s, [1;1 1 | sy rr1a19y
Woref 1-Xrep | Wourer IXer| Drrer )

Numerical values of Xpep, the ratio of fuel load to gross weight, might
be considered to vary for different types of aircraft designs and mission
requirements from about 0.20 to roughly 0.75. Low ratios are character=-
istic of aireraft operating at relatively short range and high payload,
while high ratios would normally be associated with high-speed aircraft
having reasonably long range. The ratio would tend to increase somewhat
with increased flight speed. Common values of this ratio for military
alrcraft are considered to be about 0.4 or 0.5,

Examination of equation (III-11) shows that under the condi-
tions of constant range and assuming X,gf to be 0.5, a cooling system
welght equal to 1% of the reference gross weight would increase the re-
quired fuel load by 2% of the reference fusl load; a 1%¥~increase in the
aircraft's drag, due to air bleed and/or power extraction and external
and momentum drag, would increase the required fuel load by 1l.L% of the
reference fuel load. The increase in gross welght required for constant
range is, therefore, by equation (III-12), 2.7%. Suppose, for example,
a cooling system 1s added to a bomber which has a basic gross weight and
fuel load of 200,000 and 80,000 pounds, respectively. Let the cooling
system welght and drag be 200 and 100 pounds, respectively. Assume, al-
80, that the total net powerplant thrust for the £light condition is
15,000 pounds. Thus, by equation (IXI-11) the fuel load must increase
by 1.02%, or 815 pounds. The required increase in gross weight would be
1015 pourds, For aircraft operating with low ratios of initial fuel
load to gross weight, i.e., around 0.2, equation (III~1l) reduces to,
approximately,

OWpue1/Meuel-rer = [1/ (1~ xref)J (Dreq/Drres)

which indicates that the fractional increase in fuel load is very nearly
equal to the fr.ictional increase in drag due to the equivalent drag of

the cooling system. When the ratio of fuel load to gross weight is high,
the effect of an increase in system welght is moare critical. If X, ¢ is
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0.75, 1 pound of cooling system weight requires 3 pounds extra fuel, and,
thereby, a L-pound increase in gross weight. For the same condition and
a lift-to-drag ratio of six, 1 pound drag requires over 8 pounds extra
fuel,

Useful alternate forms of equatioms (III-1l) and (III-12) for
comparison of aircraft cooling systems, based on constant range and pay-
load, are

AWfyel ® —;—%::—:—i: (Wgy) + (L£/Dr)(Drgy) 1n HJ;E (III-13)

and, since
Awg » Aquel + WS?
then,

AWg = Fﬁ (Wey) + [:m iTlre?] (Lf/Dr)(Drsy) (III-1L)

This equation defining gross weight increase may be conveniently inter-
preted by noting that if the equation is rearranged to the form

(1Xper) AWy = Wgy + [(1—xref) In 1:71?] (Lf/Dr)(Drsy) (III-1La)

the coefficient on the drag term that is a function of Xpof varies only
fram 0.25 when Xpef 18 0.3 to & maximum value of about 0.367 when Xper
is 0.633. Also, in the range of Xpef from 0.4 to 0.6, an average value
of the coefficient of 1/3 is correct to within less than 10%. Thus,
with good approximation, the gross weight parameter (l-Xper)aWy is de-
fined by the sum of the system weight and a term equal to the product
of one-third of the lift-to-drag ratio and the drag of the system.

For fixed gross weight of an aircraft, constancy of range re-
sults in reduced payload when flight performance penalties are intro-
duced. The reduction in payload is defined by letting the right~hand
term of equation (III~9) be zero, so that equation (III-8) reduces to

Aeuel o [:1 ~Kpet

Weuel-ref Lref

ln. Fﬁ} (Drsy/nrref) (IIT-15)
In terms of the gross weight,

Awpl/wg = (Aquel +Wsy)/wg

so that
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mﬂrpl/lwg = VWgy/Wg + (1-Xper) [h T.E];,E] (Drgy/Drres) (III"’lé)

or
1
o S [(Lxref) ln I:!‘_‘e—f] (Dray/Pret) = Vay/Vg (II1-17)
Wpl-ref 1 - Xrer ~ (Weixed/Wg) |

where Wejyxeq represents the operating empty weight of the aircraft.
Using the previous example of a 200,000-pound airplane having a cooling
system welght and drag of 200 and 100 pounds, respectively, the reduc-
tion in payload required for the same range of the aircraft without a
cooling system is 609 pounds. For purposes of system evaluation, equa-
tion (III-16) may be rearranged to

My = -V - [cl-xref) 1n ‘.L'-i]i;;] (L£/or)(Drgy)  (ITI-18)

Suppose, for example, that the fixed weight of the aircraft is LOZ of
the gross weight and the value of Xp.er is 0.50, Thus, the reference
payload is 10% of the gross weight. For these assumed conditions s equa-—
tion (III-17) shows that a cooling system drag of 1% of the drag of the
aircraft without a cooling system reduces the payload by about 3.5%.

The weight of the cooling system, for constant range and gross weight,
will always reduce the payload by an amount equal to the system weight.

- A comparison of equations (III-lla) and (III~-18) shows that for any

cooling system the ratio of the payload reduction required for constant
gross weight to the gross weight increase required for constant payload
is equal %o ’

oWy /AW, = 1= Xpngp

Thus, typically, the required reduction in payload is L0 to 50% of the
required gross weight increase. Also, the ratio of the percentage of
reduction in payload to the percentage of increase in gross weight is
defined by unity plus the ratio of the fixed weight to the reference
payload. Thus, on a percentage basis, the payload can decrease, typi-
cally, from 3 to 9 times the percentage of increase in gross weight.
The basis of evaluation to be used, i.e., constant payload or gross
welght; to determine cooling system penalty would depend upon the mis-
sion requirements and the design characteristics of the aireraft.

2. Reduced Range

When nelther gross weight nor payload may be altered the cool-
ing system penalties result in reduced range of the aircraft. The mag-
nitude of range reduction for fixed gross weight and payload is defined
by use of equation (III-6)., The weight of the cooling system, Wgy, Te-
duces the aircraft's fuel load. Thus,
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X = - dwfualfwg = "Wsy/wg

Then, the fractional reduction in range becomes, neglecting second-order
correction factars,

fRg . _ Mgyl — - sy (IIT-19)
Reref (1-Epee) 10 Ty— Drref
or'y
W Dr
i+ e 1w 5[] R
ﬁ‘ﬁﬁ- . e i . Ye 3 (111-198)
Eref (1Xpes) 1n ].--lg;._ef

The denaminator of the system weight term in equation (III-19) is ap-
proximately 1/3, as previously noted, so that with good approximation

ARg/Rgref' = - [Msy + (Lf/Dr)Drsy]/Wg (II11-20)

If the fuel and payloads are fixed and the gross weight is permitted to
increase to accommodate the welght of the cooling system, the fractional
loss in range is defined by

_LRg (Xreg) (Wgy/ig) - Xy (II11-21)

Rgper T 1 Drres
(1 xref) in 1-Xrer

3. Alternate Method

The basic equation for optimum range of Jet aircraft is slightly
different than equation (III-2). The range equation for jet aircraft
appears in the literature in different forms based upon different condi-
tions of analysis. Reference III-1 presents a range equation which when
compared with the basic eguation (III-2) differs, in effect, only in the
term containing the ratio of the fuel load to the aircraft gross weight.
The modified range equation for jet aircraft 1s placed in the form

Rg = [c/(s:c)(nrpam)] [1- (1-xrei§)°°5] (III-22)

For constant range and payload, the required increase in air-
craft gross weight, based on equation (III-22), is defined by

(l'Xref)Awg = wsy + 2 £(1'xre_f)0'5 - (l‘xref):l (Lf/DI‘)(DrSY) (ITI-23)

This equation and the camparable equation based on the previous analysis,
i.e., equation (ITI-1ha), differ only in the term defining the effect of
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the drag on the gross weight increase. The difference lies in the coef-
ficient that is a function of the reference ratio of the fuel load to
gross welght, Xref. For typical values of Xpef, the coefficient on the
right-hand term of equation (III-23) is 10 to 20% greater than that in
equation (ITI-lha). Thus, for cooling systems imposing a small pere
eentage of the total penalty because of dead weight, the difference be-
tween the two methods would be significant, However, since with most
cooling systems the dead weight represents an important portion, or, in
some cases, nearly all of the total penalty, the difference between the
gross welght penalty predicted by the two methods would not be of great
impartance. For most cooling systems, the difference will bs well
within the limits of accuracy of the overall evaluation of drag, weight,
etc.

A review of the literature indicates that a variety of basic
renge equations have been employed, depending upon the type of power-
plant, desired simplicity of evaluation, etc. It is believed that the
equations developed in the preceding sub-sections based upon the Breguet-
type of range equation are on the average the most suitable for general
evaluation of aircraft penalty resulting from the use of equipment cool-
ing systenms,

Powarglant Performance Penalty Resulting fram
ed and Shaft Power Extraction

The evaluation of powerplant performance penalty due to bleed air
and/or shaft power extraction is based on the assumption that the power-
plants are turbojet engines. The methods presented in the preceding
sub-sections for evaluation of aircraft perfarmance penalty can, how-
sver, be adapted to any type of powerplant. In general, the comparison
of the relative penalties associated with different types of cooling
syetens will be similar for turbojet and turbine-propeller engines.
Therefore; the results of the cooling system studies presented in this
report are based only on aircraft having turbojet engines.

The penalty imposed on the powerplant due to bleeding air from its
compressor 18 evaluated on the basis of the increased fuel flow fequired
to operate the powerplant at constant net thrust. The resultant penalty
imposed on the aircraft is evaluated by the methods outlined in the pre-
ceding sub-sections, elther as a potential loss in thrust, when evalua-
ting the equivalent drag of a cooling system, or, as the increased fusl
flow affects the aircraft gross weight, payload or range. It is assumed
that the alr bleed occurs at discharge of the compressor. A number of
methods for evaluating turbojet performance with air bleed have been ex-
amined. Most working methods and information available are based on per-
formance of specific powerplants and, thereby, do not permit general use
for the wide range of flight Mach numbers and aircraft considered in this
study. Furthermore, avallable methods are based on correction of the
generalized powerplant performance, so that evaluation of air bleed ef-
fects requires considerable computational effort, in addition to knowl-
edge of the generalized powerplant performance, In order to aveid se-
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lecting one or several specific turbojet engines, the following simpli-
fied squation is used in the cooling system studies of this report to de-
fine the increase in fuel rate necessary to meintain constant engine
thrust.

Mgyt * 000335 (T _nes/2000)(Wpq) (1I1-2L)

where Wy represents the bleed air rate expressed in pounds per hour,
Tg_]_,, efb%he turbine inlet total temperature without air bleed and AWpyel
the {ncrease in fuel rate expressed in pounds per hour. Equation
(1TI-2L) was developed on the basis of general cycle studles of the ef-
fect of air bleed and the methods and data presented in References ITT=2,
ITI-3 and III-5.

 8imilar studies based on cycle analysis and References ITI-l and
IIT-5 were conducted to define the penalty on turbojet engine performance
due to shaft power extraction. The basls for determining the performance
penalty is the increase in fuel rate necessary to maintain constant net
thrust of the powerplant. The increase in fuel rate has been defined by

oL 038R0 T (p8y/08)°
L T 99000 070 (/2880 - 1

(III-25)

where the fuel rate is expressed in pounds per hour, the shaft power Pgh
in horsepower, pQe/pdy represents the total pressure ratio developed by
the enging;s compresscr and P, a flight Mach number parameter equal to
1+ 0.2M8.

Equations (III-2L) and (III-25) reveal the following order of magni-
tude of fuel flow penalties for air bleed and power extraction froam tur-
bojet engines operating at constant thrust. The fuel flow rate must in-
crease about 30 pounds per hour for each 1000 pounds per howr of bleed
air at typlcal crulse conditions. A survey of the bleed air cooling sys-
tem indicates that should this type be employed for preseni~day or near-
future aircraft, the minimum and maximum bleed air rates required would
be from 500 to about 25,000 pounds per hour, respectively. Thus, the
minimum end maximum fuel rate penalties to be expected for bleed air
cooling systems would be from 15 to 750 pounds per howr. The equivalent
in-flight load-carrying capacity corresponding to this range of fuel rate
penalty could be from somewhat less than 100 to samewhat greater than
12,000 pourds, depending upon the flight lift~to-drag ratio of the air-
eraft., The increase in fuel rate required for shaft power extraction
amounts to fram 0.3 to 0,65 pound fuel per hour-horsepower, 80 that the
fuel rate penalties for the present study due to shaft power requirements
are likely tc range fram about 0.5 pound per hour to possibly 100 pounds
per hour. This range of extra fuel rate required defines a range of
equivalent in-flight load-carrying capacity of from about 3 to 1800
pounds. The above figures are intended to illustrate the range of penal-
ty corresponding to the limits of maximum and minimum cooling capaclty
expected for present-day or near-future aircraft.
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The effect of air bleed on the aircraft proper may be illustrated
by examination of equation (ITI-1l). Suppose an aircraft has a basic
ratio of fuel load to gross weight of 0.50; an in~flight lift-to-drag
ratioc of 15 and an in-flight specific fuel consumption of 1.1 pounds per
hour-pound net thrust. The drag due to 1000 pounds per hour air bleed
is about 27 pounds, and by the right-hand term of equation (III-13) the
fuel load at take-off for constant range must be increased by 280 pounds
due to the 1000 pounds per hour air bleed only, i.e., exclusive of sys-
tem weight and other drag introduced by the cooling system. If it is
assumed, in the way of an example, that the weight of the bleed-air cool-
ing system is comparable to the weight of an evaporative cooling system,
i.e., one employing an expendable coolant, and that other drags of the
bleed-air system are neglected, assumptions which favor the bleed-air
gystem, then it is found that, typically for high subsonic Mach numbers,
the breakeven point in terms of increased gross weight, using water for
the expendable coolant, corresponds to about L hours flight time, i.e.;
for less than L hours flight the evaporative system would necessitate
less increase in gross weight than would the bleed-air system.

The general effect of shaft power extraction on the aircraft may be
evaluated in a similar manner. Consider, for example, a turbojet engine
having an in-flight compressor pressure ratio of 5:1. For a flight Mach
number of 0,9, the increased fuel rate; defined by equation (II1-25), is
0.45 pound per shaft horsepower-hour. Assuming subsonic flight with a
powerplant specific fuel consumption of 1.1, lift-to-drag ratio of 15
and a reference fuel load to gross weight ratio of 0.50, the required
increase in take-off fuel load for constant range amounts to 4.3 pounds
per shaft horsepower extracted. This increase in fuel load is the pen-
alty due only to shaft power extraction, i.e.; exclusive of system
weight, external and mamentum drag. In all probability, for cooling
loads up to 100 kilowatts, the shaft power extraction for well-designed
cooling systems, and other than vapor cycle machines, will not exceed
25 4o 30 horsepower, so that the increase in fuel flow would not exceed
20 pounds per hour. The maximum increase in take-off fuel load for this
power extraction would be around LOO pounds, although quite commenly it
would be around 150 to 200 pounds for the 20 pounds per hour increase in
fuel flow.

A vapor cycle refrigeration machine used as the intermediate compo-
nent of a cooling system may require as much as 1 horsepower input power
per kilowatt cooling., Thus, assuming a power transmission efficiency of
67%, the shaft power extraction fram the powerplant amounis to about 1.5
horsepower per kilowatt, or an hourly increase in the fuel rate of
roughly 0.75 pound per kilowatt cooling capacity. The increase in take~
off fuel load due only to power extraction required for constant flight
range would be, therefore, between 2 and 10 pourds per kilowati cooling,
depending upon the type of aircraft and mission. The increase in take-
off fuel load for typical high subsonic flight due only to power extrac-
tion would be sbout 7 pounds per kilowatt, and about 2 to L pounds per
kilowatt for typical flight at a Mach number of 1.5. For a conceivable
cooling load of 100 kilowatts, the take-off fuel load of a large long-
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range aircraft may require an increase of as much as 1000 pounds with a
vapor cycle cooling system, exclud:.ng effects due to weight and drag of
the cooling system.

Application of Methods for Evaluation of Aircraft
Penalty of Various Types of Cooling Systems

In the previous sub-sections methods for evaluating aircraft penalty
regulting fram cooling systems are presented from the viewpoint of de-
fining the equivalent drag, the required increase in aircraft gross
weight for fixed payload and range, the required reduction in payload
for fixed gross weight and range, the range reduction for fixed gross
welght and payload, and the range reduction for fixed fuel load and pay-
load. For study of the relative merits of aircraft cooling systems, it
is believed that of these methods, the equivalent drag method and the
method defining required increase in aircraft gross weight for fixed
payload and range are the most suitable. The equivalent drag method has
the advantage of defining a parameter which the aircraft designer can
translate into the effects any cooling system has on the aircraft per-
formance in any way he prefers. It has, however, the basic disadvantage
of being difficult to interpret and does not present in a tangible way
the effects cooling systems have on aircraft performance. The method
evaluating gross weight increase required for fixed range and payload is
believed to provide the most realistic basis for comparison of cooling
systems. The increase in gross weight allows for the cooling system
weight and the extra fuel load required. This basis of comparison most
nearly reflects what changes in design of an aircraft, having fixed mis-
sion characteristics, are required when a cooling system is incorporated.
The method does not account for change in fixed weight of an aircraft,
which would nommally result when the weight is increased during the de-
sign stage. No attempt has been made to include this effect on fixed
weight. The method represents the case of an existing aircraft having
its gross weight increased without undergoing structural modifications.

As an example of the use of the previously presented methods the
following discussion is presented for the ram air cooling system. The
application of the methods to other types of cooling systems would be
gimilar,

Both direct and indirect ram air cooling systems require facilities
for taking atmospheric air on board the aircraft, conveying the ram air
to a heat exchanger, and then conveying it to the point of ejection from
the aircraft., These facilities, canprising the ultimate component, in-
troduce dead weight and drag; the latter resulting from external and
momentum drags of the intakes, outlets and the ultimate cooling air flow.
Since the equipment camponent is not considered as part of the cooling
system, the weight of direct ram air systems is defined by

Wgy = (Wintakes + Waucts * Woutlets)y = WU (TII-26)
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The drag is defined by

Drgy = Drpop.U + Drex-intakes,outlets = DXU (II1-27)

since direct systems require no shaft power for distribution of transfer
fivids. Thus, for direct ram air cooling systems, the increase in gross
weight required for constant range and payload is defined on the basisg
of equation (III-lha) by

(1-Xref) [Awg]lgrm air = Wy + [(1-xref) In ﬁ:—j[%](nru)(nx-za)
- ec )

The equivalent drag, according to equation (III-~1), would be evaluated by

[Preq] op age = DFU+ (L/20)0p) (1I1-29)
direct

When ram air is employed for indirect cooling of equipment items,
the effects of the intermediate and distribution components must be in-
cluded in the previous relationships. The intermediate component in-
creases the dead weight of the system and indirectly affects the drag of
the system because of the increased flow resistance of the ultimate cool-
ing air. The distribution comporent, in addition to increasing the sys-
tem weight, requires power extraction fram the aircraft's powerplants
for circulation of the transfer fluid in the distribution component.
Also, the power must be transmitted from the powerplants to the transfer
fluid, and, thereby, requires a power supply system which might be a
separate unit for the cooling system or be part of a general power sup-
ply system within the aircraft. The weight of the indirect ram air cool-
ing system is represented by

and the drag by
Drgy = Dry + { AvWpye1l/SFCref) (ITI-31)

where the right-hand term of equation (III-31) defines the drag equiva-
lent of the increased fuel flow to the powerplants required to maintain
constant propulsive thrust with shaft power extraction. The gross weight
parameter and equivalent drag of indirect systems are defined by substi-
tution of equations (III-30) and (III-31) into equations (III-1lha) and
(III-1). Should the power supply system be operated pneumatically by
bleed air fram the powerplants, the right-hand term of equation (I1I-31)
would represent the increased fuel flow required because of the compres-
gsor air bleed.

Compromise in the design of direct and indirect ram air systems is
obtained basically by distribution of the aircraft penalty between dead
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weight and drag on the sircraft. One extreme of design is minimization
of drag by sacrificing the weight of the cooling system. The drag of
the ultimate component may be minimized by using non-protruding intakes
handling low-energy boundary layer air. The weight flow rate of ulti-
mate alr may be minimized by employing heat exchangers of high effec-
tiveness. Lowering the air flow rate reduces the external and momentum
drags of the ultimate component., The reduction in drag, however, in-
creases the system weight, since by utilizing low-energy boundary-layer
air the pressure available for overcaming the resistance of the flow
passages is low and, therefore, the size of the air ducts, etc., must be
large. Increasing the effectiveness of the heat exchanger introduces
greater flow resistance and, thereby, reduces the pressure loss available
for the ducts. Oppositely, one may design for minimum dead weight by em-
ploying high-resistance flow systems.

A major problem in the design of ram air cooling systems is the de-
termination of the optimum distribution beiween dead weight and drag so
as to impose the least penaliy on the aircrafi., Similar compromise in
design is required for the distribution camponent of all indirect sys-
tems. Small weight of the distribution component results in large
pumping power and, thereby, appreciable power extraction fram the air-
craft's powerplanta. It is apparent that for any system having speci-
fied operational conditions there exists an optimum weight or size of
the distribution component that results in minimum overall penalty im-
posed on the aircraft.
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SECTICN IV
THE BEQUIRMENT CQMPONENT

For the evaluation of aircraft cooling systems it 1s necessary to
lmow the heat transfer and flow resistance characteristics of the equip-
ment items being cooled. With indirect cooling systems, these .charac-
teristics affect directly the pumping power, transfer fluid flow rate
and permissible heat transfer temperature level in the intermediate com-
ponent and, thereby, affect indirectly the required ultimate fluid flow
rate and the overall performance penalty imposed on the aireraft. With
direct cooling systems, the heat transfer and flow resistance character-
istics of the equipment items being cooled affect directly the require-
ments of the ultimate component.

Since the types of equipment items which may require cooling in any
aircraft vary widely in heat transfer and coolant flow design, it is
consldered impossible to establish a generalized relationship between
heat transfer and flow resistance that would be applicable to any equip-
ment item served by any cooling system. In order to take these charac-
teristics into account in the evaluation of cooling systems, it would be
necessary to specify the number of each of the various types of equip~
ment items being cooled, the general type of cooling design employed for
each item, and the relationship of heat transfer and flow resistance for
each type of coecling design.

Since the present state of the art does not permit definition of
these baslc relationships without extensive experimental and analytical
study, the heat transfer aspects of the equipmment items are defined in
this study by employing an equipment camponent of kmown characteristics
which is considered to be an integral part of the equipment item. The
equipment component ls a heat exchange surface through which heat is
transferred fram the equipment item to the tranafer fluld in an indirect
gystem or directly to the ultimate fluid in a direct cooling systen.

The mechanism by which heat is transferred fram the various parts of the
equipment item to the equipment camponent remains unspecified in this
study, so that, presumably, the equipment component may be serving any
type of equipment item., The heat transfer surface representing the
equipment component could be interpreted, for example, as the envelope
surfaces of all parts contained in an equipment item having an open
through-flow cooling arrangement, or as an externzsl heat transfer sur-
face for closed equipment items having an internal coolant which is cir-
culated over the camponent surfaces within the equipment item and the
internal surface of the equipment canponent.

Primarlly, for the purposes of defining its physical make-up and
interpretation of cooling system characteristics, the equipment coampo-
nent is simulated by a heat exchanger of tubular construction. The
fluld transporting heat to the intermediate component with indirect
cooling systems or the wltimate fluid with direct cooling systems is as-
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sumed to flow through the tubes of the heat exchanger. The tube surface
of this heat exchanger represents the heat transfer surface of the equip-
ment. component. The simulating heat exchanger serving as the equipment
component represents the heat transfer link between the cooling gystem
and the equipment items, It is necessary, therefare, that the desired
temperature level and cooling rate of an equipment item be defined in
terms of the equipment component. The required cooling rate for an
equipment item defines the required cooling capacity of the equipnent
component. The desired or required temperature level of an equipment
item must be indexed by selecting a temperature far the heat transfer
surface of the equipment camponent. It is assumed in a2ll instances thai
the temperature of the surface of the equipment component is constant
and uniform for any selected steady-state operational condition of the
equipment item and cooling system. Inasmuch as the heat transfer mecha-
nism on the equipment side of the equipment camponent is not specified,
it is not possible to specify the temperature level of the equimment
component as a functlon of the desired temperature level of parts of
equipment items., The temperature of the heat transfer surface of the
equipment component must be considered as an independent variable of
analysis, and the viewpoint must be taken that cooling system perform~-
ance and physical characteristics shall be defined for a range of tem-
peratures of the equipment component, On this basis, the major problem
associated with the use of an equipment component to represent the
equipment items becames cne of selecting the most appropriate range of
temperatures to be used for evaluation of cooling systems.

The temperature of the heat transfer surface of the equi ent com-
ponent was specified for this study to range from 130%o 250°F. This
infers roughly equipment items which have required mean temperature
levels fram slightly above 130%F (5L.4°C) to 350-L00°F (175-200°C) or
higher, The summarization of the approximate limiting temperatures of
a wide variety of equipment items presented in Reference IV-1 yields a
distribution curve roughly as illustrated in Figure IV-l. Thus, typi-
cally, based on present and near-future temperature limits, about 75%
of all equipment items have a limiting temperature between 130%and 250°F.
As the state of the art improves the distribution curve will shift to
the right in Figure IV-1l, so that equipment camponent temperatures of
20P to 250°F will be required when the bulk of the equipment items have
limiting temperatures in the range of 250°to 350P or LOOPF. The speci-
fied range in surface temperature on the equipment component of fram
13P to 250°F to be used for investigation of aireraft cooling system
performance and physical characteristics appears to be most appropriate
for existing and near-future equipment items in general.
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specific heat at constant pressure
diameter

heat exchanger effectiveness
Darcy friction factor

heat transfer coefficient

mechanical equivalent of heat
coefficient of thermal conductivity
flow resistance coefficient

length

nuber of itenms

pressure

power
power-to-cooling ratio
Prandtl number

heat rate

Reynolds number
surface area
temperature

flow velocity

fiuid flow rate

area ratio

Li-359

Btu per pound-°R
feet
dimensionless
dimensionless
Btu per hour-square
foot-R
foot~pounds per Btu
Btu per hour-foot- R
dimengionless
feet
dimensionless
pounds per square
foot, abs,
Btu per hour
dimensionlessg
dimensio nless
Btu per hour
dimensionless
square feet

feet per second
pounds per howr
dimensionless



Y specific weight pounda per cublc foot
A difference

Subscript Refera to
(] exit
E equipment component
i inlet
m mean value
Superscript
0 total or stagnation condltions

guiﬁent Cm%nen'b Characteristics Requiring
Specification for Cooling System aluation

Since, in general, it is not possible to specify the type and heat
transfer and flow resistance characteristics of the equipment camponent,
all cheracteristics of the equipment camponent required to conduct cool-
ing system studies must be considered as independent varlables of the
cooling system, Thus, the cooling system studles should determine the

effects these variables have on the system's performance and physical
characteristica.

The general characteristics of the equipment component which should
be specified are (1) the required cooling capacity, (2) the desired sur-
face temperaturs, (3) the effectiveness of heat exchange, and (L) the
?1ow resistance or the percentage of loss in totel pressure of the fluid
flowing over the heat transfer surface. These four characteristics are
independent variables for the cooling system study. Practlcal limita-
tions and approximate interrelations of the variables should be used
whenever possible by the designer to avold evaluation and design of sys-
tems operating under unrealistic conditions, Specification of the inde~
pendent variables cooling capacity, percentage of lose in total pressure
and the temperature rise of the fluid passing through the equipment com-
ponent may be substituted for the above-mentioned group when it is not
necessary to have specified the surface temperature associated with the
heat exchange process. In general, it is belleved that more practical
limitations on the ranges of investigation may be maintained by using
the former set.

The effectiveness of heat exchange of the equipment component is
defined Yy '

eg * (TEe - TEi)/(TEb - TEj_) (Iv=1)
and represents the ratio of the actual temperature rise of the fluid
passing through the equipment camponent to the maximum temperature rise

theoretically possible. The cooling capacity in Btu per howr is related
o0 the flow rate and fluid temperature rise by
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Qg = Wg opg (Tge - Tgi) (Iv-2)

Qg = "E Cpg F (Tgg = TL) (Iv=3)

The percentage of total pressure loss is defined as the ratic of the
drop in total pressure of the fluld across the equipment component to
the total pressure of the fluid at inlet to the equipment component.

Analysis for the %ui;&ent Camponent,
Simulated by a Tu ea changer

The transfer or ultimate fluld flows through the tubes of the
equipment component. Heat transfer between the {ube surface and the
fluld occurs by farced convection. The heat transfer coefficlent is
defined by the standard Nusselt expression

hdy/k = 0,0225 (Re)08 (pr)0eh | (Iv-L)

Effects of transitional flow in the vicinity of the tube entrance on the
average heat transfer coefficlent for the entire passage are ignored,
which leads to conservatlive values of the heat transfer coefficlent cal-
culated from this equation. A more convenient form of equation (IV-l)
is obtained by introduction of the friction factor f, which for smooth
surfaces is related to the Reymolds number by the expression

£ « 0.18/(Re)?°2 (IV=5)
Combining equations (IV-l) and (IV-5) ylelds
h o= (2/8)( yu cp)/(pr)Ock | (1V-6)

where y represents the specific weight of the fluid in pounds per cubic
foot and u the flow velocity of the fluid while passing through the
tubes.

The heat dissipated to the fluid by forced convection is defined by

Qg = (h s ATm)E : (Iv-T)

where S represents the inside surface area of all tubes in the equip-
ment component amd AT, represents the mean temperature differential of
heat transfer between the fluid and the tube surface. With the tube
surface specified to be at constant ‘emperature, the mean temperature
differential is defined by

ATpr = (TEe - TEi)/ln [(TEB - TEi)/(TEB - TEe)] (Iv-8)
The surface area of heat transfer is defined by
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Sg = ndgy Iy g (Iv-9)

with Lg representing the tube length and Ng the number of tubes in the
equipment component. Also, by heat balance, the heat received by the
transfer fluid is related to the flow area, velocity and fluid tempera-
ture rise by the equation

ag = 0.785 Ng (dEi)? (¥uep)g (Tgs = Tgi) (IV-10)

By combining equations (IV-6), (IV-7), (Iv-8), (IV-9) and (IV-10), one
obtains

(£ 1p/2d1)y = (PrE)O°6 1n I:(TE\B - Tgy)/(Tgg - TEe)] (Iv-11)

which relates the length parameter of the tubes in the equipment compo-
nent to the inlet and exit temperatures of the fluid passing through and
to the surface temperature of the equipment component. Then, by use of
equation (IV-1), equation (IV-11) may be expressed in the form

(f Lg/2dg)y = (Prg)°d ].n[l/(l - eE)] (1v-12)

This equation serves to define the interrelation of effectiveness of
heat exchange and tube length-to-diameter ratio when the heat exchange
surfaces are at constant and uniform temperature.

~ The effectiveness of the equipment component is used extensively as
an independent varisble of analysis for evaluation of cooling system
performance and physical characteristics. In general, high values of
effectiveness, above about 0.90, imply equipment cooling design having
considerable heat transfer surface in series with the flow, which cre-
ates near-maximum heat exchange for the available inlet temperature dif-
ferential. The effectively long heat transfer passages also result in
congiderable resistance to flow. Low effectiveness of heat exchange im-
plies relatively short flow passages having low flow resistance and re-
duced heat transfer capacity. Aircraft equipment items have effective-
nesses ranging fram 0.2 to,occasiomlly, above 0.9.

The pressure loss of the fluid across the equipment component is
the result of frictional resistance of the flow passages and abrupt
contraction and expansion at their entrance and exit, respectively.
Assuning the flow to be incompressible; the loss in total pressure
across the heat exchanger is defined by

(60%y)g = (vB/28) [ Kms + (1 = ap)? + (£1/a3)y | (1v-13)

where ug represents the flow velocity of the fluid during passage
through the tubes; Kgj the entrance loss coefficient and (1v-=a,E) the
exit loss coefficient; where ag represents the ratio of the cross-sec-
tional area of flow in the tubes to that in the headers. Typically; Kp4
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and ap have values of 0,25 to 0.35 and 0.4 to 0.5, respectively, so that
the sum of the entrance and exit loss coefficients is about 0.6. Hqua-
tions (IV~13) and (IV-12) may be combined to relate the flow resistance
of the equipment coamponent to the effectivensss of heat exchange.

(0% 3)g = (ug/2e) {Km ¢ (Lmap)? + 2(1=r-m)°°6 1n [1/(1-93)]}_ (1v-1L)

with liquids as the transfer fluld flowing through the equipment
component in indirect systems the entrance and exit losses represent a
smaller percentage of the flow resistance than for alr used in direct
systems because of their higher Prandtl number., Typlcally, for an ef=-
fectiveness of 804 the entrance and exit losses are about 10 and 20% of
the total flow resistance for water and air, respectively.

The flow veloclity in the tubes; ug, is in the above pressure drop
relationship basically an independent variable of analysis. Increasing
the flow velocity results in heat exchangers of propartionslly smaller
frontal area and volume but greater flow resistance. Hence, the selec—
tion of the flow veloecity involves a compromise in design between size
and flow resistance. This phase of deslign must be approached fram the
equipment design viewpoint with the resulte being integrated with the
effects on cooling system perfarmance, and indlcates the importance of
integrating equipment cooling design with cooling system design.

The pumping power required to transport the fluid through the
equipment component is related to the pressure drop by the equation

Pg = wg( 8% ¥ )g | ' (1v-185)
The cooling capacity of the exchanger may be expressed as

ag = (¥ cp)y(Tge = Tg) = (v op) (ep)(Tge = Tga)  (IV-16)
Thus, the power~cooling ratio of the exchanger is

Py = o/ [Kspy o) (Tas = Ta0)]
_or, by use of equation (IV-1l) |

[kt + (300p)® 2(Prg)°*O1n e ] tup?

-

FC IV~17
E ZgJ(sp e)E (TEs o TE.’L) ( )
or .
- K Lo 2(Pr In
(70) Tes B [300|2 gi + (L-ag)” + 2(Prg) T gy
B/ 7100 |{ug 501(zp o)
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An inspection of equation (IV-18) shows that for typical values of
the entrance and exit loss coefficients, the power-cooling ratio of the
exchanger is a minimum for effectivenesses in the range of 0.3 to 0.4
for liquids and 0.5 to 0.55 for gases. Although these conditions repre-
sent the minimum pumping power required for any required cooling capaci-
ty, the optimum condition refers only to the equipment component. The
desirable effectiveness for the equipment component, fram the stand-
point of optimum cooling system design, would generally be greater than
these values, since higher effectiveness reduces the required flow rate
for the cooling system. ,

. Equations defining the weight and spatial requirements of the
equipment component are not included since these parameters are not in-
cluded in the study of cooling systems. The equipment component is as-
sumed to be an integral part of each equipment or group of equipment
items and does not in effect constitute a part of the cooling system in
the present study. The long-range integration of equipment cooling de-
sign and cooling system design would necessitate detailed consideration
of these factors.

%u_igmen’o Component Interpretation
or Groups of Equipment Items

As discussed in the previocus sub-sections, the equipment camponent
consists of a heat exchanger represented in regard to heat iransfer by
a surface temperature Tpg and an effectiveness of heat exchange eg.
Cooling systems, in general, would serve a number of equipment items so
that the equipment component must be considered to represent the equiva-
lent of all the individual equipment items. B8ince the procedure fol-
lowed in this study is to evaluate cooling system characteristics in
terms of equipment component surface temperature and effectiveness, it
is necessary to be able to translate this information in terms of the
heat transfer characteristics of any group or groups of equipment items.
Thus, if the heat transfer characteristics of all equipment items are
known, it would be necessary to translate this information in a mamer
such that an equivalent equipment component is defined having a speci-
fied surface temperature, effectiveness of heat exchange and cooling ca-
pacity. Oppositely, it would of tentimes be desirable to be able to
specify the equivalent in terms of equipment items of any selected com—
bination of equimment component surface temperature, effectiveness and
cooling capacity.

Since, in general, the effective temperature for heat transfer
varies considerably for different equipment items, a study of this
problem has indicated only one general and reliable method for convert-
ing from a group of equipment items to an equivalent equipment canponent,
or vice versa. This method is to convert from combinations of inlet
temperature and coolant flow rates required to an equivalent combination
of surface temperature, effective and inlet temperature. If the cooling
requirements for each equipment item are specified by a plot of maximum
permissible inlet temperature versus coolant flow rate s the overall mixed
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mean temperature rise and required inlet temperature for any flow rate
may be specified, since by equation (IV-1)

ATy = ep (Tgg ~ Tgi), (Iv-19)

the arbitrary selection of anmy numerical value of either effectiveness
or surface temperature will permit definition of the other. Stated in
another way, knowledge of the required inlet temperature and the fluld
tenperature rise is sufficlent to define the cooling system character-
istics and any cambination of effectiveness and surface temperature
~satisfying equation (IV~19) will suffice. Should all equipment items
represented by an equipment component have the same surface temperature s
then evaluation of the mixed mean temperature rise ATy and the inlet
temperature allows definition of the equipment component effectiveness
directly by equation (IV-19), or selection of the effectiveness defines
the fluid temperature rise. Best arrangement of the equipment items
for any specified overall temperature rise amd inlet temperature is not
congidered in the cooling system study.

Physical characteristics and performance of cooling systems pre-
sented in the subsequent sections treat the equipment camponent on the
baals of surface temperature and effectiveness as independent variables.
In order to interpret these data in terms of required inlet temperature
and flow rates, values of the equipment component's inlet temperature
are presented. Then, the mixed mean temperature rise may be defined by
use of equation (IV-19), and the corresponding required flow rate by
heat balance.
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SECTION V
THE DISTRIBUTION COMPONENT

. The distribution camponent of a direct cooling system represents
the distribution lines for the supply of the ultimate coolant to equip-
ment components. The distribution component of an indirect cooling
system represents the flow system used for circulation of a transfer
£1uid between the equipment camponents and the intermediate camponent.
In the present study, far the types of cooling systems considered amd
because of the use of the equipment camponent to represent the equlip-
ment items, the use of the distribution component is almost exclusively
associated with indirect cooling systems., Thus, the use of a distribu-
tion comporient implies a cooling system consisting of an ultimate cam-
ponent, using either a liguid or air as the ultimate fluid, a heat ex-
changer serving as the intermediate canponent betwsen the transfer and
ultimate flulds, and a distribution component conveying the transfer
£1uid between the intermediate component and the equipment component
representing the various equipment items.

The distribution camponent, when used as a flow system for circu-
lation of a transfer fluid between equipment components and an inter-
mediate componsnt, may have physical characteristics of widely varying
nature, depending upon cooling system variables such as (1) equipment
heat load, (2) equipment surface temperature, (3) effectiveness of heat
exchange at equipment heat transfer swfaces, (L) type of transfer flu-
13, (5) dispersion of heat loads throughout the aircraft, and (6) the
piping arrangement selected for transfer of the fluid to and from the
equipment components. Because of the multiplicity of possible flow ar-
rangements of a transfer system and the operational conditions of the
equipment camponents, and because of the influence the deslgner as an
individual can have on the physical characteristica of a component of
this type, it is desirable to simulate the distribution component by
analytical models. The objective of constructing such models would be
to reduce complex flow systems to simplified networks which are amenable
to rational analysis. The simulating models should be analytically de-
signed to permit the maximum generalization of all variables influencing
the characteristics of the distribution cemponent. The following gen-
eralizations, which are believed representative of real distribution
canponents, can be made to permit this type of study.

All transfer lines (a transfer line consists of a supply header and
a return hsader) can be visualized as consisting of starting sections
and operating sections. A starting section in a transfer line serves to
tranaport the cooling fluid between the intermediate camponent and the
general vicinity within the aircraft at which the cooling fluld is used
for cooling of equipment items, Within the starting section, fluid is
not removed fram or returned to either supply or return headers. Hence,
the physical characteristics remain essentially constant, regardless of
the operational conditions or the distance necessary for transport of
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the fluid. The operating section of the transfer line is defined as
those parts of the distribution component where fluid is removed from
the supply header, passes through heat exchangers simulating equipment
items, and is received by the return header for transport to the inter-
.mediate component. The length of the starting section relative to the
length of the operating section of any transfer line depends upon the
relative location of the intermediate component and the dispersion of
equipment items selected to be served by any cooling system, whether in-
dividualized or centralized in basic design.

The operating section of a transfer line is generalized by intro-
ducing as an independent variable the gradient with respect to flow dis-~
tance of the local cooling capacity divided by the moduct of the local
effectiveness of heat exchange and the local difference in temperature
of the equipment heat transfer surfaces and the transfer fluid. This
gradient then serves to define the local gradients of flow output from
the supply header and flow input to the return header. The gradient may
be assigned various functional relationships with respect to distance,
which thereby permits simulation of any type continuous liquid removal
rates that would be required of arbitrarily arranged ccoling loads along
the transfer line. Furthermore, the assigned gradient can be interpreted
to represent any combination of cooling capacity, effectiveness and sur=-
face-to-fluid temperature differential that might be associated with an
equipment item.

With an analytical model so constructed, the general characteristics
of the operating and starting section may be defined s and the results
would be employed to define the characteristics of the transfer systenm
serving any arbitrarily selected group of equipment items. The methods
for selecting optimum transfer line sizes in relation to the overall
penalty imposed on the aircraft must be defined. Thereafter, the pen-
alty on aircraft performance resulting from the distribution camponent
may be defined.

Nomenclature
Symbol Concept Dimensions
A flow area square feet
B a parameter dimensionless
Cp specific heat at constant pressure  Btu per pound-°R
Dr drag pournds
e effectiveness of heat exchange dimensionless
£ Darey friction factor dimensionless
K flow resistance coefficient dimensionless
kw cooling rate kilowatts
L length feet
Lt 1ift of aircraft pounds
P pressure poundds per square
foot, abs.
P power Btu per hour
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Symbol Concept ' Dimensions

q heat rate Btu per hour

Re Reynolds number dimensio nless

SFC thrust specific fuel consumption = pounds per hour-pound
thrust

sg specific gravity, referred to 62,4  dimensionless

pounds per cubic foot

t thickness feet

T temperature °R

u fliow velocity feet per second

v volume cubic feet

w fluid flow rate poundsg per hour

W welght pounds

x distance along tube feet

X ratio of fuel load at take-off to dimensionless

gross weight of aircraft

¥ length parameter dimensionless

a area ratio or parameter dimensionless

B parameter ' dimensionless

Y specific weight pounds per cublec foot

i viscoslty, absolute pound-seconds per
square foot

n component efficiency dimensionless

¢ parameter

Subscript Refers to
a . constant~diame ter header
D distribution component

dp/dx  constant-pressure-~gradient header
E equipment component
ex external
F fitting
g gross welght
i inlet or internal
I intermediate component
op operating section
opt optimum value
p-sy  power supply system
ref reference value
8 surface
gh shaft power
st starting section
sy cooling system
t transfer fluid
u constant-velocity header
U ultimate compenent
o base value or inlet station of operating section
1 exit of supply header in cperating section
2 inlet of return header in operating section
3 exit of return header in operating sestion
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Superscript Refers to

" unit of inches

o total or stagnation conditions

! power in horsepower or to partial value of
any paraneter

n exponent

n exponent

P exponent

Physical Characteristiss of Transfer Lines

When employing liquid transfer fluids in cooling systems it would
not be desirable to pressurize the fluid more than is required to over-
come the frictional resistance of the flow circuit. Hence, the maximum
internal line pressure far most transfer systems would be in the range
from a few pounds per square inch to several hunired pounds per square
inch., Within this pressure range, medium and low pressure hydraulic
tubing probably would be employed to convey the liquid transfer fluid.

Standards of wall thickness of aluminum, steel and copper hydraulic
tubing were surveyed to determine variations with standard tube size,
defined by external diameter. A maximum internal pressure of 500 pounds
per square inch was considered. Wall thicknesses were defined on the
basis of Class I use, according to the Joint Industrial Committee for
Hydraulic Standards and on the basis of standard Class A aircraft serv-
ice in which a working safety factor of four is utilized. The results
of this survey are shown in Figure V-1, where wall thickness is plotted
as a function of external tube diameter for stanmlard sizes in various
materials. It is intended that the curve shown on this graph be used
for evaluation purposes to define wall thickness as a function of tube
external diameter. Inasmuch, however, as results of cooling system
studies have yielded optimum line diameters of less than 1 inch for
- nearly all design condlitions, it is assumed in the following that the
wall thickness is constant and equal to 0,038 inech for the general range
of tube sizes from 1/8 to 1 inch. The wall thickness variation with di-
ameter described by the curve in Figure V-1 is defined by the equation

= 0.03[1+ (I/3)(ehex)? ] (v-1)
so that the internal diameter is defined by
03 = dP-ex (1 - 0,02 dp_gx) ~ 0.06 (v-2)

and the we‘ight per foot of tubing by |
Wp-tubing/lp = (constant) | df_gx-0.03-0.02(dBex)? +

P /NG’ -0 g )] ()
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Pigure V-1. Wall thickness of medium~ and 1ow4pressm'e tubing.

where the constant is equal to 0,110 for aluminum, 0,318 for steel and
0.33 for copper. If & constant wall thickness of 0,038 inch is as-
sumed for the tube diameter range below about 1 inch, then the weight
per foot of aluminum tubing is defined by

Wp—tubing/lp = O+LuO(dD_ gy - 0.038) = 0.140(dps + 0,038)  (V-h)

The weight of standard aircraft fittings has been gtudled to estab-
1ish their weight variation with size. The results are illustrated in
Flgure V=2 for alumlnum fittings. In the general study of distributioen
canponents it 1s not possible to specify the number and various types of
fittings used. Therefore, it is assumed that the weight of flttings is
25¢ of the line welght, which for an average line dlameter of 0.50 inch
is the equivalent of about one fitting to every 3 feet of line. Proba~-
bly, this factor of 25% would be somewhat low for most operating sec-
tions and high for starting sections of distribution components, but may
be considered as a representative value for an average distribution con-
ponent. The weight of the distribution component per foot is defined,
therefore, by

Wp/lp = 0.175(dp_gx - 0.038) = 0.175(dpy + 0.038) (v-5)

bhased on aluminum as the material and a constant velue for the wall
thickness of 0.038 ineh.
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Energy Balance a.nd Circulation Rate of
Trans%er Tluld

The flow circuit of the distribution component serving an indirect
system between the equipment and intermediate components is illustrated
schematically in Figure V-3. For purposes of simplifying analysis and
evaluation, all equipment items are assumed to have their individual
equipment heat exchangers represented by a single exchanger having a
surface temperature Tpg and an effectiveness of heat exchange e, as
discussed in Section IV. The transfer fluid is circulated through the
distribution camponent by a pump. The location of the pump does not ap-
pear to be critical. In respect to heat transfer, the pump is best lo-

Ultimate Fluid Distribution Component
Intermediate Equipment
Component Camponent
Tgss °p
Circulating
; Pumnp
Ty I-e * TI-t-i | TEe

g \1/7
Figure V=3. Schematic arrangement of the distribution

component in relation to equipment and intermediate
camponents for indirect cocling systems.
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cated immediately ahead of the intermediate component since any tempera-
ture rise of the fluid created by the pump would increase the temperature
potential of the exchanger and, thereby, serve to minimize the effect of
this temperature rise on the average temperature level of the transfer
fluwid in the distribution component. Oppositely, however, fram the view-
point of minimizing the required base pressure level of the transfer
fluid, the pump would be best located immediately ahead of the equipment
component. This would provide a pressure level sufficient to prevent
bolling of the trangfer fluid in the high-temperature region of the sys-
tem, while operating the system at the lowest base pressure possible.
Ordinarily; neither of these effects have been found to be important and
are ignored in the evaluation procedures for the distribution component.

The transfer fluid enters the equipment component at the tempera-
ture Tgj, which is assumed equal to the temperature of the transfer flu-
id at exit of the intermediate component, Ty_i.g; and leaves the equip-
ment camponent at the mixed mean temperature Tge. Since any temperature
rise of the transfer fluid across the circulation pump is assumed to be
negligible, the temperature of the transfer fluld at entrance to the
intermediate component, TI_t-is 13 equal to the mixed mean temperature
Tpge Assuning no heat loss ar gain in the distribution component be-
tween the equipment and intermediate components, the heat transfer rate
in the intermediate component from the transfer fluld to the ultimate
fluid is equal to the heat transfer rate in the equipment canponent ang
represents the cooling capacity of the system. The temperature of the
wltimate fluld at inlet to the intermediate component is represented by
Ty-1-1 and at exit by Ty_1.e. The overall temperature potential for the
equipment, distribution and intermediate components is the difference
between the equipment component surface temperature, Tgss and the tem—
perature of the ultimate fluid at inlet to the intermediate component,
Ty-1-i- By establishing analytically the distribution component charac—
teristics as a function of this overall temperature difference, the
physical characteristics and performance requirements of the distribution
conponent, may be integrated conveniently into the overall evaluation of
cooling systens.

Since the transfer fluid flow rate through the equipment camponent
is equal to that through the intermediate component, and the heat trans-
fer rates in both components are assumed equal, heat balance between the
two components yields

ep-t-E(TEe = TE1) = Cpt-T(TTogei = TIotus) (v-6)
The mean temperature level of the transfer fluid is the same for both
canponents and the presswre level is essentially the same so that the

numerical values of ¢ .4 p and ¢ t-I are extremely close to being
equal. Thus, p-t-E P

Tee = Tps » Trtet = Toot—e (V7)
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The effectiveness of the equipment component is defined by

and the effectiveness on the transfer fluid side of the intermediate
component by

o1t * (TItei = Tlote)/(TItes = TyoT.i) (v=9)

The temperature rise of the transfer fluid in the equipment camponent
is, then

and in the intermediate component

TIet-1 = T1tee * ©Tot(Tiotei = Tp.I-i)

80 that

[(TEe"TEi)/ GE] + [(TI=twi'TImt=e)/ eIn-t] = Thg TEi*T Totmi TU-T-t
.Which by use of equation (V=7) reduces to

(Tge-Tg1) [ (1/ep) + (1/org) = 1] = Tgs = Typy  (v-10)

and defines the temperature rise of the transfer fluid across the equip-
ment component, or the temperature drop of the transfer fluid across the
intermediate component, as a function of the overall temperature differ=
ential for the equipment distribution and intermediate components. The
ratio of the temperature change of the transfer fluid to the maximum
temperature change thecretically possible is defined by equation (V-10)
as

(T5e=T51)/(Tgg = T.1-0) = 1/ [(Weg) +(1or4) -1]  (v-12)

Numerical valuss of this ratio are presented in Figure V-l for a range
of effectiveness of the equipment component and the transfer fluid side
of the intermediate component. Effectivenesses of 70% for both campo-
nents result in only a little mare than one-half of the temperature po-
tential actually being used for heat dissipation purposes. Effective=-
nesses of 0% result in about 82% of the temperature potential being
used .

The required circulation rate of the transfer fluid may be defined
by leat balance, which for the equipment component is

B3k = wpy opt (Tge - Txi) | (v-12)
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where kw represents the cooling capacity of the system expressed in
kilowatts ard wpy the transfer fluld flow rate in pounds per hour. A

generalization of equation (V-12) may be obtained by combining it with
equation (V~1ll). This yields

wpe/ie = 213 [(1/ep) + (1/erg)~1] / [pt(TaeTors)]  (713)

or ,

MY () EE I w33 [(Yeg)+ (Vo) 1] (T-1)

The bracketed term on the right~hand side of this equation 1s equal to
the reciprocal of the ordinate in Figure V=L, so that the required cir-
culation rate for the transfer fluid may be estimated readily by use of
this relationship.
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Flow Registence and Punping Power

Pressure loss of the transfer fluid flowing in the distribution
component proper results from flow resistance imposed by the transfer
line and its fittings. The overall pressure loss for the entire distri-
bution camponent circuit results fram the transfer line, the fittings ’
the transfer fluld side of the intermediate cauponent and the equipment-
canponent. The pressure gradlent in the transfer line proper may be
evaluated by appllcation of the standard Darcy head-loss equation.

dpfy/dly = (£ Ipy (uBy)/2g dpy (v-15)
Since, by continuity
Wpt = 3600 (lTu)Dt (V=18)

and the specific gravity of the transfer fluid is
equation (V-}5) may be rearranged to the form

dpgy/dly = £, (up,/100)2/(12.9 4B sgpy) (v-18)

Far constant-diameter transfer lines and when the transfer fluid is a
liquid, equation (V-18) may be integrated directly since the pressure
gradlent will be constant along the tube. The resulting equation where
pressure drop is expressed in pounds per square inch is

2ot = fpylp(wyy/1000)2/(18.6 ang sepy) (V-19)

The Darcy frictlon factor fp, is a function of the Reynolds number of
flow and, if the flow is turbulent, also of the relative roughness of
the tube surface. The Reymolds number of flow is defined by

Re = yud/(gu)

which may be rearranged to the more convenient form
Repy = 0.132(wpy/1000)/(dps spt) (v-20)

where the vlscosity of the transfer fluid upt is expressed in the units
of pound-gseconds per square foot. The pelative roughness of the tubing

would be, typically, defined by 0.6x10™% divided by the internal diame-

ter of the tube expressed in inches. The Darcy friction factor for any

cambination of Reynolds number and relative roughness is defined by use

of the standard Moody friction factor chart., In most distribution com-

ponents it appears that the Reynolds number varies approximately in the

range fram 5000 to 100,000, Within this range the friction factor is
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defined quite accurately by
0.2
fpy = 0.18/Repi (v-21)

or by use of equation (V-20)
for = 0.270(ady ppe)°*?/(wpy/1000)0+2 (v-22)

Flow resistance of itube fittings, such as elbows, unions and tees,
were studled and have been correlated by the following equations.

For a 90%-elbow,

n2.l
sBS = 0.0056(sgyy/A835) (7. 2wy /s gpy) (1150 00T/ dp-cx (v-23)

For a union,

SpSh = 0.00021(sgy/d8S o) (7 2w /agpy) 1O 1 D) (v-2L)

For straight=through flow in a tee,
"

For 90°flow in a tee,

For evaluation of cooling systems in general it is not practical to
specify the type amd number of fittings. Thus, the procedure in the
general study has been to increase the line pressure loss by 25% to ac—
count far the loss due to fittings.

(1.83+0.19dp_gx) (v-26)

The pumping power in horsepower required to transport the fluid
through the distribution component is related to the overall distribu-
tion component pressure drop expressed in pounds per square inch,
transfer fluid specific gravity and flow rate in pounds per hour by the
equation

Pl')'b = (wpy/1000)( APB;)/(858 sépt) - (V=2T7)

This relationship defines the output power required of the circulation
puzp in the distribution camponent, assuming an incompressible finid as
the transfer fluid. '

Power Supply Systenm

The power supply system includes all equipment, such as lines, con-
trols and power transmission equipment in general, necessary to transmit
power fram the aircraft's propulsion plant or an auxiliary powerplant
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to the point of power application in the cooling system. Shaft power for
cooling systems is needed for circulation of transfer fluids in the dis-
tribution component, for driving blowers, or for driving the compresscr
in vapor cycle refrigeration machinea. A general review of power supply
systems for aircraft indicates that, far those systems utilizlng shaft
power extraction from a main powerplant, the welght per delivered horse-
power to a driving device is in the range of from 5 to 10 pounds., On
this basis of weight definitlion 1% 1s not assumed that a separate power
supply system would be installed for the cooling system, but rather that
the power would be suppllied through a power supply system, or systems,
for the aircraft in general. An estimation of the weight of a pneumatlc
power supply system is placed in the range of from 1 to 6 pounds per
shaft horsepower delivered by the air turbine.

For the distribution component, the power supply system must pro-
vide to the transfer fluid the pumping power necessary to clrculate the
transfer fluld at the specifled flow rate. Inasmuch as the power re-
quirements for this purpose are normally relatlvely low, it is assumed
“that the weight of the power supply system for circulating the transfer
fluid is defined by

Wp-gy * 20 Ry for Ppy > 0.25 (v-28)

and
Wpgy = 5 for Ppy < 0.25 (v-29)

The welght is assumed to be 20 pounds per output horsepower of the
driving device for powers greater than 0,25 horsepower, which would core
respond to the mreviously stated weight of 10 pounds per horsepower de-
livered to the driving device if the overall efficiency of the driving
device is 50%. For power requirements below 0,25 horsepower, equation
(v=29), it is assumed that a minimum representative weight for the en-
tire power supply system, which includes the pump and drive motor, would
be about 5 pounds. The pumping power Py for the distribution component
in equations {(V-28) and (V-29) is defined by equation (V-27). The pro-
cedure established by equations (V-28) and (V-29) is recammended for use
only when the power requirements are relatively small and is not em-
ployed, far exampls, in connectlon with vapor cycle refrigeration sys-
tems.

The shaft power extraction from the aircraft powerplants Ph neces-
gary to provide a pumping power Rjy is defined by

Pgn ® Ppi/ M - _ (V~30)

where Tp.gy represents the overall efflclency of the power supply sys-
tem fram the point of extraction from the powerplant to the point of de-
livery to the transfer fluid., In the anelysis of distribution compo-
nente i1t is assumed, because of the relatively low power requirements,
that the efficiency of the power supply system is about 33.3%, so that
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Pgn = 3Py | {v-31)

Generalized Representation of Operating Section

The operating section of the distribution compqment consists of the
transfer line from the point of initial fluid removal to the point of
firal fluid return. It is assumed that within the operating section the
distribution component is arranged in the form of supply and return
headers and cross-over lines, the latter permitting fiuid removed from
the supply header to pass through equipment items to the return header.
A schematic arrangement of the operating section is shown in Figure V-5.
Each equipment item or group of equipment items connected in series is
served by & cross-over line interconnecting the supply and return head-
ers. The supply and return headers are assumed to be of equal length L.

satton ( L
Station (0) x ~—«-‘ -—’ Station (1)
+
Supg]y
Header

Equip. Equip., Equip. Equip. Equip.
Items Ttems Ttems Ttems Items

Cross~0Over
° 9 [ u
e T
_,/”( Station (2)
Return Header
Station (3)

Figure V-5. Schematic arrangement of the operating section
assumed for general analysls of the flow and physical char-
acteristics of the distribution camponent.

The distance to any point along the supply header, measured from the
point of initial fluid removal, is designated by x. It is assumed that
the pressure differential between adjacenmt points of the supply and re-
turn headers is greater than the flow resistance of the equipment items
placed between these points, so that the overall pressure drop of the
operating section equals the pressure drop in the supply and return
headers plus the pressure drop of the last group of equipment items and
crogs-over lins,

The actual fluid removal rate at various points along the supply
header 1s a function of the required cooling capacity, the effectiveness
of heat exchange and the desired temperature level of the equipment com-
ponent, and the initial temperature of the transfer fluid. In an effort
to simulate the actual rate of fluid removal and return to the headers
by a working model amenable to rational analysis, it is assumed for pur-
poses of analysis that the fluid is continuously removed and returned at
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all points of the supply and retwrn headers. There exists, then, at all
points along the headers a gradient of fluid removal and return with re-
spect to the flow distance. The gradient of fluld removal and return at
any point along the headers is defined by the gradient, with respect to
digtance, of the local cooling capacity divided by the product of the
local effectiveness of heat exchange, specific heat and the local dif-
ference in temperature of the equipment heat transfer surfaces and the
transfer fluld. In equation form the fluid removal and fluid return
gradient is defined by

dw. q

Dt d B V=32

R —— ——— -—
& dx] Comt CE\TEws — TD—twi! ’ ( )

The gradient may be assigned various functional relationships with re-
spect to flow distance to permit simulation of any type of continuous
liquid removal rate that would be required by arbitrarily arranged cool-
ing loads along the transfer line.

In order to develop the assumed generalization of fluid removal
rate into a woarking equation which may be employed for general analysis
of the operating section, the case of constant gradient of fluid removal
is first considered. Suppose the groups of equipment items served by
the operating section are all thermally equivalent so that each group
requires the same flow rate of transfer fluld to accamplish the desired
cooling., Therefore, the rate of fluid removal and retwrn will be the
same at all points along the headers and the gradient of fluid removal
with respect to flow distance will be constant. The total flow rate
whi.ch has been removed from the supply header at any distance x relative
to the total flow rate removal for the entire supply header 1s, then

(¥ptmo = ¥p-tx)/(Wp_t-o = ¥p-t-1) = */L (v=33)

where Wp_t.o represents the transfer fluld flow rate at entrance to the
operating section and wp.t.] the transfer fluid flow rate at the end of
the supply header. By rearrangement of equation (V-33), the ratio of the
flow rate remaining in ths header at any distance x relative to the ini-
tial flow rate for the case of comstant gradient of fluid removal is de-
fined by

(we/wodpy = 1 - [1 - ("l/wo)p..t] (x/L).

Since, in general, the characteristics of the equipment items may
not dictate the use of a constant gradient of fluld removal and return,
the equation may be modified to the mare general form of

(Mol = 1 =[1 = Grafwep ] (x/1)° (v-3)

where the exponent n may be asslgned varlous values to characterize vari-
ous types of fluid removal along the header. The flow rate ratio
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Flgure V-6. Generalized representation of £luid extraction
and return in the supply and return headers of the o erating
section in a distribution component. Equation (V-Bhg.

(WI/WO)Dt is referred to as the terminal flow rate ratio of the opera-
ting section. Various types of fluid removal gradients are shown in
Figure V-6, which represents a generalized plot of equation (V=3}), The
ordinate of the plot defines the fraction of the total fluid removed at
any distance along the header. The difference of the ordinate value
from unity defines the fraction of the total fluld removed which remains
in the header at any distance., For example, with an exponent n of 2 and
at a point midway along the supply header, i.e., x/L is 0.5, 25¢ of the
total fluid removal has occurred. Between the middle and end of the
Supply header the remaining 75% of the total fluig extraction will occur. -
Thus, in general it would be posgible to select an aprropriate value of
the exponent n to characterize the astual fluid removal gradients exist-
ing with any given set of equipment items and locations.
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—

(1) (2) (3) (L) (5) (6) (7)
L L L L L
q'=300 | [q'=700 | {91200 | lq:=1200| | q:=800| | qt=900| | qt=koo
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TES-2OG TESI:LBG TES-Z?D TE5-200" TES-2OO- TES-ZSO TES'ZSO

2?9 _® 9% g @

Return Header

Figure V-7. An assumed group of equipment items served by the
operating section of a distribution component; illustrating
the selection of the characteristic exponent n. See equa-
tion (V-3).

The use of this generalized procedure may be illustrated by as-
suming a group of equipment items as shown in Figure V7. The required
cooling capacity, required temperature level; and effectiveness of heat
exchange are specified for each equipment item, It is assumed that the
equipment items are equally spaced along the headers and that the ini-
tial transfer fluid temperature is 60°F. By application of energy bal=-
ance to the transfer fluid passing through an equipment canponent, the
flow rate required by an squipment item is defined by

Wp-t.g = const. g! / l:eE(TE,.s - TD-‘b—i)]

or, the total fluid removal up to any distance x aleng the header is de-~
fined by

WD_.b_o - WD_t_x s const, qu/[eE(TE"a - TD"‘t-‘i)]

where the sumation mrocess is carried osut far all equipment items
served by the header up to the point along the header under considera-
tion. From the data shown in Figure V-7, the total flow rate removal
along the header may be calculated. The resulting distribution of flow
rate removal is presented in Figure V.-8 on a generalized basis as de-
fined by equation (V-34). The terminal flow rate (wyi/wy)pt is assumed
to be zero. The solid line in Figure V-8 corresponds to an exponent n
of unity, and is seen to be representative of the fluid extraction gra-
dients. Thus, it might be assumed for these data that the operating
section can be described or represented by continuous linear fluid re-
moval and return from the supply headsr to the return header.
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(Jeneralized Analysis of Flow Reslistance
and Welght of Operating Section

Since the fluild extraction and return in the headers is assumed
continuous, the flow within the header is related to the flow velocity
and flow aresa by the continulty equation for incompressible flow.

¥D-t~x ® ¥D-t Upetex AD-tex (v-35)
or, by use of equation (V-3l)

1 =By » (Uputers/Uetmo) (AD ot/ MDortnc) (v-36)
where |

B = 1= (w/u,)pt (v=37)
and |

y =« x/IL. (v-38)

The parameter B defines the fractlonal removal of the total flow, equal
to the difference of unity and ths terminal flow rate ratlo, and the
paremeter y defines the relative distance along the supply header.

Asgsume, for purposes of convenience in analysis, that the velocity
distribution is defined by

(Up b/ Upto) = (1 = By (V=39)
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where m is a parameter of a.nélysia having a mmerical value dependent
upon the type of header design. Thus, by combining equations (V-36)
and (V=39), & generalized flow area equation is obtained, which is
m
(Ay/Agdpy = (1 -ByR). (v=L0)

The total pressure gradient due to flow resistance at any point
elong the header is defined by the Darcy head-loss equation

(ap%/ax)p.y = = (yPul/2eieat)p s (v-L1)
which may be rearranged to the form
(4p%/ax) - (u2 2 |do-i fx
D-t * uofo/zgdwi)n_t(“x/uo)n_t m Dt ro‘ Dt (V-h2)

By use of equations (V--jS?_) and (V-40), squation (V-42) reduces to
(a5%/ax)py = = (yuBeo/2sn ) (Ex/fo)y (1 - ByR)2 25

o,
(p§ - Pg)n-t - [!E;ﬂn-t / 7, n—t(l - By®) B ax  (V-L3)
0

Letting
oo = ¥uats/2e | (7-LL)

and introducing equation (V-38);, the generalized flow resistance equa-
tion for the supply header bscomes

1 :
(Pg = pi)D-‘b . aagi::i ﬁfx/fo)n,,t(l - Byn)z_a aSm dy (V*'ll.s)
4]

Experience in evaluating the flow characteristics of distribution
somponents has shown that the optimum flow rates in the transfer lines
are within the turbulent reglon for every case considered, Thus; the
variation of the friction factor, £y, slong the header ls never great.
The internal surfaces of the transfer lines may be assumed to be hy-
draulically amooth, sc that the variation of the frictlon factor may be
expressed by the relationship :

(£x/f °)D-'b . (R"O/B"x)g;i (V=-L6)

Introducing into this expression the generalized equations for header
flow area and flow rate, equations (V-3h) and (V-4O), ylelds
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(fx/Todpoyy = (1= w2 O8O (V-L7)

and the generalized flow resistance equation (V-h5) for smooth tubes
may be rearranged to the form

1 _
-y = s | -y ()
-

The generalized flow resistance equation for the case of constant
friction factor reduces from equation (V-=l5) to

1
L -
(=W * o [ -ty (v-L9)
o

Thus, the flow characteristics are generalized in terms of the ex~
ponents n and m. Various values of the exponent n characterize various
fluid removal gradients froam the header while values of the exponent m
characterize the type of header design. Table V-1 summarizes the types
of header design dependent upon the selectlion of the value of the ex-
pcnent m.

Table V-1, Relation of Type of Header Design to Exponent m.

Type of header design Exponent n
Congtant diameter 0
Constant flow velocity 1.0
Constant pressure gradient 0,75 (smooth tubes), 0.80
‘ (constant friction factor)
Inareasing diameter, d(d,.i)/dx = (+) <0
Increasing flow velocity, duy/dy = (+) >1

It is assumed; rather arbitrarily, that because of the flow dis-
turbances due to fluid removal or return and because of the increasing
relative roughness of the tube surface along the header when the diame~
ter is reduced; a constant friction factor, rather than the wvariation
defined for smooth tubes, is more realistic and should be used to define
flow resistance of the headers. Hence, equation (V-49) is used for anal-
ysis in preference to equation (V-48). Integration of equation (V=L9%)
for various values of the exponents n and m is cbtained by either series
formation or by the following transformation. Let
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A1 1
f(l-nyn)""a'smcv [ (1-85)F oy

o o
and then let .

y = (stn 0)%/3/(p)Y/m

80 that by the transformation
1 sin']'VF
/ (1-572)P & "(B_E;ﬂﬁ / (cos )P (stn )%™ yg  (yo50)
n
o

o

The transformation by equation (V=50) permits closed amalytic solutions
in many instances; while far others the method of series formatiom is
employed.

Solutions to equation (V-L9) for various values of n and m are re=
sented in Table V-2. The pressure drop of the fluid through a header is
generalized as a function of the initial fiow conditions s the header
length, and the terminal flow rate ratio (wy/wg) .o The functions of
(W1/WoJpt, Showm in Table V-2 for the various walute of n and m are
equal to the generalized pressure drop parameter.

(p§ - PPp (dpoig)/ag Loy

where a, 1s defined by equation (V-hl). The pressure drop for both the
supply and return headers will be twice that defined by equation (V-L9)
since the drop in the supply header is equal to the drop in the return
header; on the bagis of the assumption that the fluid output gradient

in the supply header equals the fluid input gradient to the return
header at adjacent points along the header. Therefora s the overall
pressure drop for the operating section of the distribution component

is equal to twice the pressure drop of the supply header plus the pres-
sure drop across the last group of equipment items served by the headers.

The volume of fluid within a header o Which must be evaluated to de-

termine the weight of the operating section; is defined by evaluation
of

L
Vool * / Ax.p-y dx (v-51)
(o]

where by substitution of equations (V-38) and (V-40), the generalized
form becones
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Table V-2.

Generalized Header Pressure Drop Relationships.

(wl/"o)n..t represented by wy/we. B = 1 - ("1/"0)1)-':.'

o N 0 0.k 0.8 1.0
2
1 Wl vl 1 w) 8 J16 /%1 w1l
o | o aofy) ] |3p ] | 2o | PR
3 -
T W, w
2
1 1 1 1 v ; et b
o0 | 3o ofgt) oy ]| 3ol | o | e YRD-Gol)
\ 2 - .
1.0 llzl.-b(ﬂ)-l-(ﬂ):' %1-{-(3—1') 1.0 2/]}1-‘[/*2:1
3 L Wo Yol | Vo
2 - -
8 1(¥1 1 1{¥1 1 w1 w1
R N e
) _
2,11 . 5/ L[y, 1%
N EE[J.-!-EE;\ +.§-(:—°-) :l BIEI-+E(;’-;):| 1.0 | 1 + 0,1B + 0.0h}.éB +
_ ' + 0.0240B + 0.016B +
+ 0,0117B + 0.0090B +
+ 0.0072B + 0,0059B +
+00005B+a s o 8 @
for |By?| <1

1 :
v‘b—o—l/ADwt-o Lo—l * f (1- Byn)m dy-. (v=52)
0

Solutions to equation (V-52) are obtained for various values of nand m
by use of the transfarmation equation (V-50) oar by infinite seriss, So-
lutions for representative values of n and m sre presented in Table V-3.
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Table V=3. Generalized Fluid Volume Relationships for Header.

(w1/¥o)p_y Tepresented by wy/we. B = 1~ (wi/¥olp_ie

N‘ 0 0.k 0.8 1.0
Oih ] 1.8
8 W] w) 8 1 1 W]
0025 100 g 0.% -(-*-c;) [00357 (?‘;) ; 0.033- (;‘;) [0-278- -5 [1"' h(;;)]
1.4 2.4 2
w3 w1 Ll W]
—0.625 (:-';—o-) + O-M(“"‘;) -0 535(;;) + 0-395 E‘o") -
3.k
- c.ns(ﬂ) ]} -0.10 .‘.'..) j]}
Wo )
2.h lch — 1.8 2. -
2 [25, 5 fw\“" _gfwl _1yfm w 1 w1
os o5 -1 ] R ko
leh = loB -
5 _ (M 5 _ ("1 1 w7
1.0 |1.0 s [1 (w_o) ] % __1 (‘To) ] .2_1 + (;’;H
2 1,0]8eries Series -2:-3- EL+ %(:_i)]
b [1.0]|series Series % 14 11:(;%;)]

tube wall thickness is constant and equal to 0.038 inch.

The data shown in Figure V—l’ indicate that for the internal diame-
ter range of about 1/8 to 1 inch it is reascnable to assume that the
Thus, the ex-

ternal diameter of the tubing is defined by

d]')_e = d!?)—i + 0.0?6

and the cross-sectional area of metal by

AB-ine'bza.l = 0.5 n (0.038)(dp g + dp.3)
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Table V=l, Generalized Header Metal Volume Relationships.

(Wy/¥o)p._, Tepresented by wi/wo. B = 1 - (wl/wo)n_.b,

el 0.4 0.8 1,0

0.4
0.25|1.0|Sexries &{0.06-(? l:01357 ;l - ?‘{ ""o
0 o N
1. 2.4
0.625(‘2) h+ o,m%) 3?-( ) +%Z(
0

s(oh]}l

0.50{1.0|Series ;%E[g -%(%)1°8+(;%)2.8:l -1—591-37{%(%)1.5[3(%)- %}
Lo 100&[_(%)1.2%[ i %)loll] . %li ) (%)10}
1\/‘%‘ N sin"1y1 - (wy/ig)

2 1.0|Series Series 3 > 'V-J_.—(w—'_\/—T
- Wy

N 1,0|Serles Serles Series

Al netar = 0.019 m (2dp., + 0.076).

The volume of metal in the header iz defined by
Lo=l
D-metal " Ap.metal 9% * Loul Apometal &

go that
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L
Vb metal ® ﬁ?i_l 0.019 n(2d}_; + 0.076)dy.
[¢]

By introducing the square root of equation (V-4O) in the above equation
to define the internal diameter variation of the header » the generalized
equation for header metal volume is

L

v 1,800
D-neta1(31,800) = l+26hdy; o [ (- Byn)m/z dr  (V-53)

I-'c>—-1

O

Equations defining the term

1
/ L

o

are presented in Table V- for various values of n and m as a function
of the terminal flow rate ratio (wy/wolp ;.

The header weight, equal to the weight of tubing and transfer fluid,
is defined by combining equations (V-52) and (V-53) with the specific
gravities of the fluid and metal.

1
(Wmetal + Wt)D/Lo..l - 0'3&(38)t(d5_i_0)2f (l - Byn)m dy +
' o

_ | N
+ (58)petal [0.00196 + 0.052(dp_; ) / (1 - ByR)V?2 dy:l (V=54)

Distribution Component Pressure Drop and
Punping Power for the Transfer riuid

For a distribution camponent of the type illustrated in Figure V-5
the flow resistance is defined by the resistances of the starting sec-
tion, the operating section, the last crossover line and equimment group
in the operating section, and the transfer fluid side of the intermediate
camponent. A generalized representation of the distribution component
pressure drop is

Lo -2.
SRy = ;:..:_3{2 f\ (1 - a2 gy
? Iy L L
+B10 (F—Llo_i) + :;%_—t'J_ ]:2(1+KF) * pI(z;f;)]} (v-55)
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where the first term in the equation defines the pressure drop due to the
operating section, the gecond term that due to the last crossover line in
the operating section, the third that due to the starting section of the
distribution component and the last term that due to the transfer fluld
gide of the intermediate compenent. The parameter Bi.p 1s used to cone
vert the flow resistance of the last crossover line and equipment group
into an equivalent straight run of tubing, The parameter Kp is intro-
duced to allow for resistance of fittings in the starting section. Plow
resigtance of fittings within the operating section is not included since
it is assumed that the ressure differential existing at adjacent points
along the operating sectdon ia more than sufficlent to overcome any re=
gistances of this type. The parameter Py 1s introduced to convert the
resistance of the transfer fluid side of the intermediate component into
an equivalsnt straight run of tubing.

The pumping power required to circulate the transfer fluid through
the distribution component is defined by equation {(V=27).

Cmr;ﬁison of Flow Resistance and Weiﬁh‘o of the QOper-
ating Sectlon for Various s of Header Des

The pressure drop of the operating section of the distribution can=-
ponent for various types of header design is presented in Figure V=9,
The flow resistance ia compared to thet for conatant-pressure-gradient
headers. The constant-dismeter header, described by an exponent m equal
t0 zero, has the least flow resistance. Constant~velocity header design,
described by m equal to unity, results in the greatest flow resistance
pecause of the rapldly decreassing dismeter of the header as the terminal
f1ow rate ratio (w1/Wo)p.t 18 decreased. The header diameter reduction
for constant pressure gradient is less than far constant velocity, so
that the flow resistance is lower, but the reduction in the header diame-

ter creates a flow resistance significantly above that for constant di-
ameter.

The fluid removal gradient is characterized by the exponent n, with
relative £low resistances rresented in ngure ¥-9 for values of n of 0.5,
1.0 and 2.0. With reference to Figure V-0, low values of n define appre-
elable fluid removal rates along the beginning portion of the operating
section, while high values of the exponent n characterize cases of rela-
tively little fluid removal near the beginning of the operating section
and appreciable rates of fluid removal toward the end of the section.

The effect of the type of fluid removal gradient on the flow resistance;
j1lustrated in Figure V-9, depends greatly upon the type of header de-
gign. With constant-pressure-gradient header design, the flow resistance
is independent of the type of fluid removal gradient. Constant~diameter
neader design is affected to the greatest extent by the type of fluid re-
moval gradient., An increase in the value of the exponent n tends to de-
crease the flow resistance with constant-velocity design, since late re-
moval of appreciable portions of the f1uid resulis in a larger average
diameter of the header. When a large percentage of the total fluid re-
movel occurs early along the header, such as with n of 0,50, or less, the
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Figure V-9, Comparison of pressure ¢rop or flow resistance for the

operating section of a distribution coamponent. Pressure drop for con~
stant-diameter (m=0) and constant-velocity (m wl) header design re-
ferred to that for constant-pressure-gradient (m=0.8) header design.

header diameter becames quite small near the end of the fluld removal
section., With constant~-diameter header design, however, the effect of a
decrease in the value of the exponent n is a reduction of the flow re—
sistance, because, with constancy of flow area for this type of design,
the average velocity of flow along the header is greatly reduced with ap-
preciable fluid removal early along the header. With constant-diameter
headers, and a terminal flow rate ratio of 0.10, the data of Figure V-9
illustrate that should resrrangement of the equipment items served by the
operating section be possible so that n is decreased from 2.0 to 0.5, the
flow resistance is reduced by a ratio of nearly 3 to 1. Oppositely, with
constant-velocity header design, a decrease of the exponent n from 2.0 to

WADC TR 5L~-359 51



0.5 at a terminal flow rate ratic of 0.1 results in about 35% increase
in flow resistance.

The importance of different types of header design and fluid re=-
moval gradients is not nearly so geat with high values of the terminal
flow rate ratio. The magnitude of the terminal flow rate ratio employed
in a distribution canponent depends upon the arrangement of the equip=-
ment items and the compromise in design of a system between the penalty
of power supply for overcoming flow resistance and the penalty due to
weight of the distribution camponent., If more than one group of equip-
ment items is being served by a distribution component, then the termi-
nal flow rate ratic for the first operating section may be quite high so
as to provide considerable subsequent f£luid removal for other groups of
equipment items. The compromise in aircraft penalty between pumping
power and weight must be studied from the viewpoint of minimizing the
gross weight penalty imposed on the aircraft.

The effect of different types of header design and fluid removal
gradients on the weight of the operating section is presented in Fig-
wres V-10 and V-1l, In Figurs V-10, the weight of the transfer fluid
and metal in the operating section for constant~pressure~gradient design
is presented as the fraction of that for constant-dismeter header design.
Figure V-1l presents a similar comparison for constant-velocity-header
design. The type of fluld removal gradient, characterized by the value
of the exponent n, has no effect on the weight of fluid and metal for
constant-diameter-header design. An increase in the value of the ex-
ponent n always results in greater weight of the header whenever the ex-
ponent m is greater than zero. Thus, for both constant-pressure—gradi-
ent and constant-velosity design the wsight of the header is reduzed for
low values of the exponent n, i.e., early fluid removal along the header.
Constant-pressure-gradient header design always results in greater
weight of fluid and metal than constant-veloclity header design. The
difference is not parhticularly significant,exceph for relatively low
values of the terminal flow rate ratio. For an initial header diameter
of 0.75 inch and a terminal flow rate ratio of 0.10, the operating sec-
tion of a constant~pressure-gradient header is abeout 9% greater in
weight than for a constanb-velouity~-header for linear fluid removal,
i.e., an exponent n equal tc unity. The greater the initial diameter
of the header, i.e., the larger the diameter of the starting sectlon of
the distribution component, the greater is the possible welght saving
with constant-velocity or sonstant-pressure-gradient header design. This
effect is due to the fact that with small tubes the weight of the metal
becomes a greater portion of the total weight.

Comparison of Aircraft Weight Penalty
or Various Types of Header Deslgn
Camparison of the weight data of Figures V-10 and V-1l with the
flow resistance data of Figure V-9 shows that for all conditions of de-

sign the various types of header design and fluid removal gradients pro- '
duce opposite effects on weight and flow resistance of the operating
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section of a distribution component., Thus, from the previous data and
analysis it is not possible to define which type of header design pro-
duces the minimum gross weight penalty of a cooling system. Although,
in general, a complete analysis and evaluation of a cooling system would
be required to define the optimum type of header design, considerable

100 - I

Initial header _ -
0.9 internal diameter, _. - : -
inches - -
0.25_- —
-

0.8

Ratio of fluid and metal weight of constant-pressure-gradient header to
that for constant=diameter header
o
=3

n
ov+/ 7/ —— 0,50 —
.75 1.0
// ————————— 2.0
Y, m = 0,8
0.5 7'/ . -]
OJ*O 012 ' o:h 0:6 oje 1.0

Terminal flow rate ratio, (wi/velp .

Figure V-10. Coamparison of the weight of fluid and metal in the oper—
ating section of a distribution component for constant-pressure-gradi-
ent header design (m w0,80) with constant-diameter header design (n =
0). Specific gravity of fluid, 0.88. Specific gravity of metal, 2.7.
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insight as to the relative penalties involved for the different designs
can be obtained by evaluation of the aircraft's gross weight penalty

due to the operating section alone., Since the supply and return headers
of the operating section have the same characteristics, it is necessary
to consider only one header. The basic independent variable of analysis

1 J T ]
8
] _
8 Initial internal : : -
8 0.9 header dismeter, e
Y inches : L /
i
:E 8
8 0- =
3.8
k8
d a
35
E 0007 =
s
o+
8 n
" §0o6 --———0.5 . —
3 / 1.0
" /
o / ————————- 2.0
8 / m e 1,0
a 0.5_ 075 _
d
‘s
g 0 h | L | |

o 0,2 Ol 0.6 0.8 1.C

Terninal flow rate ratio, (wifwo)y .

Figue V=11, Canparison of the welght of fluld and metal in the oper-
ating section of a distribution component for constant-veloclty header
design (m = 1) with constant-diameter-header design (m = 0). BSpecific
gravity of fluid, 0.88. B8pecific gravity of metal, 2.7.
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is the type of header design, characterized by the exponent m,
With reference to equation (IIT-1La), the increase in gross weight

of an aircraft having constant range and payload due to system weight
and drag is defined by _

(l - Xref) AWg = WS.Y + [(l - Xref) in I-T;-leE](Lf/Dr)(Drsy).

The system for this analysis is the operating section of the distribu~
tion caomponent and the power supply system associated with providing
the required pumping power for the operating section. Thus,

wsy - (wmetal * Wt)D_Op + wp-sy (v-sé)
The drag of the system; Drgy, would be the potential loss in propulsive
thrust equivalent to the required increase in fuel flow rate to the

powerplant for constant propulsive thrust, when shaft power 1s extracted
for the power supply system. Thus,

Irey = AVpye1/SFCpep

Drgy = (AWrye1/Psh)(Psn/SFCrer)
which by use of equation (V-30) becanes

Drgy = (AWeue1/Pen)(Bhteop Npugy SFCrer) (v-57)
The parameter Awfuel/Pghs the increase in fuel flow per how far each

shaft horsepower extracted fram the powerplant, ls defined by equation
(III-25), Suppose the parameter ¢ is defined as

o= (A‘Hfuel/P;h)(Lf/m") [(1-—-Iref) In T-f;}:l/smﬂf) (V—SB)

Then, by introducing equations (V-56), (V-57) and (V-58) into equation
(III-1lka) one obtains

t
(1Xper) AW& s (Wpetal +Wt)n-op"'wp'-3¥"' PPDt-op/"lp-sy (7=59)
Assuning the weight of the power supply system is defined by equation

(V~28) and the overall efficiency of the power supply system is 33.3%,
a working form of equation (V-59) is : :

(1-Xrep) AWg = (Wnetal +Wedp_op * (20+3 ¢)Ftuop (v-60)

where AW, represents the gross weight increase of the alrcraft due to
the opera.%ing section of the distribution component. The parameter ¢
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could vary fram roughly 0.4 to 5, but typically would have a value of
about 1 to 3.

By use of the generallzed pressure drop equation (V-49) and equa-
tion (V-27) dei‘:m:l.ng the relation between flow rate of fluid, pressure
drop, and punping power, the following generalized expression for the
punping power required to transport the fluid through the supply header
is obtained.

,

ny2=2 o

Ri/loy = 0,1155d5“i_° a! j {(1-By") 5’“ (v-61)
: 1}

where the parameter a! is defined by

af = £o(up.4-o/10)3(seps) (v-62)

'Also, since the integral term of equation (V-61) has a value of unity
for a constant-pressure-gradient header, the generalized pumping power
equation may be re-expressed as

al
B/ (P)ap/ax = / (1 - Bym) 22" oy (v-63)

o

(Pptdap/ax = O-1155 dpy_o o (v-6L)

The weight of the fluid and metal in the header is defined by the
gereral equation (V-SL). For a constant-diameter the integral terms of
this equation have values of unity, gso that the generalized weight equa-
tion becomes

(Wmetal * wt_)D/ID = I:O°3M53Dt)(dg—ime)2 + 0°°52(5%netal)(ds-i—-9) +

(W tal * W‘b) .
+ Oawwé(sgmetal)] l:(w;’::tal > W.b)dj| (v-65}

where the right-hand term of the equation represents the ratio of weight
of fluid and metal for any type of header design to that far constant-
diameter design. Numerical values of this ratio for various conditions
of design are presented in Figures V10 and V-11,

The combination of equations (V-60), (V-63) and (V-65) ylelds an
expression which may be used tc define the gross welght increase for the
various types of header design. As previously mentioned, it is not pos-
sible to analyze generally the effect of various types of header design
without giving consideration to the entire cooling gystem. This is il-
lustrated specifically by the parameter a'!, which is a function of the
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Darcy friction factor and the transfer fluid flow velocity. In particu-
lar, the optimum value of the flow velocity cannot be determined except
by an overall evaluation of the entire cooling system. In order to cir-
cumvent this basic difficulty, a study of the flow velocity in the dis-
tribution camponent of previously optimized cooling system designs em-
ploying constant-diameter headers has been conducted. The results have
shown that for a rather wide range of operational conditions of cooling
systems the flow velocity in the distribution component varies from
about 8§ to 15 feet per second. When this range of flow velocity is com-
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O
°
oo

o
°
(428

Gross weight penalty ratio, (Aﬁg) dp/dx / (A‘Wg) q

I |
Ok 0.2 0.k 0.6 0.8 1.0

Terminal flow rate ratio, _(wl/wb)n_t

Figure V-12, Canparison of gross weight penalty of constant-pressure-
gradient header design to constant-diameter header design for various
operational conditions of the operating section and an initial internal
diameter of the transfer line of 0.75 inch. 8pecific gravity of fluid,
0,88, Specific gravity of metal, 2.7. p= 3.0.
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Figure V=13, Comparisen of gross weight penalty of constant-pressure-
gradient~header design to constant-dlameter header design for varicus
operational conditions of the operating section and an initial dlameter
of the transfer line of 0.25 inch, Specific gravity of fluid, 0,88,
Specific gravity of metal, 2.7. f = 3,0,
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bined with a typical range of values for the Darcy friction factor, it
is found that a representative range of values for the parameter af
would be from about 0.0l to 0,12, Thus, the general effects of various
types of header design are studied by including a' as an independent
variable of analysis having values within this range.

A comparison of the gross weight penalty for constant-pressure-
gradient headers to the penalty for constant~diameter headers is pre-
sented in Figure V~12 for an initial line diameter of 0.75 inch and in
Figure V=13 for an initial line diameter of 0.25 inch. The data are
presented for a value of the parameter ¢ of 3.0 and walues of the
parameter af of 0.02, 0,06 and 0.10. Also included in the plots are
data far three values of the exponent n, of 0.5, 1.0 and 2.0, to charac-
terize various types of fluid removal gradients of the header. A high
value of a' denotes relatively high flow velocity and/or friction fac-
tor. The results show that when the frictional effects are low, the
use of a constant-pressure-gradient header results in a gross weight
saving compared to a constant-diameter header. However, for the initial
diameter range of 0.25 to 0,75 inch (the most commonly encountered di-
ameters of liquid distribution camponents are usually less than 0.75
inch) the use of a constant-pressure-gradient header rather than a con-
stant—-diameter header shows no significant savings in weight for values
of a! above about 0.0L. For an initial line diameter of 0.25 inch (see
Figure V~13) the constant~diameter header appears superior to the con-
stant-pressure-gradient header for nearly all operational conditions
which might be encountered.

In comparison with the constant-pressure gradient header, a con-
stant-velocity header has the advantage of less volume and, thereby,
less weight, but has the disadvantage of appreciably greater flow re-
sistance, Thus, in camparison with a constant-diameter header, the con-
stant-velocity header will show still greater gross weight penalty than
the constant-pressure-gradient header. This is illustrated in Figure
V-1l for an initial line dismeter of 0.75 inch. The constant—diameter
header will appear more favorable relative to a constant-veloeity header
as the initial line diameter is reduced. It is apparent by inspection
of Figure V-1 that the constant-velocity header has a small weight ad-
vantage over the constant-diameter header only when the frictional ef-
fects are reduced to a minimum.

On the basis of this study it is concluded that in general the use
of a constant-diameter operating sectlen of a distribution camponent is
superior to other possible types of design for typical operational char-
acteristics of distribution components and for all arrangements of the
equipment items served by an operating section. Thus, the simplifica-
tion in evaluation procedures for determining cooling system penalty
made possible by assuming constant-diameter headers for the distribution
canponent appears entirely Justifiable. The assumpiion of constant-di-
ameter headers will only rarely introduce a slightly greater weight pen-
alty than other types of header design. Also, since in most types of
cooling systems the weight of the operating section is a relatively
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small percentage of the total system weight, the effects on gross weight
herein illustrated are of considerably less importance on the overall
aireraft penalty introduced by ‘the cooling systenm.

Evaluation of Optimum Line Diameter
for the Distributlon Camponent

In any indirect cooling system, considering all variables fixed,
except the diameter of the transfer lines, it is apparent that an in-
crease in this diameter reduces the punping power required to circulate
the transfer fluid and, thereby, the extra fuel load and dead weight of
the power supply system, but increases the weight of the transfer lines.
Consequently, there exists an optimum transfer line diameter for any se-
lected set of operational conditions of the cooling system, The optimum
line diameter may be determined by evalunating the variation in gross
weight penaliy of the cooling system with line diameter, while maintain-
ing all system variables fixed. On the basis of the conclusions of the
preceding sub-section, it is assumed that a constant line diameter would
be used in both the operating and starting section of the distribution
canponent. The analysis may be conducted on the basis of the starting
section only, where no fluid removal occurs, since the flow resistance
of any operating section may be represented as a certain fraction of the
resistance for an equivalent length of starting section., Flow resist-~
ance of the equipment ani intermediate components need not be considered
since these resistances would remain essentlally constant as the trans-
fer line diameter is varied.

For aluminum tubing and a constant diameter, equation (V-65) be-
comes

(Wnetal + We)yfip = 0.3u(seps)(dBs)® + 0.1udfs + 0,053  (V-66)

The required pumping power is defined by equation (V-61) as
Pot/ly = 001155 dfy &'(1 + Kp) | (v-67)

where the factor (1 +Xp) is added to account for flow resistance of fit-
tings. The continuity equation defines the,flow rate as ;

wpy = -3600(upy)(62.4 sgpt)(0.785 dpi)/iklk (v-68)
Combining equation (V-67) with equations (V-62) and (V-68) yielgls
Rle/Ip = fpe(l + KF)(wm/loooP/ [(aggt)(dﬁi)(ls,svoo)]

Then, assuming smooth tubing, and introducing the friction factor rela-
tionship of equation (V-22), the pumping power equation becomes

Rho/lp = (1+Ep)wfe®) (/2000028 / [(ahy)(apt-P)(59,000)]  (v=69)
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The effect of line diameter on the gross weight penalty of the distribu-
tion component may new be established by substituting equations (V-66)
and (V-69) into equation (V-59) to yield

(1-Xrer) Awé/LD = 003}4(38]31;,)@51)2 + 0.1hidpg + 0.0053 +
2,8
WP"SY ¥ ] 0.2)(1 K )|:th :I ’
[Pﬁt +Tip_5y (ot )(21+%r) | 100
59,000 (sg5)(dbke8)

+ (v=70)

Differentiation of this equation with respect to the line diameter al-
lows derivation of an expression for the optimum internal diameter of
the transfer line in the distribution camponent. The resulting rela-
tionship is ' .

0n158 00'
W 0,0316
s i T g™

1 + 0.667 sgpg

dsi-opt =
(v=71)

which permits definition of the optimum line diameter for any type of
transfer fluid, weight and efficiency characteristics of the power sup~
ply system and flow rate of transfer fluid. For the specific weight and
efficiency characteristics of the power supply system defined by equa-
tions (V-28) and (V=31); i.e., 20 pounds per pumping horsepower and
33.3% overall efficiency, and Kp equal to 0.25 to account for fitting
flow resistance, equation (V~71) may be reduced to the form

0.L57(1 + 0,029 ) (iyx105)0+03 05 /1000) 0Lk

" A
Di-opt * T+ 0.667 sy (v-12)

Examination of equation (V-~71) or (V-72) shows that the optimum line
diameter is controlled or affected principally by the flow rate of the
transfer fluid. For example; doubling the transfer fluid flow rate in-
creases the optimum diameter by 36%. The specific graviiy of the trans-
fer £luid also is of considerable importance. An increase in the spe-
cific gravity of the transfer fluid from 1.0 to 1.5, for example, would
decrease the optimum line diameter by 25%. The effect of the viscosity
on the optimum line dlameter is almost negligible. For example; a ten-
f0ld increase in viscosity increases the optimum line diameter by only
about 7.5%. The effect of the power supply system weight and effici-
ency characteristics are not of major importance, since the simultaneous
doubling of the weight per horsepower and reducing the efficiency by
one=half increases the optimum diameter only 12%. The variation of op-
timum line dismeter with transfer fluid flow rate and specific gravity
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is presented in Figure V-15. The most common range of tube diameter

has been found to be from about 1/8 to 3/8 inch, although with some sys-

tems the line dismeter may be 0.75 inch,
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Transfer fluid flow rate, wpy/1000, pounds per hour

Figure V-15., Variation in the optimum line diameter of the distribu-
tion component with transfer fluid flow rate and specific gravity.

p=2.5. p =107 lb-sec per £t2. Wp.gy/Rit = 20 lbs per hp.
'np—sy - 33,3%. S8metal ™ 2.7,
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SECTION VI
THE INTERMEDIATE COMPONENT

The intermediate camponent serves in all aireraft cooling systems
whenever the ultimate fluid does not pass through the equipment compo-
nent. In these cases a transfer fluid flows through the equipment come
ponent wherein energy is absarbed by the transfer fluid at a rate suffi-
cient to cool the equipment item or items. The transfer fluid carries
the heat rejected by the equipment camponent to some point in the cool-~
ing system where it must be transferred to an ultimate fluid. The com-
ponent of the cooling system which permits this energy transfer is
termed the Intermediate camponent. The average temperature level within
the intermediate camponent will always be lower than in the equipment
component, so that the temperature level at which heat is rejected to
the ultimate fluid in an indirect system will always be lower than for
the same operational conditions in a direct system. Thus, it is appar-
ent that the design of indirect systems will be more eritical in terms
of aireraft penalty, not only because of the lower average temperature
at which heat is rejected to the ultimate fluid, but alsoc because of
the weight and pumping power requirement introduced by the intermediate
component,

The intermediate component in an indirect ram air cooling system
would be either an air-to~liquid or air-to-gas heat exchanger., Since
the transfer fluld will, most commonly, be a liquid, the air-to-liquid
heat exchanger is considered to be the principal type of intermediate
camponent for the indirect ram air cooling system. The heat transfer
mocess will be forced convection between the fluids and the heat ex-
changer surface and conduction through the separator plates forming the
surface in the exchanger, since neither the air mx the liquid transfer
fluid would normally undergo any change in phase., For the evaluation
of the performance and physical characteristics of the indirect ram air
system, it is necessary to define warking methods whereby the physical
characteristics and nearly optimum design of this type exchanger may be
determined.

The ultimate fluid in the expanded ram-air cooling system is alsoc
air, so that the design of this type of cooling system as an indirect
system would require an intermediate component which is an air-to~lig~
uld or air-to-gas heat exchanger. Here again, the most likely transfer
fluid would be a liquid so that the alr~to-liquid heat exchanger repre-
sents the principal type for this cooling systenm.

Similar considerations apply to bleed air cooling systems with the
exception that precoclers or other auxiliary heat exchangers are often-
times employed in the cycle. Thus, for example, with the simple bleed
air cooling system an alr-to-air heat exchanger would serve as the pre-
cooler since ram air is gased as the thermal sink, The characteristics
of air-to-air and air-to-liquid heat exchangers shoyld be defined,
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therefore, for study of bleed air cooling gystems.

With indirect blower cooling systems either air-to-~liquid or air-
to-gas heat exchangers would most likely serve as the intermediate com-
ponent. Fuel cooling systems are considered to be principally of the
indirect type and, therefore, with a liquid transfer fluid, the liquid-
to-liquid heat exchanger is considered to be the most important type of
intermediate component. The refrigeration machine proper represents the
intermediate coamponent in vapor cycle cooling systems. For this reasomn,
the details of the intermediate component are covered in Section XIV
dealing with the performance and physical characteristics of vapor cycle
cooling systems. An indirect expendable cooling system requires a heat
exchanger to serve as the intermediate component wherein forced convec-
tion heat transfer occurs on the transfer~fluld side and evaporation or
boiling occurs on the ultimate fluid side. Thus, the principal type of
intermediate component for indirect expendable systems is a boiling
liquid-to~liquid heat exchanger.

The following sub-sections present the analyses and development of
evaluation methods for liquid-to-liquid, ajir-to~air, air-to-liquid and
boiling liquid~-to=liquid heat exchangers.

Namenclature
Symbol Concept Dimengions
A eross—-sectional area of flow square feet
b plate spacing feet
cp specific heat at constant pressuwe Btu per pound-°R
c coefficient variable
d diameter feet
e effectiveness dimensionless
£ friction factor dimensionless
g dimensional constant 32.2 pounds per slug
G mass velocity pounds per hour-square foct
h heat transfer coefficient Btu per hour-square foot-°R
3 heat transfer correlation factor dimensionless
k coefficient of thermal conductivity Btu per hour~-foot-°R
K flow resistance coefficient dimensionless
kw cooling capacity kilowatts
1 length parameter dimensionless
L length feet
m parameter ' dimensionless
n number of tube rows or laminations dimensionless
N number of items dimensionless
NTU nunber of transfer units dimensionless
P pressure pounds per square foot,abs.
C power-to-cooling ratio dimensionless
Pr Prandtl number dimensionless
q heat rate Btu per hour
ry hydraulic radius feet
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Symbol Concept Dinmensions

R thermal resistance and gas constant °R—h01moRper Btu and feet
per

Re Reynolds number dimensionless

s pitch of tubes in heat exchanger dimensionless

s surface area square feet

t thickness ' feet

1 temperature °R

u absolute velocity feet per second

u overall coefficient of heat Btu per hour-square
transfer foot~

v volume cubic feet

¥ £lndd flow rate pounds per hour

W weight pounds

B heat transfer parameter

Ve specific weight pounds per cubic foot

Y ratio of absolute pressure to dimengionless

standard sea level pressure
(2115 pounds per square foot)
crossflow factor dimensionless
temperature effectiveness ' dimengionless
ratio of absolute temperature to dimensionless
standard sea level absolute
temperature (519°R)
/3 absolute viscosity pounds per foot-hour
p density slugs per cubic foob
parameter variable
z thermal resistance ratio dimensionless

O A~

Subscript Refers to

conbined value

core of heat exchange

exit

frictional factor or coefficient

fin

fuel

heat transfer coefficient
coefficient associated with the product hy
inlet or internal

intermediate canponent

heat transfer correlation coefficient
mean value

maximum value

minimm wvalue

no-flow dimensgion

overall value

surface or separator plate

transfer fluid

thermodynamic value

f
®

| o

gEEEuHMgw

checr O
[~2
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Subscript Refers to

U ultimate component
X heat exchanger
i,2 sides of heat exchanger
Superscript
» dimension in inches
' power in horsepower or watts
0 total or stagnation values
8,myn,r exponents

Liguid-to-Liguid Heat Exchanger

The indirect fuel cooling system requires a liquid=-to=-liquid heat
exchanger to transfer the heat dissipated by the equipment items from
the transfer fluid to the fuel acting as the thermal sink. It is as—
sumed that the heat exchanger consists of a tube bundle and shell with
the fuel flowing through the tubes and the transfer fluid flowing in
crossflow over the tubes. The transfer fluid side may be baffled for
multi-pass flow. A schematic dlagram of the general flow arrangement
assumed is shown in Figure VI-1., The dimension 1) represents the fuel
flow length, Ip the transfer fluid flow length for one pass and L3 the
no-flow dimension.

In

Transfer Fluld
Out

Flgure VI-1. Assumed general flow arrangement for
liquid-to-liquid heat exchanger.
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1. Fuel-Side Heat Transfer Coefficient and Flow Resistance

With the fuel flowing through the tubes, the heab transfer co-
efficient of forced convection between the inside surface of the tubes
and the fuel may be defined by

0.023 kgy

L - = (Reﬂ)o .S(Prfl)o.h (vI-1)

where kry, Repy and Prp) represent the coefficient of thermal conductiv-
ity, Reynolds number and Prandtl number of the fuel during flow through
tubes of inside diameter dj. The heat transfer coefficient hy defined
by equation (VI-1) represents an average value for established flow in
fairly long tubes, and will therefore define values somewhat on the con-
servative side, when applied to tubes of relatively short length. The
Reynolds number of the fuel flow may be re-expressed in the following
manner.,

Repy = Pr1 U1 diﬁ“fl = (diﬁﬂfl)(ﬁflflfl) (VI-2)

where

Apy = (/BNED) (Ngypes) = 0.78542(LoLyp/5%d3) (VI-3)

assuming a square pitch. Letting the parameter 13 be defined by

1y = Ly/Lns (VI-b)
equation (VI-2) may be rearranged to the foam
Repp = d2 wpp 13 52/(0.785 18 fipy ds) (VI-5)

Assuming the inside and outside diameters of the tubes to be 0.20 and
0.25 inch, respectively, and substituting equation (VI-5) into (VI-1)
yields for the fuel-side heat transfer coefficient

1.6 |
i T’ﬂ
hpy = 1200 5f1[‘fg 13 m] (VI-6)

where the parametef Bpy 1is defined by
. . Og .8
Br1 = kn ik (VI-7)
The flow resistance of the fuel-side of the heat exchanger is
due to tube entrance and exit losses and the resistance of the tube sec-

tion proper. Since the flow is incanpressible, the loss in total pres-
sure of the fuel due to the flow resistance may be defined by
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of] = [K ¢ K + £y 1n/ag| (gpy v5/288) (v-8)

where fgj represents the standard Darcy friction factor. The inlet and
exit loss coefficients Kj and K, remain nearly constant for fixed pitch
of the tubes., In this analysis it is assumed that

Ki + K, = 0.75 (VI-9)

which corresponds to a pitch in the vicinity of 1.3. Then, by use of
the continuity equation

upp = wey/(Apy ¥ry 3600)

and equations (VI~3) and (VI-L) and the tube diameters of 0,20 and 0.25
inch, equation (VI-8) may be rearranged to the form

L
(Apg‘_-:_)(‘o’ﬂ) = 0.68L(0.75+ 5£45917) I:-—Ii; V13 [/%-% (VI-10)

The fuel-side heat transfer coefficient hey may now be ex-
pressed as a function of the fuel-side pressure drop by equating the
fuel-side flow parameter (s/LQ)(]/ 1) (-Vlwfl/l 000) which appears in equa-
tions (VI-6) and (VI-10). This yie

. 0.
hey = 1LOO0Bpq( Apg'ia-ﬂ) /(0.75 + 5fpq17) L (VI-11)
and illustrates the interrelationship of the heat transfer coefficient
with permissible pressure drop of the fuel. Doubling the pressure drop
increases the fuel-side heat transfer coefficient by about 32%.

2. Transfer-Fluid-Side Heat Transfer Coefficient
and Flow Resistance

The forced convection coefficient of heat transfer for the
transfer fluid on the outside surface of a tube bank, with the tubes
having in-line arrangement, is clemely defined by

hy ® 0.26(ke/do)(Res)0"O(Pry)0*33 (VI-12)
where the Reynolds number is defined by
Rey = dg Wy/ly Amin | (VI-13)

The minimum area of flow used in defining the Reynolds number is the
area of flow between two in-line tubes.

[P1(s —1)do] (LB/Nsdc) ' (VI-14)
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Muin + [(s-1)/s] (1g2ym) (VI-15)

where N represents the number of passes through the exchanger made by -
the transfer fluid. Thus,

Wy/buin = | 8/(s-1) | (N)(wy/L1Tne)
Let the parameter 1, be defined by

1, = LN/I (VI-16)
then, by use of equations (VI-L) and (VI-16)

“ofhyan = [8/-1)] (15 1,)00y/13)

Wi/hugy = LLlxl07(v,/2000) [ s/ts-1)|( 1y 15/15%)  (VI-7)

Combining equation (VI-l?) with (VI-13) and (VI-12) and introducing d
equal to 0.25 inch and a pitch of 1.3 ylelds

hy = 3670 By [( 1s 13)(1-1,0/1000)/1.22]0'6 (VI-18)

where By = Prg'ﬁk.t/ﬂg’é, for the heat transfer coefficient of
forced convection during flow of the transfer fluid over the tube bank.

The pressure loss of the transfer fluid during passage through
the exchanger may be evaluated by use of the tube~bank equations pre-
sented in Reference VI-l. The pressure loss equation for incompressible
flow is .

ApY/¥y = Lfyn u%ax/2g ' (Vi—l9)

where n represents the total number of tube rows encountered by the fluid
and fy is a friction factor defined by

- [o.ohh + 0,08 s/(s~1) ]/*fua,'i?,"15 (VI-20)

where a = 0.,h3+ 1.13/s. _

The friction factor fi is seen to be relatively insensitive to the Rey-
nolds nmumber of flow, so that by assum:.ng a typical average value of
10,000 for the Reynolds nueber and using a pitch s equal to 1.3, the
friction factor is equal to 0.136. Thus, by equation (VI-19)

apY/yy = 0.272 n w2, /¢
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The number of tube rows is defined by the number per pass multiplied by
the N passes. Thus,

n = Np/sdy = NL3/1.3x0.25 = 3.08 NLJ (vI-21)
By continuity,

gy = W /B600 ¥y Apyy)
0 that by use of equation (VI-17)

Wy = ho(wglooo)[s/(s-lﬂ(lzl 3%y ) (VI-22)

and :
0By = 6.75(N5) [ (1,1y/182)(uy/2000)|? (VI-23)

The interrelation of the heat transfer coefficient and presswre
drop on the transfer-fluid-side of the exchanger is defined by combining
equations (VI-18) and (VI-23); the combination yields

Doubling the pressure drop across the heat exchanger on the transfer-
fluid-side increases the heat transfer coefficient by about 23%.

3. Mean Temperature Difference for Heat Transfer

So as to permit algebraic reduction of the heat transfer rela-
tionships to yield equations defining directly the volume, weight and
fluid pressure drop for the heat exchanger, it was found necessary to
simplify existing methods for defining the mean temperature difference
of heat transfer. The general arrangement of the heat exchanger is a
single pass for the fuel and multipass on the transfer-fluid-side. With
a single pass on the transfer-fiuid-side, the heat exchanger becomes one
of conventional crossflow, for which data are well known to define the
mean temperature difference for heat transfer. Also, the mean tempera-
ture difference may be defined by the equivalent of counterflow when a
large number of passes on the transfer-fluid-side are employed. Since
this exchanger commonly will have several passes on the transfer-fluid-
side, it is assumed that the mean temperature difference will be between
the two extremes. A study of crossflow and counterflow data indicates
that a reasonably good approximation to the mean temperature difference
for several passes on one side and a single pass on the other is defined
by the equation

Alx/(Tyq = Teoy) = 1= 0.55(ey + epq) (VI-25)

where ey represents the effectiveness parameter for the transfer-fluid-
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side defined by
ey = (T = Typ)/(Tyy ~ Te1q) (VI-26)

and epq represents the effectiveness parameter for the fuel-side de-
fined %y

epy = (Tpr-p = Te1 1}/ (Tyoq = Terg) (VI-27)

Equation (VI-25) does not represent a good approximation to the mean
temperature difference when the effectivenesses on both sides of the
exchanger are high., Thus, the following limitations on the use of equa-
tion (VI-25) are introduced. The effectiveness on either side shall not
exceed 0.70 and the sum of the effectiveness (ey + ery) shall not ex-
ceed l1.1.

L. Overall Coefficient of Heat Transfer and Energy Balamce

The transfer of heat fram the transfer fluid to the fuel in-
volves flow through three thermal resistances: +that due to forced con-
vection heat transfer between the itransfer fluid and the outside surface
of the tubes, that due to conduction of heat through the tube walls and
that due to forced convection heat transfer between the inside surface
of the tubes and the fuel. A study of the relative magnitudes of the
three thermal resistances indicates that the thermal resistance of the
tube wall is less than 5% of the total thermal resistance, and, there-
fore, will be ignored in the definition of the overall coefficlent of
heat transfer in order to simplify the resulting algebraic relationships.

The overall coefficient of heat transfer based on the inside
tube surface area is

(VI-28)

1
BT 6 74:7=) IR CYYCI 6V

or, based on the assumed internal and external diameters of 0.2 and
0.25 inch for the tubes,

Ui L (1925 h"b)/(l + 1.25 h't/hfl) (VI"29)

By use of equations (VI-2L) and (VI-11) _
(o] Ooh n 0014-
he/hey = 177 |:5'b;|[ Apg Tt‘:l (0.75 + 5£5q In) (VI-30)

Bri] L APRLY £ (apg ¥4)0-1(NL3)0-3
Also, the inside surface area A4 is defined by
81 = (ndy In)(Ip Lye/s® d3) (vI-31)
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or,

Sy = 0.041l, Ia_Lz“L"nf = 0.0hL1} IEBN/lng (VI-22)

where the diameter of 0.2 inch and pitch of 1.3 is assumed. Then, by
use of equation (VI-16), which defines the parameter 1, as the flow
length on the transfer-fluid-side to the flow length on the fuel-side,
equation (VI-32) becomes ' : :

S; = 0.0L1L (Lﬂ_)'?'( 12/N)2/13 (vi-33)

so that the product of overall heat transfer coefficient and surface
area is

10784 (208" ¥y/iT3)° 2(2p/M) (133/25)

1+1,8L45 [B’G } ]:AP% Tt T'h (0.75+ sfﬂz.'i)f"h
Prallopf1¥ml  (apd vy)0K192,)03

UsS4 = (vi-34)

The rate of heat transfer in the exchanger is related to the
overall heat transfer coefficient and the mean temperature difference by

x = Uy S5 ATy (VI-35)

Thus, by equation (VI-25)

a = Ui S; [1 - 0.55(ey + ei‘l)] (Ty-1 = Tg1-1) (VI-36)
where U;S; is defined by equation (VI-3L). By energy balance,

ag = ey cpr1(Tr1p = Tr1y) | (VI-37)
and : |

ax = Wy Cp(Teag = Tyo2) (VI-38)

so by equations (VI-36), (VI-37) and (VI-38)

US4 [1 - O'SS(e‘b + efl)jl = WpiCp-f1€f1l = W¢Cpift (VI-39)
which relates the product of the overall heat transfer coefficient and
surface area to the two effectivenesses of heat exchange and the fuel
and transfer fluid flow rates. _

5. Physical Characteristics of Heat Exchanger

The following derivation presents the methods by which the

working equations are established wiich are used to define the flow and
no-flow dimensions, volume and weight of the fuel-to-transfer-fluid heat
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exchanger. In an effort to establish practical working equations for
use in cooling system evaluation and study, various assumpbions are in-
troduced during the process of equation derivation. These assumptlons
are indicated at the points in the amalysis at which they are first used.

Equations (VI-23) and (VI-16) may be combined and solved for
the transfer fluid flow rate. This yields

wy = 384apg" ¥)0"5(1,)0-5 (L)) /(P 1) (V1-40)

Then by direct combination of this expression with equations (VI-3L) and

(¥I~39) one obtains
Ap%"n,)]o'h [ €0.75 +52417)0"" '|}

3.6¢ 1+1.8h5({31/i3f1[ -
“{ ) (g ) ted1 %

- O.55(e.b +epq
et

' 1
- stcl2>1'2<L'i>1°2<m>s"m'°'2[ ’} (VI-k1)

Numerical evaluation of the various terms within the bracketed quantity -
on the left-hand side of this equation has indicated that the term

(0.75 + 52418)0+H/(17)0+3

may be roughly approximated by a constant value of 0,75. Then it be-
comes possible to solve equation (VI-Ll) explicitly for the heat ex-
changer dimension Ly, which represents the length of the tubes through
which the fuel flows.

" . 2,88 56 (o) O ey : x
Ll * Bt 12 l- 0.5'5(6.1., +eﬂ)

By | [op2™rs ]04‘ 1 }5/6
x{1+1 oh 3 (VI_LL2 )
{ [Efl] [Apf:;fl (Apg'vt)oul(lz)O-B

Next, it is assumed that an average value of the specific gravity of the
fuel is 0.77. As a representative transfer fluld a mixture of water and
methyl alcohol (L3% water by weight, =65°F freezing point) is assumed,
having an average specific gravity of 0.87 in the temBe ature range en-
countered in this study. Thus, the value of (E;/yﬂ) is 1.04, The
physical properties of the transfer fluid in that temperature range are
such as to permit the appratimation

(epy/p)™® = 3.m[1- 0.156(Tt_m/100):l (VI-L3)
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The ratio B4/Bgq has & typical mumerical value of about 2.25, In equa-
tion (VI-42) the specific gravity of the transfer fluid raised to the
1/6-pcwer"is taken equal to 0.975. Lastly, in the same equation the
term (Apf 'y )01 is represented by the assumption that (apQ"sgy)0+l =

» 1.11. Introducing these constants into equation (VI-}2) yields

1] = (18.5/15)(P1)( 997 O(ang" Y O e fipp)56 (VI-4L)
where

¢1 = 1 - 0.156 (Ty_,/100) | (VI-45)

Pz = ] - 0055 (e'b + eﬂ_) | (VI—hé)
and |

g3 = 1+ (1.96/133)(apg" /mpgl) Ok (VI-L7)

The parameter 1, requires evaluation for definition of the
heat exchanger length in the direction of the transfer fluid flow. By
equations (VI-10), (VI-23) and (VI-39) and assuming typical average
values for the specific heat and specific weight of the fuel and trans-
fer fluid, one obtains by direct solution

1 - [(0.75 -l-.Sfng) /Lﬂl/3(e t/efl)z/B(AP'?/APﬁ)lh (VI-L8)

The variation in the friction factor fq may be expressed as a function
of the Reynolds' number, which in turn may be expressed as a function of
the fuel~-side pressure drop. The rearrangement of this type yields,

then
o
[EL ]2/ 3 [Apt 1/3 (VI-i9)

|ef1 Ap3

S P, ¢
Il (apg)

. The parameter 13 used to define the no-flow dimension Ly is
evaluated by solving equation (VI-23) for 13, The length Ly may be ex~
pressed as a function of Iy, N and 1 by eqlation (VI-16). The trans-
fer fluid flow rate is related to the heat transfer rate by

3.413 q' = (wy/1000) Cot, et(Tya1 = Tr1-1) - {VI-50)
so that by assuming an average value for cp of 0.86 Btu per pound-°R
w4/1000 = 3.97 q'/et(Tyuy ~ Te1-1) (VI-51)

where q' represents the heat transfer rate in kilowatts. Introducing
this relationship into the equation defining 1y yields
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-l/ oWl iy 3 _ |
15 = o.?z[ mai (:'1) 12] [et(Tt’l Tﬂ'l)} (VI-52)

N q'
which may be used to define the no-flow dimension L3.

The general procedure of evaluation for defining the dimensions
of the heat exchanger core is to first assume a wvalue of the parameter
1p. Then, by equation (VI-LL) evaluate LY, which then permits evalua-
tion of 19 by use of equation (VI-L$). The better value of 1p would
be used in equation (VI-LL) to define a better value of L], etc., with
the trial-and-error process being continued until agreement is reached.
Thereafter, for any selected value of N, representing the nmumber of flow
passes on the transfer fluid side, the dimension 1 may be evaluated by
&mehc))f equation (VI-16) and the dimension L} by equations (VI-52) and

I-4). :

During the evaluation of cooling systems employing heat ex-
changers of this type attention is direcied more to the weight and spa-
tial requirements of the heat exchanger than to the configuration of
- the core. Convenience in evaluation of weight and volume is obtained
by combining the previously defined relationships and simplifying. This
Yields for the core volume

vy Ty_a=T 1.5
T-core(Te1Traa) nlE_ 0.156 Tgam] (et)o.25 £

q!
1,25
[1 " 2.3(Ap$/&p§1)°‘3 (efl/e-b)0°2]

(VvI-53)
(Ap.‘gﬂ)onz_s[l - OeSS(Gt + efl):l 1.25

When acewrate evaluation of the core volume is required for
relatively high effectiveness of heat exchange, ey and epy, the term
1-0.55(ey +ep1) in the denominator of equation {(VI-53) may be replaced
with a more accuwrate definition of the crossflow factor § , the ratio
of the mean temperature difference to the inlet temperatire difference
Tt-1-Tf1-1. This procedure, in general, however, requires the use of
tabular or graphical data and does not permit analytical combination of
the heat exchanger characteristies with other components in the cooling
systen to permit evaluation of optimum operational conditions. Table
VI-1l contains values of crossflow factors for ranges of effectiveness
e1 and ep, representative, in general, of sides (1) and (2) of the heat
exchange surface.

The total volwme of the heat exchangers, i.e., core and head-
ers, is assumed to be defined by :

Vg = 125 v;—core (VI-Sh)
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Table VI-1. Values of crossflow factor { ,
fluids umnixed (Reference VI-S)

°1 0 0.1 | 0.2} 0.3 04| 0.5 0.6 0.7 0.8] 0.9

[}
L ]
(@]

€2

0 |1.000l0.94710.893|0.838|0.781|0.7210.657 |0.58610.5020.388
- 0,1 [0.947]0.893/0.8L40[0.786(0.729| 0.670[0.605 0.533(0.118]0.338
0.2 |0.893]0.8L40(0.785]0.73L]0.677(0.617 |0.552 [0.4B0{0.398|0.292
0.3 {0.838{0.786]0.734]0.682|0.625| 0.565]0,502|0.430{0.3,8[0.2L7
0.4 |0.781]0.729]0.677|0.625|0.569| 0.51310.449 (0. 3780, 300(0.206
0.5 |0.722[0.670|0.617|0.565| 0.513] 0.4560.39L{0.3260.251 0.167
0.6 |0.657(0.605|0.552]|0.502| 0.449{ 0.394[0.334|0.271|0.201] 0.128
0.7 [0.586]0.533|0.480]0.430[ 0.378] 0.326]0.271[0.213|0.151}0.089
0.8 |0.502(0.448|0.398}0.3U8| 0. 300 0.251{0.201{0.151|0.100|0.052

0.9 |0.388]0.338{0.,292|0.2447| 0.206| 0,167 [0,128|0.089[0.,052] 0.022

0o OC O O o o O o o o ©O

l.0]0 0 0 ¢ Y 0 0 0 0 0

The total weight of the heat exchanger, which includes the stored liquid,
tubes, shell, headers, etc., is defined by

Wx = 00,0362 V;..core (VI-55)

Wy = 0.029 Wy (VI-56}

where the weight is expressed in pounds with the volume in cubic inches.
The weight~volume equations represent the average resulis of a fairly
extensive weight analysis of a mmber of commercial liguid-to-liquid
heat exchangers.

Air~to-Air Heat Exchanger

Certain cooling systems would employ air-to-air or gas-to—-gas heat
exchangers. Many cooling systems would require this type of heat ex-
changer if the system is indirect and the transfer fluid a gas. One of
the common requirements for the use of air-to-air exchangers is with
air cycle refrigeration systems, where, for example, in the bleed air
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gystem it is normal 4o preccol the bleed alr by ram air before the bleed
air passes through the turbine. The following material presents the
basic relationships for forced convection heat transfer and flow resist-
ance, and the application of these relationships to the establisiment of
working methods for defining the general characterietics of gas-to-gas
heat exchangers in aircraft cooling systems. _

The overall heat transfer process ls considered to be:r forced con-
vection heat transfer between a flowing gas and a surface, conduction to
an opposite surface through a metallic wall and forced convection heat
transfer from this opposite surface to another flowing gas, In order to
first present the equations in a general mammer, the heat exchanger is
considered as having two sides, referred to as side (1) and sids (2),
with the two sides separated by the metallic wall., The state of the gas
at inlet on either side 1s dencted by use of the subscript (i) and at
exit by the subscript (e)., Figure VI-2 illustrates the fiow system, in-
let and exit temperatures and the definition of the dimensions I, Iz
and Inr. The dimension Ij rerresents the length of the flow path for
the £luid on side (1), Lo the camparable dimension for side (2) and Lyfs
the no-flow dimension of the heat exchanger.

Figure VI=-2., Schematic illustration of Leat exchanger flow
gystem and definition of dimenslons.
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1. Basic Relationships for Heat Transfer and Flow
Resigtance in Forced Convection

A common method of reporting heat transfer data in graphical
form is with a plot of the factor

3 = (8 ep)trr)?/3 (VI=57)

as a function of the Reynolds mmber Re, where h represents the heat
transfer coefficient in Biu per hour~square foot-°F, G the mass Telocity
in pounds per hour-square foot and Pr the Prandtl number of the fluid.
Mary examples of data of this type are found in Reference VI-2. Tt is
often possible to represent such graphical data by an empirical equation
of gimple form, such as

j = Cj (Re)™ (VI-58)

since the factor j is commonly a power-function of the Reynolds number
for some ranges of values of the Reynolds number. For turbulent flow
in eircular channels the coefficient C: has the generally accepted value
of 0.023 and r the value of 0.20, and &ef:"_nes, therefore, the Darcy
friction factor divided by a factor of 8 for turbulent flow over hydrau-
lically smooth surfaces. '

In order to determine or prescribe the pressui-e drop or power
loss of fluids in a heat exchanger, it is necessary to have data de-
scribing the friction characteristics of heat exchanger surfaces. These

friction characteristics are normally expressed by use of a friction
factor £, defined by the equation

op =y (£L/lry) (w3 /2g) (VI-59)

where the hydraulic radius ry is defined as

= AL/S (VI-60)

with A representing the cross-sectional area of flow, L the length of
the flow passage and S the wetted surface, For a circular tube,

A = (w/L)a?
and.
S = ndlL
whence ry = d/4 (VI-61)

For a hydraulically smooth tube the friction factor may be approximated
by the equation :
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£ = 0.184(Re) 0% : (VI+62)

end applies quite accurately for values of the Reynolds mmber fram
5000 to 200,000, For heat transfer surfaces other than tubes, frictlon
factor data are usually presented in graphical form, as plots of the
factor £ versus the Reynolds mumber Re., Such data can often be ex-
pressed by an empirical equation of the form

£f s Cp(Re)™@ (VI-63)
of which equation (VI-62) would be a special case.

The process of transferring heat fram one fluid to another
through an intermediate separating surface may be visualized as the
transfer of heat through thermal resistances. In the fundamental squa-
tion for heat transfer between a fluid and a surface,

q = hSATy (vI-6L)

where h is the coefficient of heat transfer, S is the surface area, and
ATpy is the temperature difference between surface and fluid, the
product {hS) can be considered as a thermal conductance, or its recipro~-
cal (1/hS) as a thermal resistance. The resistance equation of the heat
transfer process may be written as

R, = Ry +Rg + DRy (VI-65)

where the combined or overall thermal resistance is equal to the sum of
the resistance (reciprocal of conductance) on the side of the first
fluid, plus the resistance of the separating surface, plus the resist~
ance on the side of the second fluid. Since the resistance tc heat flow
through the separating swrface 1s usually quite small due to high metal
thermal conductivities, it is neglected in this amalysis. Equation
(VI-65) may therefore be rewritten as,

R, = (1/m83 m1) + (1/heSz n2) (VI=66)

where the factors TMj and Mg are the temperature effectiveness of the
heat transfer surfaces., This concept pertains to extended surfaces,
such as fins, where due to the thermal resistance of the fin material
itself, all of the fin surface is not at the same temperature as the
parent surfacs to which it is attached. The temperature effectiveness
of a straight fin mp with constant cross section is glven by the equa-
tion

np = [tamh (o 1p)| /n Iy | (VI-67)

where ]/(2h)/(k tp) (VvI-68)
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In these equations, Lgfrepresents the projective length of the fin, h
the heat transfer coefficient between the swrounding fluid and the fin,
k the thermal conductivity of the fin material and tp the thickness of
the fin., With the fin surface area represented by Sp and the total heat
transfer surface area by S, the overall temperature effectiveness of a
surface 7 is related to the temperature effectiveness of a fin np by
the relaticnship _

N o= 1~ (8p/S)(1 - mng) (VI-69) -

For heat exchanger surfaces which do not have extended surface, such as
simple flat plates or plain tubes, the temperature effectiveness is
unity, since Sp is zero.

If the ratio of Ry to Ry is denoted by ¢, equation (VI-6S) may
be written as

®/Ry = (1 +)/R, (VI-70)

It 1s convenient %o introduce a concept discussed at same length in
Reference VI-2, whereby the overall thermal resistance is defined by

Ry = 1/[NIU)w o), ] (V1-72)

Reference VI-2 gives values of the factor NTU for a large number of heat
exchanger flow arrangements. This factor may be thought of as the ratio
of the temperature rise of the fluid having the smallest thermal capacity
rate (w ¢ S’:zin to the effective temperature potential for heat transfer
between t.ge two flulds., Thus,

NIU = (Te - Ti)max/ATmI | | (VI=72)

where the meaning of the terms may be clarified by examination of the
defining equation _

qQ = Ame/Rc o (w cp)m:[_ncTe - Ti)max (VI-73)
Equation (VI-70) may then be rewritten in the farm
Sy My e [(1 /6 | (M)W cpltn (VI-7L)

Substitution of equations (VI-57) and (VI-60) in equation (VI-7L), rear-
ranging and simplifying yields

(an)glwep)y(Br)1¥ 1/e), = [)/6] mu)twey)pgy  (VI-75)

This equation will be used later in the development of a general rela-
tionship far the flow resistance characteristic of a heat exchanger ex-
pressed in terms of its thermal perfommance characteristics.
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Equation (VI-SL) is now considered to develop an expression for
the resistance characteristic of a heat exchanger. In addition to the
pressure loss required to pump a fluid through a heat exchanger care,
there are additional losses associated with entrance and exit of the
£1uid to and fram the care. These are conveniently treated in the man~
ner of & minor loss such as occuwr due to abrupt expansions and contrac-
tions in pipe lines. A sultable equation for these losses is, Reference
VI-3,

ap s ¥k (w2/2g) (VI-76)

The overall pressure loss of a fluid entering, traversing, and leaving
the core of a heat exchanger is then given by

ap = y(u®/2g) [(fL/hrh) + K] (VI~77)

which is obtained by adding equations (VI-59) and (VI-76). Thus, the
coefficient for the total loss is defined by

Ky = [(e1/lry) + K] (VI=78)
far use in the equation

sp = yE (u?/2g) (VI-79)

Equation (VI-78) may be solved for the ratio (L/ry), and then

this quantity may be substituted into equation (VI-75). The result, af-
ter rearranging, is :

2/3 |
Ky = K + (Pr)y (1+D) (NTU) (Wep )i p (71-60)
¢ j‘-'l/f) ¢’(W°p)1_

Equation (VI-80) expresses the flow resistance characteristic of the
heat exchanger on side (1) in terms of the entrance and exit loss coef-
ficient K, the thermel resistance ratio &, the fluid flow rates W

and wy, the physical properties Pr and cp, and the parameter (Jn/rﬁ'n'rhe
quantity NTU appesring in the equation i3 a function of the flow rates
(wep)y and (weg)o, the flow arrangement (crossflow, single or multiple
pass, counterffow, etc.) and of the thermodynamic effectiveness, to be
discussed later. An analogous derivation for the overall loss coeffi-
cient on side (2), Ko, gives the result,

K (r)2/3 [ (1) (Mr0)wep) g
o2 = %2 h(fm/f)g (ch)z '

The appearance of the parameter (Jn/f) in equations (VI-B0) and
(VI-B1) is of special interest. If the heat exchanger surface consists

(VI-81)
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of plain tubes through which the fiuld flows s Where 1 » 1, the parame-
ter has a numerical value of 0,125, so that the parameter, as appearing
in equations (VI-80) and (VI-B1l) is a cmstant, for this geametry, al-
though the factors J and f are functions of the Reynolds number. This
condition slso holds approximately for many other useful heat exchanger
surfaces, including many of the campact swrfaces deseribed in Reference
VI-2., For surfaces having extensions s or fing, a canplication is intro-
duced by the fact that the temperature effectiveness of the surface ng
is a function of both the Reynolds number and the temperature level of
the fluid., Calculation studies have shown s however, that the effect of
temperature level on the parameter { mE) is small, so that it is pos-
sible to appraximate its value with a single, constant value for any

- surface type which is appropriate for a wide range of Reynolds numbers
and fluid temperatures.

Another important parameter in the design of heat exchangers
1s the power~to-cooling ratio, defined as the ratio of the power re-
quired to pump the fluid through the exchanger to the heat transferred
in the exchanger. This parameter is mathematically defined by the
equation,

(P6) = (w/y)(ap/776q) (vI-82)
Substituting equation (VI~79) into equation (VI-82), with substitution
of

u = w/(3600yA)
gives

1 _
(Fc) = (w3/y2?) K (vI-83)
d 2gx778136002q °

By use of equation (VI-60), equation (VI-83) becomes

o (w372 2 1 _
(Po) (w’/ ¥ ) (L/8) [2gx778r§x36002 q] Ko (vi-8L)

where K, may be defined by either equation (VI~80) or (VI-81) depending
as the quantities of equation (VI-8Y4) are applicable to side (1) or
side (2) of the exchanger.

It is now of interest to combine certain of the foregoing equa~
tions into a form which will describe the frontal area requirements of
the heat exchanger. Solving equation (VI-84) far S/L = L?rh, subgti-
tuting K,y fraw equation (VI-80), and rearranging gives
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o ) -
L% T T yp J 9RO {3600 Y2gx778]

[cprﬁ/ 3} | [<1+¢)<m> (wcp>min] vris)

5 W B(wop)y

Subsequent use will be made of thls equatlon in ths discussion of the
effect of flow arrangement and other factors on heat exchanger shape.

A parameter commonly used to describe the performance of a heat
exchanger is the effectiveness. In the case of an exchanger transfer=-
ring heat between two fluids, there are two values of the effectiveness
which may be defined, one for each side., These are as follows,

(Te - Ti)l

q —— = -/
L% T (Mo -Tq) ~ T2 =Tny (v2-86)
and
’ (Te - Ti)a
& * e ST " (VI-87)
Woplo(Tiz = T11) (P42 - T41)

In addition, there is a significant parameter called the thermodynamic
effectiveness of an exchanger, defined as the ratio of maximum actual
temperature rise of elther fluid to the maximum temperature rise possi-
ble. This is given by

(Te - Ti)m

q_ - ek -
(Wep) 11y (T12 = T11) (T2 = T43) (v2-88)

eth "

From equations (VI-B6), (VI-~B7) and (VI-~88), it is spparent that the
thermodynamlc effectiveness is equal to whichever effectiveness is the
larger, i,e., elther e7 or e;, In this connection it is noteworthy that
combining equations (VI-86) and (VI~87) glves,

e1/e; = (wcp)zf(wcp)l (vI-89)

whereby it is observed that the side having the largest effectiveness
value is that side which has the least thermel capacity rate (weplpin.

With the inlet temperatures Tys and Ti1, the heat transfer rate
, and the thermal capacity rates (wc ﬁ_ and (wep)p specified, equation
?VI-BB) may be used to calculate the ermodyna.mEc effectiveness, This
value of ey 15 then used, together with the ratio (Wep)min/(¥eplmax, to
obtain the velue of NTU from charts for the various flow arrangements as
given in Reference VI-2, The factor NIU is then applied in equation
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(VI-85) for finding the frontal flow area of the exchanger.

It is next desired to derive an expression for the length re-
quired of the heat exchanger core. Equation (VI-78) may be solved for
L to give

L = (K, - K)(Lry/f) (vI-89)
But by equation {VI-63)
m
L o» (K - K)(rn) [ben y (3600 )/ ] /0 (VI-90)
and fram equation .(VI-83)
u = [2gx 778 o(r0)/(x Ko)]l/ 2 (VI-91)

Thus, by substitution,

Ko K] [ 5 facpoy | Cery)* 2

(v}

BEquation (VI-92) gives the flow length of the exchanger for either the
side associated with fluid (1) or that associated with fluid (2). The
required surface area for heat transfer may now be defined by use of
the relatio nship

5 = Al/ry - (VI-93)

As previocusly indicated, the equations for K,, L, A and S are
appropriate for either side (1) or side (2) of the exchanger, Unfor-
tunately, however, it is not possible to design each side of the ex-
changer using these relationships, since once these quantities are es-
tablished for one side, there are physical and thermal limitations
which must be satisfied by the other side., For exampls, in a heat ex-
changer of established core surface, there is a fixed relationship be-
tween S7 and 87, the surface areas wetted by each fluld. It is there-
fore necessary, once the first side has been designed, to make the sec~
ond side furnish a sufficient heat transfer coefficlent that the rela-
tionship

¢ » RyfRy = (hp M282)/(hy n18y) (VI-5L)

is satisfied, where ¢ is the same value as selected for the design of
the first side of the exchanger. If equations (VI-80), (VI-85), g1-92)
and {VI-93) are used to obtain Kyy, Ay, Iq and 87, the design require-
ments are satisfied 1f I, 1s determined from

Io/Iq = (rpp/rni)(Se/81)(A1/A2) (VI=95)
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which is derived from the definition of the hydraulic radius, equation
(VI-60). 1In equation (VI-95) the ratios rpp/ry; and So/S; would be
known by the type of core structure used, thus making it necessary only
to give special attention to the method. of determining the flow areas
Al and Ap. The value of the flow area Aj is determined fram the con-
tinuity relationship

A] = w1/(3600 yuy) (VI-96)

where the velocity uy is defined by use of equation (VI-91). In order
to establish the flow area A», it is necessary to examine the relation-
ships which govern the heat transfer coefficient on the second side. By
combining equations (VI-57) and (VI-58) and expressing the mass velocity
G by means of the Reynolds nunber of flow defined by

Re w lryo/p (VI-97)
one obtains for the heat transfer coefficient
h o= Cyloph /lryp)(Fr)?/ Xre) 1T (V1-58)

which, for a particular core surface structure, is a function of the
Reynolds number and the fluid temperature. Since the overall fin tem-
perature effectiveness Ty of a given surface is a function of the heat
transfer coefficient h, and since the variation of the effectiveness

is small compared to that of the coefficient h, it follows that a satis-
factary approximation for the product hy ms is,

by My = Cpy (Re)" (VI-99)

In this equation both Cpyn and the exponent n are assumed to be strictly
a function of temperature, It has been found possible, however, to de~
fine an average value of n suitable for a wide temperatiure range (such
as =100° to +500°F for air), and correlate data for the hy rroduct as a
function of the Reynolds mumber by assuming that only Chy varies with
temperature. It is therefore convenient to write

G = (£/lbry)(hy np/Chy e (VI-100)
But from equations (VI-70) and (VI-71)

$(hy N381) = (LD (WUY(wep)psn = by MpSp (VI-101)
Thus, |

hy My = (LeP)(NTU)(wep)pin /Sp (VI-102)

Using the continuity equation in the form
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Ay = w/Gp

and equations (VI-96), (VI-~100) and (VI-101) substituted in equation
(VI~95) yields the flow length on side (2) as

L - 1'1[ }[52] [w1:| I: S.L_).] ~1/2 {]:(1+¢)(mu)(wcp)mi,:|1/ n}
n W2(51)1/n

Ko
x (vI-103)
[3600 rho 728 %778 L(Cyny )’ﬁ}

The only remaining dimension of the heat exchanger is L,p, the
no-flow dimension. Since this dimension is a function of the core sur-
face geometry as well as the flow arrangement of the exchanger, it is
not discussed at this point, Examples of determining the no-flow dimen-
sion of an exchanger are given later in cases of designs for which the
core surface geanetry and the flow arrangement have been selected.

The power-to-cooling ratio of the second side of the heat ex-
changer is similsr to the length I», in that it is a dependent variable
which must satisfy the conditions resulting from the design of the first
side of the heat exchanger. Using equation (VI-BL) and the definition
of the hydraulic radius to eliminate the flow areas Aj and Ap, the sec-
ond side power-to-cooling ratio is given by,

(F0)p %2121 w]?Xog) [Fud] ?[811% (2] (vI-10L)
z ¥ 51 W 3’ KO r 52 :
The relationships developed to this point are generally appli-
cable to the design of heat exchangers transferring heat between two
fluids in farced convection, They are suitable for fluids, either ges

or liquid, so long as basic data for J factors and friction factars can
be suitably carrelated in the forms shown.

Thus far there has been no consideration given to the questions
of selecting core surfaces or flow arrangements, Consideration is next
given to these factors, after which it will be possible to show the ap-
plication of the equations developed here to the design of a mumber of
particular types of heat exchangers,

2. Heat Exchanger Flow Arrangements and Core Swrfaces
There are a number of flow arrangements used in heat exchanger
construction, The heat exchanger designer must gelect a flow arrange-

ment suitable to the design problem, where in general the basis of se-
lection includes both physical arrangement and thermal performance con-
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siderations. From a thermal perfarmance standpoint, the best flow ar-
rangement for an exchanger is the counterflow arrangement, since thig
type always requires the least surface area and the smallest size for a
given heat transfer rate and temperature potential. However, there are
physical difficulties encountered in the construction of a counterflow
exchanger, since the problem of suitably manifolding the two fluids can
be complicated. Therefore, in many cases it is practical to use some
form of crossflow exchanger. Although the manifolding of a crossflow
exchanger is less involved, the size is samewhat greater than in counter-
flow for conparable operating conditions, and the maximum attainable
values of thermodynamic effectiveness are not as high as with the coun-
terflow arrangement. This latter difficulty can be partially overcane
by the use of multipass crossflow, where the greater the number of
passes, the more closely the counterflow performance is approached. In
penalty for this, however, the multipass arrangements require return
headers, adding to the complexity of construction and imposing addition-
al resistance to flow of the heat transfer fluids.

For purposes of cooling systems studies; it is desired to se~-
lect a flow arrangement which is generally applicable to a wide variety
of physical situations, but which still gives heat exchanger designs
which represent reasonably the order of size that arny flow arrangement
would require under the same conditions. In order to do this, the ef-
feet of flow arrangement on size is now considered.

Referring to equation (VI-85), the only variable determined by
flow arrangement that affects the heat exchanger size is the factor NIU,
for fixed conditions of specified thermodyramic effectiveness, pressure
level, and flow rates of the two fluids. Reference VI-2 presents a
chart showing the effect of various flow arrangements on the value of
NTU. These data show that the maximum ratio of the NTU for a single-
pass crossflow arrangement (fluids ummixed) to the NTU for a counterflow
arrangement is of the order of 2:1 within the practical range of values
of NIU, Froam equation (¥I-85) it is therefore apparent that the flow
area would vary by (2)0' or in a ratio of sbout 1l.4:l. Since the fron-
tal dimensions are approximately proportional to the square root of the
area A, it follows that the frontal dimensions would vary by roughly 20%.
It follows; therefore, that the frontal dimensions of an exchanger would
not be reduced by more than about 20% by use of any flow arrangement su-
perior in performance to single-pass crossflow with fluids ummixed. The
arrangement using a single-pass crossflow exchanger with one fluid mixed
is on the opposite side from the counterflow, so that the frontal dimen-
sions for this case would be larger, and to a similar extent. Therefore,
single-pass crossflow with fluids ummixed appears to be a reasonably
representative flow arrangement, and is neither the asmallest nor largest
heat exchanger that will fit a specified performance condition, Further-
more, it appears to be physically suited ‘Yo many applications because of
its simple manifolding, thus making it ideal for a general comparative
study of cooling systems.

The next item to be considered is the selection of the type of
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core surface for a heat exchanger. The surface selected should afford
the best available characteristics of heat transfer rate per unit volume
of core, at a specified temperature potential and per unit of power ex-—
pended to pump the fluids. The core, for aircraft service, should also
have the least weight campatible with pressure-safety ar reliability re-
quirements. Data are available in Reference VI~2 describing the charac-
teristics of a large number of surfaces in a form convenient for com-
paring their performance on the basis of heat transfer rate s Slze, and
power requirements. A study of these data has indicated that the sur-
face shown in Figure VI-3 is well suited for use in aireraft heat ex—
changers. Reference VI~ indicates that this surface should be suitable
for working pressures up to L50 psi far the temperature range -350° to
+300%, and up to 200 psi for the temperatures up to 600°F, when the
care 1s assembled by brazing alumimm plates and fin structures to-
gether. The separator plates, which sandwich the fin structure, are
0.032 inch thick.

0.413 in,
' A
— 0.0562 in. ["
{ )
__..__\/—\/ ——
S~ T~ — |
N [?.0775 11)1. —
S~ approx.) |
~ S~ | !—-—Finoggickness
I_.-g in.--l _ 0. in.
A

Section A-A

Figure VI-3., Ruffled plate-fin surface. Surface
desigration, 17.8-3/8-R, Reference VI-2.

A surface of the type shown in Figure VI-3 is well suited to
heat exchanger construction, since the core can be bullt up of layers,
or laminae, consisting of the corrugated fin stampings and the separa-
tor plates alternated and brazed together. A core so fabricated re-
quires very little by way of external pressure casing, since it is a
rressure~tight unit of itself when manifolds are attached and when
small end pieces are brazed in to close off those areas obherwise
closed off only by the outermost fin. :

With the development of the basic relationship governing di-
mensions and perfamance of forced convection heat exchangers, together
with the selection of flow arrangement and core surface, it is possible
to proceed to the development of design procedures for air-to-air heat
exchangers.
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3. Design Procedures

The air-to-air heat exchanger is considered in the form of a
single-pass crossflow arrangement with the core surface of the type il-
lustrated in Figure VI-3. The construction of this surface is such that
it is impossible for the air to mix, during flow through the exchanger,
so the condition of the fluids being ummixed pertains, The same core
surface is used for each side.

Figure VI-L presents the information which must be prepared
for the method of heat exchanger design to be used. The data shown are
based on those presented for this surface in Reference VI-2. From Fig-
ure VI-}; it may be seen that the friction factor data can be rfgresen'bed

in the form of a power function, as indicated for equation (VI-63)., A
suitable equation for these data has been determined to be
£ = L.73(Re) MM (V1-108)

The plots of the parameter j7/f shown in Figure VI-L are calculated
from the j-factor data of Reference VI-2, by selecting a range of air
temperatures and using equations (VI-67), (VI-68) and (VI-69) to evalu~
ate the temperature effectiveness m . It is apparent from Figure VI-L
that the parameter jn /f is substantially constant for this application.
A value of j 7/f of 0.051 has been selected as suitable to represent the
parameter in the range -100° to 500°F, and for Reynolds numbers from
500 to 5000, or for reasonable extrapolations of this range. As ex-
plained in Reference VI-2, for the selected surface, the fin length is
one~half the spacing between separator plates, i.e., 0,206 inch.

An evaluation of the produgt hmn for this surface and for the
temperature range from -100° to SOOSF was conducted and thereby deter-
mined that a fairly accurate representation of this variation is de-
scribed by the equation

1.0
0.8 /'/
// ' Figure VI-5. Variation
c 0.6 - of the coefficient Cyy
hm ] (equation VI-106) with
temperature.
0.l
0.2
=100 0 100 200 300 LOO 500

Temperature,
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N N (VI-206)

where the coefficient Can is a function of the air temperature as shown
in Figure VI-S.

It ig next desired to calculate the values of the loss coeffi-
clents X and Kp as applied to a core of the selected 17.8-3/B-R sur-
face. For one lamination the ratlo of free frontal area available far
fluid flow to gross frontal area is 0.82. However, cne lamination con-
stitutes only one-half of the total gross frontal area for that lamina.
tion, since each such lamination is matched by another for flow of the
other fluid. Since the entire area occupled by the other lamination is
blocked, the true area ratio a for flow of either fluid is only O.hLl.
This area ratio defines an abrupt expansion loss coeffieient of 0.35
(Reference VI=3). The coefficient for entrance loss is difficult to
determine in the absence of any data or information on the sharpness of
the entrance carners. A value on the order of 0.35 is reasonably repre-
gsentative, so

K + Kp = 0.35 +0.35 = 0,70 (VI-107)

With the selection of flow arrangement and swrface, it is now
possible to derive an equation for the no-flow dimension Lyp of the ex~
changer. The flow frontal area of the exchanger, from geometrical con-
siderations, is given by

Ay = Inplpa

Ly = A)/Ip a (vI-108)

where a 1s the ratio of free flow to gross frontal area, as calculated
above to be 0.41. Therefore,

Lys = 2.4k Ay/Ip (VI-109)

which, together with the equations developed in the basic analysis
makes it possible to campletely design the care of the alr-~to~air heat
exchanger,

In Figure VI-6 are shown physical properties of air appearing
in the design equations, namely, specific heat Cps viscosity 4, and
standard specific weight ¥/8§ . The figure also coniﬁins a plot of
Pr2/3/(Lin /£) for 3N /f = 0.051 and a plot of #oCh/ %, appearing in
equation (VI-103), based on the variation of Chy, Tn temperature shown
in Figure VI~5 and the value for n of 0,542 indicated by equation
(VvI-106), Thus '

¢32 = H2(Cny y-1.8L6 (VI-110)
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Figure VI-6, Properties of air and design parameters
for air-to-air heat exchanger.
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Figure VI-7., NTU-effectivensss relationships for crossflow
of ummixed fluids.

Figure VI-7 contains curves defining the parameter NIU as a

function of the thermodynamic effectiveness ey and the ratio of thermal
capacity rates for crossflow and wmixed fluids (Reference VI-2).

The methods may be used tc illustrate the design of an alr~to-

air heat exchanger for the following conditions:

Wy = wWp = 1000 1b/hr
S1 = Sp = 1.0 sq ft
q = 10,000 Btu/hr
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P13 = 14.7 peia

Pip = 1L.7 peia
The hydraulic radius ry of the selacted surface is 0.0017L feet. The
perameter jn /£ has the selected aversge valus of 0,051, the exponent m
1s 0.434, the exponent n=0,5L2 and the coefficlent Cpsl.73, the coeffi-

clents K7 and K2 are each 0.7. The exit temperatures of the air on
sides (1) and (2) are defined by heat balance, i.e.,

¢ = Wy cp1(Te1 = Tyy)

10,000 = 2000 x 0.239(Te1 = O)
Tel ~ hllT%‘

where the factor 0.239 represents the specific heat op (Figure VI-S) for
the average air temperature at side (1) of 20.8°F, 0,

q = W cp—2(T32 - TiZ)

=10,000 = 1000 x 0.2L40 (T = 100)
Tea » 58.1].03'

where the factor 0,240 represents the specific heat op (Figﬁre VI-6)
for the average air temperature at slde ?2) of 79.2°," For these aver-
age temperatures, Figure VI-6 gives

Pr8/3/Uan /2), = 354
£q = 0.041 1b/ft-hr
P§/3/(L:n /), = 3.90
$1 = 0.133

The specliic welghts of the alr based on inlet ﬁressuré and average tem=
perature are by Flgure VI-6 (fq1» 5o s 1)

¥1 = 0.,0825 lb/cu ft
Yo = 0.0738 1b/eu £%
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The thermodynamlc effectiveness is, by equation (VI-88)
eyp = 10,000/(1000 x 0.24 x 100) = 0.116

since (Wep)pmin = (wep)i. The ratlo (weg)max/(w_cp)mm is 240/239 = 1.00.
The parameter NTU may then be found in Figure VI-7. It has a value of
0.76. Thus, by equation (VI-81)

Kgp = 0.70 + (3.9L)(0,76)(2)(1) = 6.7
and, therefore, by use of equation (VI-92)

Iy = 0.33% ft
The surface area on side {1) 1s defined by equation (VI-85) as

Sy = 7.L46 sq £t

and the length Ip by equation (VI-103)
Ip = 0.338 ft

Then, by use of equation (VI~109)
Lyr = 0,208 £t

The equivalent loss coefficient for side (2) is defined by equation
(VI-81) as Ko = 6.7, so that by equation (VI-10L)

(PC)o/(BC); = 1.28

The pre'ssure drop of the air on both sides may then be evaluated fram
the PC-ratios. By equation (VI-82)

FC; = 0.1 = 1000apy/(778 x 0,0825 x 10,000)

apy = 6L psf = O.LLS psi

o,
Apl/Pil g OOhhS/lho'? s 0.03
Then
’ PG, = O.1x 1,28 = 1000 apy/(778 x 0.0738 x 10,000)
Apy = T73.5 psf = 0,51 psi
o'y

Apa/pﬂ - Oosl/ll-l-o? = 0,035
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A check on the accuracy of this design by using the evaluated dimensions
and then determining the pawer-to-cooling ratio for the two sides by the
detailed method without any appraximations indicates a value of 1,33
versus the eXample value of 1.28, TIn general, the agreement is quite
gOOdo

It is of interest to note fram this example that there are nine
variables which may be specified for the desirn of a heat exchanger,
Among them the thermal resistance ratio ¢ = (Ry/Rp) is of special in-
terest. Its value is an important factor in determining the shape and
overall volume and weight of the exchanger core. An increase of ¢ de-
creases the flow length 14, increases the flow length Ln, and decreases
the no-flow length » USince these lengths can vary widely, it is
usually necessary to determine the range of the resistance ratio
which will give reasonable heat exchanger configuration. These effects
are illustrated in Figure VI-8, It may be noted that the resistance
ratio ¢ also affects the volume and weight cof the heat exchanger, as
indicated by the variation of the surface area 3, to which both are di-
rectly proportional. As the thermal resistance ratio ¢ increases, the
volune and weight decrease, but at the eXpense of an increased power
requirement to punp the air through the second side, as evidenced by
the increase in (PC)5/(PC);. This is because the increase of ¢ requires
a larger product of heat transfer coefficient and surface area hySs on
the second side.

The dimensions and ratio (PC)y/(PC)y of a heat exchanger for
specified operating conditions of heat transfer capacity, flow rates
inlet temperatures, presswre levels and power-cooling ratio of side fl)
and various resistance ratios ¢ can be determined on the basis of &
reference design of known resistance ratio d’ref’ The exchanger charac-
teristics are related by the following equations to the reference char-
acteristics, :

1+9/d = F (VI-111)
~0,217 _

I F 4j 0,7 [' F ] F j}
T— = = 1 - —] % (VI-112)
Inref Fret | Kolwrer _ Fref] Trer

Kol 0,70 [, F ] F .

LY A I + (VI-113)

Kol-rer Kolrer B Frefr | Fresf

Koo 0.70 [ 1+ ¢>]' 1+ | \
e = Qi ; (VI-114)

o2-ref o2-ref | Todper | 1+Pngp

K - 0-5

Sl - . Ll [ (2 jl (VI~115)

S1-rer I'Zi.-rcaaf Kol-ref
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Figure VI-8, Effect of thermal resistance ratio & on charscteristics
of air-to-air heat exchanger.
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L, sy ]0-8k6r, 846
Lores [Slsref] LY. (v1-116)

_Ln_flﬁa:r;; - [ K(i’__i;; ]0.5 [Lz Eef] | (vI-117)
wr] | s ]

1 ) e Lloref (VI-118)
i 2] b

The use of above relationships in design work is greatly facili-

tated by representing them graphically. This is done most conveniently
on logaritimic coordinates,

Tt is also possible to determine readily the effects of change
ing the pressure levels §47 and §3o and the power-cooling ratio of side
(1) on the heat exchanger dimensions, required surface area and power-
cooling ratio of side (2)., The following proportionalities are derived
from the basic equations.

0.217

I3 a (FC)5 (VI-119)
1, a (F6)J*2%¥ ~ (VI-120)
Lye o (FC)T0" (VI-121)
5y o (pc)70283 (VI-122)
(PC)p a (Pe)F-OMl (VI-123)
Similarly,
Iy a ( §57)043 (VI-12L)
Ip a ( 617)°°478 (VI-125)
Ing @ ( §47)" 479 (VI-126)
S1 a { 647)70-7% (VI-127)
(PC) a ( §47)2°088 | (VI-128)
(FC)p o ( 54p)72°%0 (VI-129)

It should be noted that the pressure level of the air on side (2), §42s

WADC TR 5L-359 99



has no effect on any of the heat exchanger dimensions, but affects only
the power requirement on this side.

The use of the above relationships in design work is facili-
tated by expressing them graphically in relation to a set of reference
values. Straight-line plots are obtained on logaritimic coordinates.

. Simplified Approximate Method

For the evaluation of the performance and physical character-
istics of cooling systems employing heat exchangers of this type it is
very desirable to use methods which are considerably simpler in evalua=-
tion form than those presented in the preceding sub=sections in order
to permit analytical combination of the various components in a cooling
system. By means of a simplification method it may be possible to es=-
_ tablish analytically optimum design conditions for a cooling system,
without resorting to extensive computations.

For the selected core construction, the previously determined
constant values are useds namely, rp is 0.0017L ft, Cp is L.73, exponent
n is 0.434, exponent n is 0.542, jn/f is 0.051, The parameter §) is as
shown in Figure VI-6. Furthermore, it is assumed that the entrance and
exit losses may be neglected. Thus, the factors K3 and K2 in equations
(VI-80) and (VI-81) are dropped out. Then, by introducing the perfect
gas equation of state into equation (VI—82S, one obtains

(PC)qa/wy = 35.6(011)(ap7/Pi3) (VI-130)

Substituting in equation (VI-92), the flow dimension on side (1) is
given by

I, = 0.16L( sil)o'hjhcﬁpf/i’il)o"m(Kol)o°?83/(951)0°217 (vI-131)

where the viscosity on side (1) has been assigned a typlcal average
value since its effect on this dimension has been found to be small.
Following a similar procedure for the flow dimension on side (2), one
obtains ' :

0.2k

FaY
L, = 1.62 Pl[‘Z‘ﬂ(Kol)o'?SB( 5i1)0°h8[§% @)1,8!46/(%02& (I-132)

The ratio of the two flow dimensions Ip/Lj becomes, therefore,

210,023
% . 9.90 h[z_:zi]( Sil)o.ohé%] ( ¢)1'8h7 EKol)o.ozs(%)oms (VI-133)

and because of the small variation of the flow length ratio 1o/1q with
ressure level, pressure drop, temperature level and the resistance co=—
efficient, indicated by their small exponents, equation (VI-133) may be
simplified to the form
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Ipfly = 10 pylep/ey) ()L (VI-13)

The no-flow dimension is obtained by cambination of equations
(VI-109), (VI-85), (VI-131) and (VI-13}). This gives

‘Wl(gil)o'?u(e]/ea) . (VI-1
- -135)
21,0000 537 )18 (apS/p31) 0 TE(p1) (K q )0 258 () 1+BL0

Then, the volume of the heat exchanger core is obtained by the product
of equations (VI-131), (VI-132) and (VI-135)

. 1.88(8417)0+283(K 7)1 283(wy /1000)
core (&il)o.S%CAPE/Pil)OJBB

The ratio of the pressure drops o2 sides (2) and (1) is de~
fined by use of equation (VI-76).

op8/opd = (¥a/¥1)(Kea/Eo1)(uB/u]) (VI-137)

(VI-136

Then, by use of the equation of continuity and the assumption that the
Prandtl number on side {2) equals the Prandtl number on side (1) so
shat by equations (VI-80) and (VI-81)

Koo/Ko1 = Plep/eq) (VI-138)
equation (VI-137) reduces to the form
(288/p30)/(269/p11) = (813/812)%(00/00) () Tlep/er) (200 1)? (VI-129)
Also, the resistance coefficient K,q is defined by

Kop = 3.86(NIU)(e1/enax)(1 + /P (VI-~140)

The final working equations are (VI-136), (VI-139) and (VI-1L0),
The assumed indeperdent variables are the effectivenesses on gides (1)
and (2), e and ez, the inlet presswre and temperatures on sides (1)
and (2) and the permissitle percentags of pressure drop on sides (1) and
(2). From these data the resistance ratio $ may be evaluated from
equation (VI~-139), then the resistance coefficient K,3 fram equation
(VI-140) and lastly the zore volume from equation (V%—ljé), For any
particular application of this heat exchanger to a cooling system it is
possible, normally, by examining the ranges on the variables imnvolved,
to further simplify these equations so that heat exchanger vcolume may
be evaluated directly from & single equation.

The weight of the heat exchanger, ineluding the headers, is de-
fined by
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Wy = 0.0214 Voore (VI-141)

or, assuning that

Vg = 1.25 Voore (VI-1L2)
then "
Wy = 0.0171 Vg (VI-143)

Liguid-to-Air Heat Exchanger

The liquid-to-air heat exchangers are considered to be of the sin-
gle~pass crossflow type. On the air side of the exchanger, the 17.8-
3/8-R surface is used, Figure VI-3. From exploratory calculations, it
has been found that this type of surface camnot generally be used on the
liquid side, because the volumetric flow rate ordinarily encountered on
the liquid side is considerably smaller and it would be necessary to em~
ploy a very small frontal area for the liquid side to produce liquid
velocities high enough that the liquid-film heat transfer coefficients
may contribute in any measure to the overall thermal conductance between
the two fluids. The resulting low frontal areas lead to very great flow
lengths on the liquid side, and therefore require unreasonable configu~
rations for the heat exchanger core. In arder to avoid this, the liq-
vid-side surface is assumed to consist simply of flat plate areas, fur-
nished by the separator, or sandwiching plates of the 17.8-~3/8-R sur-
faces. These flat plates would be closely spaced, and, thereby, furnish
a parallel-bourdary channel through which the 1liquid flows in laminar
or viscous flow.

1. Design Equations and Evaluation Procedure

The heat transfer coefficient for laminar flow of a liquid be-
tween two plane walls is given approximately (Reference VI-5) by

hb/k = 3.75 (VI-1Lh)

where b denotes the plate spacing in feet. This equation applies to
fully developed laminar flow, such as exists in the case of passages of
considerable length and small hydraulic radius. Thus, in neglecting the
entrance effect, the relationship is conservative for use in heat ex-
changer design, since the entrance effect tends to give larger average
values of the heat transfer coefficient than would exist for fully de=-
veloped laminar flow, Equation (VI-1LL) will be used in developing the
design relationships for the liquid-to-air heat exchanger. In deriving
the equations which govern heat transfer on the air side of the liquid-
to-air exchanger, it is possible to use those derived for the air-to-
air case with but minor alterations.

The entrance and exit loss allowance for the liquid-to-air ex-
changer would vary slightly from one design to another, since the plate
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spacing b would vary, amd thus cause variation of the expansion and con-
traction ratios at entrance and exit of the core. Assuming timt the
plate spacing is of the order of 0,040 inch, a suitable allowance for
entrance and exit losses would be defined by a value of XK equal to

about 0,54, Thus, by equation (VI-80)

2/3
Koy = O.54 + [1%%51] (NTU) [1 ;} 4:] (;'zg;%].*lm (VI-1L5)

and from equation (VI-92) |
2
_ {Kol-o.Sh} [ET[Q(PC)]EIM [(urhl)l‘“‘(zsoo)“‘czgma)‘“/"‘J (VI-LL6)

KE, ¢ |l W Cr

where side (1) represents the air side of the exchanger. Then, by use
of equation (VI-85)

-1/2
: (Fc)
81 = Iq[;ﬂ [ivl—l] (Kol)lfz[ %00 rhl]:Vgh_"B.:‘ (VI-147)

The heat transfer relationships governing the second side or
liquid side of the exchanger are next derived. Fram the definition of
the thermal resistance ratic ¢ and equation (VI-74)

ho 85 = (1 + d)(NTU) (‘fcp)min (VvI-148)

so that by combining equatio ns (VI-1}) and (VI-148)

_ 3.75 k 8¢ S,
L S PV (Wep)min [31] (vI-19)

The surface on the air gide has 51); square feet per cubic foot of space
between plates. The surface on the liquid side has 2/b square feet per
cubic foot of space between the plates. Thus, since the air-side sur-
face has a spacing of 0.413 inch, the ratio of the surface areas

sp/sy = [(2/b)/51] (a2v/0.013) = o.113 (VI-150)
and by equation (VI-149)
b = 0.425 kS, / |:(1 . ¢)(mu)<wcp)min] (VI-151)

The number of laminations in an exchanger of this type will be defined
by _

n = Lye/(b + 0.0397) (Vi-152)
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since the spacing is 0.413 inch and the separator plates are 0.03 inch
in thickness., Thus, for one lamination, the thickmess is

b + (0.413/12) + (2 x 0.032/12) « b + 0.0397

Let 14 denote the ratio of the liquid flow dimension to the no-flow
dimension

13 = Ly/lpe (VI-153)
Then, since
Ly = Tuo So/hp, (VI-15L)

by cambining this relationship with equations (VI-152) and (VI-~150)
there results

L = 0.239( 13 sl/L1)°'5(b + 0.0397)°°5 (VI-155)

The no-flow dimension Lpe will be defined by (VI-153) and (VI-155) for
any selected value of the ratio 13.

The equation defining the presswre drop of an incampressible
fluid flowing in laminar motion between parallel plates is

opy = 124y Ly up/(3600 g b?) (VI-156)
and by use of the continuity equation

wp = 3600¥p up nb Iy (VI-157)
equation (ﬁ’I—lSé) becomes

apy = (Kpwp 1p)/(1.08 x 10° g b3 ¥on Ip) (VI-158)

2., Simplified Evaluation Procedure

The evaluation procedures presented in the preceding sub-section
may be shortened considerably by making several simplifying assumptions
and by assuming a specific transfer fluid. As for the liguid-to-liquid
heat exchanger, a mixture of water and methyl alcohol is assumed.

The simplified methods herein presented are believed to give
accurate values of weight and volume within 8 to 104. Referring to
equation (VI-145), detailed computations have indicated that no great
error will be introduced by neglecting the entrance and exit loss coef-
ficient of 0.5 and using an average value for alr of 3.75 for the
paraneter
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(ee2/3/usn /e) = 3.75 | (VI-159)

It is estimated that either of these appraximations would rarely intro-
duce an error in excess of 3%, Also, the parameter in equation (VI-146)
involving the power-cooling ratio PC may be re-expressed in terms of the
fractional pressure drop of the air. '

q FOy/wy = 35.6 9p1(ap§/S;) (VI-160)
Then, introducing equations (VI-159) and (VI-160) into (v;lhé) yields
1 - const.(mu)o'783 [(1 ) /¢]o.783l:%]0.h3h|}gl %gl: 0.217 .
Next, by assuning that

P = Pl
T

over the required tem-

and, because of the small variation of ;J.O'Mh
ue, equation (VI-161) reduces

peratwre range, using for it a constant vg.'JL'

to

1 = o.usu(mu)°°783[5%¢1

0.217

0.

By a similar procedure starting with equation (VI-147) it may be shown
that

. 1,283 0.28
$1 = 1.5x1073 w (wrv)t+283 %t] / {( 52,0566 [i:.ﬁ] :}(vz-léa)
| 1

Using an average value of the coefficient of thermal conductivity k for
the water-alcohol transfer fluid, equation (VI-149) may be reduced to

A Q. 0.283
bw o.oooS(mu)°'283(14¢)°'283/ {(¢)1'283(s;?_1)°°566[§%] } (VI-16L)
_ il

Inspection of this equation reveals that a typical maximum value of b
is about 0.0085 feet. Fuwrther, a detailed study indicates that an av-
erage value for b of about 0,00l feet would rarely introduce an error
in excess of 5%. Thus, the plate spacing b on.the liquid side is as-
sumed equal ‘o a constant value of 0.00L feet.

Next, it is assumed that the liquid flow length 1, is equal to
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the no~flow dimension Imp, making 13 equal to unity and presenting a
square frontal area to the air. Thed, by equations (VI-155), (VI-163)
and {VI~162) one obtains

2.78 x 10_3(W1)0'5(NTU)0'25 [E'+¢)/¢]0.25(921)0.26h (VI-165)
(5910 5(09/p91)% %5

12 =

The volune of the core is defined by

Tore ® I lpIne = 1715 (V1-166)

since 1, is unity. By use of equations (VI-162) and (VI-165), equation
(VI-166) becomes

1.283 0-0.28
Voore 3.1‘;7::10"3[1% [(NTU) 14 ] / {(821)0'566[%] }}(VI-lé?)

The only remaining difficulty in the use of equation (VI-167) is the
selection of the resistance ratio &. An increase in ¢ results in de-
creased weight amd volume but greater pressure drop and pumplng power.
A study of the size of this type heat exchanger as affected by the re-
sistance ratio ¢ indicates that a value in the vicinity of four repre-
sents a good balance between size and flow resistance. The plate spac-
ing b with this value of ¢ would be quite small and somewhat impracti-
cal, which indicates that in all probability the exchanger would not
actually be constructed on the flat plate basis but would use fairly
widely spaced flat tubes far the liquid flow, This would yield a rela-
tively high value for ¢ and allows the air side to be the principal
factor in defining the required surface of the exchanger. Thus, for ¢
of L the volume defined by equation (VI-167) is expected to be quite
representative of that defined by detailed design procedures. For ¢
of li, equation (VI-167) reduces to

: 070,28
Veore u.63,;10-3(m)1-283(,,,1/1000/{531)0»566 [%f’—ﬂ 3} (VI-168)

which is the final form for the core volume equation. The volume of
the exchanger is assumed t¢ be defined by

Vg = 1.30 Vegre | (VI-169)

A study of the weight of the exchanger, including headers and the water-
alcohol transfer fluid indicates that

W = 60 Voore (VI-170)

Wy = 0,038 Vegre | | (VI-171)
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Boiling Liquid-to-Liquid Heat Exchanger

With indirect expendable cooling systems a heat exchangsr must
serve as the intermediate component between the transfer and ultimate
fluids. The heat received by the ultimate fluid is absorbed in the
process of a change in phase. Thus, boiling may be assumed to occur on
the wltimate side. Heat transfer occurs by farced convection between
the wransfer fluid and the heat exchanger surface. The heat exchanger
is assumed to be of the shell-and-tube type with the ultimate fluid lo-
cated outside the tubes and the transfer fluid flowing through the tubes.
The tubes are assumed to be standard alumimm tubing, 1/l inch outside
dlameter and 0.025 inch wall thickness. In order to provide sufficient
space for vapor rise between tube rows, a square pitch equal to twice
the external tube diameter is employed. This arrangement of the tubes
provides 37.8 square feet external heat transfer surface per cubic foot
of exchanger core.

The cooling capacity of the exchanger is defined by
q = hySyyalry (vi-172)

where hy represents the heat transfer coefficlent on the ultimate side,
Syy the surface for heat transfer on the ultimate side of the intermedi-
ate component and ATry the difference in temperature between the ulti-
nate-side swrface and the ultimate fluid. It is assumed that the sur~
face temperature is uniformly the same over the entire external surface
of the tubes. For the specified tube arrangement,

ST/ Voopre ™ 37.8 sq ft/ou £t (VI-173)

30
Q/vcore = 37 -8 hU QTIU (VI-]-?}-L)

By this procedure the definition of volume and weight for this type ex-
changer becomes quite direct and simple., When applying the exchanger
to a cooling system it is then necessary to start from the tube surface
tenperature and define the farced convection heat transfer and flow re-
sistance on the transfer side in a mamner identical to that presented
for the equipment component in Section IV, The heat exchanger may be
adapted to any ultimate fluid by introducing into equation (VI-174) the
appropriate relationship for the boiling heat transfer coefficient.

With water as the ultimate fluid; a study of beiling heat transfer
coefficients indicates that the following derived empirical relation=
ship may be employed with reasonably good accuracy.

hymo = X ATt [1 + L(ry/200)] (VI-175)

This expresgion attempts to account for the variation of the coefficient
with pressure, since the temperature of the water in °F is included in
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the equation. Introducing equation (VI-175) in (VI-1TL) yields
Tore = 20.7(a05y/10)25 [1 4+ L(ry/100) | (VI-176)

Vel = 165/(cTyy/10)25 [1 s h(TU/IOO)] - (VI-177)

The overall volume of the exchanger is assumed to be defined by

Ty = 1.21 Vegre (v1I-178)

and the weight of the exchanger for aluminum construction and water as
the ultimate and transfer fluids by -

Wg = 0.0k2 7y (VI-179)

Wg = 0.05 Voope , | (VI-180)

The physical characteristics for this type exchanger with other
fluids may be defined starting fram equation (VI-17h). Examples for
other fluids are presented in Section XIII dealing with expendable cool-
ing systems.
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SECTION VII
THE ULTIMATE CQMPONENT

The ultimate component of aircraft cooling systems consists cf all
the physical components associated with the supply, storage, discharge
and conditioning of the ultimate fliuid before and after receiving heat,
rejected by the equipment items, in the equipment component of direct
gystems and in the intermediate component of indirect systems., The ul=
timate component provides conveyance of the ultimate fluid tco and from
the equipment or intermediate components, depending upon whether the
cooling system is direct or indirect. Storage facilities for an ulti-
mate fluid would be part of the ultimate component in expendable cooling
gystems. Conditioning equipment for the ultimate fluid pricr to receiv-
ing heat rejected by the equipment items, such as diffusers for raising
the static pressure level of the ultimate fluid or expansion turbines
for lowering the total temperaturs level, are part of the ultimate com-
ponent in many cooling systems utilizing atmospheric air as the ultimats
fluid.

The ultimate component in ram air cooling systems ccnsists of the
air intake, which includes any internal diffuser, the duet or ducts con-
veying the air to the intermediate or equipment component, the duct or
ducts conveying the air to the point of discharge and the air outlet,
when provided. The flight performance penalty imposed on the aireraft
by the ultimate component of rem air cooling systems is the result of
the weight of the ducts, inlets and ocutlets and the mamentum and exter-
nal drags introduced by the atmospheriz air being taken on board and
subsequently ejected. The momentum drag, which may be thrust for some
operational conditions of the aircraft{ and cooling gystem; represents
the net propulsive force of the influx and oubtflux of mementum of the
atmogpheric air. A flight veloclity greater than the final relative ve-
locity of the air issuing from the outlet of the system represents a
momentum drag, since the aircraft must expend a greater propulsive force
in taking the air on beard than is derived by the aircraft from the air
ejection process. If the mamentum of the cooling ajr siream is in-
creased fran inlet to exit of the ultimate component, a negative mcmen-
tum drag or thrust is derived by the aircraft. The external drag of
the ultimate component represents the increased parasitic drag of the
aircraft because of skin protuberances; such as air intakes and outlets.
The air intake for ram air cooling systems might be of the leading-edge,
the fully-protruding ar scoop type, semi-protruding, flush, or might be
designed in some instances tc handle only low-energy boundary-layer air.
The type of intake which would be utilized for a ram air cooling system
depends upen many aerodynamic and general design factors of the aireraft
and cannct; therefore, be fully prescribed by considerations of the
cooling system design alone. There are, however, several compromise de-
sign features of the ultimate component which can be studied from the
standpoint of optimum ram air cooling system design. In general; in-
creasing the pressure recovery characteristice of ram intakes results
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in increased external drag and quite often greater mcmentum drag. The
additional pressure recovery could be employed to reduce the size of the
internal air ducts in the ultimate component, or to reduce the size of
the intermediate component, or to permit an increase in the effective-
ness of heat exchange of the intermediate or equipment camponents so as
to reduce the flow rate of ultimate air required, or io change simul-
tanecusly several of these system design features. Once the performance
and physical characteristics of the various parts of the ultimate compo-
nent are defined, it is generally possible to study the effects of com-
pramise in design of the ultimate component on the overall performance
and physical characteristics of the entire cooling system.

The ultimate component of the expanded ram air cooling system con-
sists of the same general components as for the ram air cooling systems
with the addition of an expansion turbine, its loading device and axy
precooling heat exchanger which might be employed. Since, in general,
the flight perfarmance penalty introduced by cooling systems of this
type is appreciable and the expansion in the turbine depends upon the
degree of intake diffusion, it is desirable to employ air intakes having
fairly good pressure recovery characteristica. As with the ram air sys-
tems, campromise in the design of the ultimate component, such as the
size versus pressure loss of ducting, a the amount of total temperature
reduction in the turbine versus the pressure level at exit of the tur-
bine, must be studied in relation to the overall performance and physi-
cal characteristics of the entire cooling system in order to determine
optimun design conditions.

The ultimate component in bleed air cooling systems consists of all
bleed air ducts, ram air ducts, the expansion turbine and its loading
device and any precooling heat exchangers. The physical components of
the aireraft's powerplants are not included as parts of the ultimate
camponent, since the penalty of bleeding air from the powerplants as a
required increase in fuel flow is charged to the ultimate cemponent. Far
the type of bleed air ¢coling system considered in this stady, the ulti-
mate component consists of the bleed air duct fram the point of bleed on
the powerplant teo the precooling heat exchanger, the precooling heat ex-
changer, the turbine, its loading device which is a compressor, the ram
air intake, the ram air ducts fram intake, through the precooler, through
the canpresscr and to the ram air outlet, and any ducts eonveylng bleed
air to and from the intermediate or equipment camponents. The penally
due to the ultimate component in bleed air cooling systems represents a
very large percentage of the entire cooling system penalty. Consequent-
1y, the physical characteristics and performance of the different parts
must be defined to permit evaluation of optimum system design.

The ultimate component for cooling systems relying on blewers as
the source of air flow consists of the blowers, their driving devices,
the power supply system within the aircraft serving the driving devices,
air ducts to and from the blowers and intermediate or equipment compo-
nents and any air intakes and cutlets. The increased fuel flow to the
powerplants necessary to supply power to the power supply system for
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driving the blowers must be charged as part of the overall penalty im-
posed on the aircraft by the ultimate component. External and momentum
drags may also occur, depending upon the source of the cooling air. When
blowers are used for cooling in compartments having a natural ventila-
tion rate greater than the cooling air rate required, air intakes and
outlets for the cooling air need not be provided and external and momen-
tum drags associated with the natural ventilation should not be charged
‘%o the cooling system. With campartments having no natural ventilation,
air intakes and outlets must be provided and any momentur and external
drags so introduced must be included.

With fuel cooling systems the ultimate component is of minor im-
portance in terms of alrcraft penalty due to weight and power require-
ments. The ultimate component probably would consist of a few relative-
1y short fuel by-pass lines leading to and from the intermediate campo-
nent; where the intermediate camponent would be expected to be located
relstively close to a main fuel line. Other than the weight of thess
lines and any associated flow control equipment, the penalty on the air-
craft would only be due to the pumping power required to transfer the
fuel through the lines.

The ultimate fluid in expendable cooling systems is the expendable
fluid used as the thermal sink and must, therefore, be stored within the
aireraft. The ultimate camponent consists of the starage facilities and
any assoclated control equipment, the flow lines, if any, for transfer-
ring the fluid to the intermediate or equiprment components and the physi-
cal facilities for rejecting the ultimate fluid from the aircraft., In
general, the penalty of the ultimate component is a relatively small
portion of overall penalty of the entire cooling system; including, of
course, the weight of the ultimate fiuld.

The ultimate fluid in vapor cycle refrigeration systems is atmos-
pheric air, taken on board the aireraft through an air intake, delivered
by ducting to the condenser of the refrigeration machine, the refrigera-
tion machine being a part of the intermediate component, and then being
delivered by ducting to an air outlet. Thus, the ultimate cemponent for
vapor cycle systems is physically equivalent in all respects to the ul-
timate component in ram air cooling systems.

In summary, the physical parts of the ultimate ceamponent in the
various types of cooling systems are air intakes, air outlets, ducting,
blowers, compressors, turbines, heat exchangers and power supply sys-
tems. The heat exchangers in ultimate canponents are precoolers located
in the flow circult ahead of the intermediate or equipment camponent and
have physical characteristics essentially the same as the comparable
type of intermediate component. For this reason, the physical charac-
teristies of heat exchangers used in the ultimate component have been
presented in Section VI. The physical characteristics of the power sup-
ply system have been presented in Section V and the penalties chargeable
to air bleed and shaft power extraction from the aircraft’s powerplants
in Section III. The following material presents the f£luid dynamies,
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thermodynamics and the physical characteristics of ducting, air intakes,
outlets, blowers, compressors and turbines as used as a basis for evalu-
ating the perfarmance and physical characteristics of the ultimate can—
ponent 1ln aircraft cooling systems.

Banenclaturs
Symbol Concept _ : Dimensions
a velocity of sound feet per second
A flow area square feet
b ratio of impeller width to diameter dimensionless
Cp specific heat at constant pressure Btu per pound—°r
c constant
d diameter feet
Dr drag pounds
£ Darcy frictiom faator dimensionless
F correction factor dimensionless
B dimensional constant 32,2 pounds per slug
H head of fluid feet
J mechanical equivalent of heat foot pounds per Btu
k ratio of specific heat at constant dimensionless

ressure to specific heat at
constant volume

L length _ feet
| Mach number dimensionless
n rotational speed revolutions per minute
N number of gstages
P @ressure pounds per square foot,abs.
P power Btu per hour
R gas constant feet per °R
Re Reynolds number dimensionless
8g specific gravity dimensionjess
T temperature ' °r
u absclute velocity feet per second
U relative velocity feet per second
v volume rate of flow cubic feet per minute
v volume cubic feet
w fluid flow rate pounds per hour
W weight pounds
¥y distance measured normal to a feet
surface
B Mach mumber paramster dimensionless
1+ [(k-1)/2] &
Y specific weight pounds per cuble foot
r angle degrees
$ ratio of absolute pressure of fluld dimensionless

to standard sea level pressure

(2115 pounds per square foot)
absolute roughness feet
component efficlency dimensionless

o m
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Symbol

a¢ ®W

¢

Concept

ratio of absoclute temperature to
standard sea level absclute
temperature {519°R)

diameter ratio

absolute viscosity

hub~to=tip diameter ratio

ratio of air density to standard
air density at sea level
(0.0765 1b/cu £t)

flow coefficient

ratio of turbine tip speed to
spouting velocity

power coefficient

¥ pressure coefficient
Subscript Refers to

a axial camponent of velocity

A axial unit

B blower

bl bowdary layer

¢ compressor

d diameter

D distribution canponent

af diffuser

e exit

ex external

i inlet

I impeller

mh mechanical

mom momentum

n nozzle

pt pltch section

R radial unit

Re Reynolds mmber

ref reference value

rt root section

sh shaft

st stage

p tip section

wh whirl component

n efficliency

A diameter ratio

T turbine '

o) free stream conditions
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dimensionless
dimensionless
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dimensionless

dimensionless
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per square



Superscript Refers to

o total or stagnation conditions
! power in horsepower
» dimension of inches

Ducting

Ducts transporting air at low pressure would mrobably be of light-
weight metal ducting or fabtric ducting in combination with flexible cor-
rugated sections for bends, elbows, expansion and flexing Joints, where
ever an absclutely leak-proof flow system is not required. The internal
pressure range applicable for these types of low-pressure ducting would
be fram less than 1 to about 75 pounds per square inch. Straight runs
of low=pressure metal ducting would probably be of the thin-wall stain-
less steel type, having single-ply construction ami annular corrugations
in the duct wall for purposes of reinfarcement which are spaced at a
distance roughly equal to the duct diameter., Wall thickness of this
type ducting may be fran 0.005 to above 0,010 inch. Internal pressures
up to 30 or LO pounds per square inch are permitted with duct dismeters
greater than about 3 inches, and up to 60 to 80 pounds per square inch
for ducts of amaller diameter, Two-ply construction permits doubling of
the allowable internal pressure. The external diameter of this type
ducting is defined as the outer diameter of the corrvgations and i3 re-
lated to the internal diameter of the duct by

‘dgx ® 001 + 1,12 af (VII-1)

The exterral dismeter of the duct wall proper is from 0.01 to 0.02 inch
greater than the internal diameter. The volume occupied by the ducting,
expressed in cubic inches per foot, is defined on the basis of the ex~-
ternal diameter of the corrugations and is expressed by

V/L = 2.1d3(1 + 5.6 a]) (VII~2)

Welght of this thin.walled stainless ducting expressed in pounds per
foot i3 defined by the equation

W/L = 0.088 (d])lc - (VII-3)

Elbows, bends and flexure and aligment comections for this type
of metal ducting would be of construction similar to that for the
stralght-run ducting, except for the amnular corrugations which have a
spacing of 6 %0 7 per lineal inch. External diameter and volume for
this part of the ducting would be defined by equations (VII-1) and
(VvII-2). Wel:i;ght- would be evaluated by equation (VII-3) multiplied by a
factar of 1.4, '

Fabric ducting, of which ducts made of commereially available rub-
ber-lnpregnated fiberglass cloth are typical, might be used with certain
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systems for transportation of air at relatively low pressures. Straight
runs of the ducting probably would be of semi-rigld construction with
convolutions spaced at intervals along the duct for added rigidity. Per-
missible internal pressure may be as high as 15 pounds per square inch,
but ordinarily the ducting would be employed for internal pressures of

5 pounds per square inch and less. Wall thickness would be in the range
Q.035 to 0.0 inch far duct internal diameters up to 6 inches, The ex-
ternal diameter of the convolutions varies with the duct internal diame-
ter approximately as

diy = 0.2 +1.14d] (VII-h)
The volume occupied by the ducting is expressed by

V'/L = L.25 d}(1 + 2.7 41) (VII-5)
Weight of this type ducting for low pressures is expressed by

W/L = 0,075 4} (VII-6)

and for pressures of about 15 pounds per square inch by
W/L = 0.09 af (VII-T)

These equations have been derived fram data giving physical characteris-
tics of commercially available ducting. Elbows, bends and flexure and
aligmment connections would be of the fully convoluted type having wire-
supported construction. External dismeters and volumes would be defined
by equations (VII-}) and (VII~5). Welght would be svaluated by equation
(VII-7) multiplied by a factor of 1,5, Leakage rates typical of straight-
run fabric ducting are expressed by the equation

v/L = 0,001 p" 4] (VII-8)

where v defines the leakage rate expressed in cubic feet per minute. For
fabric ducting empioyed in elbows, bends, etc., as described in the pre-
vious paragraphs, the leakage rate averages about L times that given by

equation (VII-8). .

For low-pressure metal ducting which is not corrugated, the Darcy
friction factor used in evaluating flow reslistence may be defined by the
relationship '

£ = 0.18/Re0¢2 (VII-9)
where the Reynolds number Re 1s defined by

Re = Yyudi/g (vII-10)
The friction factor defined by equation (VII-9) would be increased by
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about one-third when the duct has corrugations which are spaced at dis-
tances approximately equal to the duct dismeter. The frictional charac-
teristics of low-pressure fabric ducting of the fully-convoluted type
have been studied using manufacturers' data. Results of this study are
shown in Figure VII-l, where the Darcy friction factor is plotted as a
function of the Reynolds mmber., The results are based on three series
of tests on tubing of similar physical characteristics, with flow being
well within the turbulent region far all tests. The friction factor is

Darcy friction

0.10
- e/d
50.06 T 0.03
g ﬂo 0] o) - Q:.QZ___
Figure VII-1l, Friction
factor of fully convoluted
0.02 Smooth Tube low pressure fabric ducting.
0.01 ' ‘
10% 10 106 107

Reynolds nu_mber » Re

compared with friction factors as defined by various values of the rela-
tive roughness on the Moody chart. This comparison indicates that the
equivalent relative roughness for the fully convoluted fabric ducting is
in the range of 0.01 to 0.03. For evaluation of the physical character—~
igtics of cooling systems employing this type of ducting, the use of a
friction factor of about 0.05 to 0,06 for all conditions of flow within
the turbulent region appears reasonable., Test data on flow resistance
of bends for this type of ducting indicate that for the ratio of the
radius of curvature of the bend tc the diameter of the ducting within
the range of 3 to 6, the flow resistance of an equivalent length of
straight ducting multiplied by a factar of about 11 yields a good aver-
age value for the flow resistance of the bend., Thus, the equivalent
Darcy friction factor would be about 0.60,

In many instances for internal ducting in the ultimate component it
is convenient and practical to evaluate the loas in total pressure of
the air because of the flow resistance by the incompressible-flow rela-
tionship

ap® = (£1/d)(¥ v?/2g) (VII-11)
which may be rearranged to the form
apo/py = (£L/a)(wu%/2) (VII-12)
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| where Mi represents the Mach number of flow at Inlet to the ducts Using
k for air equal to 1.l and solving equation (VII~12) for the Mach number
My yields

My = 2.9(d/fL)0-5(ap%/ps)0°> (VII-13)
The equation of continuity
w ow 3600y uA
for flow through the duct may be rearranged, assuming air,to the form
w[o/sg = 267h 1y o2 (VII-14)

by assuming that the inlet Mach mumber of flow never exceeds about 0.20.
By combining equations (VII-13) and (VII-ll) and solving for the duct
diameter, ons obtains

an w 0.07820e1)0 0w [og/5 904/ [1 - (p/pp)]%?  (vIz-15)

This relationship permits evaluation of the required duct size for any
selected flow rate, vemperature and pressure of the air, duct length,
permissible pressure loss and overall equivalent friction factor for the
duct run. By intreducing into equation (VII-15) a typical average value
for the friction factor £ of 0.02,

an = 0,036 2w Yo /1 - (wg/pf)] OF (vII-16)

and defines the relationship which has been used quite frequently for
evaluating required duct size. When the flow Mach nmbers are found to
be in the vicinity of 0.20 and above, an equation relating total pres-
sure loss to the duct length, dlameter and frictlon factor is used in
place of the incompressible relationship defined by equation (VII-1l).

Air _In‘bakes

Many cooling systems, whether centralized or individuallzed, uti-
lize atmospheric air for the ultimate heat sink, Atmospheric alr would
be taken aboard an aircraft through an intake which may be one of fowr
general types: (1) leading-edge, (2) scoop, (3) skin, (L) internal.
Leading-edge intakes normally have the best pressure recovery character-
istics because of the absence of boundary layer flow ahead of the en-
trance section of the intake, but they cannot always be employed, since
in many instances leading edge surfaces are mot avallable in the general
vicinlity of the equipments to be cooled, or aerodynamic conslderations
of the alrcraft in general would preclude their use. Scoop intakes are
inlets located on a surface of an alrcraft which protrude outwardly from
the surface into an airstream flowling parallel to the aircraft's surfacs.
The protuberance of the intake generally serves to define whether the in-
take is handling principally free-stream or bourdary-layer flow. Pressurse
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recovery and flow capacity characteristics depend greatly upon the rela-
tive amount of boundary layer flow handled by the intake. Well-designed
scoop intakes handling essentially free-stream flow rovide ram pressure
recovery nearly as good as for leading-edge intakes, but with higher
overall drag imposed on the aircraft. Intakes of small relative pro-
tuberance have inferior pressure recovery characteristics due to the
hardling of low-energy boundary layer flow, but aid in reducing the
gerall drag imposed on the aircraft for any required flow rate of cool-
g alr.

Skin intakes are flush openings in the aircraft's skin, and may be
arranged to provide inflow of air in any direction fram tangential to
normal entry. External drag of this type intake generally is low in
canparison with the scoop-type intake. Presswre recovery and flow char-
acteristics for skin intakes having tangential entry can be as good as
with well-designed scoop intakes, but musit operate in a region of thin
bourdary layer, or in conjunction with boundary layer bleed. Skin in-
takes in superscnic flow are generally believed to be inferior to scoop
intakes. Internal intakes are principally openings or scoops located
in the main air ducts supplying ram air to the aircraft's powerplants.
Pressure recovery would be high since the powerplants require well-de-
signed air inlets. The use of an inlet of this type has the basic dis-
advantage that equipments to be cooled are commonly located quite remote
to the powerplants and air ducts of considerable length may be required
to transfer the cooling air to equipment or intermediate camponents of
cooling systems,

1. Presswe Recovery and Flow Capacity of Leading-Edge Intakes

A leading-~edge intake is illustrated schematically in Figure
VII-2, with station (o) defining the undistwbed free-stream state of
the air, station (i) the state at entrance to the diffuser and station
(e) the state at exit of the diffuser and entrance to the distribution
component. Free-stream diffusion occurs ahead of the diffuser. For
subgonic flight speeds it may be considered to occur isentropically.
Within the diffuser, the stream is diffused to the maximum permissible
flow velocity at the exit of the diffuser. The diffuser is assumed to

Diffuser

-

—-
—
—— —

o l Figure VII-2. Schematic
<°°)-_.__ | 1) Pdf l () of a leading~edge alr
T intaks.

—I—h—
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be conical, The rate of variation of iis cross-sectional flow area is
defined by the total included angle T sp. Within the supersonic f£light
Mach number range considered in this s%f ) o005 1.0 to 1.8; the dif-
fuser is assumed to operate subsonically at all times, so that a bow
wave would be formed ahead of the inlet section, thus permitting spill=
age of the free-stream air over the leading edge of the inlet. The bow
wave is assuned to possess the characteristics of a narmal shock within
the flow region defined by the inlet area of the diffuser. The selec~
tion of the diffuser with external nomal shock for supersonic flight
speeds is based on a general study of supersonic diffusers appllcable
to the flight Mach number range from unity to 1.8, This type of super-
sonic intake is generally considered supericr to the full-flow cblique-
wave diffusers for flight Mach numbers less than 1.5. For this study, .
the preference for the normal-shock diffuser is assumed to extend to the
maximum Mach mmber of 1.8 for the purpose of simplifying evaluation
procedures. The performance of an external-normal-shock diffuser at a
flight Mach number of 1.8 apparently does not differ significantly froem
that of an oblique-wave diffusion system.

A review of exieting methods of design for subsonic leading-
edge intakes indicates that a well-proportloned intake operates in level
flight with a diffuser inlet velocity ugs.s of approximately 70% of the
flight veloclty. Reduction of the design inlet velocity has the advan~
tages of increasing the overall efficlency of diffusion and reducing the
spatial requirements of the diffuser proper. It has the dilsadvantages
of increasing the frontal area and, correspondingly, the external drag
attributable to the intake. An inlet velocity of 70%f of the flight ve-
locity tends to emphasize minimization of external drag and of leading-
edge surface required for the intake opening. The minor penaltles of
lowered overall efficlency of diffusion and greater spatial requirements
are Justifiable for moat cooling systems, since the absolute size of in-
takes for cooling systems would normally be relatively small. On this
baais, for subsonic flight Mach numbers,

Tapg/Top ® 1+ 0.102 MZ, (VII-17)

and .
Pae3/Pe ® (1 + 0,202 M2 )35 (VII-18)

The pressure recovery of the diffuser proper is defined by the diffuser
efflciency and the flow conditions at entrance to the diffuser. The re-
lation between pressure recovery and diffuser efficlency ls defined by

ndi' = (Pg.f-e - pdf-i)/ (ng_i - pdf-i) (VII_"‘]S)
This, combined with the relationship
2% /Poo ® DSe-i/Poo » (L + 0.2 43 )35 (VII-20)

yields
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- 1+ 0.2 ¥, P
% = (140,02 n§°)3°5{1 * Mg [(M) - J (VII-21)

For known values of the diffuser efficiency and flight Mach number, the
total pressure of the air at exit of the diffuser is defined in terms of
the atmospheric pressure by equation (VII-21).

The efficiency of the diffuser Ngr 1s a function of the re-
quired area change and the included angle of the conical section. The
required area change fram inlet to exit of the diffuser depends upon the
permissible flow velocity at emtrance to the ducting. Increasing the
flow velocity at exit of the diffuser increases the efficlency of the
diffuser and, correspondingly, the pressure recovery, but would also in-
crease the mressure loss in the ducting. Hence, the exit velocity of
the diff user must remain as an independent variable of analysis. Any
selected value must be based upon a compromise indicated by the results
of a design study of the entire cooling system. The includgd angle of
the diffuser T'gr normally would be within the range from 8" to roughly
25". A reduction in the spatial requirements of the diffuser would be
obtained by increasing the included angle, wiich, however, would reduce
the efficiency and pressure recovery. Included angles in the range from
10° to 15° would be considered as the most likely design values for air-
ceraft cooling systems.

Based on a study of subsonic diffusers to determine the inter-
relation of included angle and area change with diffuser efficiency, the
following empirical equation is proposed to correlate the efficiency with
fairly good accuracy far a range of included angles from 59 to about 35°
and area ratios up to roughly 10.

Nar . 1~ 0.01h(l"d£)1e33{|:‘[’%f;_-_% - ]I / ll/g‘: + 1]} (VII-22)
w1 -

The area ratio of the diffuser Agp-e/Adf-i may be defined by application
of the equation of continuity from inlet to exit of the diffuser; i.e.,

(yau)gey = (yaugre (VII-23)

which may be rearranged to yield

Aar—s _ O-Thgf1+0.10242)%-5(1+ 0,24%)05(1 + 0.248s.¢)3 (vII-2L)
Aapsg Maswe(PGr o/ Pos)

The required area ratic of the diffuser is a function of the selected
permissible flow Mach number at the diffuser exit.

Equations (VII-21), (VII-22) and {VII-24) define the basic re-
lationships for evaluation of pressure recovery and area ratio for lead-
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ing-edge intakes in the subsonic flight region. For evaluation of pres-
sure recovery, a trial-and-error solution is required. In general, the
procedure would be to assume a value for the diffuser efficlency, calcu-
late the recovery pressure ratio by equation (VI1I-21), then the required
area ratio by equation (VII-2L), and lastly evaluate the diffuser effi-
ciency by equation (VII-22) to check the accuracy of the initlally as-
suned value.

The inlet area of the diffuser required for taking aboard the
aircraft air at a specified rate may be evaluated by application of the
equation of continuity to the inlet section. In order to account for
boundary layer effects, the actual flow capacity of the opening is as-
suned to be 95% of that evaluated on the basis of one~dimensional flow.
The resulting expression is

war Tag/{ foohde1) = 1420 Meo(L + 0.102 ¥2,)2° (VII-25)

For the subsonic flight Mach number range of 0.6 to 1.0 the re-
quired arga ratio of the diffuser is defined quite accurately by
0.56 U2:70/Myp_¢. Thus, the required area ratios would narmally be
within the range of about 2 to 5. Typical ratios of diffuser length to
inlet diameter are in the range 1.5 to 5, and have aproximately the
' same magnitude as the required area ratio. The volume of a diffuser
having an area ratio of 5, corresponding to an exit Mach number of about
0.10, is roughly twice that of a diffuser having an area ratio of 2,
which corresponds to an exit Mach number of about 0.25. The volume var-
ies roughly in direct propartion with the corrected air rate raised to
the 1.5-power. Thus, for example, at an altitude of 60,000 feet, the
diffuser volume would be about L5 times that for standard sea level at-
mospheric conditions.

Within the supersonic flight range, a normal shock wave is as-
sumed to exist ahead of the diffuser inlet. The Mach number at entrance
to the diffuser is assumed equal to the Mach number downstream of the
normal shock, so as to prevent any expansion or recampression of the
stream between the standing wave and the diffuser entrance. On this ba-
sis, and using the flow properties characteristic of a namal shock wave,
the ratio of the total pressure at exit of the diffuser to the free
stream mressure is defined by

28¢—o/Poo = [(m%;,-— 1)/€E| {1 + Ty [<{.2n200/(7u2m- 1)>3"’5- 1]} (VII-26)

The diffuser efficiency is defined by equation (VII-22) since subsonic
flow exists at all times within the diffuser section proper. The ratio
of exit to inlet flow area of the diffuser is defined by

Ageo/Agry = (pw/psf_e)(moo)]/ 1+(82, /5) (140.2M3p o) Myp_e  (VII-27)

and the flow capacity by
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w0/ (60AT) = 2030 Moo (VII-28)

The required inlet flow area of the diffuser would be evaluated by equa-
tion (VII-28). The procedure for evaluation of performance and physical
characteristics of leading-edge intakes for supersonic flight speeds is

identical to that outlined for subsonic speeds.

Simplified evaluation procedures for leading-edge intakes may
be employed in many instances. If the included angle for the diffuser
is assumed to be within the range of 10° to 129, the ram pressure ratio
msy be evaluated as a function of the flight Mach number and the Mach
number of flow at exit of the diffuser. The results of this evaluation
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Figure VII-4. Working chart for evaluation of inlet
diameter of leading-edge intakes.

WADC TR 5L=359 | 12k



are shown in Figure VII-3, and it may be observed that the Mach number
of flow at exit of the diffuser has no major effect on the pressure re-
covery of the intake. For the flight Mach number range of 1.2 to 1.8
the ram pressure ratio may be represented quite accurately by the equa-
tion :

- P8pe/Poo = 1.6 H%ga (VII-29)

Far the subsonic range of flight Mach numbers from 0.4 to 1.0, an equa-
tion which quite accurately defines the ram pressure ratic is

Piro/Peo = 1+ 0.85 #3® (V11-30)

The required inlet flow area of the diffuser is defined by
equation (VII-25) for subsonic flight Mach numbers and by (VII-28) for
supersonic flight Mach numbers. A graphical solution to the evaluation
of the required inlet area is presented in Figure VII-L., _

2, Pressurs Recovery and Flow Capacity of Scoop Intakes

Scoop intakes have performance and physical characteristics
which vary widely with the purpose of use, location on the aircraft
outer surface, type and configuration of the intake and aireraft flight
conditions. It has not been found practical to develop a working method
capable of evaluating the effects on performance and physical character-
istics of the intakes for the wide variety of operaticnal and design con-
ditions possible. Methods are presented in the following paragraphs
which are not rigorous for all applications and flight conditions, but
are designed to evaluate approximately the performance and physical char—
acteristics of scoop intakes, If during amy cooling system analysis it
should occur that the characteristics of a scoop intake play a key role
in establishing the criteria of design, it would be necessary to consid-
er the design and performance evaluation of the scoop intake in consid-
erably more detail.

For purposes of analysis, scocp intakes are separated in three
general groups: (1) those having a height, as measured by the normal
projection of the scocp into the air stream, equal to or less than the
thickness of the boundary layer, (2) these having a height in the range
of one- to four times the boundary layer thickness, amd (3) those han-
dling essentially free stream air, such that the boundary layer air
represents a small percentage of the total inflow to the scoop.

The velocity profile within the boundary layer is assumed to be
represented by the conventional one~seventh power variation, with a flow
velocity of zero at the aircraft's surface ani free stream velocity at
the outer edge of the boundary layer. Also, it is assumed that no dif-
fusion of the air occurs before entrance to the scoop intake. For
scoops having a height equal to or less than the thickness of the bound-
ary layer, the mean temperature of the bourndary layer is assumed to be
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the arithmetic average of the free stream and adisbatic wall tempera-
tures, the latter defined on the basis of a recovery factor equal to
0.9. The resulting expression defining the flow capacity of the scoop,
when (ya¢.1/¥p1) € 1, may be shown to be

1870 ¥, (Fag-1/yp0)° 23

Wat Y90/ (Soohdr-1) . (VII-31)
df b wAd-f + 1+0.09 M%O(Z-ydf_i/ybl)
The thickness of the boundary layer is assumed to be defined by
¥ = 0.19(147)0°8 &:2h/(5 u )02 (VII-3)

where ljq represents the distance from the scoop intake to the leading

edge of the aerodynamic surface on which the intake is mounted. The in-

tegrated mean total pressure at the entrance section of the diffuser,

when (ydf-i/ybl) € 1, is defined in terms of the free-stream pressure
he expression

Pr-1/Poo = [1 +0.16 U5, (Ydf-ifybl)o‘zaé]B'S (VII~33)

The scoop must provide internal diffusion of the air fram the
nmean flow velocity at entrance of the diffuser to the required flow ve-
locity at exit of the diffuser and entrance to the ducting. The mean
flow velocity at entrance of the diffuser is defined by

4pa/0e = 0.875(yap_q/7pp) 0 3 (VII-3)

The area ratio required of the diffuser is defined by application of the
equation of continuity from inlet to exit, which yields

E:. = 0-875(po/ ng-e)(ﬁgfge)(moo/“df-e)(Ydf—i/ybl)o'IhB (VII-35)

where the total pressure at exit of the diffuser is related to the inlet
total pressure by

Plre/Pop = 1 +Mgp | (B8r 4/Pe) = 1 | (VII-36)

The efficiency of the internal diffusion process is assumed to be de-
fined equation (VII-22). For sceoop intakes having a ratio of
(F3£-1/Tp1) much less than unity, the mean flow velocity would be rela-
tively low and no internal diffusion is required. An area ratio
Agr_o/Agr.i less than unity would indicate that the boundary-layer flow
must be accelerated within the scoop Yo reach the specified flow velocity
at exit of the diffuser. As for evaluation of the leading-edge intake,

a trial-and-error process is required to define the pressure recovery of
this type intake.
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With the second general type of scoop intake, where the bound-
ary layer thickness is within the range of 25 to 100% of the scoop
height, the equation defining the flow capacity of the inlet section is

. . Yo1 | ¥h/Tae-
%z YO0/ (Sachis-1) = 1870 Mw{(B/T)[l - ;g‘f’z} (‘l’io.‘; M‘é (VII-37)

The thickness of the boundary layer is defined by equation (VII-32). The
mean total pressure of the air at entrance to the diffuser is defined by

28¢.3/Poo {1+o 2M2, [(ygf_,-/ygl)-o.il / [(ygf_i/y{‘,l) «0.125 }3"5 (VII-38)

The pressure recovery during diffusion within the intake is evaluated by
equations (VII-22) and (VII-36), with the internal area ratio of the in-
take defined by

T2 o [1-0.125(78)/7e-1)] (Poo/ P -e) (Bpo/Mat o) O fPo)  (VII-)

When the height of a scoop intake is more than five times the
thickness of the boundary layer, it is assumed that the required inlet
flow area and external pressure recovery may be evaluated independent of
the boundary layer characteristics. The scoop acts essentially as a
leading-edge intake., The external pressure recovery is quite high over
the range of inlet velocity ratio ugr.i/ug from about 0.4 to l.2. In
order %o permit a compromise in design between inlet flow area and over-
all pressure recovery, the following equations are presented as a func-
tion of the inlet velocity ratio, and are valid far a range of inlet as-
pect ratios from 1 to 5. The flow capacity of the scoop is defined by

¥ YO/ (Soohir—g) = 2030, et {1+o.2u%o [1-(udf_1/uw )2]}2 5 (VII-L0)

Uoo

The external total pressure recovery is assumed independent of the inlet
velocity ratio and is defined therefore, by the equation

P8¢-1/Po ™ [1 + 0.195 MEO}B'S (VII-L1)

The internal pressure recovery is evaluated by equations (VII-19) and
(VII-22), with the internal area ratis defined by

2.5
hatwe | Poo  Tar-i Mo B 150202, |1{ 8L (VII-L2)
Agry Pr-e Yoo Mar—e "% e Uep

Inlet velocity ratios in the rangs 0.7 to 1.0 would be considered most
typical for subsonic flight speeds.
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With scoop intakes and supersonlc flight speeds, the following
assunptions are made. A narmal-shock wave precedes the flow at the en-
trance to the diffuser, and the free-stream flow conditions ahead of the
inlet are defined as those downstream of the normal shock. Thereafter,
the scoop intakes are evaluated in the mamner outlined in the preceding
paragraphs, This method of analysls ylelds only apmroximate results.

3., Presasure Recovery and Flow Capacity of Skin Intakes

The perfarmance of skin intakes depends greatly upon the bound-
ary layer conditions at entrance to the intake, the aspect ratio of the
intake and the relative amount of boundary layer bleed employed. De-
tails of general design procedures for high-performance skin intakes
have not been camplled. Specific procedures yielding deslgns with good
preasure recovery should be utilized when a high-performance skin intake
is required far a cooling system.

Typically, a flush recessed opsning in the skin of an aircraft
would yield a pressure recovery defined by

PS¢ o/Poo * [1 + 0.06 M%o]"5 (VII-L3)

when the flow velocity - 80 the exit of the intake is within 10 to
70% of the flight velocity. The required flow area at exit of the dif-
fuser is defined by

W Yoo/ (Wip_g 5co) = 20300M/Roc) (Wyr_o/ ) (PSr—o/ R/ Baro)?*> (VII-h3)

. Pressure Recovery and Flow Capacity of Internal Intakes

An internal intake located on the surface of any main air duct
acts essentially as a2 scoop intake. Pressure recovery and flow capacity
for this type intake would be evaluated by the procedures outlined in
the preceding sub-section (2).

5. Drag of Air Inlets

The total drag imposed on an alrcraft by use of an alr inlet
may be evaluated as the sum of the momentum end external drags. Momen-
tum drag accounts for drag on the aircraft resulting from change in the
absolute or relative air wveloclty between inlet and exit of the flow
system. External drag includes all parasitic drag originating from
added surfaces, edges and protuberances in general.

External drag of leading-edge inlets having the general design

features as presented in sub-section (1) would be, on the averags, de-
fined approximately by

Dregx ® 0.5 fg Agp_g MG, for My 1 (VIIebh)
over the subsonic flight rangs.
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Within the supersonic flight range of the study, i.e., for Mach
numbers up to 1.8, the external drag would be roughly 1.5 times that de-
fined by equation (VII-LL) when the inlet is operating at its design
flight speed. Under off-design operation, if the inlet handles less alr
than the swept-volume of flow, so that splllage of ailr over the leading
edge of the intake exists, a drag increase results which must be added
to 1.5 times the drag defined by equation {VII-Lh). The total external
drag under these conditions is defined approximately by

Drey = 1.7 soc;g_f_iﬁ_if;‘i - ]-+ wdf(;gfo‘ai:w) + oMl M3 (VIL-LS)

vhere, in general, the diffuser inlet pressure and flow veloecity can
only be defined fram considerations of the flow characteristica of the
entire cooling system. When the inlet operates under off-design condi-
tions with the shock leccated within the diffuser proper, so that the in-
fiow of air is defined by the awept-volume of flow, the external drag
would be evaluated approximately by 1.5 times the drag defined by equa=
tion (VIT-LL).

The momentum drag with subsonic ar supersonic leading-edge in-
takes is defined by

Drpom = 0.00915 wap My, V 8w (VII=}46)
which foar subsonic design reduces to _
Drpom = 13 SooAleg M&, (1 + 0,102 &, )25 (VII-L7)

and for supersonic design to
Drpoy = 19.6 5 AlSey M, (VII-L8)

The external drag of scoop inlets operating over the subsonic
flight speed range is approximately defined by

Drex = 1.25 8o Aje g ME, (VII-L3)

For the supersonic speed range, the external drag of a scoop would be
defined by equation (VII-L9) multiplied by a factor of 2, except under
conditions where the bourdary lsyer extends beyond the maximum protuber-
ance of the scoop. For the latter case, the external drag would be de-
fined by equation (VII~L9).

The momentum drag of bounmlary layer scoops for both sub- and
supersonic flight speeds is defined by

Dpon = 26 5oM2y Mie_s (ae_1/ve) (VII~50)
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when the diffuser inlet height ygp.q 1s less than or equal to the bound-
ary layer thickness ypi; or by

— Tbl vl
Drpom = 16 S, M3, Ade 4 Tara 0.00915w4s vaeoo[l - Y3 1] (VvIiI-51)

when the diffuser inlet helght ygp.y i3 from 1 to 4 times the boundary
layer thickness, or by equation (VII-46) when the ratic of inlet height
t0 boundary layer thickness is greater than L,

Alr Qutlets

The general practice in the cooling system study has been to ignore
external drag of air outlets and to define their weight and space on the
basis of an equivalent length of ducting. The thrust which may be de-
rived from expansion and ejection of the air has been included in some
systems and ignored in others, When the flow circuit is such that pres-
sure drop at the ocutlet is avaeilable, in general the thrust is included.
The cooling system studies presented in subsequent sections specify when
the thrust is included or ignored. With some systems there is no prac-
tical benefit to be derived by raising the back pressure throughout the
flow circuit so as to have a pressure drop avallable in the outlet of
the system for development of thrust. The thrust resulting from an exit
velocity of the cutlet, tUp.gy, is defined by

thrust = - Drpg, = 0.863 x 1075 wu . (VII-52)

where w represents the flow rate of air in pounds per hour and the up.g
the exit veloecity in feet per second. The net momentum drag is defined
by the sum of the inlet and outlet momentum drags.

Blowers

Evaluation of cooling systems employing blowers as the source of
air motion requires working procedures which permit convenient defini-
tion of size, weight, speed and power for any specified air flow rate
and system flow resistance. Studies of the perfarmance of low and medi-
un pressure centrifugal and axial blowers have been conducted to estab-
lish evaluation methods for determining physical characteristics and
performance. Low and medium pressure blowers are arbitrarily classified
as those having pressure producing ability up to about 10 to 15 inches
of water at standard density.

1. Centrifugal Blowers

The study of low and medium pressure centrifugal blowers has
been restricted to blowers employing forward curved multiple vanes of
shallow radial depth. Centrifugal blowers employing backward curved
vanes have not been considered for aircraft application because of thelr
inherently small pressure-producing ability. The perfoarmance of 55 units
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of the forward-curved multi-vaned type, representing products of five
manufacturers, have been studied to define representative performance.
Impeller diameters ranged fram 3 to 36 inches, and rotational speed fram
260 4o 5000 revelutions per minute.

Performance of each unit was studied and carrelated by assuming
the blowers to be hamologous, i.e., assuming the fan or blower laws to
apply. On this basis three parameters may be defined to correlate the
volumetric capacity, the pressure-producing ability and the input power
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Figure VII-5. Generalized pressure and volume flow characteristics
of Iow- and medimm-pressure centrifugal blowers.,
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requirements. The relative volumetric capacity of the blowers was cor-
related by using a parameter equivalent to the standard flow coefficient
for compressors and blowers. The parameter is defined by

pg = (v3/100)(0.5/bg)/fng/1000)(d57/10)°] (VII-53)

which assumes that for homologous blowers the flow rate is directly pro-
portional to the rotational speed and to the cube of the impeller diame-
ter when all impeller widths are first corrected to a camparable percent-
age of the impeller dismeter. The standard geometry of the impeller is
selected as a width ratio bg of 0.5, i.e., an impeller width equal to
one-half the tip dismeter. A practical design range for the width ratio
would be considered as fram about 0.3 to about 0.7. The volume flow
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Figure VII-6. Generalized shaft power requirements
of low- and medium-pressure centrifugal blowers.
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parameter for any blower would vary from zero, i.e., shut-off operating
condition, to a value corresponding to the maximum flow handling capaci-
ty of the unit, defined as the operational condition where the outlet
static pressure equals the inlet total pressure. The pressure-producing
ability of the various units has been correlated by the parameter

¥ = (a9f"/opy)/{np/1000)%(d5/10)°] (VII-5L)

which is basically equivalent to the definition of the standard pressure
coefficient employed in compressor design theary. The denaninator of
equation (VII-5}) is proportionsl to the square of the impeller tip
speed. The numeratar of equation (VII-S4) is proportional to the head
produced by the blower, where opy represents the ratio of the alr den~
gity at inlet to the blower to standard air density. Data on shaft power
required to drive the blower were evaluated and correlated by the power
parameter

Xg = (pg/om)(o.s/bB)/EnB/looo)3(d§I/10)5] (VII-55)
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Figure VII-7. Generalized effiéiency of low- and
medium-pressure centrifugal blowers.
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where P];/"‘Bi defines the carrected shaft horsepower required by the
blower. ,

The blower efficlency is defined by the generalized parameters
and was calculated from

nB = ?B -qu/(63ost) (VII—56)

_ The results obtained in correlating centrifugal blower perform-
ance by the parameters ¢p, yp and Xp are shown in Figures VII-5,
VII-6 and VII-7. Representative generalized performance for this type
of blower may be selected fram average performance shown in Figures
VII-5 and VII-6, as illustrated schematically in Figure VII-8. These

¥B

Ny Figure VII-8. ' Representative general-
ized perfoarmance of low and medium

Xp presswre centrifugal blower.

Percent Max, Capacity
¢8

generalized characteristics are used for selection of required impeller
diameter and rotational speed of a blower. The eriteria for selection
are obtained by combining equations (VII-53) and (VII-SL) to yield ex-
plicit definitions of required diameter and speed, The resulting ex-
pressions are

apz/10 = [0.707 435/ §-%] {(vB/loo)O'5/EbB)°°5(Apg"/oBi)°'25]}(vn-57)
ng//1000 -[gg's/o.,?ov vy '75] [(Apg"/aBi)o°75(bB)°'5/(vB/100)°°5_-| (VII-58)

These relatlonships illustrate that for any volumetric capacity and total
pressure rise required of the blower, the diameter and rotational speed
are defined explicitly by selection of the width ratio of the impeller
and the efficiency level ar percent maximum capacity at which the blower
would operate. -

Generalization of bulk volume and weight for low and medium

pressure centrifugal blowers has been obtained fram a study of existing
designs representing 31 units and 5 manufacturers. Impeller diameters
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of these units ranged fram 3 to 11 inches. Blower volume is correlated
as a function of the dlameter and axial width of the impeller by the

parameter bp(dpp)”, where by is the ratio of the arxial width to tip di-
ameter of t peller., Results of thls type carrelation are shown in
Figwe VII-9. For any specific blower type, as for example blowers of

varying size but built by the same manuggctm-er s the volume is found to

vary linearly with the parameter bp(dy However, a range in blower
%he abscissa in Figure VII-9 due

volume is found at any fixed value of
to variations among the designs of the various mamufacturers. For pur-
poses of evaluation of blower volume required for alrcraft equipment

cooling systems it is assumed that the effort would be directed toward

practical minimization of physical size, so that the solid line indi-
cated in Figure VII-9 would be representative of blower designs sultable
for cooling system applications, This line may be described by the

equation
vy = 3500 bplajp/10)3 | (VII~59)

and would be used to define spatial requirements of low and med:!.um pres-
sure centrifugal blowers.

A study of the weight of various low and medium pressure cenw
trifugal blowers indicates that weight may be correlated with volume.

30

Blower volume, Vj/100, cubic inches

1 | | 1 |
0 0.2 0.l 0.6 0.8

bB(d;;/lO)3

Figure VII-9. Results of correlation of volume for low and medium
pressure centrifugal blowers as function of impeller dimensions.
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The representative weight variation is defined by
Wy = 1,26(vh/100)0:8 (VII-60)

The flow velocity of the air at the blower discharge is defined
by the flow rate and the exit area. In order that the exit velocity may
be defined for any selected low and medium pressure centrifugal blower 9
a study of exit areas of existing blowers was made in an effort to cor-
relate this area as a function of the impeller dimensions. The results
obtained from this study of 36 commercially available units having im-
peller diameters in the range 3 to 12 inches define the variation of exit
area with the abscissa parameter by the equation

Aj, = 100 by(dly/10)> (VII-61)

External dimensions of the scroll for low and medium presswe
centrifugal blowers were studied for 3l units having impeller diameters
in the range fram 3 to 15 inches. Dimensions of the seroll were found
to vary about in direct proportion with the diameter of the impeller.

2. Axial Blowers

A study of low and medium pressure axial blowers was conducted
to define generalized perfarmance and physical characteristics in a man-
ner similar to that used for low and medium pressure centrifugal blowers.
The purpose of determining performance and physical characteristics has
been to allow evalunation of rotational speed, power, welght and volume
of a typical blower employed as a source of air movement in an aircraft
equipment cooling system. Physical characteristics and performance of
low and medium pressure axial blowers were determined from the charac-
teristics of existing designs; in order to define typical average values.
No attempt was made to study effects of details in design, such as rotor
or stator blade angle and solidity.

The results are based on the study of 17 single-stage units,
which have rotor diameters in the range fram 3.5 to 21 inches and rota-
tional speeds from 3600 to 14,000 revolutions per minute. Generalized
performance is defined in terms of the flow ccefficient ¢ go the pres-
sure coefficient y g and the power coefficient X g. The flow coeffi-
cient for axial blowers is defined as

gp = (v/100) [0051/(1 mvg)] / [(nB/IOOO)(ng/lo)3] (VII-62)

which is identical to that used for centrifugal blowers except that a
correction factor is introduced to allow for variaticn in the hub-to-tip
diameter ratic of the impeller V gy Whereas with centrifugal units a
correction factor by is included to allow for variation in the axial
width of the impeller relative to the tip diameter, For axial units s &
reference hub-to-tip diameter ratio_is selected as 0.70;, which defines
the constant of 0.51 equal to (1 -=v*) in equation (VII-62). It is as-
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Pressure Parameter,¥ p

sumed that scme variation in the hub~to-tip diameter ratio for blower selec-
tlon or design is possible without affecting to any appreciable extent the
pressure-producing ability or power requirements of the blower, and that_the
volumetric capacity of a unit would be proportional to the factar (1 ~v2),
as indicated by equation (VII-62)., Actually, performance of axial blowers
would be affected to some extent when this ratio is varied, prineipally due
to radial flow when the ratio is low and to high relative skin friction when
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Figure VII-10, Generalized pressure and flow volume characteristics of low
and medium pressure single stage axial blowers.
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the ratio is high. A practical range of the hub-to-tip diameter ratio v g
permitting correlation by the factar introduced in equation (VII-62) is es-
timated to be from about 0.60 to 0.80.

The pressure-producing ability of a single stage axial blower is
correlated by the pressure coefficient, defined as

g = (apf/og;) / [(nB/looo)z(ng/lo){] (VII-63)

which is identical in definition to that employed for centrifugal blowers.
As previously pointed out, the pressure-producing ability is assumed to be
independent of the hub-to-tip diameter ratio within a practical range of
variation, such as 0.60 to 0.80. The effect of inlet air density on the
actual air pressure rise is accounted for by the inlet alr density ratio
ogic This method of correction is fairly accurate as long as the flow pro-
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Figure VII-1l, QGeneralized shaft power requirements of
low and medium pressure single stage axial blowers.
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cess is essentially incompressible s as would be the case for most single-
stage axial blowers. Basically, equaticn (VII-63) defines the ratio of
head development to the square of the impeller tip speed for one stage of
a blwero ’

Shaft power required of axial blowers is correlated by the powsr
coefficient; defined as '

%y = (Byoy) [0/t -v3)] /[m/r000)%elr/1005] (e

which is basically equivalent to¢ that employed for centrifugal blowers ex-
cept for the factor including the hub-to~tip diameter ratioc in place of the

100 Y

Efficiency, g, percent

L 1 1 [

|
01.0 1.4 .8 - 2.2 2,6 3.0

Volume Flow Parsmeter, ¢p

Figure VII-12, Generalized efficlency of low and medium
pressure single stage axial blowers.
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wildth-to=diameter ratio far centrifugal units. It is assumed that me-
chanical losses are included in defining shaft power required of any
blower by use of the power coefficient defined in equation (VII-L).

Results obtained by correlation of perfarmance of single-stage
axial blowers in terms of flow, pressure and power coefficlents are il-
lustrated in Figures VII-1C, VII-1i and VII-12, The variation in re-
sults may in part be attributed to differences of solidity, blade angle
of rotor and stator and stator vane location.

Remresentative generalized perfoarmance for this type blower may
be selected fran average performarce of Figures VII-10 and VII-1l ig il
lustrated schematically in Figure VII-13. The generalized performance
so defined would be employed to define typical operationsl characteris-
tics of low and mediun pressure axial blowers.

ki)

Mg

Figure VII-13. Representative
genaralized performance of low and
medium pressure single~stage axial

blower.
V—-\

Percent Max. Capaclity
¥8

From the generalized perfarmance of Figure VII-13 for any se-
lected operatlonal condition, usually defined by percent maximun capaci~
ty or percent maximum efficiency derived fram required power lsvel or
control considerations, the required impeller diameter and rotational
speed may be explicitly defined fram the equations

4B1/10 = 0.72495-25/8%|| (va/2000°°5/(11B)0 Blesoy)025]  (vizets)
/1000 = [cfg-S/o.mvg-”] [mpg"/om)f’-75<a.-v§)°-5/cv3/mo)°-5] (VII-66)

The procedures of selectlng a blower and the determination of
its performance are identical to those for the centrifugal blower.

The performance and physical characterlstics of low and medium
pressure axial blowers requiring mors than ons stage, i.e., more than
one impeller, would be obtained by amsuming that the perfoarmance of in-
dividual stages may be combdned in series. A procedure of this type
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would be approximately correct when only a few stages are required., Be-
yond this, the blower would have fairly great pressure-producing ability
and would be evaluated as an axial-flow canpressor.

Bulk volume and weight relationships far low aml medium pres-
sure axial blowers have been established, based on a limited quantity of
information. The bulk volume of this type blower is defined by

VS e 1.75(a8)2+6 (VII=67)
and the weight by
Wp = 3.86(Vp/100). (VII-68)

Both expressions apply specifically to single stage units which include
either inlet or exit stationary gulde vanes for the impeller.,

Canpressors

A study of alrcraft cooling systems in general requires knowledge
of the performance and physical characteristics of small radial {cen-
trifugal) and axial compressors. Radial compressors would be employed
in certain {ypes of air cycle refrigeration systems and as compression
elements of a completely pneumatic power supply system and vapor cycle
refrigeration systems. Axial compressors are employed rather exten-
sively in many air cycle refrigeration systems.

l. Radial Compressors

A radial compressor is classified in this study as a radial-
flow turbomachine producing in any one stage a total pressure ratio of
the compressed fluid fram 1.1 upwards. All units are considered to have
radial vanes, i.e.;, units having impeller vanes inclined toward car away
from the direction of impeller rotation at the outer diameter of the im-
peller are not considered. Lower values of required total pressure ra-
tio would classify the machine as a low and mediun pressure or high pres-
sure centrifugal blower. The maximum total pressure ratio possible far
development in any one stage of a radial compressor is limited to values
in the vicinity of 4 te¢ 1, primarily by mechanical strength limitations
of the impeller and secondarily by an acceptable efficiency level for
the mchi-n-eu

Under normal conditions of application of tiis type compresscar
to an aircraft cooling system; the total temperature and pressure at in-
let of the unit, the air rate to be handled by the unit; the rotational
speed, and the shaft power available for driving the unit would be deter-
mined by performance of other camponents within the system. Hence, they
may be considered as independent variables of analysis. In other in-
stances; the rotational speed or the flow rate would not be known. Also,
with some systems the total pressure ratio required to be developed by
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the compressor may be an independent variable of analysis. Dependent
variables to be determined when evaluating a radial compressor are (1)
those affecting directly the performance of other components within a
cooling system; such as outlet total temperature and pressure and rota-
tional speed, and (2) those affecting merit considerations of the com-
pressor and entire cooling system when compared to other systems pro-
ducing an equivalent cooling effect, such as inlet, impeller and exter-
nal diameters, axial length, efficiency and spatial and weight require-
ments.

Working methods to be used far evaluation of performance and
physical characteristics of radial campresscrs are presented in the fol-
lowing sub-sections, derived on the basis of conventional thermodynamic
and fluid dynamic principles and typical generalized perfarmance charac-
teristics for this type compressor. The approach is basically one of
design or selection of radial-vaned units meeting specified performance
requirements for the design conditions of the cooling system, ®Off-de-
sign" performance of the compressor is not considered herein., Working
methods are presenited for design of units having maximum air capacity,
i.e., minimun physical size far any specified air rate, and for design
of units operating at or near peak efficiency. Compromise in selection
between maximun capacity and maximum efficiency is discussed.

a. Flow Capacity

Two parameters useful far evaluation of compressor perform-—
ance in general are the flow coefficient and the impeller tip Mach num-
ber, The flow coefficient, which characterizes the operational condi-
tion of the compressor, is defined as the ratio of the absolute axial
flow velocity at inlet to the campressor to the tip speed of the impel-
ler. In equation form, the flow coefficient is defined as

PcR = UoRi/UeRI (VII-69)

It is assumed in all instamces that at the inlet the flow is uniform and
in the axial direction only. Prerotation vanes are not considered, so
that the inlet velocity of equation (VII-69) represents the actual aver-
age flow velocity for the fluid. The impeller tip Mach mumber of the
compressor is a fictitious parameter used to relate the peripheral speed
of the impeller to the total temperature of the fluid at the inlet of
the compressor. It is defined in equation form as

Mop * ucax/VksRT‘&ai (VII~70)

Typical values of this parameter are in the range 0.3 to l.i, the lower
1imit being defined by a total pressure ratio for the campressor of ap-
proximately 1.1, and the upper limit being defined by typical values of
the maximun permissible peripheral speed of an impeller and the total

temperature of the fluid at the inlet. Most commonly, in comnection

with aircraft cooling systems, the impeller tip Mach mmber would be in
the range 0.5 to 1.2,
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A general expression for the flow capacity of a radial com-
pressor may be derived in terms of the flow coefficient and impeller
Mach number by application of the steady-state equation of continuity to
the inlet section of the compressor., The flow rate expressed in pounds
per howr is related to the specific weight, the flow velocity and the
flow area at inlet by

wop = 3600( b’lu)cRi (VII-71)

The inlet flow area is defined in terms of the impeller
dlameter by the expression

Ay = (W/h)dgpp)?(A Zp - 0.0625), (VII-72)

where it is assumed that the ratic of the hub and tip diameters is 0.25,
Thus the avallable inlet flow arsa has an outer diameter, i.e., the eye
dlameter, equal to A times the impeller diameter and an inner dismeter
equal to 0.25 times the impeller diameter. The specific weight of the
fluid at the inlet plane may be defined in terms of the total tempera-
ture and pressure at inlet by the following expression, assuming the
fluid to obey the equation of state for a perfect gas,

Yops * (RD)ggy = (%/RT%hgy/(rony)™ &) (VII-73)

The actual Mach number of flow at the inlet of the unit 1s related to
the flow factor and impeller Mach number by

Mgy = (Walgps = 9 orioRy/ <& Tcry (VII-TL)
or, by canbining equations (VII-70) and (VII-7L),

Wpy = & MeR1 Pont (VII-75)
which may be solved directly to yield

Popy = L (VII~76)

1 - [(x-1)/2] o8 ¥p1

Then, by combining equations (VII~73) and (VII-76) an expression for the
inlet specific weight of the gas is determined as

- (1)
Yepi <p°/m°)m{1 - [(=1)/2] ¢ 55 ¥z Y (VIZ-77)

and the general expression for flow rate is obtained by combining equa-
tions (VII-69), (VII=70), (VII-71), (VII-72) and (VII-77),

wm/TgRi/(pgRidsRI) = (900m-/ke/R)( 9 crMgr1)(M8-0.0625) x
xﬁ.- [(k-1)/2] ¢ %Rm?m}l/ (1) (y1z-78)
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ar,

. 2.5
wor |/0%R1/(8 Gradtry) = 168095 Mep 1 (AER-o.oézs)[l-o.zgoan@RI] (VII-19)

for air with k and R equal to 1. and 53.3, respectively, and § and ©
defined as the ratio of presswe and temperature to standard sea level
pressure and temperature of 2115 pounds per square foot and 519°F abso-
lute, respectively.

A review of radial compressor performance as presented in
the literature, References VII-5,VII-5 and VII-7, indicates that design
for maximum efficiency requires the flow coefficient to be in the range
0.25 to slightly above 0.3, with the peak efficiency varying little over
this range. Therefare, it is assumed in this analysis that radial com-
pressors expected to operate at peak efficiency are designed for a flow
coefficient of 0.3. Secondly, it is assumed that a well-proportigned
impeller would be designed to have an eye diameter of about 62.5% of the
impeller diameter, i.e., Apgp is 0.625, as verified by conventional prac-
tice in commressor design as well as theoretical analyses. Reference
VII-5 indicates that slightly higher efficiencies are possible with A
of about 0.7. However, the use of larger eye diameters introduces addi-
tional mechanical problems in the design of the impeller inlet vanes or
inducer. For this reason and the fact that in design practice somewhat
lower ratios are employed, the value of Agp equal to 0.625 is main-
tained as the maximum value in design, for maximum efficiency. However,
in the subsequent analysis dealing with design for maximum capacity,
values of Aup up to 0.7 are used. With the flow coefficient maintained
constant at a value of 0.3 for maximum-efficiency design, the absolute
axial inlet wvelocity increases in direct proportion to the impeller Mach
number, Thus, at high values of the impeller Mach number, corresponding
to an appreciable total pressure rise of the air produced by the com-
pressor, the flow velocity relative to the inlet vanes or inducer of the
impeller becomes very great. Normally, an excessive relative inlet ve-
locity is considered to exist when the Mach number of flow relative to
the inlet vanes is within the transonic region, so that shock wave for-
mations over the vanes may possibly create separation of the flow and
corsequent reduction in efficiency and capacity of the unit. Conven-
tional practice is to limit the maximum Mach number of flow relative to
the inlet vanes, occurring at the outer inlet diameter for pure axial
entry, to a value of 0.9. Slightly higher efficiency of the compressor
would be expected when this Mach number is limited to values in the
range 0.7 to 0.8, as corresponding, foar example, to the critical Mach
mmber of simple aerodynamic shapes, but the flow capacity would be
greatly reduced. In this amalysis, the relative inlet Mach number is
limited to 0.9.

The maximum impeller Mach number at which the relative in-
let Mach number is not excessive for a flow coefficient of 0.3 is de-
fined in the following manner. A%t the outer diameter of the inlet and
for pure axial entry of the air in the approach section, the maximum
relative velocity is
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Udpin = Ulpy +Ady upr (VII-60)

or,

Ueran/ EkgRTCRi)(ﬁCRi)] = &Ml +AZM - (VII-81)

where 2
WCpin/kdiTps = (0.9)2 = 0.81 (VII-82)

since the relative inlet Mach number 5.3 limited to 0.9. Hence, solving
equation (VII-81) for the impeller Mach nunber, using the relationship
of equation (VII-76) and k equal to 1.}, yields

Yy = 0.9/ 12695 + A 2 (VII-83)

For ¢cp and App of 0.3 and 0.625, respectively, the impeller Mach num-
ber is 1.28. Thus, whenever the impeller Mach mumber is less than 1.28,
the relative Mach number at inlet of the vanes is everywhere less than
0.9, 1t is equal to 0.9 at an impeller tip Mach number of 1.28, and
would exceed 0.9 far impeller Mach mumbers greater than 1.28., With im-
peller Mach numbers greater than 1.28, either the flow coefficient or
the eye dlameter must be reduced. A study aof this condition shows that
from the standpoint of flow capacity reduction of the eye diameter is
greatly superiar to reduction of the flow coefficient. For example, at
an impeller Mach number of 1.l with a flow coefficient of 0.3, the re-
quired value of A np would be 0.555 instead of 0.625, creating a loss in
flow capacity of 2%%. However, should Acp be maintained at the stand-
ard value of 0,625 and the flow coefficient be reduced to maintain the
limiting relative Mach mumber of 0.9 at an impeller Mach mumber of 1.4,
the flow coefficient would have to be reduced to 0.139 which, compared
to the standard value of 0.3, represents a flow capacity drop of over
50%. Also, with the latter design the efficiency level would be appre-~
ciably lowered. Hence, for impeller Mach mumbers greater than 1.28, de-~
sign practice would be to reduce the eye diameter, i.e., reduce App, as
required by equation (VII-83) for a flow coefficient of 0,3. It is to
be emphasized that prerotaiion vanes within the inlet are not consid-
ered. Values of the flow coefficient and inlet diameter ratio for de-
sign at maximum efficiency as a function of the impeller Mach number are
presented in Figure VIT-1}.

The flow capacity of radial compressors designed for opera-
tion at maximum efficiency may now be defined fram the data of Figure
VII-1k and equation (VII-79), which is valid for air. When the impeller
Yach number is less than 1.28, which would be the usual condition, ¢cr
and Agg are 0.3 and 0.625, respectively, and

wep YoBry/(58pidtBr) = 165.SMggy(l - 0.01837) 2" (VII-Bl)

When the impeller Mach number exceeds a value of 1.28 s the flow capacity
is defined by’
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Figure VII-1. Flow coefficient and inlet diameter ratios
for radial compressors.

wer Tofp1/ (5 8ridcht) = 8l.2Ygpy Kh.SS/MERI)-l](l-o.olauERI)z'5 (VII-85)

using Acg as defined by equation (VII-83) for pcp e 0.3. The variation
in corrected flow capacity, pounds per hour per inch squared of impeller
tip diameter, is illustrated in Figure VII-15. The maximum flow capaci-
ty exists at the impeller tip Mach mumber -of 1.28, where the value of
the ordinate is about 196 pounds per howr-inch squared.

Design for maximum flow capacity of a radial compressor is
based upon the maximum flow rate the inlet section can handle without
exceeding the selected maximum value of 0,9 for the relative Mach number
of flow at the inlet and without prerotation vanes. A detailed study of
the maximmm flow capaclty of radial compressors is presented in Refer-
ence VII-8. For a hub-to-tip diameter ratio of the impeller of 0.25, as
herein used, and a limiting relative Mach mmber of 0.9, maximum flow
capacity is achieved when

ACR * 0.778/Mcpy (VII-86)

Substituting this relationship into equation (VII-83) defines the carre-.
sponding variation in the flow coefficient, which 1s

¢cr = Oi2Mepr (VII-87)
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Flgure VII-15. Flow capaclty of radial compressors for design
with maximum efficiency or maximum flow capacity.

Equation (VII-86) indicates that very high values of the inlet dlameter

ratio are required at low values of the impeller Mach number. For prac-

tical reasons of design, the maximum value of Acr is limited to 0.7,

which corresponds to impeller Mach numbers below 1.1l. Thus » when

5%31 > 1.11, Rﬁ and ¢cp are defined by equations (VII-86) and (VII-E7).
en Mgpr < 1.1l,AcR 1s 0.7 and ¢cp 1s defined fram equation (VII-83)

Per » 0.65 Y(1.65Mfn1) - 1 | (vII-88)

Here again, a limit muut be placed on ¥og since at low impeller Mach nume-
bers the flow coefficient would be very high, so that the efficiency and
pressure~producing ability would be negligible, Hence, the maximum valwe
of pog 1s limited to 0.6, which occurs when Mppr is about 0.95, The
varlations of flow coefficient and inlet diameter ratio with design for
maximumn flow capacity are presented in Figure VII-1l.

The air flow rate with design for maximum capacity is de~
fined by equation (VII~79) and the previously established conditions of
the flow coefficient and inlet diameter ratio. For impeller Mach nume
bers greater than 1.11, equations {VII-86) and (VII-87) are substituted
into equation (VII-79) to yield _

wor Yo%t/ (S8mdcar) = 140.3 [(3.11/Mgpy)? - 1] (VII-89)
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For mseller Mach numbers greater than 0.95 and less than 1.11, equation
(VII-88) and Agp equal to 0.7 are substituted into equation (VII=79) to

yield
wcg VoRRy/ (s 8r19cRT) = L67 V:L.és-uén [1-o.oau5(1.65-u§31ﬂ2'5 (VII-90)

Lastly, for impeller Mach numbers less than 0.95, ycp and Acp are re-
stricted to 0.6 and 0.7, respectively, so that equation (VII-79) reduces
to

Vo -Vegm/(s SydiB) = 131 Mcpp(1- 0.072uBp1)? .5 (vI-91)

The variation in corrected air flow capacity with design for maximum ca=
pacity is presented in Figure VII-15 as a function of the impeller Mach
pumber. At & value 2_9. of 1.4, the conditions of design for maximum
efficiency coincide %ﬁ those for maximum capacity. Design for maximm
capacity with impeller Mach mmbers less than unity results in from 2 to
2.5 times as much flow rate as with design for maximum efficlency, the
impeller tip dlameter being the same in both cases.

Canpromise in design between maximum efficlency and maximum
capacity is achieved by employing variations in the flow coefficient in-
termediate to those shown in Figure VII-ll. As may be seen in the sub-
sequent discussion dealing with the variation in ef ficiency with flow
coefficients, the flow capacity xt various prescribed efficlency levels
may be established, which would then permit construction of additional
curves on the plot in Figure VII-15 and allow direct selection for com-
promise in design of efficiency versus size of the machine.

b. Efficiency and Presswre Coefficlent

The operational efficiency level of a radial compressor is
primarily a function of the flow coefficlent, impeller Mach number and
machine Reynolds number, and secondarily of the inlet diameter ratlo,
clearances and general mechanical design features within the range of
conventional design practice. A study of efficlency characteristics for
this type compressor indicates that efficiency correlated as a function
of flow coefficlent, impeller Mach number, machine Reynolds number and
inlet diemeter ratio is satisfactory for predicting general performance
and physical characteristics. Reynolds number and inlet diameter ratio
are considered as secondary factors in the evaluation of efficliency.

Typical average efficlency variations as function of the
flow coefficient and impeller Mach number are presented in Figure VII-16.
All date in this plot are for a machine Reynolds number of 10° and an in-
let diameter ratio of 0.625. Design for maximum efficlency based on &
?1ow coefficient of 0.3, as used in the preceding sub-section for evalu-
ation of flow capacity, may be seen to represent an average value for the
range in flow coefficient corresponding to peak efficlency at various
impeller Mach numbers. The selected variation of flow coefficlent for
design with meximum flow capacity, as shown in Figure ViI-1l,, defines an
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Figure VII-16. Reference efficiency of radial compressor as function
of flow coefficient and impeller Mach number.

efficiency level of approximately 80% of that for a flow coefficient of
0.3. _

Correction factors to be applied to the reference efficiency
shown in Figure VII-%6 for machine Reynolds numbers and inlet diameter
' ratios other than 10° and 0,625, respectively, are presented in Figures
VII-17 and VII-18. Thus, for any values of flow coefficient, impeller
Mach number, machine Reynolds number and inlet dismeter ratio, the op-
erating efficiency of a radial compressor is evaluated by

e = (For-mhe) (FeR—n-N{(McR-res) (VII~92)

The machine Reynolds number for any operational condition of the com-
pressor is defined and evaluated in the following mammer. The Reynolds
mmber is defined as

1.2
il.o L— Figure VII-17, Correction
factor for effect of machine
Mg | Reynolds number on effi-
clency of radial compressor.
0.8 | 11 ] | 11
105 10° 107

ReCR
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1.00+ Figare VII-18. Correction
factor for effect of lnlet
diameter ratio on efficiency
of radial compressor.
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Recp * Peri WRI dcni/ﬂcni (VII-93)

The inlet density pppj is defined by equation (VII-77) when divided by -
the dimensional constant g equal to 32.2 pounds per slug. The absolute
viscosity of air is a function of the inlet static temperature, and for
the temperature range -100° to 1000% its variation may be quite accu-
rately expressed by the empirical equation

g o= 4.16 x 107 70.72 (VII-SL)
Combining equations (VII-70), (VII-77), (VII-93) and (VII-9L), and intro-
ducing the definitions of corrected pressure & and corrected temperature

0 ylelds a generalized expression for the machine Reynolds number, which
is for air

Regp(88g1 )22/ (5 4d0py) = 5.9x10%Ugpy [1-0.2(¢GRMCRI)2:|2°5 (VII-95)

The pressure coefficient of a radial compressor is a parame-
1.0

Ycr

g ﬂ/ Fig'ure VII-19. Chart for
B 0. evaluation of pressure
. 5 coefficient for radial
0.8 _/9’6,/‘ campressors.
0. ‘
10° 108 107
RecR

WADC TR 5L=359 150



ter useful for evaluation of head production as a function of the im-~
peller's peripheral speed. It is defined by

Ver = 8H/uips (VII-96)

- The ratio of the pressure coefficient to the efficiency of a radial com-
pressor 1s normally referred to as the slip ar circulatory flow coeffi-
clent. A study of the pressure coefficient as affected by design condi-
tions for the compressor indicates that the ratio of the pressure coeffi-
clent to efficiency may be correlated as a function of the flow coeffi-
cient and machine Reynolds number. This carrelation is presented in
Figure VII-19, which illustrates that evaluation of the pressure coeffi-
cient may be obtained directly once the efficiency of the compressor has
been defined.

¢. Pressure and Temperature Developed by Compressor

The ratio of the total pressure at the exit of the total
pressure at the inlet of a compressar handling a perfect gas is related
to the head produced by the compressor according to the expression

(k=1)/k
B = Jepps [ (Pre/PGr) -1] (VI1-97)
Introducing this relationship into equation (VII-96), substituting for

¢y its equivalent Rk/[J(k=1)], and introducing the definition of impeller
ch number by equation (VII-70), yields

i (k-1
PCre/PGr1 * |1+ (k‘l)’I’CRM%RI]k/ ‘ (VII-98)
which for air at nommal atmospheric temperatures reduces to
T 3.5
Pére/ Pgai = |1+0. -%RM%RI:I (VII-59)

The total pressure developed is defined directly by the impeller Mach
number once the pressure coefficient is defined according to the proce-
dures outlined in the previous sub-section.

Change in total temperature of the air from inlet to exit
of the compressor may also be evaluated from the impeller Mach number.
Assuming mechanical losses of the compressor to have no effect on the
temperature change of the air and the specific heats for air to be con=-
stant from inlet to exit, the efficiency is defined by

Tr = Tont | (oG’ o) - 1] /(TSRe “1%,)  (VII-100)

which, when combined with equation {VII-99), reduces directly %o

Tre/TGRL = 1+ O-h(yfcn/ncR)MgRI (VII-101)
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d. Shaft Power
The power required to drive the compressor equals the sum
of the rates of energy addition to the air passing through the compressor
and required to overcome mechanical losses. The latter portion of the
energy addition is assumed to be received by a thermal sink other than
the air passing through the compressor. The rate of energy addition to

the air passing through the compressor is defined by temperature rise of
the air according to the relationship

Fop~air * YeR °p(T8Re - i) | (VII-102)
The mechanical efficiency of the compressor is defined by

NoR-mh = For-air/Fer-sh (VII-103)
Thus, the rate of énergy additicn required to. drive the compressor 1is

Pep-sh * Ycr p{Tfre = T8r1)/McR-mn (vIz-1a)

or,
P('}R—.'Jh = Wep(TgRe = Tgni)/ (10,600 NgRmn) (VII-105)

The shaft horsepower may also be expressed as a function of the impeller
Mach number by introduction of egquation (VII-101) into equation
(VII~105), which, on.a corrected basis, is

Pipoon/ (VrOp1) * (Ver/MopWEpr/(51.05 Ngp_pp)  (VII-106)
e. Rotational Speed

The rotational speed of the compressor is related to the
peripheral speed and diameter of the impeller by the expression

Uy = ¥ dgpr Nog/720 (VII-107)

which, when cambined with equation (VII-70) and the definition of cor-
rected temperature, yields

(npgp/1000) = 256 Mepr ]/egm/dgm - (VII-108)

f. Physical Characteristics

Evaluation of radial compressors as a practiecal compression
component in aircraft cooling systems requires knowledge of their size
and weight. A study of existing practice in small compressor design in-
dicates that approximate relationships may be established to define these
characteristies. The maximum external diameter of a small radial com-—
pressor is approximately twice the impeller diameter,
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Crex = 241 (VII-109)

and the maximum axial width, including the impeller housing, is about
0.3/of the impeller diameter, i.e.,

beg = 0.3 * (VII-110)

The hub-to-tip diameter ratic of the impeller is selected as 0.25 and
the inlet diameter ratioAcp is a function of the type of design. Evalu-
ation of the inlet diameter ratio is discussed in the preceding sub-
section {la).

Spatial requiremeﬁts of radial éanpressors have been deter--
mined to be represented approximately by the expression

Tog = (df7)3 | - (VII-111)
The weight is defined approximately bty

Wop = Copldinp)? | (VII-112)

where Cgcp represents an average bulk density and has been found to be
fram about 0.02 to 0.075 pound per cubic inch, depending upon the size
and general design features of the unit. In general the larger the unit
the lower will be the value of Cpge. :

g. Evaluation Procedures

A general discussion of procedures for use of the previously
presented evaluation methods is presented in the subsequent paragraphs.
The intent is not to present details for calculation, but to indicate
generally the procedures of evaluation which would be employed when a
radial compressor is used in connection with an aireraft cooling system.
Alsc, when used for evaluation, working charts may be used to permit re-
duction of the number of steps in the process.

With many applications for radial compressars, the perfarm-
ance characteristics of the driving device would be known or previously
evaluated. Thus, the total pressure and temperature at inlet to *he
compressor, weight flow rate of air and driving power would be known and
represent independent variables of amalysis. The problem would be to :
determine, then, the performance and physical characteristics of a radial
canpressor operated with the sgpecified driving power and handling the
necessary air flow rate at the specified inlet total pressure and tem-
perature. First, a value of the ratio (¥/M)sp would be assumed, using
the plot shown in Figure VII-19 as a guide to the selection of a typical
value. The mechanical efficiency of the compressor is assumed next. Iis
value must be taken as representative for small radial compressors, come
monly 95%, and cannot be verified as to its accuracy in the subsequent
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evaluation steps. The required impeller Mach number may now be deter-
mined by equation (VII-106). The values of the flow coefficient ¢ m
and inlet diameter ratio Agp are determined from a working chart; such

as illustrated in Figure VII-ll, based on the selected condition of de-
sign, i.e., elther maximum efficiency or capacity, or any selected com-
promise between efficiency and capacity, and the value of the impeller
Mach muber. Then, the required impeller diameter is defined from the
value of the parameter employed as the ordinate of the air capacity
chart, Figure VII-15. Next, the machine Reynclds mumber would be evalu-
ated, by equation (VII-95); which permits, thereafter, direct evaluation
of the efficiency ngp ard the pressuwre coefficient ygp by equation
(VII=92) and the charts illustrated in Figures VII-lg, VII-17, VII-18

and VII-19. At this point along the evaluation process, the accuracy of
the value of (*}lr/n Jep assured at the begimming of the process would be
checked. When the assumed value of this ratio and the value given by
Figure VII-19 are not in agreement, it 1s necessary to assume a new value
of the ratio and repeat the evaluation process. Once this trial-and-er-
ror procedure is completed, the total pressure and total temperature ra-
tios of the air developed by the campressor are defined directly by equa~
tions (VII-99) and (VII-10l). The rotational speed of the impeller is
determined by equation (VII-108). External diameter, axial width, volume.
occupied and weight of the compressor would be evaluated by equations
(VII-109), (VII-110), (VII-111l) and (VII-112), respectively. Compromise
in design between units operating at maximum efficiency or maximum ca~-
pacity is obtained by selecting other combinations of inlet diameter ra-
tio and ﬁow coefficient between the limits indicated on the plot of Fig-
ure VII-1j. -

Should, in addition to inlet total pressure and temperature
and shaft pawer, the rotational speed of the campressor be specified, as
for example, when a driving device must operate at maximum efficiency amd
its rotational speed is, therefare, specified; the evaluation process
would be identical to that previously outlined through the step defining
the impeller Mach number. Fram values of the rotational speed and im-
peller Mach mumber, the impeller diameter is defined by equation
(VII-108). Next, the ordinate parameter for the chart of Figure VII-1§
would be evaluated fram the known values for the air rate; impeller di-
ameter and inlet total pressure and temperature. The value of this pa=-
rameter and the value of the impeller Mach number locate a point on the
flow capacity chart of Figure VII-15. If the point so defined falls
above the line for maximum capascity and the impeller Mach number is
greater than 0.95, the relative Mach number at the inlet of the impel-
ler's vanes for this design would be excessive. Then, elther the com-
pressor would not be capable of handling the specified air rate because
the required Mach mumber at inlet would be supersonic, or it would be
within the transonic range where the expected efficiency would be low
and the capacity somewhat reduced. Under these circumstances of design,
the only alternatives would be (1) redesign of the driving device to al-
low reduction of the rotaticnal speed so that the impeller diameter may
be increased, hence, increasing the size of both compressor and driving
device, (2) the use of stationary guide vanes at the inlet of the com-
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pressor so as to prerotate the alr in the direction of the impeller rota-
tion and permit greater axial flow velocity without incurring excessive
relative Mach numbers of flow over the inlet vanes » & design approach
which can increase the flow capacity fram 5 to LOF over the impeller Mach
number range 0.6 to 1.4, but creates 7 to 8% loss in head-producing abil-
ity and several percent loss in efficiency of the unit s a (3) to actu-
ally employ the design even though the relative Mach number is within the
transonic region and efficiency and flow capacity are reduced. If » with
rotational speed specified, the design condition defines a point in Fig-
ure VII~-15 above the maximum capacity line but the impeller Mach number
is less than 0.95, the capacity may be increased by methods (1) and (2)
described above, or by increasing the flow coefficient until the limit-
ing inlet Mach number of 0.9 is reached. The latter method appreciably
reduces the efficiency and presswe-producing ability of the compressor,
but serves to define a compressor capable of handling the air flow at the
. specified rotational speed. The maximum permissible value far the flow
coefficient is defined by equation (VII-88), and the f£low capacity by
equmtion (VII-79) using Aqp equal to 0.7,

When design with rotational speed specified defines a point
on the chart of Figure VII-15 between the lines of maximum capacity and
maximum efficlency, the specified conditions dictate design based on
coampromise between capacity and efficiency. Figure VII~1ll; would be used
as a guide in selecting an appropriate inlet diameter ratioc and then the
required flow coefficient may be calculated fram equation (VII-79). Here-
after the procedure for evaluation would be identical to that outlined
when the rotational speed is not specified. Should the point in Figwre
VII-15 fall below the line corresponding to maximum efficiency, it would
indicate that the specified rotational speed dictates the use of a
greatly oversized compressor and driving unit, and redesign of the driv-
ing unit would be desirable to increase the rotational speed.

For another type of application a radial compressor might
be required to develop a specified total pressure ratio at specified
values of the air rate and inlet total pressure and temperature, as far
example, a presswrization unit. The procedure for design and evaluation
would be to assume a value far the pressure coefficient yop and to deter-
mine fram equation (VII-99) the required impeller Mach number. Next,for
the selected condition of design, maximum efficiency, maximum capacity,
or campromige between maximun efficiency and capacity, the required im-
peller dlameter is defined fram the working chart illustrated in Figure
VII-15, after which the machine Reynolds number is evaluated by equation
(VII-95). This permits evaluation of the efficiency and pressure coef-
ficient by use of Figuwres VII-16, VII-17, VII-18 and VII-19 and equation
(VII-92). The correctness of the assumed value of the pressure coeffi-
cient would then be checked to determine if the caleculational process
should be repeated. After the assumed and calculated values are in
agreement, the evaluation process to define additional performance and
the physical characteristics follows the general procedure outlined in
the previous paragraphs, except for the required shaft power which would
be defined by equation (VII-106).
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2. Axial Compressors

The study of aircraft cooling systems in general requires
knowledge of the performance and physical characteristics of axial com=
Fressors, In the following the relationships for evaluation of perform-
ance and physical characteristics for this type machine are described.

Because of its relatively high flow capacity and pressure=pro-
ducing ability, the symmetric type of stage design will be employed.
Symmetric design may be defined on the basis of the flow velocities at
the pitch diameter of the compressor as follows: the relative flow ve-
locity at the impeller inlet equals the absolute flow velocity at the
inpeller outlet, and the relative flow velocity at the lmpeller outlet
equals the absolute flow veloclty at the impeller inlet. In equation
form,

UcaTi-pt * VYcATe-pt (VII~113)

and
UtATe-pt " VCATi-pt (VII-11k)

In Figwre VII-20 a schematic diagram of the blading arrangement is pre=-
sented along with nomenclature and velocity diagrams.

The axial flow velocity is assumed constant tilroughout the
stage. Since the absolute velocities at the impeller inlet and exit are
equal to the absolute velocities at the stator exit and inlet, respec-
tively, the analysis is conducted on basis of the flow velocities
throughout the impeller., Further, the analysis is performed on basis of
the pitch-diameter conditions of the first stage, and the remaining
stages are assumed to have similar pressure-producing and efficiency
characteristics. :

a., Flow Capacity

The effective velocity with which the flow proceeds through
the compressor may be defined as the axial component of the absolute ve-
locity at the impeller entrance. This velocity may be defined in terms
of the flow coefficient by the expression

UoATi-a * PCA UCAI-pt (VII-115)

Maximum compressor efficiency ocours for values of the flow coefficient,
, in the vicinity of 0.5, with small change in efficiency occurring
when the flow coefficient varies over the range of 0,3 to 0.75. In this
study it is assumed that the flow coefficient is permitted to vary over
the range of 0.3 to 0.75 foar purposes of matching the compressor rota-
tional speed to the rotational speed of the driving component. The ef-

fective flow area may be expressed by the equation
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Figure VII-20, Schematie dlagram of axial compressor
blading, velocity diagrams and nomenclature.
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oy = (NG )@ -vg,) (VII-116)

From conservation of energy, the static temperature of the
air at entrance to the impeller may be expressed by

2
Teati-pt * TCAt |:1 - pEaEars pe/ (280 T8y cos?T GAIe-pt)] (VII-117)

Neglecting the small pressure loss caused by inlet guide vanes, the
static pressure at entrance to the impeller may be expressed by

PoATi-pt * P&i[l' ¢RavBaT-pt/(2e3e T8y cos? I'cue_p,,;):lB'5 (VII~118)

Hence, by combining equations (VII-117) and (VII-118), the specific
weight at entramce to the impeller may be expressed by

(4]
Poai 2.5
YeaTi-pt * R%u f-—l" PENEAT 1/ (283780 °°52rcue-p‘o)] (VII-119)

The flow capacity of the axial compressor may then be defined by com~
bining equations (VII-115), (VII-116) and {VII-119) with the equation of
continuity to yield

0 2 2 2.5
wTocas 1mrgyy ) LCATCALpt foa “cat-pt (- 120)

pt |y
" 6.0 2
S8a19CRT-pt JoCas | 6-2lx1076cps008" TonTapt,

With reference to Figure VII-20, the angle of the mean velocity relative
to the axial direction is equal to the arc tan (1/2 ‘PCA)’ The turning
angle of the air at the pitch diameter, i.e., rCAIi—gb "PCAIe-Bt: nor-
mally has a maximum permissible value in the range of 20° to 30° to pre-
vent stalling of the blades at the root section. Hence, the angle in
equation (VII-120) may be evaluated, with negligible error on the flow
rate, by the expression

I'cue = (arc tan 1/2 ?u) - 15, (VII-lZl)

which corresponds to a blade turning angle of approximately 25°, By sub-
stituting equation (VII-121) intc equation (VII-120) an expression for
the flow handling capacity of the campressor is defined, where the flow
parameter on the left of equation (VII-120) becomes a function of the
corrected pitch line speed of the blades UCAT-p s the flow coeffi-
cient ooy and the hub-to-tip diameter ratio Veae Selection of a value
for the ratio vy is required, and the value selected normally would be
the result of a conpromise between flow capacity, efficiency and stress
level of the compressor. Typical values of the diameter ratio v CA are
within the range of 0.55 to 0.7, with a value of about 0.6 being com~

monly employed.
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b. Rotational Speed

The rotational speed required of an axial compresscr is re-
lated to the pitch diameter and pitech line speed of the blades by the
expression

Doy * 229 UCATpt/dCAT-pt (VII-122)

By use of equation (VII-122) the impeller pitch diameter and pitch line
blade velocity may be evaluated for any selected value of the flow fac-
tor and diameter ratio, when the inlet total temperature and pressure,
the required rotational speed and the required flow rate are known.

¢. Pressure Development

With reference to Figure VII-20, the increase in static tem-
perature within the impeller equals the kinetic energy decrease froam the
relative wvelocity at entrance to exit of the impeller, armd the static
temperature increase within the stator equals the kinetic energy decrease
from the absolute velocity at entrance to exit of the stator. Further-
more, these two energy changes are equal and the absolute air velocity
leaving the stator is equal to the absolute air velocity entering the
rotor. Hence, the increase of static temperature across the stage is
equal to the increase in total temperature. Thus, by introducing equa-
tion (VII-115) the total temperature rise of the stage may be expressed

by

Tere-st ~ T0hi-st " l:trczm“%u-pd 6010] [tanz?cui-tanzfcue] (VII-123)

From the pgeometry of the velocity diag:'am, it can be shown that |
pca tanTepati = 1 = pca tan Ceate (VII-12L)

Combining equations (VII-123) and (VII-12L) yields

T8he-st = TOA1-st ® [“%AI-p’f/ 6010] [1 - 2¢gy tan rcﬂe:l (VII-125)

The total temperature ratio for the stage is related to the total mres-
sure ratio developed by the stage by the expression

286
T&l_e-af/'f&i-st = 1+ [(P&e-st/ P&i—at)o 28 _ f_l / Nop~gt (VII-126)

Combining equations (VII-125) and (VII-126) and solving for the pressure
ratio yields _

2

3.5
1
PRhe-st/PlAi-st = [—ucA'I—EE'—CAﬂ (1 -29c tanf'cue)] (VII=127)

3.12x10° 08pi st

Since the presswre ratio is assumed equal for all stages, the overall
compressor pressure ratio is defined by
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Nea-
Poae/Peat * (PCae-st/Plai-st’ Ghst (VII-128)
Cae/ PCAL CAe-st/ PCAi-st |

The maximum stage pressure ratio is limited by stalling of
the blades at the root section and by the Mach number of flow relative
to the blades at the tip section. Stalling of the blading is a function
of the air turning angle. In this study the limiting turning angle will
be represented by the limit of the air exit angle relative to the rotar
as given by equation (VII-121). The Mach mumber relative to the blades
at the tip section is limited to 0.7. This limit is used to define the
maximum permissible tip speed of the impeller.

d. Temperature Ratio
The stage temperature ratio is defined by equation
(VII-126), and since the pressure ratio and efficiency for all stages

have been assumed equal, the total temperature ratio developed by (N)
stages can be expressed by _

N
0.286 CA-s%
2ae/Ta = {1 + [(8ae-st/oBa1-o0) "2 1] fropcs

e. Power

(VII-129)

The power required to drive the compressor equals the sum
of the rates of energy addition to the air while passing through the
compressor and the energy rate required to overcame mechanical losses.
The latter portion of the energy addition is assumed to be received by
a thermal sink other than the air passing through the compressor. The
rate of energy addition to the air passing through the compressor is de~
fined by the total temperature rise of the air according to the relation-
ship

Poa-air = ¥ca °p(TGae = TCas) ' (VII-130)
The mechanical efficiency is defined by
MeA-mh = FPea-air/Foa-sh (VII-131)

Thus, the rate of energy addition required to drive the compressor is
defined by

Poa-sh ™ ¥ca cp(Tgﬁe ~ 181 )/Mcamn (VII-13)

Equation (VII-132) may be reduced to the corrected horsepower regquired
per pound of air per hour and assumes then the form

Poa~st/(vca®Bag) = 0.0W9 [(T&G/Tgu) - 1] /nCL-mh (VII-133)
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f. Stage Efficiency

The stage efficiency of the commressor is primarily a func-
tion of the machine Reynolds number and stage pressure ratio, The Rey-
nolds number may be expressed by the equation

Reca/58a1 = 500 ugpt-ep/ [dEAI-tpe&il.Tz]

As the pressure ratio is increased, the air turning angle and/or the
relative Mach number of the air at the tip section increases; either or
both areating a decrease in the efficlency.

(VII-13L)

go Physical Characterigtics

Evaluation of axlial campressors for application in aircraft
cooling systems requires kmowledge of their size and welght., A study of
exleting design practice indicates that approximate relationships may be
established to define these characteristics. The maximum external dimen-
sion in the plane of rotation may be defined roughly by the equatlon

dopex = 1425 dgarpp (VII-135)

Ordinarily, flow passages farming the inlet and outlet of the compressor
will have an axial length roughly equal to the impeller tip diameter.
Fach stage of the compressor will have an axial length of approximately
208 of the tip diameter and the entrance gulde vanes will have an axial
length of roughly 10% of the tip diameter. Thus, the axial length of
the compressor may be represented by the expression :

La-a = (11 + 0.20 Nopogy)dBaT-tp (VII-136)

The spatial requirements of the compressor may be approximated by com-
bining equations (VII-135) and (VII-136) to yield

Voa = (135 #0025 Ny o4 Mogr p (VII-137)

The bulk density of a typical unit is estimated to be approximately 0.02
pound per cublc inch. Hence, the welght is expressed by

Wea = (0.027 + 0.005 Ngy oy Jd0gr 4 (VII-138)

Turbines

Turbines are employed in cooling systems for reduction of the total
temperature of cooling media, minecipally air; by expansion of the gas .
and transfer of energy from the gas as mechanical work. Also, turbines
would be employed as a power source, such as an air turbine driving a
circulation pump or a vapar cycle refrigeration machine. The principal
asgsoclation of a turbine with a cooling system; however, would be as a
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mechardcal device for transferring energy fram air as work, when i% is
less practical to transfer the energy as heat. In the following, work-
ing methods are presented for evaluation of the performance and physical
characteristics of radial inflow and axial twrbines.

l. Radial Turbines

Radial turbines of the inward-flow type and with étraigh'b radial
vanes are considered. Figure VII-21 illustrates schematically the ar-
rangement of the nozzle ring and impeller for such a radial turbine.

Rotation

Flow direction
Nozzle Ring £

‘_T

e BLES

i

Impeller

Figure VII-21l. Schematic of typlcal radial turbine having radial blades,

The velocity diagrams at inlet and exit of a radial-vaned im-
peller are illustrated in Figure VII-22, The exit design is based on
the condition of pwre axial discharge.

SRIL v
90°
LR

(doge/dmr)umy
Inlet Exit

Figure VII-22., Velocity dlagrams at inlet and exit of radial~vaned
impeller having axial discharge.

Energy conversion within the turbine occurs in the stationary
nozzles and in the rotating impeller. Thermal energy is converted inte
directed kinetic energy within the nozzle and is defined by
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T%%i -TRIi * u?,ﬂn/ 28‘J°p (VII-139)
The energy conversion within the impeller passages is defined by
TRI1-TRe = I:u%u ~p1(dpe/ d.g1)? + Udp1e - U?mn] / 2gdey  (VII-140)

Since, however, with reference to Figure VII-22 ’

Brle = Ppe + W2pr{dge/dmay)? (VII-141)
and 2 2 2
URi * UWgri = %Ry | (VII-1k2)

the erergy change across the turbine can be expressed by combining equa-
tions (VII-139), (VII-140), (VII-141) and (VII-1}2) to yield

TRi =~ Te = (207 + uﬁge)/?-chp (VII-1L3)

The total temperature at exit of the turbine is related to the actual
exit temperature and flow velocity by

% = Tipe * u?m/zg.rcp ' (VII-1LL)

50 that in combination with equation (VII~1l3), the total temperature
change of the gas from inlet to exlt of the turbine is ‘expressed by

i = The = Uipr/edc, (VII-145)

By definition of turbine efficiency, the relation between total tempera-
ture ratio and total pressure ratio across the turbine may be shown to be

Tféne/ TRy = 1- %R[l - (p,‘;Re/p,‘;Ri)(k_l)/ k] (VII-146)

Hence, combination of equations (VII~145) and (VII-146) yields a defini-~
tion of the required tip speed of the impeller as a function of the inlet
temperature and pressure, exit pressure and turbine efficiency.

wpr = edep an%ti[l - (p%e/p%e) Y k] | (VII-147)

The ratio of impeller tip speed to the turbine's theoretical
spouting velocity Ci‘)_qﬂ is a parameter conventionally employed to define
the range of maximum turbine efficiency. The theoretical spouting ve-
locity is a measure of the total energy released within the turbine and
is defined by

theo. velocity = 2gJepTopy [1 ~ (PShe/PSR1) (k_l)/k:l (ViI-14,8)
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Thus, by equations (VII-147) and (VII-148)

b = V'n,m/2 (VII-149)

Test results of various radlal turbines indicate that the value of the
paraneter ¢.p correspording to maximum efficiency is in the range from
0.6 to 0,7, with the value of 0.7 carresponding to higher machine effi-
clencies.

The flow coefficient of a radial turbine is defined as the ra-
tio of the axial component of the exit velocity to the impeller tip
speed, i.e.,

¢ = Wme/UmI (VII-150)

This parameter is useful for evaluating the air capaclity of the turbine.
Studies of the effects of the flow coefficient on turbine perfarmance,
References VII-11'and VII-12, indicate that maximum efficiency occurs
when the flow coefficient is within the range of 0.3 to 0.5. In the
present study the value of the flow coefficlent 1s assumed to hawve no
effect on the turbine efficlency since, in general, it is possible to
design the turbine to operate within the mentioned range. The rota-
tional speed required of the turbine varies directly as the square root
of the flow coefficient far any specified flow rate, expansion pressure
ratio, and fixed geametry of the impeller.

The impeller's diametrical proportions may be defined in terms
of the impeller tip diameter. The hub diameter is assumed equal to 20%
of the tip diameter. Thus,

vg = 0.20 (VII-151)

Examination of existing impeller designs indicates the ratio of 0.20 to
be representative., The outer diameter at the turbine exit plane is de-
fined by

Agq * dge/dmr (VII-152)

Present design mpractice indicates that values of this dliameter ratilo
should be within the range of 0.5 to 0.7. Variation in design from the
average of this range would be governed by matching the turbine perform-
ance to that required of the component operating as the load for the
turbine. A study indicates that variation of the dlameter ratio A.p
within the range 0.5 to 0.7 has 1little or no effect on the turbine effi-
cliency. '

The flow capacity of a. radial turbine is limited by the impel-

ler dimensions and the permissible velocity at the turbine exit. The
exit velocity is assumed to be axial and uniform throughout the exit
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flow area., The exit flow area is defined by

Age = (WU)dgp)¥(alR - 0.29) (V1I-153)
The specific weight of the air at the exit of the turbine is defined by
Yme * (P/BI).pe | (VII-154)

For convenience of analysis and evaluation, the exit temperature and
pressure are expressed in terms of the turbine inlet total temperature
and pressure. The ratio of total to static temperature at exit of the
turbine is

T%he/Tge = Bame = 1+0.2 g, (VII-155)
which, when combined with equation (VII-146), yields
Tge = Tt {1 - gL - <P§’ne/9%u>l/3’s]}/ﬂm (VII-156)
Also, '
Pge = (P%4)(PShe/P%01)/(Brge)>"” (VII-157)

Combining equations (VII-150), (VII-155) and (VII-156) yields

_ ¢ nug[L- (%pe/0%0) Y]
2{1- 1,51~ (6%e/6%0) 7> T}

The specific welght may then be expressed as a funetion of the inlet
conditions by cambining equations (VII-154), (VII-156) and (VII-157).
Thus,

(VII-158)

| ]'/Bﬁe = 1

. a1 (a5 )
B mgs{i-ng [L- (see/6%0)™ >
o )1/3-51 s
i

- ??@ g [1-(PRe/PR
2{1-ng[1- (p.%R_,/pf,‘m)l/B's]}

The flow rate in pounds per hour is expressed by the steady-
state equation of continuity,

W = 300 (yAu). g (VII-160)

(VII-159)

which with equations (VII-150), (VII-153) and (VII-159) reduces to
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v.r V951

o 377, = 2050 ¢-p(P2Re/PoR1) (A3 -0.0L) x

8ori Ofs
Vs [1- /e300 >5]
1-9,5[1- (PSRe/Po1)Y "]

2.5
2 gL~ (055510 2]
2 {1~ [1 - (Bpe/0%8) Y >7]

The variation in corrected air flow capacity per square inch of impeller
frontal area is presented in Figure VII-23 as a function of the total
pressure ratio and the flow coefficient ¢.p, assuming the turbine effi-

l- (VII-161)
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Figure VII-23. Chart for evaluation of flow capacity or impeller
diameter of radia_l twbines.
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ciency to be 80% and A a8 0.6. Far values of A.p different than 0.6,
the value of the ardinate read from Figure VII-23 must be multiplied by
(A%; -0.04)/0.32. Numerical values of this diameter correction factor
Frp-d-A are presented in Figure VII-2L. Similarly, for turbine effi-
ciencies different than 80% the correction factor F.p.4.p to be ap-
plied to the impeller diameter is presented in Figure VIZT[]—ZS as function
of the total pressure ratio. Since the diameter ratio and the effici-
ency correction factors are independent of each other, the impeller di-
ameter may be evaluated as the product of the reference diameter, the
diameter ratio correction factor, and the efficiency correction factar,
i.e.,

dgr = (d@T-rer)Fmed-a }(Fipg ) (VII-162)
1'%
1.02
T
x
B 0.98
0.94
1.0 0.8 o.g oo.h 0.2 0
Prpe/PrRi

Figure VII-25. Correction factor for evaluation of the effect of
efficiency on the impeller diameter of radial turbines.

The flow capacity with the nozzles operating under "choked
flow" must be evaluated to determine its effect on the design procedure.
Choking occurs when the throat velocity of the nozzles becames nearly
sonic. This condition is expressed approximately by

ugry = VkRTR1/1.2 = wgrlugry/wer) (VII-163)

where the ratio wgy/ugri 15 the cosine of the nozzle angle. If the
impeller tip speed defined by this equation is substituted into equa-

tion (VII-147), the overall turbine pressure ratio for sonic nozzle ve-
loecity is

Pore/PoR1 * { 1- [(uﬁx/uﬁzi)z/B nﬁ]}B'S (VII-16L)

For nozzle angles of zero and 30° the required turbine pressure ratios
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are 0,151 and 0.269, respectively. Inspection of Figure VII-23 reveals
that these values are in the range of decreasing flow capacity; hence,
once sonic nozzle velocity is reached, the nozzle width or the nozzle
angle may be decreased as the pressure ratio is increased. Thus, chok-
ing of the nozzles is not a determining factor for the turbine flow ca-

pacity.

An expression for the nozzle width may be derived by equating
the flow through the nozzle to the flow through the exit. Since the in-
ner diameter of the nozzle ring is rearly equal to the impeller diameter,
the flow equation may be expressed by

2 2
¥1i Uri ® 4Rl Lign = ¥YiRe “e T dmIE\mR - 0-01*] / b
Or, the ratio of the nozzle width to the impelier diameter is

bogn = I"r:Rn/d'rRI = ¥.Re tlﬁe[hz - 0.011-] / (L TRIi U’IﬁIi) (VII-165)

For very small pressure ratios the specific weight of the air at the in-
let would be nearly equal to the specific weight at the exit. At this
condition, the nozzle width would be a maximum for any ratio of the ext
velocity to the impeller inlet velocity since the exit flow area and im-
peller diameter would be small. For equal velocities at inlet and exit
of the impeller, an exit diameter ratio of 0.6 and a hub diameter ratio
of 0.2, the ratio of nozzle width to impeller diameter is 0.08 for pres—
sure ratios near unity and decreases to about 0.035 for a pressure ratio
of 0.2, '

The efficiemcy of the radial turbine is primarily a function of
the machine Reynolds number and pressure ratio, and is secondarily a
function of the flow coefficient; the exit diameter ratlio, and the gen-

He,a

Figure VII-26. Efficiency of radial turbines as function of the
machine Reynolds number and the pressure ratio.,
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eral design features of the turbine. A study of the efficiency charac-
teristics of radial turbines indicates that for fiow coefficients in the
range 0.3 to 0.6 and exit diameter ratios fram 0.5 %o 0.7, the effects
of the flow coefficient and the diameter ratio on the efficiency may be
neglected. It is assumed that the general desigr features of all tur-
bines are such as to yield optimum efficiency. Hence, the efficiency
may be presented as a function of the pressure ratio and the machine
Reynolds number only. Typical efficiency variations are presented in
Figure VII~26.

The machine Reynolds number is defined by

Rep = yuri WmT d1/E ani (VII-166)
The specific welght of the air at twbine inlet is
Vi = Pogifflagy = Pf’cai/ [RT%u(ﬁmm)z's] - (VII-267)

The inlet Mach mumber of the turbine has only a minar effect on the Rey-
nelds number. Hence, the term B.pi will be considered constant and equal
to 1.025, corresponding to an inlet Mach number of 0.35., For the proba-
ble cperating temperature range of the turbine, i.e., 0° to 600°F, the
absolute viscosity of air may be expressed quite accurately by the em~
pirical equation

£ = 1.6 x 1079 10.72 (VII-168)

Combining equations (VII-147), (VII-166), (VII-167) and (VII-168), and
- introducing the definitions of corrected pressure § and corrected tem—
perature 6, a generalized expression for the machine Reynolds mumber is
obtained. It is

% sl 62R1

,% 0.8

% 2

-, 10

fl‘_ 1.6
2.0

[+

~0 ] 1 | |

1 0.8 0.6 0 0.2 0
Prne’Papi :

Figure VII-27. Machine Reynolds nunber of radisl turbines as function
of inlet temperature and pressure ratio.
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R o .n 05 23 1/3.5 o 1.22
en/(8%1d%mT) » 8.75x10% (1.5 12 - (% (e%4) (VII-169)

The corrected Reynolds number per inch of impeller diameter is presented
as a function of the pressure ratio and the corrected inlet temperature

in Figure VII-27. A turbine efficiency of 80% is used to define
't.heiReynolds nwber. If the turbine efficiency is 70%, the Reynolds
nunber would be 94% of the value indicated in Figure VII-27. This vari-
ation in Reynolds number would produce a negligible change in the tur-
bine efficiency.

The total temperature and pressure ratios across the turbine
are related as indicated by equation (VII-146). Once the efficiency has
been determined and either the temperature or the pressure ratio of the
turbine is known; the other may be evaluated directly.

The power delivered by the turbine shaft is equal to the energy
removed from the air less the energy required to overcane mechanical
losses. It is assumed that erergy lost because of mechanical losses is
transferred to a thermal sink cther than the air passing through the
turbine, and that this loss may be expressed as a fraction of the theo-
retical power output of the turbine. The power removed fram the air is

Pp-air * Vi Sp(Toei = TiRe) (VII-170)
or,

' 0
Pop-sh/ (¥.59m1)
0 o.00k 0008 0012 0016  of

f

1 0.8 0.6 0 ks 0.2 0
P P,‘:Ri

Figare VII-28. Chart for evaluaticn of shaft power
delivered by radial turbines.
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Paatr = T Y °p il - Be/PR0) Y] (vman)
The shaft horsepower expressed on a carrected basis is
Pla o/ (w26%1) = 0.049 T “1R-mh{} - cpgae/pggi)1/3-5] (VII-172)
In FPigure VII-28 the schematic of a working chart for evaluation of the
corrected horsepower is presented as a function of the turbine pressure

ratio, turbine efficiency, and mechanical efficiency.

The rotational speed of the turbine is related to the peripher-
al speed and diameter of the impeller by the expression

ng = 720 ufr.RI/ {n d:ﬂI) (VII-173)

Combining this equation with (VII~147), ard using the definition of cor-
rected temperature, ylelds

np/1000 = hoévmﬁ 0% [1 - (o%pe/p5R1)" "] / dpy  (VII-17L)

A schematic of a working chart for ‘evaluation of the rotational speed of
a radial turbine is presented in Figure VII-29.

Figure VII~29. Chart for evaluation of rotational
speed of radial turbines. '
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Evaluation of radial turbines for application in aircraft cool-
ing systems requires also knowledge of their size and weight. A study
of existing design practice indicates that approximate relationships may
be established to define these characteristics. An average value of the
maximum external diameter would be equal to twice the Impeller diameter,
and the axial length, including the housing, would be approximately 30%
of the impeller diameter, i.e.,

beg = 0.3 - (VII-175)

Based on the dimensions of existing units, it appears that spa-
tial requirements of radial twrbines may be represented approximately by
the expression

L (d:'m)3 (VII-176)

Similarly, the weight may be defined approximately by
Wi = Cogldigr)’ (VII-177)

where the constant C.p varies in the range of 0,02 to 0.06, depending
upon the size and general design of the turbine.

2., Axial Turbines

The axial turbine is a turbamachine in which the effective gas
flow is parallel to the axis of rotation. This type of turbine might be
used in aircraft cooling systems as an expansion device for the produc-
tion of power or a cooling effect.

Performance and physical characteristics of axial turbines are
evaluated for units designed on the basis of constant angular momentum
theory. Turbines designed on this basis yield fairly high operating ef-
ficiencies., The condition of design for constant angular momentum is
based on the radial variation of the gas velocity in the clearance space
between the nozzle ring and the impeller buckets., Within this clearance
space, the product of the whirl camponent of the absolute velocity and
the radial distance from the axis of rotation is constant for all radii
frdan the root section to the tip section of the turbine stage. In equa~
tion form, this condition of design is defined by

(udliuwh)(ddl) = constant (VII-178)
If in addition to the condition of constant angular mamentum, the axial
component of the velocity in this space is constant over the flow an-

nulus, i.e.,

WATi-g = constant, (VII-179)
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Figure VII-30, Velocity diagrams for nozzle and impeller
of axial turbine stage.

a condition of radial equilibrium is established such that the resulting
radlial pressure gradient exactly counteracts the effezt of centrifugsl
farce of the fluid particles created by their whirl components of ve-
locity, and the flow proceeds unifarmly through the turbine stage rather
than crowding to the tip section of the buckets. Results of actual meas-
urements of gas velocities In a turbine stage designsd on this basis are
presented in Reference VII-16 and show good agreement with the design or
theoretical values, except in the regions of boundary layer flow. Fig-
ure VII-30 illustrates the arrangement of the nozzle ring and impeller
of a turbine stage, the velocity dlagrams and nomenclature employed in
this study.

Since, in general, the absolute velccity of the gas issuing
from the impeller varies to some extent both in magnitude and direction
with respect to the diameter, the analysis is conducted on the basis of
the flow conditions &t the pitch diameter of the impeller, AV this di-
ameter the exit welocity is assumed %o be directed axislly and to repre-
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sent the mean value of all exit absolute velocities. Generalized equa=-
tions presented in the following sub-sections are derived on the basis

of conventional thermodynamic and fluid dynamic principles combined with
typical generalized performance characteristics of axial turbines. Sche-
matic dlagrams representing graphical solutions and working charts for
evaluation of turbine performance amd physical characteristics are pre-
sented.

The required impeller speed of a turbine designed for pure im-
pulse at the root section is a function of turbine efficiency, pressure
ratio, angle of the absolute velocit.y at entrance to the impeller and
total inlet temperaturs.

Since the losses of the turbine are equal to (l=-1.3) times
total-to-total isentroplc energy relsase, the energy availab e for con-
version to velocity at the root section, without diffusion in the impel~
ler passages, equals the output work of the impeller plus the axial exit
kinetic energy. Hence, in equation form,

Garirt/(289) = op nTo E-(pff;,;e/pf,’m)1/3 5] +udyro/(2g9) (VII-180)
For turbines designed on the basis of pure impulse at the root section,
the axial component of velocity at the root section of the impeller exit

may be considered approximately equal to the axial velocity at the im-
peller inlet, Thus,

Uale ® Y@Te-a * UYmTi-rt 510 Iget (VII-161)
Combining equations (VII-180) and (VII-181) yields

UATi-rt * ]/23.! “mcpT%u[l‘ (p%e/p,?ii)l‘/:i ‘SJ /cos Toapt (VII-182)

The unit output of the turbine with axial exit veloclty may be
expressed by

UAT-tp UrATi-whetp/8 * ﬂchpT&i [1 - (pf;m/zaf,f.,u_)]'/3 5 :] (VII-183)

The whirl component of velocity at the tip section 1s equal to the root-
to-tip diameter ratio multiplied by the whirl camponent of velocity at
the root section. Hence, the impeller tip speed may be determined by
combining equations (VII-182) and (VII-183) to yleld

“al-tp * stJw"me[l-<Pm/1°2u)l/3'5 ] /Zvd (VII-18L)

The flow veloclty at the plitch sectlon 1s used to define the
flow capacity of the turbine. The axial velocity ls assumed constant
over the flow amulus, With reference to Figure VII-=30 and equation
(VII-182), the axial velocity may be expresesed by £he relationship
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UATi-a ® VZgJ n mcpr?ii EL— (Pae/ p%u)lj'a’S] (tan Tpp ) (VII-185)

Since the whirl velocity varies inversely with the diameter, the whirl
veloc ity at the pitch section is expressed by

UATi~wh-pt * [2%3/ (lwm)] v2ganﬂcp'r%ai[1-(p&e/p&i)l/ 3'5] (VII-186)

With reference to Figure VII-30, equations (VII-185) and (VII-186) may
be combined to define the pitch-line spouting velocity of the nozzles.

vy 2
) ](VII-IBT)
VA

) p%e 1/305 d
UaTi-pt = | 28MwcpTal [1-(;5;) ] [’“an Da-rt* |53

Since the turbine stage design has been defined on the basis of
the velocity relationship in the clearance space between the nozzles and
the buckets, the flow capacity of the turbine is most conveniently de-
scribed by the state of the air in this space., The axial flow area is

Ay = (W12 -v?m)(dfﬂ_tp) (VII~-188)
The velocity component defining the flow through this area is the axial

canponent of the nozzle velocity, as defined by equation (VII-185). By
conservation of energy,

0 2 )

TaATi-pt ™ T’:&i[l - Wlaript/ (2chpTﬂi)1 (VII-189)
Combining equations (VII-187) and (VII-189) yields
1/3.5 '

PTae

2
v,
ToaTi-pt * Tm{l“ﬂd[l' ]["'anzr -rt*(ﬁ) ]} (v11-290)

and, by introducing the nozzle efficiency

O 1/ 3.5 2 v 3.5
PrATi~ n
l%.m =l ( A [— #) Jl:tanzrd-rt"‘(ﬁ) (VII—191)

PrAi M an Prai ™

A study of losses in axial turbines indicates that at design operational
conditions nozzle losses represent about L40% of the turbine losses,
Hence, the nozzle efficiency may be defined approximately by

.Tl’dn | 006 + 0°h.ﬂﬂ (VII"'192)

The specific weight of the gas at the pitch section is defined
by combining eqwtions (VII-190) and (VII-191) with the perfect gas law.
Combining this relationship for the specific weight with equations
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(VII-185), (VII-188), (VII-192) and the equation of continuity yields

huig ¥ Vé?;i o
w0 92

N 370(12y ) (tanTy o)

x (0.6+o.h%)-3.51/:d [1__( 2, e/P&i)w';]

| 2.5 .
° 1/3. 2 12
—a‘ﬁ) j [t.an2 rd_m(mﬂ] ] (VIZ-193)
Paai A

e 1“T&5E?-

The maximum obtainable efficlency of an axial turbine is pri-
marily a function of turbine pressure ratio and machine Reynolds number;
and secondarily of leakage, windage, heat losses and flow angles. The
secondary factors are assumed to have a consistent effect on the effici-
ency level of the turbine; so that turbine efficiency may be defined as
a function of pressure ratio and Reynolds mmber only. Figure VII-31
presents a chart for the evaluation of the efficiency. The efficiency
is defined on the basis of total pressures at inlet and exit of the tur-
bine. The effect of machine Reynolds number Re. on turbine efficlency
is defined on the basis of data presenmted in References VII=18 and
ViI-17.

The machine Reynolds number is defined by
Reqp * ¥mai SmaI-tp Url-tp/84 i (VII-15L)

For the normal range of air velocity at emtrance to the turbine nozzles
and the viscosity of air expressed by the relationship

i = Lo16 x 1079 70.72 (VII-195)
0.90
0980" 0°5
Figure VII-3l. Effi-

Na 0-70 0,2 o 4o clency of axial turbines.

0.60} Prae’Prat

Co bt bt
10° 10% 107
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WADC TR 5L=359 176



the Reynolds number equation may be generalized as
"
Reﬁ/ (S%idﬂ_tp) = 500 u,.mI_t;/ (9&1)1.'72 (VII-196)

The required rotational speed of an axial flow turbine is re-
lated to the impeller tip speed and diameter by the equation

The shaft power delivered by an axial flow turbine equals the
power developed by the impeller less the power required to overcome me-
chanical losses. Mechanical losses; which include bearing friction,
windage, etc., cannot be evaluated accurately for variable operational
conditions of the turbine, bub their effect on turbine power output may
be approximately defined by use of a mechanical efficiency. Thus, the
corrected shaft power per pound of air is defined by

1
Pra-st/(O%1¥ra) = 0.0L9 Mg Ny o [1 - (p%le/pf;u)m} (VII-198)

In many designs, the permissible blade stress level may be a
primary factor in establishing the required operating speed and/or size
of an axial turbine. It is conventional practice in the design of tur=-
bines to define the maximum permissible stress level on the basis of the
stress induced 1n the root section of the rotating blades by action of
the centrifugal load of the blades. This obviates the consideration of
vibratery, gas bending and secondary loads on the blades and discs.,

Assuming the cross=sectional area of the blades to decrease
linearly from the root to the tip section, the stress level at the blade
root section due to centrifugal force 1s defined by

_ (rv1sgeBat-tp)(1-5) I:l _ (1~ an1age)(24van)

1-19
208 g (Levy) ] (VII=199)

Stressyy,

where the parameter ayj,4 e represents the ratio of the blade tip area
to the blade root area. gince the impeller blades of axial turbines em-
Ployed in cooling gystems would normally be subjected to relatively low
temperatures, the allowable stress level may be considered greater than
camonly employed in gas turbine design practice. The maximum permissi-
ble stress 1is set at 35,000 pounds per square inch for steel blades and
at 12,000 pounds per square inch for aluminum blades. The parameter
Oplade Should be as low as is practical fram the standpoint of manufac-
ture and fatigue. A typical value of o 1ade equal to 1/3 will be used.
For these conditions, equation (VII-199) may be reduced to the form

(u'zﬂ-tp)(1"1/211)[1"00222(24'14‘1)/(14'11“)] = 6.68 x 10° (VII-200)

or
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() 1otp/1000)2(1-V 3 )(5 + TV ip) = 6.0 (VII-201)

and is applicable either for steel or alumimm blades.

Very little design information dealing with size and weight of
small axial twbines is available. The physical characteristics of an
axial turbine may be determined with fairly good accuracy by similarity
considerations of larger turbines. For comparative purposes, the maxi-
mum external dimension parallel to the plane of rotation can be ex-
pressed by an external diameter defined as

n ”
dge = 1:25 dgr¢p (V1r-202)

The nozzle ring and impeller bladeg farming one stage would
have an axial length of approximately 0.2 dygT-tp. At both the inlet
and exit of the axial turbine an air collector rgng would be necessary.
The air velocity in the collector ring at inlet would be approximately
equal to the axial air velocity through the turbine. Consequently, the
collector at inlet would have approximately the same flow area as the
annulus. If the inlet collector is assumed circular in cross section
and the outlet collector is assumed cylindrical with the outlet centered
about the axis of rotation, the turbine axial length can be represented

approximately by
Iy = 135 diyrap (VII-203)

The spatial requirements may be determined by calculating the
volume of the turbine with the dimensions given by equations (VII-202)
and (VII-203). Thus,

Vi = Llb 3T oep | (VII-20L)

The weight of an axial turbine may only be roughly established.
Due to the greater amount of duct work required for flow passages in the
axial turbine unit in comparison with the radial turbine, the bulk den-
sity would be less. On the basis of this assumption, the axial turbine
welght can be expressed approximately by

Wiy = 0.03 dig7 ey (VII-205)
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