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GLUZRALIZED EQUATIONS FOR SELECTION CHARTS FOR
HEAT ZXCHANWGERS IN AIRCRAFT

By Arthur N, Tifford and George P, Wood

SUMMARY

The equations that describe the operation of a heat
exchanger — tho equations for pressure drop, rate of heat

transfer, and power expenditure — have been put into non-
dimensional, generalized form, These generalized equations
can be used for constructing selection charts for various
types of aircraft heat exchangers. Such charts would
facilitate chcice of heat—exchanger dimensions for any
given set of oporating conditions, A typical selection
chart is presented,

5 iy INTRODUCTION

il very recently, little detailed mathematical angl-
vysis of the design of heat exchangers used in aircraft has
been publishcd, 3Basic physical phenomena involved have been
deseribed, general trends in good design have been invegtie—
gated, and sclcction charts for specific operating conditions
have been developed in several papers such as roferenceos 1
through €. Thrce papcers (references 7, B, land 9), which pre-
sent new mathematical approaches to the problem of select=
ing efficient installations of specific types of heat ex-
changer, have recently been written, Reference 7 shows how
to obtain the dimensions and the operating characteristics
of crogseflow intercoolers that have small power expendie~
tures, In reference 8 there is derived a formula that de-
fines the volume of radiators using a minimunm of power as a
function of the alrplne and alr characteristics. A useful
design chart with geioralized coordinates is a2lso prescnted
n the same paper. In a third paper (refercnce 9) general-
zed coordinates are uscd to plot a surface rcpresenting all
adiator designs, )
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This paper prescnis a method of deriving gencraligzed
coordinates for solcction charts for any typne of heat oxX-
changer - cross-flow, counterflow, or »narallecl-flow =~
dissipating hcat from any typoe of fluid and installed in an
airplanc,




SYIBOLS

The units given arce the ones used in this paper,

Any consistent
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system of units may be used,

enmpirical numerical constants

drag coefficient .of airplane

11.ft coeffiecient .of alrplane

outside tube diameter, feet

hydraulic diameter of passage, feet
ratio of bpen area to total frontal area

acceleration due to gravity, 32.2 feet
per second per second

surface heat-transfer coefficienté Btw

-

per second per square foot per ¥
heat dissipation, Btu per second

thermal conduetivity of £luld, Bbtu per
second per square foot per °F per foot

constants
length of fluid passage, feet

length of heat exchanger in no-flow direc-
tion, feet

mass flow of air, pounds per second

nunber of tubes per square foot of face
of heat exchanger with open ends of
tubes

tube pitch, feet

pressure drop, pounds per square foot

power, foot-pounds per second
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effective cooling surface per unit lengtk
of tube, square feet per foot

fective cooling surface, square feel

D
Hy

initial temwerature difference available
i coolting, E

-
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H

el@piricsal exponent determined by type of
o
empirical exponent determined by type of
io
wwerage veloecity of fluid inside heat ex-—

chaanger, feet per second

veloclty of airplane, feet per second

©

welght of heat exchanger, pounds

cmpirical exponent determined by type of
flow

J--r

enpirical exponent determined by Sype of
flow

miltiplying factor to take care of addi-
tiongl welght of heat exchanger nmounting

ronce between hot

nean temperature differ
fluid divided by AT

fluid and cold
duct efficiency

coofficioent of viscosity of air, slugs
per foot-second

mass density, slugs per cubic foov

welght densi f heat exchanger, pounds

per eubic

constants

cold fluid side
hot fluid sl1d
total

weilgh
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of heat exchangers- ethylene— ~glycol radi-
ators, oll coolers, and intercoolers — are used in air-
craft today. In all three heat exchangers, the fluids ei-
ther flow frictionally through pPassages or flow across
banks of tubes., The physical phenonena occurring are de-
seribed by pressure-—drop and heat-transfer data that make
possible the nrelection of heat exchangers for given condi-
tionsg.

Three tyves

-~

Data for the pressure drop across btube banks have
been correlated (refercnce 10) by means of equations of the

following type:

&ipr D " Ta \ (1)

2
Data for the pressurc drop when fluid flows throug Zh pas-
sages arc gencrally correlate? (reference 11) by means of
cquations similar to thc following:
y
foc o S 2 (2)
A eV=? ® \pVDy/

The geoncral fornm of tho cquation correlating heat-transfer
data for ilow across tubes (referance 10) is '

oI
hD (P¥2 :
= = o 4 (3)
) & N L
The gencral form of the equation for frictionsl flow
throuzh passages (reference 11) is represented by
kD, VDR
._"..:i = 04, .E.....__:_. (4)
=< 8]

The constants Cys» Cz, Cy, and c, and the ,“Donents Hilg. 1 Wil

u, and v are detcrnined by experineat.




Generaligzed eguation for power expenditure.-~ The to-
tal power chargeable to a heat exchanger in an airplane is
composed of threce parts: the power required to force the
hot fluid through the heat exchanger and the asseciated
duct system, the pawer required te force the cold flumid
through the heat exchanger and the .associated duct systen,
and the power required to carry the weight pf -the heat-ex-
changer and its supports. It is wuseful to note that thc
power used on the hot-fluid side is nogligible in alnost -
all heat exchangers. In intercoolors, the one -typc of
heat exchanger in wvhich this power sometines is not negli~
gible, the power is limited %to a small valuc by the re-
striction on the pressurc drop on the engino-—-air side.

The power chargeable to heat exchangers can therefore be

taken, for design purposcs, to be the sum of the power re-—
quired to force the cooling alr through the heat.cxchanger
and thc duet system and the power required to carry the
heat exchanger and its supports:

u

e p. H
P D sl e e
» (7] |
Ha g Pg g
A goeneralized equation for the power expended in forc-
ing the air through the heat exchanger is obtained by solv-
ing for the pressure 2rop on the cooling-air sid¢e in equa-
tion (1), whon the air flows across a bank of tubes, or in
equation (), when the air flows frictionally througzh pas-
sageos, and by substituting for the velocity od the adir in
toris of the mass flow and the free area. For . exanple, in

the case of a cross~flow heat exchanger with the cooling
air flowing across the tubes, the goncralized cquation for
+ 1

gir power 1s
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The power required to carry and support the heat exchanger
is glven sinply by the eguation
Cn iy ) o
2 D it T = Tis
Pw = € _CT VO U= € CI_ JO pn‘r Ln “1 La ,)3 Ln J.JD La (6)




1bination of equations (5) and (6), the gen-—
ation for the power expenditure chargeable to
tion ig obvtained:

By aicon
eraliged eqo
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Generaliged heat~balance equation.- In order to dissi-

pate the regquired amount of heat H, the following heat-
balance equation must be satisfied:

Eo =y sy ¢ ' (8)

e to the flow of hesat i lblhiel stin igf
ances on the two sides of the heat ex

X 1 ]
N £ (i i d
< N 1 ) La _’la <Py h'b Sh
If equations (3) 2nd (&) for the heat-transfer coefficients
are solved 'ho velocivies eliminated as before, and the
result ;lD“Liulqu into eguation (9), the generalized equa~—
fion for-the-btotal. thermal -resistance-ig founde.. ln the

ypical case where the cooling ailr flows across the tubes
Qnd the Hoﬁ fluid flows through the tubes, the equation for
the total thermal resistance becomes
u
1 [, Y= &S
- = 4 G- |¢ n Jb) s ¢ “a (lo)
hy S¢ B Ly By Lo |
When equation (10) is combined with the heau~balwncc caua-
tion (8) and sinplified, there is obtaincds
J un . v .
e A 2 e *
8%y (o Ly &p L, 5 (R . g In L@ (11)
T i Q 7 / b ¥
H M My

Bquation (11) is thc generalized form of the hecat-balance
equation for lheat exchangers,

\)

i

Derivation of generalized coordinates.- Equation (11),

the generalized heat-baslance equation, in combination with
equation (7), the generalized equation for power expendi-




ture, completely describes the characteristics of all crosse

flow heat exchangers Similar equations completely de-
ecribe the cxa*ﬂctorlstlcs of counterflow and parallel-

1low heat exchangers, These equationg must be used in od-

taining the generalized coordinates for the selection

charts of heat exchansors, The derivation of the general-

ized coordinates for the selection charts of cross~flow

heat exchangers will now be given, ZExactly analogous der-

ivations are applicable %o counterflow and parallel-flow

heat exchangers

Eguation (7), the generalized equation for the power
expenditure, relates four guantities: . the power expenditure,
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«) , and @3. More than three quanti—
Ly
terrelated by o single equation cannot be nlot*ed
inzle chart., Bquation (7) can be expressed, however,
relation anong only three instead of four quantitles
ig rewrlitten in the form
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, in order for the generalized equa-
ture to relate thrée quantities,

It is to be noted that
tion for power éxpendi

Bee e
Jid
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¢3 \Ln Ly
rust be taken to be one of the quantities, The other two
quantitiocs nay be taken as P and ¢3 Iy Ly Ly or as P
and ¢3 Ly Ly L& nulsiplied by any function or group of
constants whatsocever, A-congideration of the heat-balance
equation will dctermine the best form for these guantitics,

The generalized hoat-balance equation (11) relatcs
three quantitics:?

ATi g n Ln Lb g “n L-D\u <T La>v
H ol 7 e e A X
R :
The quantity ~i-(:*~$1~> is brought into tho heat-
¢3 \l.tn L'b




balence relation by converting cquation (11) into

' A u

FeX FoX

<y3\ &7, L n L, Ly L, 5 <¢ > s <Ln La>
s B ¢a ¢1 ¢a

The heat-balance cquation (13) contains a2 naw quantity

e
P ap. L x Ly Ly L
A i i : . : .

B/ —~»-—Er~3;»3-m& that is casily introduced into
Pa E P,
the equation for tho power cxpenditure by multiplying both
sides of equation (12, by j
u
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The hcat-baslance and power cxpenditurc relationships
are expressed by cquations (13) and (14) in terms of four
guantitios of which two occur in both oquations. It is
casily shown thet these enuations, eg woell as ‘tho four
guantitiocs involved in them, arov. nondimensional,*-

* . 4 o 3 =X «
M
From cquation (14), EL (» 5—) nust have the ganme

dimensions as dimensionless unity and, in order for equation
(13) to bc dincnsionally satisfied, the quantities L, Ly
u u

=% v

B AT . t n A S-Z i
% g&) el = and <Y§> ¢b (?n a> must be non-
A :

(Continued on p. 107
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where Ln', Lb', La', anld P! are nondimensional and are
defined by
U= v+v 2
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Equations (15) and (16) are the final nondimensional
forms of the generalized equations for the heat Dbalance
and the power expenditure of heat exchangers. In thc ap—
plication of these equations to the plotting of selection
charts, it ies convenient to use 'P! as a dependent vari-
able whose value is determined by two independent varia-
bles, Thoge independent variables may be taken to be aany
two of the varlables: I,', Ly!', I,', and convenient
groupings of L,', L', and Lg', euch ag L.' and L 0Tt
neral interest are obtained by convert-—

o

Two groupings of ger

ing equations (1)} and (2) for the pressure drops into

forms involving IL,', Ly' and Lg'., In this manner the equa-
tion for the pressurc drop on the cooling-air side is trans-

formed tnt
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The equation for the prossurc drop on the hot-fluid side
becomes ;

u(ves+y)
A g BIEAN 'fQ(shT;
. ‘ww m
Ap ¥ n lb a = /¢ \ A-'.i § n My s
b F.1  § T ”¢ g 22
( Tl ) % T
n a : 4 ¢b
ol b
ta b D /
Pa
K, l Dg il
it ahiesh
TR A (22)
‘ﬂD \ \.?

Zquations (15) and (16), thec generalized hcat-balance
and power-expenditure equations, can be reduccd in many
cases to a single equation for convenience in plotting so-
lection charts. Some of the derived equations of general
interest follow:

: S
r % ]11
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As an example of the applicetion of these equations,
the generalized intercooler selection charts/ of figure 1
were plotted from equations (24), (25), (26), and (27).

These charts show the intercooler power expenditure repre:
i T I

sented by P' as a function of the intercooler dimensions
and the pressure drops on the hot-air and cold-air sides
represented by the primed quantities, The charts readily
show the relative merits of various intercooler designs,
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Figure 1 - Generalized selection chart for
tubular intercoolers.
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