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CDITZRALIZED ZQUATIONS FOR SELECTION CHARTS FOR
HEAT SXCHAWGERS IN AIRCRAFT

By Arthur X, Tifford and George P. Wood

SUNMMARY

The equations t'it doscribe the operation of a heat
exchanger -~ thao equations fcr pressure drop, rate of heat
transfer, and power expeniiture -~ have been put into non-
dimensional, generalized form, These geoneralized equations
can bo used for constructing selection charts for various
types of aircraft heat exchangers, Such charts would
facilitate cheice of heat—exchanger dimensions for any

given set of oporating conditions, A typical selection
chart is presented,

INTRODUCTIOT

Until very recently, little detailed mathematical angl-
vsis of the dcsign of heat exchangers used in aircraft has
been publishcd, 3Basic physical phenomena involved have been
described, general troeads in good design have been invesgtie-
gated, znd sclcction charts for speccific operating conditions
have boen dovecloped in scveral papers such as rceferences 1
throush €. Threce pavors (references 7, 8, and 9), which pre=-
sent new mathematical approackes to the problem of select-
ing eflficient insiallations of specific types of heal ex-
changer, have recently becen written., Reference 7 shows how
to obtain the dimnensions and the operatirg characteristics
0f crosgemflow intercoolers that nhave small power expendie-
tures., In reference 8 there is derived a formula that de-
fires the volure of radiators using a ninimun of power as a
furction of %he alrpl e and alr characteristics. 4 useful
dosiga chart wvith go . aralized coordinatee is also presented
in the sonme peper. In o third paper (refercnce 9) genaral-
ized csordinates arc uscd to plot a surface rcpresonting all
radiabor dosigns. '

This paper prescnts a method of deriving gencralized
coordinstos for sclcesion charts for any tyne of heat ox-
changer - cross—-flow, counterflow, or narallel-flow =
dissivating hecat from any type of fluid and irstalled in an
airplaac, :



SYIIBOLS

The units given arc the ones used in this paper.,
Any consistent system of units may be used.

€y, Cpy Czs C4 empirical numerical constants

Cp drag coefficient of airplane

Cr, 1ift coefficient of airplane

D outside tuhe diameter, feet

Dy, hydraulic diameter of passage, feet

X ratio :f open area to total frontal area
g acceleration due to gravity, 32.2 fecet

per second per second

h surface heat-transfer coefficientb Btu
per second per square foot per F

H heat dissipation, Btu ver second

o &

k thermal conductivity of fluid, 3Btu per
second per square foot per °F per foot

Ky X5 X, constants

5 length of fluid passage, feet

is 5

Ly, length of heat exchanger in no-~flow direc-
tion, feetd

M nmass flow of air, pounds per second

n nunber of tubes per square foot of Tface
of heat exchanger with open ends of
tubes

D tube nitch, feet

Ap pressure drop, pounds per square foot

P power, foot-pounds per second
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rs— ethrlene—glycol radi-
2rs - are used in air-
xcliangeres, the fluids ei-
szges or flow across
nomena occurring are de-
transfer data that nalke

%ion of heat exciaangeras for given coull~

cross sube banks have

Thrae tynmes of heat exchange
ators, o0il coolers, snd intercool
craft tolay. In all thiree heat e
taer flow frictionally through pas
banks of tubse., The phvslcal phe
gerited by nressure-{dron and heat-
possible the nelec heat exchar
tions.

Data for the pressure drop a
been correlated {referonce 1U) by

following tyoe:

sicans of eguations of the

B (1)

Data foxr the pressurc “rop when fluid flows throuzhk pas-
sages arc geancrally corvelate? (refeorence 11) by ncans of
cguabtions sinilsr %o tho following:

Ap Dy \,' '

"“~W25" 2 w:“) (2)
pv p Vi
2

The geonorel Torn of ths cquation correleting heat-transfer
Aata Tfor flow across *tubes (refer:nce 10) is ’

r & N
The gencral form of the equation
thirouzh passages {reference 11) i
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1igzed eguation for pewer expenditure.— The to-
hargeable to a heat exchanger in an airplane is ‘
throe parts: the power required to force the
et fluicd through the heat exchanger and the assnaciated
duct sreten, the pawer required to force the cold fimid
trrouzi: the hcat cxchanger and the associated duct systen,
and the power roquired to carry thc weight pf -the heat. ex-—
changer and its supports. It is useful to note that thce
power used on the hot-Iluid side ig negligible in alnost
all heat exchangers. In intercoolors, the one typc of
heat exchanzer in vhich this power sometimes is not negli-~ -
gible, the power is 1imfited %0 a small valuce by the re-
striction oa the wmressurc drop on the cnginc-air side.

he power chargeable to heat exchangers can thereforc De
a¥en, for dcsign purposcs, to be the sun of the »power re-

red to forecc tine cooling air through the heat cxchanger

¢t systen nnd the mower reguired to carry tho

heat cxchanger and its supports:

General
tal power ¢
f
ES
¥

composed ©

o+ 13
N

e, Ap, U
P = & 4P = =B 4 P,
e ¥ o ) )
la s Pa ‘o
A rmoncralized eguation for thoe power expended in forc-
ing the alr Sarough the Leat cuchanger is obtaincd by solv-
ing for the mressure <ron on tuce cnolinz—-sir side in equa-
tion (1), whon the zir flowe across a banlz of *ubes, or in
equation (2, when the alr flows frictionally tlrough pas-
cnges, and by substituting for the velocity of the ailr in
torus of whe nass flow and the Irec area. For example, in
ths cnse of n cross~flow Leat cxchanger with %the cocoling
air Tlowing across Huc tuwbes, tiac zoncralized cguation for
the cooling alr vpower is
X ¢ 3=X =
P A 1 L
“&a _ Lpa e écl "La, Ia Aa
m ; . 3—X 2 X v EeX g ; 2—-X
'y & Pg ﬂa g o, T D™ » X by L'b)
1 ¥4 -
&Aa‘
= ¢1 L, Iy I, \& T (5)
n < Mep +)

—

The power required %to carry anl support the heat exchanger
ie glven sinply Ly the eguation
¢ Io!
(0% Um - - \
o = oy oy = T T = ¢ .
Pg € - Vo ¥ € o JO Py Ly Iy La 7. Ly Iy Iy (6) ]
- L
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7 a conbination of ecuations (5) andl (6), the gen—
eralized couation for the power expenditure chargeadle to
the insbtailation is cutained:

= . T
P =D, Ly L,

(7)
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Genernliged hegt~balance egugtion.~ In orler to 4dlssi-
pate the reguired amount of heat H; the following heat-
balance equation musht be satisfied:

The total resistance t¢g tlie flow of heat is the sun of

the “heroal resistesnces on the two sicdes of the heat exe-

changer: '

1 = 1___+ . L = 1 / 1 -+ : \' (9)
hy Oy Ly S, ky 0y » L, Ly Ly Mh, 8, by Ep/

d (&3 for the neas-trancfer coefficients
ocivies eliminated 2s before, and the
into equation (9), the goneralized cqua-
Lheormal resistence is found., In the
the cooling alr flows across the tubes
flows through the tubes, the equation for
esistance becomes

: @za Goif s g Gale) ] oo

a -

mznhalynce cava~

= M./ ky,
= \ s s 3 .
Ecuation (12) is the scneralized form of the heat-balance
cquation foxr heat cxchangers.
Derivaiion of scneoralized coordinates.— Equation (11),
the genecralized heat-bslance eguation, in conbinatiocn with
eavation (7), the generalized equation for power expendi-



ture, comnpletely describes the characteristics of all cross-
flow heat exchangers. Sinilar equations completely de=-
reribDe the characteristics of counterflow znd parallel~
flow heat exchangers, These equations nust be used in ob-
taining the generazlized coordinates for the selection
charts of heat exchansrs, The derivation of the generale-
igzed coordinates for Jhe seclection charts of cross~flow
haeat exchangers will now be glven, Exactly analogous der-
ivations are applica®le to counterflow and parallel-flow
heat excliangers.

Touation

( tie generalized equatlion for the power
experdlture, ro

7
.ntes four guantitics: the power expenditure,

b

M. \®=X :
L, Iy L ¢](-*@«> , and @3 . More than three quanti-

ation cannot be plotted
can be expressed, however,
nstead of four quantities

3T Y cla* ¢ by o sl
le chart, Hgvat
tlon anong only

rewritten in *Le form

P = L, Ly I, | L2 (-:@~) + 1 12)
% R TP T2 L In Ty - (12)

is to be noted that, in order for the gencralized equa-—
on for power cxpenditure to relate thrce guantities,

rnust e taken to be one of the quantities., The other two
quantitics nay be taken as P and @, Ip Ly L, or as P
and ¢3 L, Ly L& nulsiplicd by any Junction or group of
constants 1l:tsoever. A-congideration of the heat-valance
equation will dotermine the best form for these quantities,

]

The gencralized heat-balance equation (11) rolatcs
threc guantitics:

T n L , T L z b v
ATy { n Ly Iy 8, ¢ (Ln —1:1\ and ¢ <"‘"‘Ln L_a)
q a ’Ma / ? b Mb
¢ i, NV7F
The quantity —*> /rw—i~> is brought into tho heat-
3 \..un L'b
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3~X A STY - b 3 X " - .'_ Tr -2
Do) T ATL LR 8N T AT, LalypInl, 8y (2"

balnnce relation by convertiasg cquation (11) into

. Sl

S

[&]

fﬂf&
}J
N
=t
LA
I

S X

- Y (13)

T T ) s . .
The nmeat=balance cqueation (13) contains & naw aquantity

(A5 025 € on L, Ly I, .
:¢~- ——n-~arz~—~~—~#- that is casily introduced inio
s “ Fa
the egquation Jor tho power cxnmenditure by multiplying both
sidce of cauation (12) by ,

/;h" 3 - AT‘ é a .
ORIy

a

| S a3 5 (14)
/ o, " i ; 23
Py £ €0, \¢1/ By Lo

at b r cxpcenciture rolatlionchins
arc cxpreesed by cquations (13) aad (14) in torms of four
guantitics of which two occur in both cquetione., It 1is
caelily shown thet thesoe couveticaie, 2s well as the four
aquantitics invoeolved in thnen, arc nondincrsional,*-

4¢ > 3 —-X .
From cqueation (14), LI <TM:%" nust have the sane
' o Ny Ly 7

dimecneiods as dimensionless unity and, in order for cquaiion
(13) to bo dinensiornally satisficd, tho quantitics I, Iy

= v
¢3\3" A7 {n <¢3> T Py <Ln La> ek e
L, <@~/ B ¢~— and i 7 \TE Tust Do none

(Continued on p. 12)
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Equations (13) anl (14) carn bs rewritten as
r BeX 3-X
u
[— AT - (2 as
Lyt Iy I, = (It I 1) L' Ly!
ry 3-X -~
1
St t Tt 1| -
N A + 1J (18)
where L.t Lb', La‘, an® P! are nondimensional and are

n *
édefined oy

BeuvEy 1
peay gt
v\3"'»<»/ v T 5
S /¢ > /¢b> B ¢, L. s X, .
‘n T \G i . . ‘n T ¥ ¢ w4, 4
B, \g_/ M ATy {n ol X, ¢ M, My
(17)
u(ve1)
v(s-x .
rr = (s faTy nMy K Py (18)
b - \%~ i ~b X b
: Pu)" ©
L 7
U=1
U | § .
. /ﬁzxs—x AT, § n M, - X, g ¥, y (19)
a \B,/ 57, a K a
(PNETE AT, L o
I .2 - P = K, P (20)
SIS S
ontinued from p. 9) —
Is. 'k N .
dimensional if 53 / ?—) is nondimensional. If equa-
3 =1 .
tion (14) is referred bto again, it is scen that the fourth
u

cuantity P (7~> 5 must also be nondimensional,
t Fa
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Tguaticns (15) and (16) are the final nondirensional

=
(o]

|_

forms of the generalized equations for the heat balzrc
and the power expenditure of heat exchangers. In %t:u¢ ap—
rlication cf thcse equations to the plotting of selection
charts, it is convenient to uses P! as a dependent vari-
able whose valune is determined by two indcpendent varia-
bleg, Those indcpendent variables may be ~aken to be any
two of the variables: Lp', Ly', L,', and convenient

grounings of L.‘, Lyts anéd L', such as Ly' and L' Lyt
general interest are cbiained by convert-
and (2) for the prossurc drops inio

forms 1nvo*Ving Ln', Ly' and Lgt.

formed int

u
3-X
Tt T, T m 4
L Lyt Iyt n, (P, ATy b onoly
Ap = e = | = fa%s)
a M ¢ p, ¢, E e p, M 3
(L LI P ') 1 3 a a a
n 0
X, ¢
P ‘
[>] pa 5a
The eccguation for the mrossure drop on the Lot-fluld side
bocconmes ‘
M(V—- +v>
H 1 1 V‘(s—-.&/ ~
Ap. 1 = Ln I.-b La _ (/_¢_§. Ail § n Iy Ap
b S N5 i) iy b
L_Yy, 1 T
n a . ¢,.,
6. = e <~3
T a b ./
fa
X § ,
S ¢33_3 Opy, (22)
€, (X, ) ‘
b
Zquations (15) and (16), the generelized heat-balance
and vowver—oxpenditursc cguations, can be reduccd in many
cascs to 2 single equation for convenicnce in plotting sc-
lection charts, Some of the derived equations of general
interest follow:
3~z
e 1 'lu_
Plo= It Ip' Ly'q 1 4 femom e | (23)
n 0 2 LT, 0 To! Tt = (Lt I v
-d 'b a .-Jr' .x.!,j i

In this mgnner the equa-~
tion for the pressurc drop on the cooling-air side is trans
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(24)

(25)

(26)

¢ (27)

3X
u’.
1
P‘ = Lnl bb’ Laf 1 ER
AP TV B O S (Ln'“blL&i>
n b a AL
]
r~ L 1 -X ‘
PV = L.t L.V I r[} b l—
n b Ta L,' Ly! Lyt ]
= I 1 .
P! = L, Ly, | La + Apa‘
i Na=x
u
Pt =L ¢t L, 'L 1d 1 o+ 1 -
n b a v
3=
1 17, 1
Ln'LbII’a' - G_I_Q.__I_:b_'_ij_a__
/
L 8Py i

As an example of the azpplication of these equations,

the generalized interccoler selection charts
werec plottcd from cqumtions (24), (257,
These charits show the intercoolsr power expenditure
sentoed by P! ¢ a function of %
and the drong on the hot-air

a

pressure

of figure 1
(285, and (27).

reprew :

he intercooler dimensilons
and cold-air sides

represented by the primed quantifies. The charts readily
show the relative merits of various intercooler designs,
Langle

7 Memorial Aeronauticel Laboratory,
ationgl Advisory Comnittee for Aeronautics,
Larngley Field, Va.
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Figure 1 - Generalized selection chart for
tubular intercoolers.
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