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NATHRHATICAL AFYALTYSIS OF AIRCRAX®T INTERCOOLER DESIGH

3y Upshur 7. dJoyner
SUMMARY

A methematical analysis kas beer made %o show the
method of oDiaining the dimsnsions of the intercooler that
711l use the least total power for a2 given set of design
conditions,

The resulits of txis analrsis have been used in a
sample calculation and, on the basis of this calculation,
a new interccoler arrangement is suggesied. Because the
lezgth of the two air passages of the new arrangement is
shert in comparisor with the thiri dimension, the heighi
of {tre imntercooler, this intercooier arrangement has un-—
usuel dircensiocns. These dimensions give the proposed in-
tercooler arrengenent an advanftaze over ons cof usual di-
mensions because less total power will be consumed Dy the
intercooler, the weightv ard the volume of the intercooler
will pe smaller, and the pressure drop of hotk tae engine
air and the ccoling air in massing through the intercooler
will be lower.

IFTREODUCTION

The design of an cptimum intercooler involves tae
solutior of & prodlex having many variablec factors. A4
whole series of intercoolers can be designed that will
ecconplish a reguired transfer of heat with certain speci-
fied temperature &ifferences between cooling air and
heated, or engine, air. These interecaolers, all of which
rneet the recuired conditions of Xeat ‘transfer, will vary
widelr ian volumz, power coasumed by the intercooler,
linear dimensions of tLhe intercooler, pressure drop of
the engine ailr, &né pressure drop of the cocling air in
passing throumg: the intercoaler. Obvicusly, some cri-
terion must be establishéed by which tke best iniercosler
of txe series can be selescted. Sueh a criteérion should
consider all ths signiflicant variables.
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The total power consumed by -tho intercooler is wuscd
as the design criterion in this analysis. This total

power includes both the powar used in forcing tho engine
alr and the cocling air thro uvh_the intercoolar, and tho
powexr regulroed to transport the weight of the intercooler.
For a stationary intercooler, in which the powor for '
transporting tho intercooler is .not included in tho cal-
culatioas, the size of tho optimum intercooler approachos
infiaity os thc power approaches zero. The critorion for
the design of o stationary intorcooler wouwld, thereforo,
210t be the minimum powor consumed by the intcrcooler but
would be a factor like its iaitial cost. B

For sn aircraft intorcoolor, howsvor, tihe total power
consumed is an cxpedient criterion becauwsc the power ro-
guircd for the transportation of the intorcooler is pro-
portional to the weight of the imtercooler, which is, in
turn, praporiional to the intercoolcf volume., On the
basis of tie criterion sclocted, an extrenely large ine—
tercoolor would be the most efficicant if only the power.
required to forcoc the oir through the iatorcooler were
considored; whereas, an cxtremoly snall intercocler would
be the best if only tho power requircd to traasport tho
inztercooler were coasidered. 4n intercooler of an opti-
mul size is certeaia tc¢ 2xist for tho minirum total-power
consunptican. - - : :

™o design conditions of the intercoolor will include
valvos Tor: the total mass flow of eagine air, the inlotd
tenporatures of both cooling nnd engino air, the roguired
tenperature of the ongin: air at the outlet from tho in-
tercoolor, the charactoristics cf the alrplano in which
the intercooler is to bo installed, anrnd the physicnl char-
acteristics of the cooling air.

The typec of intercooler coro to be ugod con be chosox
fronm coansiderations of conatructioan and of kaown principles
of heat transfer. BExporienco *nllcatesthat the type of
coastruction used should be such that both the heat-
transfer coefficlont and thc ratio of the heat~transfer
coofficiont to the frie%tion fector are large, This ro-

quirenent neors thot Roynolds' anzlogy should be approached
as closcly as poszible. Any turbulexzce- -producing device
thet is introducel.in an effort to get anigh volues of tho
heat~transfor coefficient will dlsproportloﬁatoly increase
the power coasumptlon and will bo disuivuntabcous from
considerations of powor censunption. ' 3Small, shooth pas-~
sageway coastruction offers a noans aof achiov1rg the de~-
sired conditions.
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Whether coun*erflow or crossflow of the air streams
is t0 be used is virtuwally leftermined by manifolding con-
siderations. The counterflow type of carstruction has a
slizht advantage over the crossflow type on the basis of
the quantity of heat transferred, all other factors being
equel, In a practicadle case this advantage mignt amount
to 10 %0 15 percent. The greater case of manifolding a
srossflow intercooler as compeared with that of manifolding
one of the counterflow type is usually considered of suf-
ficient importance %o ouritweigh tke advantage of a greater
heat tramsfer in the countarflow intercooler. A crossflow
intercooler has been investigatcd and tke results are pre-
sented in thae precent paper.

e ty2e of Intercooler assumed Ter the purpose of
this analysis is showan in figurs 1, Symbols are defined
in the next sectidén, Trhe passageways are assumed to De
spiooth ard the air flow is assumsd to be turbulsns. Ezxz-
perience ladicates that the Reynolds nvaber of the air
flow and the initZal turbulence will irsure turdzlent flow.

Jeat~tracnsfer—-coocfficlent ané fricition-facior data
Tor round pipes cre applied 40 the reoctzngulier passages.
KcAdams (reference 1, p. 117} states that Shis application
is poermissible with jurbulezt flow, providsd tha%t the hy-
draulic diasmecter of the passegeway is used for tke tube
ciancter in all calculatiozns.

The fin effectivoress is assumed constant, This wvaluc
obviously wvarics, but numcrcus crlculotions oa intercoolors
of this firned type have indicated values of 93 to 97 per-
cent for fin effectiveness. A fin effectiveness of 95 per-
cent will be close to the cctual valuwe for usable inter—
coolers. . .

End losses are disregarded for simwmlification. Con--
sidecrotions of the tube dimensions ard fhe fricvzon factor
indicatc a maxinum error of about 5 percezt In pswer. con-
sumption in tihe usable rvnée 2s a resuli of disregarding
the end losscs.

JOTATION

The units given are thce ones wused ir this poper. Any
self-couasigtont system of units may be uscd.
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frec area for passage of air, sguarc foed

specific hcat of air at zonstant pressure, Biu
per slug per degree Fahroenhoit

drag coefficient of alrplene in cruising conditlon
1ift coefficient of airplene in cruising condition

hydrzculic dianmcter of air passaoge

(’4 cross—zscctlonal arca
, foet

\ wettod perimeter
friction factor <1Ap2 %)
3oV *

fin offectiveness

over~all heat-trazsfer cocfficicnt from fluid to
fluid basecd on dividing-plate arca, Btu per
second per square foot por degree Fahrenheit

surface keat-transfer coefficient

heat—-transfer cocfficient from cooling air to
dividing plate

heat-traasfer coefficient from engine air to
dividing plate

height ¢f intercocler, feet

lenzth ofncoolipg—ai¥ passage, feot
length of engiac-air pasasage, fect

mnoss flow of air, slugs ver sccond

over-all pressure drop through intercooler, pounds
per square fool

totol power rogquired to force cnglne air or cool~
ing air through intercoolor, foot-pounds per
sccond

total power reguired to transport intercooler,
foot~pounds por second
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total power consumed by intercooler,‘fbct-pounds
per second

volume flow of air, cubic feet per second

gpacing between fins, feet

total dividing-plate area, square feet

fin thickness, feet

dividing-plate thickness, feot

temperature of the englne alr, degrces Fahrenheilt
temperature of the cooling air, degrees Pahrenheit

average velocity of air flow through intercooler,
feet per sccond

velocity of a2irplane, fect per second
width of fins, faet
weight of intercooler, pounds

factor to take care of welght of intercooler
mounting, etc.

mean over-all temperature diffcrence between
engine air and cooling alr for crossflow di-

vided by T3 -~ T'y, given by the empirical
relation (equation (13)) developed for this
paper

[

! relates to cooliﬁg air

T Y relates to engine air
i~ i

coefficicnt of viscosity of éir, slugs per foot~
socond ' L

mass density of air, slugs per cubic foot



Subscripts?

Cc

e

£,

Pa

i

1)

i

i

refers

refers

refers

refers
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to

to

to

to

N

> constants

cooling air
anéine air
inlet air

outlet alr, datum

Dafinition of Functions

w

1
2

weight per uait volume of imntercooler,

8 (See fig. 1.)

(w + %) (s + tg)

per cubic foot

0.4 &

AWz
§a Wy

L

2'6 . l
\03 5,Wa/ i, . '

0.098 pe"

2

1.8
C1

Pe

2.0

Dl.2

0.098 “3972

le8
c:1

240

Pe

phe?

pounds
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. Cq .
pz = Gz €V, oL

: " O0eR2 0.8

. s + tf D Gy
93' =L . g P
AwElo+os 0.0245 R/

- pOe? ¢ 08
6 ( y : ) < - )
® wfl + s 0.0245 cpug’*?
* pre

Cpke

6* = 921‘-{9
85 = 8, M°"7
9, = ——— = .
. 1
(v +.%_) o log <——-> )
— 0.46
GB = ee——— -
VI
8
2.8 4
wy = g1 Mg Sy = —ovE
Mg
War= gy Mo ' 83 = 65
M 84
_ = &
ANALTSIS

The various considerations stated in the Iatroduction
make it possible to ascign values to all of tho variables
except fouri (1) total mass flow of cooling'air; (2) length
of air passags in the dircction of coeoling—air flow; (3)
length of air passage in the direction of engine-air flow}
.and (4) the third dimcnsion, or beizht, of the intercooler.
The purwnose of this peper is.to show how to determinc the
values of these four variables so that tac total power con~
sumcd by the intercoolor shall be a minimum.
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Mhe general plan of this analysis is to obtain an
expression for tas total power consumed in terms of the
four variables Mc, Lc, Le' and H, and then to minie-

mize thls power, subJect to the relatlion betwoen the
variables that 1s imposed by the rcquired conditions of
heat transfer. An expression will first be obtained for
tho powor usod 1n forcing.cooliag air through the intor=
cooler. Tho cquation for tho frictlon factor in terms
¢f the Reynolds number was obtalned from roforence 1

(p. 111), and is

£ =% D _ _ 0.049 (1)
471, YD\ 0.2
TECS
~ 13
from which
Qel . Qe 8 le8

0.098 pg Lo 0o Yo

Ap, = i . (2)
p. led

The freo. area for the passage of cooling alr through
the intercooler is

A, = Cy Ly H ()

The velocity of flow of cooling air through the in-
tercooler may be written as

0 %o
Q

v, = o e (4)
Ag C, Lg E

From equations (2) and (4) may be obtained the ex~
pression for the power regulred to force cooling air
through tie intercooler:

- 2.8 D 0.2
¢ T %ehPe T TTAB _1.8
Le z . 011.8 ch,o Dl.a
M e 8 I‘c
Pe (6)

= £ Lole8 H 1e8
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and, similarly,

Ha L, ' ..
o Y .
P = ﬁz (7)
The power réquiréd to transport %the welght of the
Intercooler is gliven by

c
Poos WeV, =2 (8)
w L

and the weight of the .intercooler under consideration is
given by

W = Oy HLyLe (9)
where Op 1is the weight per unit volume of the intercooler.

From equations (8) and (9),

Co\ . .. .
P, = (?a € vO'EE) Hhnlg = ﬁz'HLcLe (10)
The total power consumcd is given by the sum of equaw
tions (&), (7)), and (10) as
248
Mo
1.8

. 2e8 1.
LC MG LG

+ fa
Hloa Lcloa

—Tes + 5 HLcLg (11)

The relation betwoen the variablecs imposed by the re-
guired conditions of hecat transfer can be developed direct-
ly Erom the expressilon tha% equates tho total heat given
up by the engine alr Vo the total hoat transferred through
the dividing plates, -

Mgept = hyS ¢ ' © (12)

Hussolt (rofercnce 2) has given a theoretical rela-
tion for § in terms of .8 and n. but the relation is
too complicated Ffor gencral use. Nusselt has also given
o table of valuos of f, but, in order to use ¢ analyt-
ically, an empirical relation for { ' has been devolopod
from Fusseltls results that givoes values correct to within
1l percent, prrovided that ncither £ nor n exceeds 0.7,
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For larger voiuvces of ¢ and 1, the error approaches 5
percent. The empirical relation is

o e Oe46
¢ = £(1 - n)jgé:% B ‘ <l 7 %&?:,Jii_g : C(13)
lOge ( 1 .]_- t > . _loge. (Z"%_T) |

The total dividing-plate area § is

E . . ..
S = ——"— Lglg (14)
w + tp .
An cxpression for the ZLocal surface heat-transfer
coefficient is given in reference 1 (p.lL?S) as
0s2 048 _0.8
Cp W 3 Ty

hg = 0.0245 = (15)
DO.«.-

An examination of figure 1 shows that the heat—transfer
coefficient on the cooling—~air side, based on dividing=-
plate area, is

wfl + g
S+tf

"

c (1s6)

Substituting equations (4) and (15) in equation (16)
and inverting,

0.2 Ce 8, Oe8,_ 0.8 - OeB, __0e8
_J___.=<s+tf De C., \LG H _ e Lg ﬂo
he wf! + s 0.0245 cpuc®*3/ M 0¢° SETICTE
end, similarly,
0s8 __0,8

1 L, - H

.= 8, —— (18)

Do X M ,0e8

The ecquation giving.the over-all héat-transfer cocfw
ficicnt when two surface cocfficients arc acting in scrigs

is .

(17)
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1 1 (
P S 19)
By ~ be | he

and, from equation (12),

1 st
hi - Mecp £
so that
s ¢ 1 1
- ~ = P — _ (20)
Mecpg h, hy :

Substituting equations (13), (14), (17), and (18)
into equation (20) gives

: De8 0.2 M 8
+ 65 Leg ° -8, H LoLg (1 - §f€> = 0 (21)

Equation (21) is the required expression for the re-
lation betwoer the wvariables if the stipulated conditions
of heat transfer are to be moet and is the constralnt ‘to .be
. used when minimizing eguetion (11).

The problem now is to obtaln a minimum value for the
total power consumption as glven by equation (11), subject
to the requirement that thge varlables sghall at all timos
satisfy. equation (21), Phis minimum value is "obtalned by
means of Lagrange's method of undetermined multipliers
(reference 3, p. 120),

In order to.obtaln conditions for the rRaxlmum or the
minimum value »of the functiom P¢ = F(lo, Lp, DLg, H)
where the wvarlables arc comnected by a relatlon
G(Mgy Loy Loy H) = 0, the operations indicated in the

following cquatlons are performed.
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'\
oF 3G
g TN Em =0
3, \ 3¢ _
SLg OLg \ (22)
oF oG
+ A = Q
3L, 3L,
BF 3G .
mt s *© J

whore A is an unknown multiplier.

Equations (22) taken with equation (21) give fivo
simultanocouns equations in the four wvariablos and A, aond
the solution of thosse cquations givos the valuo of the
variablos for minlmum or maximum powor.-

This mothod of solution was first applicd to equation
(11) subjoct to tho conmstraint imposed by oguation (21).
Tho only solution obtainecd was Me = o for rcinimum power,
which indicatod an intorcooler only of academic intercst
outsido the region whero the assumptions are valid. &
veluce was assigned to M, in order to obtain solutions
for the othor threc-variables, Tha assigned value of Mg
nay be included in onc of the constants in cach oquation
in which it occurs, and equations {(11) and (21) reduco %o

Lo © Lg

P. = F(L L,.,4) = ——————————t -
t (Lc, e ) (UlLel.aHl.a + Wa LoteB8H e8 f wy HLcLg (23)
G(Lgy Lgs H) = 8;L,°°% + 8,1,°°% = 5,8%°2 1, Ly = 0 (24)

If the operations indicated in equation (22) are perw=
formed in equations (23) and (24), three equations result:
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-
0 : . 1.8 [$3] - 008 8 OCe 2
1.31 — - — a'afes + wzHLg + A ( o‘: - 8zH Le) =0
La E™® L,"*" E°° ' Le™e
- N O.8 '6
1.8 wy L¢ W2 + WyHLe +,z.< L . 55E°® Lc> - 0> (25)
Be Qe 3
Le 8 H_‘L.e LCI.G Hl.e Le
- loaw L 1.8(.0 IJ 8 .
te LT PR 4w, LcLe-t-?\(— 0.2 sT;cT;e 0

These three equations, together with squation (24),
form a set of four simultancous cequations in the four vari-
ables Lo, Lg, H, and A. The exact solutions for these

equations have been obtaineéd, and are

a/7

. 0.4 w, C, G.le/®

H= Wy + o a/s|’ (261
9/5 92/28 Wg Cs T ’ )
G, Ca
—-13/8
Lo = C4 (27)
. 13/85

Le = Oz (LoE) . : (28)

When these three solutions were obtained, values for A and
Py were also obtained:

1.4 w, HY/S:

A = ™ (29)

and

P, = 1.4 7 . (30)

Equation (3C) serves as a check on the accuracy of
calculation. The calculations made for this paper checked
to five or six significan$t figures in equation. (30)., 4
more complete check on the.caleulations is .the comparison
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of the veluc of Apc, as calculated from cguotion (2),

with the value of Ap, cnlculated from Ap, = %2 (from
c
aquation (5)).

EXAMPLE

For illustration of the results to be derived fronm
this anclysis, calculatlions of optimum intercooeler dimone
gsions arc mode on the basis of tho following assunmptions?

1. The brake Lorsepower of the engline is 1000.

2, The cngino wses 6600 pounds of alr per hour, or
0.0569 slug per sccond.

3. T3 = 280° F, T, = 80° F, T}, = ~30° F.

4, The esirplane is operating at the rated height of
the engine, whicih is 25,000 feet.

5. V5s the f£light velocity of the airplane, is 300
miles per hour or 440 feet per second.
C
6. € -2 = 0.C75.
Cy,
7. The intercocler is made of copper (555 11 per cu
£4); s = 1/16 imeh; w = 1/2 inch; ty = 0.005
inch; %5 = 0.010 inch.

Fluid Censtants Used

Eagine air Conoling aixr
Density, slugs/cu fi 7.001965 at 1800 F 0.000907 at 20° F

Viscosity, sluge/ft-sec|0.443 x 10™ %at 180° F|0.355 x 10~%at 20° ¥

Thermal conductivity, [4.19 X 10 %at 140° F |3.61 x 10" %at 40° F
Btu/sec/ft2/CP/ft : .

Specific heat, 7,73 7.73
Btu;/slug/°F

Pressvre, in. Hg 30.5 11,1
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The results of the calculations made are shown in
table I and in figure 2.

Pumping efficiencies have not becn included in these
computations. If desired, the pumping efficicncies may be
included in the constants W, . and Wz by dividing the
constant by the efficicney. )

TABLE I

Results of Sample Calculation:

i
Intercooler i
M, E Lo Lg volume bpe Ap, } %
(£8) | (£%) | (£%) (cu £3%) (1v/sq £%) [{1p/sgq ft)i {(np)
i
1.00!69.91{ 0.018{0.470 0.583 C.208 5.57 | 250
.30 {19.72] .063| .497 817 745 5.85 | 2.86
151 8,64 .144| .568 .704 1.700 6.72 ls.oz
i
.05 1.29] .964[1.270 1.576 11.41 15,04 | 6.78
04| .42/ 2.974{3.136 5.890 35.24 37.14 !16.75

DISCUSSION AND CONCLUSIONS

It is evident that the foregoing analysis cannot be
applied without some alteration to other types of inter-
cooler than the crossflow one assumed. The general ap=—
pearcneo of curves like those shown in figure 2 will be
similar for a2ll types of crossflow intercoolers, so %hat
the analysis presented in this paper should serve as a
guide irn the testing of 2ll similar types.

In viow of tke simplifying assumptions made for this
analysis and the number of sources from which the data
werce drawn, 1t would not be surprising if the values of
power znd the intercooler dimensions calculaitcd on the
basis of tho analysis should be somewhat in error but the
trends shown in figure 2 should be correct.
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An exanination of figure 2 shows the advisability of .
using large values of mass flcw of cooling air., Increas-—
ing M, reduces the totzl »nower consumed, the volume and
welght of the iantercooler, and the pressurs drop of boih
engine and cooling air., The obJections to using large
values of Mg are: (1) Morc air must bo takon into the
airplane from the main air stream, and (2) the intercooler
agsumes very elongated proportions. As regards the first
objectiorn, ovon though morec air is passed through the air-
plane with an inercasc in M,, - the onergy loss is much
lower, so that a reasonable increcase in M, may be toler-
ateds It can be scen from figuro 2 that, at M, = 0.10,

o large parv of the advantage to be gained from a largo
ralue of mass flow of cooling air has been obtoined. The
second objecction might be overcome 1if tho elongated inter-
cooler is wused in an arrangzenent similar to the one shown
iz figure 3, It seema as though an arrangenent such as
this oue can be made with no more over—all volume than in
an optimunm intercoolzr, with its manifoldine, using small
cooling air flow, ther arrangenents for using an elon-
gated intercooler core may be better; figure 3 is only one
suggestion. - T Sl ST C el I

In previous calculatiozs for the design of an inter- .
cooler com2lying with the conditions specified in the ex—
emple givenx in tho pamner, an atitenpt was made to assign
values to the variables by inspection and successive ap-
proximations. The lowcst valuve of tae total power con-
sumed that was obtained from any of thogo previous calcu-
lations was about 8 horsepower; wvhereas, tue present col-
culations immediately indicate an intercooler that will
consune only 3 horsepower. Tho volune cond the weight of
the optinum intercooler also are smaller in the presont
analrsis,.

Langley Memorial Aerorautical lLaboratory, o
Tational Advisory Comnmittee for Acronautics,
Langley ¥Fielda, Vo., August 27, 1940,
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intercooler.
Figure 1 .- Type of intercooler 100.0
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Figure 2.- Variation with M, of optimum values of intercooler parameters. (Taken
from results of sample calculation. See Lable 1.)
(a) Veristion of horsepower consumed, (b) Variation of intercooler
intercocler volume, and pressure drop. dimensions.
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