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DESIGN CHARTS FOR CROSS-FLOW TUBULAR INTERCOOLERS
CHARGE-ACROSS~TUBE TYPE

By J. George Reuter and Michael F. Valerino

SUMMARY

On the nasis of current heat-transfer theory, equations are
presented relating the various dimensions, the air massflow, and
the performance of a cross-flow tubular intercocler in which the
charge flows across and the cooling air through the tubes, Based
on these equations, design charts are presented from which the
intercocler design characterigtics and the intercooler performance
can be quickly deteimined,

A unit was tested conaisting of six staggered banks, each con-
gisting of 28 phoephor-bronze tubes having a length of 8 inches,
an outer diamete» of 0.213 inch, and a wall thickness of 0,008
inch, The spacing between the tubes was 0,012 inch. The perform-
ance obtained with this test nit clogely checked the calculated
performance and indicated that intercoolers of the annular type
having a relatively emall numher of tube banks may be both practil-
cable and efficient without the addition of excessive weight or
volume tc aircraft-engine supercharger installations.

The perf-rmance of a cross-flow tubular intercooler is shown
to be practically independent of the fuel-air ratio of the engine
charge at a charge outlet temperature of 140° F,

INTRODUCTION

Among the various devices for increasing the power of the
alrcrait engine, the intercooler holds a prominent place, Its
ugefulness is twofolds; (1) Cooling the engine charge increases
its density and hence the charge energy; and (2), decreasing the
charpe temperature permite higher manifold pressures withcut the
occurrence of knock, The intercooler demands, liowever, a certaln
amount of power expenditure owing to its resistance to the flow
of coocling and charge alr and to the power required to transport
it, In order to have a large net power gain duec to the inter-
cooler, the design must bLe such that the weight and the resistance
to air flow are small and the temperaturc drop of the charge air
(or gagoline-air mixture) is large. This design problem involves
a number of vairiables such as tho tube length-diameter ratio, the




tube spacing, the number and the arrangement of the tubes, the
pressure drope through the intercocler, the air mass flow, and
the intercooler weight. gLy

No attempt seems to have been made to correlate all these
variables with intercoolier performance in such a manner as to be
of direct assiatance to the designer. A considerable amount of
information is available concerning the phenomena attending the
flow of air through and across metal tubes, This information
may be used to predict the performance of conventional tubular
intercoolers in terms of the various design factors. It is the
purpose of this paper to precent a method based on current heat-
transfer theory by which such predictions can readily be made.
This method is supported by test results cbiained from a labora-
tory intercooler test unit having a comparatively small nunmber
of tube banks and clcsely spaced tubes, '

The tests and the analysis were made from October 1939 to
June 1940 at the Langley Memorial Aercnautical Tahoratory.

APPARATUS AND METTIODS

Figure 1 ia a phcotograph of the test assembly used in the
investigation. The test equipment ccnsists essentially of a cen-
trifugal blower driven by a 30-horsepower direct-current motor,
an intercocler teet unit, an electric air heater, a carburetor,
and varicue measuring instruments. The blower is capable of mov-
ing 5500 cubic feet cf air per minute against a pressure of 40
inches of water. As the diagrammatic sketch in figure 2 shows,
the cooling air and tho heated charge air (or gasoline-air mixture)
were drawn throngh and acrose the intercooler tubes, respectively,
by this blower, the relative quantities being controlled by valves
as shown in the figure. In a large portion of the tests, air alone
wag drawn acrcss the intorcooler tubes, A féw runs were made in
vhich predetermined quantities of gascline were introduced into
this air stroem to.produce variouvs fuel-air ratios, The air or
the gasoline-air mixture that was cooled will be referred to as
the "charge." The gasoline was introduced into the hoated zir
stream by means of & -carburctor, and a Rotameter was used to meoa-
sure its rate of flow, (Sce fig. 2.) :

rge eir was hecated with an electric air hoater corn-
ive units of 2500 watts each, wired so that any number




of tliem could be employed. The entrance-alr and the exit-air
temperatures were measured by thermocouples placed at various
positions in the cross section of the air or the mixture streams
so that good averages could be obtained. (See fig., 3.) The
thermocouple connections were so arranged that important tempera-
ture differences couvld be cbtained almost instantaneously. The
tube-wall temperatures were measured by 34 thermocouples so placed
along varicus tubes that a good average could be obtained, (See
fig. 4.) Air mass-flow meagurements were made by means of orifice
plates in the air streams in accordance with the procedure oute
lined by the American Socziety of Mechanical Engineers (reference 1),
Pressure data were obtained with water manometers connected to
various points in the system, as shown in figure 3. The pressure
drop cf cocling air in the Intercooler tubes was determined by
means of a 0.030-inch copper tube, which was prepared for static-
Pressure measurement and was extended through one intercooler
tube, the static pressure being taken at 1/2 inch from either

end of the tube. The tube was plugged at A and had static-
pressure holes at B and C. (See fig. 3.)

The intercocler test bleck consisted of 188 phosphor-bronze
tubes, which had a length of 8 inches exposed to the charge stream,
an outer diameter of 0,313 inch, and a wall thickness of 0.006
inch. (Sec figsg. 3 and 4,) The tubss were arranged in six 28-
tube banks, across which the charge flowed. The tubes were sup-
ported at the ends by stainless-steel plates of 0,125-inch thick-
ness, the minimum distance between adjacent tubes being 0,012
inch., The banks were staggored so that the tube centers lay on
the apexes of equilateral triangles.

Tests were made on the intercooler unit for the purpose of
checking experimentally the cooling effectivencss and the pres-
sure drops calculated from the hoeat-transfer thsory. The cffect
of fuel-air ratio of the charge was alsc determined, The test
conditions covered are given in the following table:




Charge
tomperature
differential

Fuel-air Rate of Rate of charge flow, above T, at
radio cooling-air My entrence to
flow, M intercooler,
£o
(1v/scc) (1b/sec) (°F)
0] 0.50 Qa08y 0428, 0417 300
0 .80 OB, WBBa 17 300
0 v 70 308, <18, '«AF 300
) .0 12 156
0 .60 e b6 to 316
o] 210 J12 156 to 312
.050 +60 A5 251
- 057 .6 aLe 255
067 .60 5 254
.080 +60 ~AHE 246
.100 .50 i) 237
s 125 .60 e L8 227
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SYMBOLS
velocity at entrance of tube, feot per second
velocity before entrance of tube, feet per second
velocity at exit of tube, feet por second
volocity after exit of tubc, feet por sccond
heat-transfer rate, Btu per second

heat-transgfer cocefficient of copoling alr, Btu per
2 o
second por square foot por F

heat-transfer coefficient of charge, Btu pecr second per
square foot per -F

rate of cooling-air flow, pcunds per second
rate of charge flow, pounds per sccond
distance along a tube, fect

Y Y) 5
tube length, feet
inside tube diamecter, foot

outgide tube diameter, fcet

—
0o

average tube diemetor, feet M1 (d1 + dp) 1
tube-wall thickness, feet B

minimm distanco between walls of adjacent tubes, feet
(sec fig. 4(a))

number of tube banks

number of tubes in cach bank
nmber of tubes (mn)

weight of intercooler tubee, pounds

cross-gcctional area of an intercooler tube, square
feet (nd%/4)




APen

Apfr

Aoy

Apex

total area of tube clearance, square feet (ne1)
frontal area of tube block, square feet

ratio cf total cross-sectional area of intercooler
tubes to frontal area of interccoler block

(A1 /Ap) ,
contracticnal-loss coefflclent
acceleration of gravity, feet per second per second

gpecific heat of air at constant pressure, (0.24 Btu
per pound per °F)

thermal conduvctivity of air, Btu per second per square
foot per °F per foot

absolute viscosity of air, pounds per second-footb

total pressure drop of coocling air through the inter-
cooler, inches of water

total pressure drop of charge across the tube banks
of the intercooler, inches cof water

pressure drop of cocoling air at tube entrance, inches
of water

pressure drcp of cooling air due to friction in tubes,
inches of water

pressure drop of cooling alr due to heating in tubes,
inches of water
pressure drop of cooling air at tube exit, inches of

i -
waier

oQ

pewer required to force cooling air thirrough inter-
cocler tubes, horsepower

power required to force charge across intercooler-tube
banks, horsepower

co-ling-air temperature at tube entrance, Op




i | cocling-eir temperature differential above T, at
tube exit, op

mean tube-wall temperature differential above T, Op

To  charge temperature differential above T, atb entrance

to intercooler, °F

To charge temperature differential abhove To &t exit

®X  of intercocoler, °F
Tg = Tz
2 : (524
| cooling cffectivoncgs, s=-ets-ma
s
2

Po gtandard atmospheric density atb 59° F and 29,92 inches

of mercury (0.07€5 pound per cubic foot)

cooling-air density at entrance of tubes, pound per
en cubic foob

P c-oling-air density at exlt of tutes, pounds per cubic

ex foot

- arithmetic mean of pg and py , pounds per cubi
a en ex

foot

mean charge density in intercooler, pounds per cubic
av foot

density of entrance cooling air rolative to standard
atmoshpere (p1 /po)
en

02 mean density of charge in intercooler relative to
gtandard atmosphere (pzav/po)

Unless otherwise dofined, the subscripts 1 and 2
to cocling air and charge, respectively,

C

refer




ANATYSTS
Cooling Effectiveness
At some distance x along the length of an intercooler tube
the emount of heat per second &H exchanged betwsen the charge

and the cocling alr through an elemental length of tube dx 1is:

dH = ho nd, dx (rrEav v Tyd =l 28y (T, »T.) =

G

where T2 is the mean temperature above TC of charge across
av i
the tube and T, i8 the temperature above T, of the cooling

air at distance x along the tube,

Algo, the total heat given up by the charge to the first
bank of tubes is

H=nsl pz V‘z OP(TZ.'TB') =n."\.l pl Vl C.}L3 Tl (2)

where T,' 1is the temperature of the charge after the first bank
and T; 18 the temperature of cooling air at x = 1.

When T, 1s eliminated in equation (1)

de i -t hy &; hy dy dx (3)
TX - ‘Izav Al Cp PL Vl (hl dl - hz da)
Let
7T 1'1]_ dl hz dz
A Ve (oo 8y & B 0] . 7 (4)
#j Cp B V3 \A71 %y f Hp Ga)
Then, when equatisn (3) is integrated,
m e -CX
Ly = .Lzav (l - 6 ) ) (5)
' Hlex i Tz'
Because T, =-Z —, equation (5) becomes
av



Ty =3 (Tp + Tp') (1 - &™) (5)

When equaticn (6) is substituted in equation (2) and when the
total length of the tube is considered

81 p, ¥, g (12 - Tz') =

H

=<8 o Ny o (Tp +Tp') (L5 =) (7)

The solution of equation (7) for Ty' 1is

-
o
~——

i
Tp! = Tz!
|

where

Likewise, after the second bank,

1-3 (1=e"%)]
T”:T’
2 -
|]..+:Z"‘(l-ecz)
e & A
or, from equation (8)
% 7 -cly1@
i A
rpll___rp
e T e r -cl
|Ll~1--2'(]_- )
and sc on, until after the nth bank, where
e ¢ m
1=%(1l=e Gl
Te =T2 2
o 1+ % (1 - e'uz)'

Therefore, the cooling effectiveness is
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Te TaeA L¥e 4 So 58
s =L :
a L ohbdles By )
i i
= P
f i
or M =1 -] 7y 2 it sk U (9)
: 1 . o=Ct
L+ 5 1 (1 -e ) |

From equetbion (9), 1t is seen that the cooling effectiveness
is determined by the mass flow of the cooling air and the charge,
1t

the number of tube banks, the tube lengtli, and the quan iy e,
which, from equation (4), may bo oxpressed:

G = N £
G.D I\Il (_‘ll U.l + h:a 0.2 )

hecause
M

MoprVy =

For thin-wall tubing, such as that used in intercoolers,
the aveiage tube dlameter may be substituted Tor the inside and
the outgide tube diameters, that is, ¢y =dp = d.
¢l 1in equation (&) may slhen be expreseged as follows:

The exponent

g d hl 197
wi-do b dhe (NI Mte
Gt l) £ o i S0 (10)
ha 40 e M h
it o RN ?E
122

The heat-transfer coefficionts hy and hpy may be evaluated
in terms of the intercooler dimensicns, the air mass flow, and
certain plysical properties of the charge and the cooling air by
referring to the research sumarized in vroference 2 (p. 159) in

which

h d o V d. 0-8 o) \0.4
‘e & 0,0885 (E!;__L\ e | il
i NSO AR
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Because cpul/kl for ajr is practically constant at 0.73,
equation (11) may be written

O)ils;
kl (Ql Vi)

0.2

(12)

hy = 0.01984 o
My . d

The factor kl/ulo's shows little variation over the range

of cooling temperatures that is usually encountered in intercoolers
and a constant value cf kl/ulo's = 0.0323 at 590 F will be used,

4M
Because Vs st equation (12) becomes
¢ dcN
7
M, 08 |
By e 0, 7798 10”7 s (13) |
NO-8 gl.8

If for the present the effect of the presence of fuel vapor is
neglected, the heat-transfer coefficient between the charge and the
tubes may be obtained from the following expression given in refer-
ence 2 (p. 227):

. ~0,689
d /o Vod 77
EE_ = 0.1%1 5_3__3_ \ (14)
kz \ 2 /
i Moo AL L

The subscript f indicates that the physical properties of
the charge air are based on a film temperature, which is an average
of the mean charge air and the tube-wall temperatures.

k
2
When the factor .____E_. ig taken at a film temperature of
0«69
Mo g
it M

100° F at 0,00951 and because ps Vo = —ET equation (14) becomes
Y

0.1246 x 1072 ,Mzmd\o.sg

" 16
2 a \Nez / i

h

An investigation of the effect of the air temperature on the
cooling effectiveness showed that, when the thermal conductivity
k and the absolute viscosity p in equation (11) are evaluated
at 100° F instead of 59° F and in equation (14) at 200° F instead
of 100° F, the difference bLetween the effectivenesses is less than
1 percent, which is well within experimental accuracy.
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When the values of h; and hp, as given by equations (13)
and (15), respectivoly, are substituted in equation (10), there
results

OB
1.017 x 1072 ( T LY

e 0,69 0.11 o 0 "9/ ). 69 el
/M 69 /J \ .5 0.6
8 1N
oo (2 (Y ()7 ()
Td G/ \d/

The application of the binomial theorem to equation (9) shows
that the variation in m as it appears explicitly in equation (9)
has a negligible effect on the cooling effectiveness, The influ-
ence of m on the cooling effectiveness is through its effect on
the exponent c¢l, The factors upcen which the cocling effective-~
nees depende therefore, are shown in equations (9) and (16) tc be
Na/My, 1/d, M;/M,, and md/s.

In order to make graphical representations less complicated,
the variable Nd/M;, which has a relatively small effect on the

cooling effectiveness, may be accounted for by letting

M, / ]
‘-lv \d. ‘6q
“wAd N \T 0.36 /vy
(:t}(ﬁﬁA - 100 38/mad
8/\M \s,%q

where the subscript eq means equivalent.
It is evident frcm the preceding equations that, when
ma/my =10, (1) =/}.‘) and ( 2(1\ ( N\, For values of Na/M;
‘eq

other than 10, plots cf the pr ecedLng eo1a+1018 aive the corrections
to be applled to 1/d and md/s to obtaln(\ and P’\
\\s/bq

Equation (16) can nov be written as:

. 2
o.ote12 () )
CZ = \d E’ /17)
M O 69 /ma\-0.69 0.€9 i
1+0434<1 (3—) ,(ﬁ-)
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Thus equation (9) may be written

o v A (2 b
Q wa /!oq’ 8 ,’ M2

Cherts based on equations (9) and (17) will be presemted to
ghow graphically the effect of the variables involved on coeling.
effectivencss, The experimental verification of eyustion (9)
will be discussed later in this report,

Pressure Drop of Cooling Air

Entrance losses, - One cauvse of the pressure drop at the-tube
entrance 18 the conversion of the static head into dynomic head
becauge of the reduction of the flow area, From Bernoulli's .
equation, this drop in pressure is

olen ? 2
RBecaise
My My ﬂdzﬂ'
Vi Rt . % ——, and fAp =
b Aﬂ’ a. A ¥ : 4
chn I plen, F
oy 74M; \3 '
TSN . B TS
o, ren “T0.Zp g \yatw/

There is also a drop in the pressure near the entrance-attri.
buted to the increase in maximum velocity that results from the
changez in velocity distribution along thse tube diamever. . This -
drop in pressure, according to reference 3 (p. 51), is

0.08 D]e

n 2 25 ¥ - -
APen" = 10.4. 2 Vo, which may be-written ae:

o
DlCn AD L 0,09 /4Ml w (19}
DO en 10.4 pog \mdgN/,
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The contraction of the air stream immediately after it enters
the tube causes a loss, which further reduces the pressure dY

€0,
Apen' o, o SO BE Vaz

T 10.4 g
whers ¢ 1is a function of the area ratio £, Values of € were
taken from reference 2 (pp. 121-122), This equation may be written
by eliminating V

a

P1 M, \2
en Tt M da € ( ), ) (20)
K, 10.4 pof ‘naln’

Frictional loss in the tubes. = The pressure drop due to fluid
friction Apg, 18 glven Dy the Fanning equation as

6.49 {2 1 F

APy = 3
10.4 g plav Nz db

where (from refevence 2, p. 111) the friction factor is

v = 0.049 (R)"C*® (5000 < R < 200,000)

Recause the Reynclds number

b~ Vot
He SR 1 any
i T xdN p
ul&V l&V

and = 120 X 1077 at 59° F,

(21)

3 & Lol
Plav p  _ 0.0LHE" ( A0N® (1Y (N >
bo ' Tfr “T0.4 P8 \naZn/ \d)

35 (2 +P) oy
It S av en

= {s substituted in equation (21)
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el
there B = To TI50
Plon pp.. o 0:01946 (24 28 / 4M1"\ (1‘16.2) ( ) o)
BS T 10etp.m \z + g/ ‘natn/ a/\ My

If, in the calculation of the frictional loss in equation
(22 ), the absolute viscogity were evaluated at 100° F instead of
at 59° F, the frictional-loss increase would be only 1.2 percent,
which is well within experimental accuracy.

A sglight reduction in pressure in the tubes occurs because
of the velocity increase resulting from the progressive increase
in cooling-air temperature when the cooling air traverses the
length of the tube, This pressure decrease (by equating force
to the rate of m-mentum change) is

L 2
#. m P Yyt Ve
A'pH - - (V bl V‘&) = -—:—c;r-l—————- = - >
59 i o & 3.2 @ Va 5
p
.
Because VC = 2, Vé
ey
ex

(L Ty + 460\

V. = WV,
% ( T +460 /2
o)
or
T N,
s
v, = (1 + 1257786 ) Va - (1 +8) v,
Then
P >
en
Ap; = 23
po pﬂ 2 poé) ( ( )

Exit losses. - Ths pressure drop at the tube exit may be de-
rived by equating force to the rate of change in momentum
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P v
lex d
APex = (Vg - Ve)
& 8
il
My My i A
Vi =2 ———ee V= e and = 2
a P An? © Py fAF’ ¢ plex 1+ B
> ik ol - st
are substituted in the foiegoing equation
P AN
o1 )
L HERR Ea ( 21\, Lo (24)
po 4 D po{f; nd N/

which is evidently a negablve pressure drop, thet is, a pressure

B il < (<N

Pressure Drop of Charge

The pressure drcp of charge across tube banks in staggered
rows, according to reference 2 (p. 120), is
2 \
4@2 (Vz )2 mf s
av \, “Max

5,2 (2g)

where Vo is the velocity of charge through the minimum space
me.x

between the tubes and

/spf) ‘V‘2 "O.z&
F111 = 0.8 : av  “max %
5\ Hgav J
= Mom
Because Vi = TR 2 .
2r]nx N a p
zav
and ho = 127 % 10°7 at 100° F
68.‘-/'

it fellowas tha
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7 g s Te 2 A
P2y ey 0.1344m0° 78 / Mo+ " /g "1)0 P 25
e, “« L5280 & \Ndz_/ \s \d i

I, in the calculation of the fricticnal loss in egnation
(25), he absolute viascosity were evaluvated at 200° F instead
of at 100° F, the frictional-logs Increase would be only 2.8 per-
cent, which is well within experimental accuracy.

Intercooler Design Charts

An examinaticn shows that the equatlons for effectivenegs .
and pressure drops may be expressed as

L /1 M md Na% 1 ; : (o) - e
R TR e s TR P gee equations an 6 6
\,: sz e ’}h.’ d’ /

/ My 1 % !
Gy 477 = 9 {ffg, —y Ly By & w (see equations (18) through
\Nde @ d / (24)) (27)
o o i /‘, 1'12 md l
So APz = ¢ -, —, m, — | (see equation (25)) (28)
\nai’ e d /

The weight of intercooler tubes W, 1s = d 1Nt py where Py
is the tube-wall density, pounds per cubic foot. Then

i)

G - . e Y K=} Ju
e uF a = Nd1 = welght factor
and - Ndz = E%Q

By definitlon,

total tube cress-sectional area

frontal area of interccoler block

or
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€
g - 7t dl N
4 (dp + 3) 51-0.866 (dp + 8) (m = 1) + dy ]
Tm
T = ¢ % e ) 2_t\ .t'-c- (29)
Sz | [ §+%] g\
4 |1 + 0.866 {1 + (m=1) + 1 1 + 7l
‘; 1_3} 142 | Y -
\ d i _l

A plot of equation (29), which will be discussed later, shows
that any variation in t/d over the range used in intercooler
practice has little effect on £, the area ratio. Accordingly,
t/d was taken at 0.02 in equation (29), so that

4:
f-_-\y(a,m} (30)
\ /

Tt was previously stated that € ia a function of £ and that

the expansion of eguation (39) into a series by means of the binomlal
theorem shows that the effect of m in equation (9) is negligible,
In expressions (28), (27), and (23) that 1/d terms have small
exponents, so that these terms, for any variation in tube diameter
within the range used in aircraft intercoclers, have little effect
on the effectiveness and the pressure drops. The principal effect
of the variation of tube diameter is obitained through its influence
on the 1/d and the md/s terms. For tlils reason the tube diamoter
for the 1/4 term was taken at an average value of 0.30 inch, The
factor B 18 invclved in the pressure loss in the intercooler tubes
due to the heating of the cooling air, which is a small portion of
the total loss, This factor was evaluated as 0,06 in this analysis
and should represent an average condition,

When expressions (23), (27), and (28) are rewritten on the
basis of the preceding discussicn,

¥ M nmd Mo
e 2
7 IR e - RN o8 |
51 i (d’ I’ s’ a) Ve
o (Mg 1 M
0y &py =" (=, -, 1, -—-\/ (32)
< d Mz/
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(Mg md N :
Ce O = YY? —_— — m 338
2 8Py i (‘a: e ) (33)

The terms in expressions (31), (32), and (33) are the basic
variables considersd in the construction of the design charts.
Inspection of expression (33).shows that, for an assumed value
of Op App and m, the value of md/s and hence f (expres-

sion (30)) is determined by Mz/a. From expression (32) it may
be seen that for a given value of Me/a, f, and 0Oy 4py the
value of 1/d determines M;/M,. Thus all the terms upon whick

n depends (expression (31)) have Leen evaluated,

The power vequired to force cooling air through the intercocler

is
e My Ap
ool Dlav
or
o P "
Loy El B ['-Ifl\} 5.2 i
p. e & L. 350 p
AT L Lon
But
pluv e 72 + B
., " 1\Z%ep)
then
o
01° Py TR e W W (34)
-‘ B i a5 K Y
M, \Z +p / Mp - 850 pg

or, when the powcr is oxprossed as a percentage of the engine brake
horsepower for a fuel-alr ratio of 0.08 and a specific fuel consump-
tion of (0.5 pound peér brake horsepower per hour,

2 .
01% P1 % 100

100 (6,7 P\

>
by ol

brake horsepower 576 My
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Likewise, the power required %o force the charge across the
staggered-tube banks of the intercocler may be expressed as:

2 .

My © P00 B

and Tor a fuel-alr ratio of 0.03 and a specific fuel consumption
of 0,50 pound per brake horgepover hour 28:

2
brake horgepcwer 5756\ M '/

7

2 f “_
o, ¥ (100) 100 {oz Pe\

(38)

The dimensions of this type of interccoler may be expressed
ag fcllows:

The dimension of the bleck in the direction of charge Tlow

1, = 0.838 (ag + 8) (m - 1) + dy {37

The width of the block is

w

I

- dz <+ 338
m ( ¥ ) ( )

The volume of the block therefore is

Y11, W (39)

because 1 is the dimension in the direction of cooling-air flow,

RESULTS AND DISCUSSION

Test Resulis
PTigure 5(a) slows the effect of mass flow of cooling air and
charge on the caoling effectiveness of the intercooler test unit
shovn in figures 3 and 4., The curves were ccmpubted from equation
(9); the designated points represent the experimental values,
Tests were made for various valueés of charge inlet temperature,

but no differences in cooling effectiveness were obtained beyond
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the limits of experimental error. The results of the variation

of cooling effectiveness witli charge inlet temperature are shown

in figure £(b). Figure 5(c) shows the results obtalned by flowing
gagoline-air mixtures across the intercooler unit instead of air
alone. The small effect of fuel-air rabioc on cooling effectiveness
may be noted, The temperature of the charge leaving the intercooler
was approximately 140° F in the tests in which the fuel-air ratio
wvas varied, :

The pressure drop sustalned by a glven mass flow of gagoline-
air mixture across the intercooler unit was slightly less than the
regsure drop for an equal mass flow of air, This phencmenon is

an indication that fuel did not collect on the intercooler tubes
because an increased pressure drop would be expected if the tube
gpaces were clogged with condensed gasoline., The abgence of an
increased pressure drop cannot, however, be taken as a definite
indication of the lack of condensation because of the possibility
that the high charge veloclty may prevent any accumulation of gaso-
line on the tube walls, Inspection of the tube block after runs
ghoved no evidence of liguid gasoline about the intercooler, and

it 18 believed that no condensation occrred, At low charge tem-
peratures appreciahble condensation might occur,

Tigure © shows the prosgure drop of charge air across the
interco-ler test unit as & function of the rate of charge flow,
The computed curve is based on equation (25) and the experimental
curve is drawn through the test points.

Figure 7 slows the sevoral pressure changes in the cooling
air when it passes through the intercooler wnit as a whole. The
golid lines Join the values computed by means of equations (18),
(19), (20), (22), (23), and (24); the indicated points denote
test values, Ags a whole, good agreement between the computed
and the experimental data is shown,

Figure 8, which is based on equationg (9) and (17), shows

thet increases with 1 ; md/ at ¢
5. deEone M, /M, (I/d)eq, and (md,s)eq at a

rate that diminishcs as these varlables increase, The effect
of 1/ end md/s on n is nearly the same as that of (Z/d)Oq
and (md/s)eq. The corrections to be applied to 1/d and md/s
to obtain (Z/d)Oq and (mcl/s)c,(1 are plotted in flgure 9 as
functions of Nd/Ml. Equations presented earlier in this revort
indicate that an increaso in either 1/d or md/s ia accompanied
by an increasec in pressure drop, citlier through or across the
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intercooler, Therefore, an attempt to attain higher cocling ef-
fectivenesses by increasing 1/d or md/s is curbed by reason-
able limits oi pressure d:rop.

The equations relating the pressure drop of cooling alr and
charge to variocus design factors are plotted in figures 10 and
11, respectively., Tigure 12 shows the variation of’ tie area ratioc
f ‘with s/d, t/d, and m (from eguation (29)). The contractional-
loss coefficient € wused in calculating a part of the cooling-air
entrance losses is rcplotted in figure 13 (from reference 2, pp.
121+122),

. Intercooler Degign

Figures & to 12 are cumperscme for the intercooler designew
tc uge. Mnc purpcse of tihuls repert is, therefore, to present tlie:
design information in such foxm (figs. 14, 15, and 18) as to reduce
the complexities of design to a minimum, In order to make these
gimplificaticne, it has boen necessary Lo make certain approxima-
tions that, t- a designer, should be inappreciable, since the ap=-
proximations will not intredvuce errcig outside tle region of
experimental accuracy., These approximations have been discussed
in the gection of the analysis devoited to the development of the
oquations upon which figurcs 14, 15, and 12 are based. Figure 14
is based on the arrangement of five banke of tubes. The excessive
block width nccessitated by such a small nuwber of banks is guit-
able only for the annular type of intercooler installation, which
will be discussed later, TFigure 15, based on 30 tube banks, may
be used for more compact types of interceoler block, Cooling
effectivencss for a number of banks betwecn 5 and 30 may he ob-
tained by linear ihterpolation between figures 14 and 15 without
appreciable error, Figuwres 14 and 15 show the cooling effective~
ness plottad against the factor Ndz/Mz, which 1g an index of
the heat-transfer surface and algc of the tube weight for any
partiorlar engine powcr, Jach plot is made for congtant values
of’ 0y Ap; and nm, but the valucs of l/d and M]/M2 vary.

All the plots arec made for a constant vaelue of Op App (L0 Ang

of water), but the cooling cffectiveness for other values of

0o Ape mey be found by applying corvectione that are given in
figure 16(a), in which the cooling-cffectivencss correctlion is
plotted against 0O, ADg for different values of Z/d and

0y Apy. The method of making guch corroctions will be illusbrated
lator in this veport. In {igwes 14 and 15 the increase In cooling
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effectiveness with cooling surface is to be expected, Further-
more, with constant tube surface the cooling decreases as 1/d
becomes larger when the pressure drops through and across the

intercocler are constant. If Ml/Mz, as well as the pressure

diops, 1is constant, however, the cooling effectiveness increases
with Z/d but only at the cosat of increased cooling area and
thus at the cost of increased tute weight,

The tables at the top of figures 14 and 15 show the power
expenditures invelved in the operation of an Intercooler. The
maximum drag involved in forcing cocling air through the tubes
ig shown to be a little over 1 percent of the engine brake horse-
power, These tables and figure 15(b) alsc indicate that the power
required cf the supercharger to force the charge across the tubes
is less than 0.5 percent of the engine brake horsepower, rom
this fact it appears that the power expenditure of a properly de-
gigned intercooler, aside from that required for transportation,
may be secondary in importance to weight and size in many casss.

The abscigsa scale on the design charts (figs. 14 and 13)
has been converted for a special casc into another scale, namely,
the intercooler-tube weight, pounds per engine brake horsepower.
This conversion was made for an enginc fuel-air ratio of 0,080,

a specific fuel consumption of 0.5 pound per brake horsepower-
hour, and for steel tubes with a wall thickness of 0,006 inch
and a density of 0,284 pound per cubic inch by multiplying

Ndz/M2 by

g b
(= (12.5) (0.006) (0.5) (0.284)] L (3P;;§8(12) |
s} i

-~ -

1728 . ! :
| being a unit conversicn factor,
(3600) (12) J
All valves occurring in the tables at the top of figures 14 and
15 where brake horsepower is involved are likewise hased cn a
fuel-air ratio of 0,080 and a specific fuel consumption of 0.5
pound per brake horsepows.-hour,

the expression L

The power for forcing the charge through the intercooler
ie probably of greater importance than that required to force
the cooling air because of the reduction in maximum engine power
with decreased intercooler discharge pressure. This reduction
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in maximum engine power may be estimated for a given temperature
drop of the charge by assuming the engine power to vary directly
with the manifold pressure, The relative importance of these
power losses and of those due to intercooler weight and size de-
pends on the design and the speed of the airplane. It was there-
fore considered advisable to make this information readily avail-
able to the designer (figs, 14, 15, and 16) rather than to pre-
sent optimum designe or a method of obtaining optimum designs
based on some artiflcial figure of merit, An additional factor
of importance is the external drag of the cooling-air inlet, This
drag can vary from almost zero to several times the cooling-air
drag, depending on the inlet locations.

Tllustrations of the Use of

the Intercooler Design Charts
A procedure that may be followed in using the intercooler
design charts is shown by means of several examples, Let it be

supposed that an intercooler is to be designed for the following
set of conditions,

Case I (sea level)

Engine characterigtics:

[1] Brake LOTHEDOWEY » o o » « « s o « o ¢ s & s 1000
(2) Specific fuel consumption, pounds per
brake-horaepower Por hour . v v § wle o & % 0.50
T YR T A I S 0,080
Desired intercooler dimensions:
(AP IR o tdbe 1, $0et' ., .. s ainn s s 5/6
(5) Average diameter of tube d, feet ., . . . . 1/48

(6) Number of tube banks m ., . . . .

(93]

. . . _

(7) Tube-wall thickness +, feet (steel
o e B RS o v A 0.0005
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Intercooler limitations:

(8) Cooling-air pressure drop APy, i
ki Bt O R e i1 R AR A i 5.C

l(9) Charge pressure drop App, inches water . . . . 10.0

(17) Relative density of cooling aix Gy v iww e (kD

(11) Relative denaity of charge Digp w0 'n ol s i) et
Degired interco-ler perfo}mance:

(12) Cooling effectivenecss By PEBBnE | .ol WO 15

It is desired to find the following characteristics of the
intercoolexr:

Number cf tubes N
Tube spacing s

Weight of intercooler tubes V. and dimensions of inter-
cooler block

Power required to force cooling air through the intercooler
R
14

Power required to force charge across the tube banks of the
intercooler PZ

Weight of cooling air handled by the intercooler M;

From items (6) and (8) to (11) it is seen that m = gy
C14p) = 6 inches of water, and CEAp2 = 10 inches of water.
Figure 14 (c) applies for this case.

(13) TFrom items (1), (2), and (3)

M2 k- 1000 X 0.5

Ll e
0.08 X 3800 o o6 pounds pe:' second

(14) From items (4) and (5)

L BlE e
a 1/48
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(15) 1If figure 14(c) and items (12) and (14) are used

123 T
1'12
and
M
(18) i

from which the cooling-air weight M; 1is 8,0 pounds per second,
(17) If figure 1l(a) and item (15) are used

l?iq
8

(18) Number of tubes

N is

item (15) X Mz (22
1d (s

(19) Tubve spacing

1
(5) M=
R - 48 . 0.000592 foot = 0.0071 inch
item (17) 176

(20a) Weight of intercooler tubes is item (7) X item (13) X
tem (1) % Py = (0.0008) (1,738) (22.5) (0.284)
(1728n) = 30,1 pounds

(20b) Dimension of intercooler block in direction of charge
flow from equation (37) and items (5), (6), (7),
and (19) is 0,866 (0.0213 + 0,000592) (5 - 1) +
00813 = 0,0972 foot 'or 1,17 inches

items (5), (8), (7), (18), and (19) is

2250

(20c) Width of intercooler block from equation (38) and
i i (0.0213 + 0.000592) = 9,86 feet
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(20d) Volume of in‘ercooler block from equation (39) and
item (4) is therefore

2 X 0.0972 X 9.85 = 0,800 cuble oot
or 1382 cubic¢ Iinches
(This arrangement is suitable for intercoolers of the annular

type. The diameter of the annulus would be approximately 9,86/3,142 =
2.1

(21) TFrom tables at top of figure 14(c) and item (16)

(o3 T
1l

i = 3,51 horgepower per pound per second of

)
charge flow

G22P2
(22) Also, " = 1,24 horsepower per pound per gecond
A

cf charge flow
(23) Cooling power
item (21) x Mp

P, = .
i

= 6,10 horsepower

(24) Power to force the chairge through the intercooler

item (22) X Mz
Py = - = 2,14 horsepower
g

(For convenience fig. 14(c) also gives items (20), (23), and
(24) as percentages of the brake horsepower based on a specific
fuel consumption of 0.50 pound per brake horsepower-hour and a
fuel-air ratio of 0.080.,)

Case II (13,000 ft)

The design of an intercooler for an altitude of 13,000 feet
Tor the same engine conditions, cooling effectiveness, tube di-
mensions, and limitations as in case I, !
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From a table of standard altitudes 0 = 0.671, &0 that

the value of 0O7Ap; is now O0.671 X €, which equals 4.0 inches

of water, Figure 14(b) is therefore used., Items (13) and (14)
of case I also apply here.

(25) If figure 14(b) and items (12) and (14) are used
E%l = 26.5
A

and

(#6)""

Mo,

from which the weight flow of the cooling air

= 4.3

My = 7.5 pounds per second

(27) If figure 1l(a) and item (25) are used

I _ a0
S

(28) Number of tubes
item (25) x M, (28.5) (1.736)

23 (5) (1/48)

2650

o

(29) Tube spacing

md

= ———————e = (0,000514 foot = 0.0062 inch
item (27)

(30) Weight of intercooler tubes is:

1!

item (7) x item (13) x item (2C) X mp,
(0.0005) (1.735) (26.5) (0.204) (1728n)
55«5 pounds,

(31) From tables at top of figure 14(b) and item (25)
o, °p,
W = 2.18 horsepower per pound per second of
a

charge flow
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(32) Also,

o 2p
z 2
e
charge flow

= 1.24 horsepower per pound per second of

item (31) X M, :
(32) P, = 5 8.42 horsepower
C1

i

item (32) X M,

a 2
Og

(34) P = 2,14 horsepower

i
i

(If the performance of an intercooler having 30 banks of
tubes is desired, fig. 15 is used. For other numbers of banks,
linear interpolation between figs., 14 and 15 is sufficiently
accurate., The value of md/s for a number of banks other than
five is found by multiplying the value in fig. 11(a) by the ratio
given in fig. 11(b).)

Cage IIT (sea level)

The effect on intercooler dimensions and performance of a
change in pressure drop of the charge (OBAPZ) from 10 inches
of water (for which figs., 14 and 15 have been drawn) to another
value is illustrated by the following case.

Suppose that in case I the charge pressure drop Aps

(item (9)) is increased to 15 inches of water and that the other
intercooler limitations, the desired intercooler dimensions in-
cluding N, and the engine characteristics remain the same. It
ig desired to find the effect of this increase of Apy, oOn the

cooling effectiveness and the characteristics of the intercooler,
(35) 0Ophpp = 15 inches of water

(36) Figure 16(a) gives the percentage to be added alge-
braically to the cooling effectiveness given by figure 14(c)
for CpApy = 10 inches of water., In figure 16(a) for 1/d = 40,
34p] = 6 inches of water, and OpApp = 15 inches of water, the

correction is 2 percent. In case I the effectiveness was 75 per-
cent, so that the new effectiveness is 75 + 2 = 77 percent.
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(37) From figure 16(b) the power required to force the
charge through the intercooler increases to 3,21 horsepover,

(38) Nd1/Mp and the tube weight remain the same,
(39) M;/M, remains the same,

(40) From figure 11(a) for GCpAps = 15 inches of water
and item (38), %? 215,

(41) Trom item (40) and the constant values of m and
d the tube spacing s = 0,00538 inch,

(42) Because of the closer tube spacing, the entrance-exit
loss of the ccoling air decreases slightly, so that M actual-
ly increases, The changes in M; over the range of GzApz
covered in figure 16 are negligible, however, so that M; and
thus the power required to force the cooling air through the
intercooler remains substantially constant,

Case IV (sea level)

For the purpose of illustrating the use of figures g5 9,
and 10 and of checking the results obtained from the 1nter-
cooler design charte (figs., 11, 14, and 15), let it be desired
to check the cooling efzeculveness n and uhe pressure drops
Ap; and Apz of the intercooler having the same physical

dimensions and the same rate of cocling air and charge flow
asg in case I,

rom case I the intercooler physical dimensions are:

Ttem (4), 1 =5/8 foot

1

Item (5), a = 1/48 foot

Item (8), m

S5 banks of tubes

Item (7), t = 0.0005 foot

Item (18)

=
I

2250 tubes

Item (19), s

i

0.000592 foot
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Also the charge and cooling-air mass flow are
Item (13), My = 1,736 pounds per second
Item (16), M; = 8.0 pounds per second

(43) From items (5), (156), and (18)

40 A (
; - % x28.0 w004
\
T e <—l-\, X 2250
ey,

(44) If figure 12 and items (5), (6), (7), and (19) are
used

(45) If figure 10(a) and items (43), (44), and an average
B8 of 0,06 are used

0 (8DPgy + ADgy) = 1.00 inch of water

(46) From items (5), (16), and (16)

Mo

My
(47) Then from figure (9) and items (4), (5), and (46)

N
(3 =40x0.90 = 36
N /eq

(48) From figure 10(b) and items (43), (47), and an average
B = 0,06

O,Ap,. = 4,70 inches of water
Iy

(49) TFrom figure 10(c) and item (43) and an average B of
O & O {;-

OiAPH = O.SO inch of water

(50) The total cocling-alr pressure drop obtained by adding
items (45), (48), and (49) is:
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08P, = 6.2 inches of water, as compared with 6.C

inches water used in case I,

(51) The value of Ap, will, of course, check because it

is taken from the same graph (fig., 11) for the same values of
Nd1/M, and md/s.

(52) From items (13) and (16)

M
"-l = 4,6
1‘12
(53) With the use of figure 9 and items (5), (6), (19),
and (4€)
//
(2) - 146
L™

(54) If items (52) and (53) are used and interpolation is
is made netween figures 8(a) and 8(b) for (l/d)eq = 36 (item
(41)), then, n = 75.7 percent as compared with n = 75 percent
in case I.

Annular Intercooler

A typical annular intercoocler set-up ig shown in figure 17,
The intercooler forms a toroid around the supercharger directly
behind the engine cylinders., The engine charge f{lows radially
outward from tie supercharger through a suitable number of pas-
gages to the annular chamber, from where it flows across a small
number of closely spaced tube banks, The charge then flows from
the annular chamber into a suitable number of ducts leading to
the cylinder intakes. In flight, one portion of the cooling air
entering the cowling is deflected by baffles around the cylinder
fins for engine cooling and another porticn is deflected into
the cpenings between the cylinders. This cooling air flows into
the annular opening and thrcough the tubes where it picks up the
heat of the charge, It is then discharged into the compartment
behind the engine, from where it flows through the cowling exit,
together with the engine cooling air,

A comparison of figures 1l4(c) and 15(c) shows that, for
glven conditiong of pressure drop and mass flow, the cooling




effoctivenenss is increased by reducing the number of tube banks.
An example of such a comparison is given in the following table,
to be used with figures 14(c) and 15(c):

Number of banks 5 30
O,4p,, inckes of water | & 6
Colp,, inches cf water 10 10
M, /M, 4 4
1/a 40 40
Nd1/M, 20.3 2245
o}
N, Dpercent ik 66

If 4, 1, and M; remaln congtant while the number of
tube banks is bYeing changed from 5 to 30, the number of tubes
and hence the tube weight must be increased in the ratioc of
22,5/20.3, as the table shows, At the same time, the cooling
effectiveness is reduced from 71 to €6 percent, as ahown, Thus,
it 1s seen that the intercooler cf the annular type, which in
most cases would require a comparatively small number of banks,
is slightly advantageous over types having o large number of banks

because of the increased cooling effectivencss as well as the reduced

tube weight, Also, tho annular intercooler roceives its cooling air
from within the covling and requires nc external air scoop, which
would requirc an additional expenditurs of power hecause of its
drag.

CONCLUDING REMARKS

The test results of the test unit closely checked the perform-
ance of crosgs-flow tubular intercoolers calculated from the equa-
tions derived from heat-transfer theory. The relative effects on
interccoler perfermance of varicus intercooler dimensions are
easily dotermined from the design charts presented, The design
of an interccoler, whica heretofore invelved the use of consider=
able test data and was a trial-and-srror piccess, is greatly

simplified by a proper correlation of the varlables involved in
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the present analysis. The resulting design charts show that the
powar required in fereing the cooling air and the charge through
a well -designed intercooler is amall, sco that this power is of
gecondary importance to the weight, the size, and the ruggedness
of constrivction o the interccoler. Amnual intercoolers with a
amall number of tube banks are slightly more efficient for a
glven power expenditure than interccolers with a large number

of banks,

The performance of a cross-flow tubular intercocler is
practically independent of the fuel-air ratio of the engine
charge at a charge outlet temperature of 140° F.

Langley Memorial Aercnautical Laboratory,
National Advigory Committese for Aeronautics,
Langley Field, Va.
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Figure 14 a to d.

Steel-tube weight(wall thickness, 0.006 in.), I6/bhp
(a) 674p7 , 3 inches of water.

(b) 018p; , 4 inches of water.

Intercooler design chart. m, five banks; G34p3 , 10 inches of water.
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Figure 14. Concluded. »
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Figure 15 a to d.- Intercooler design chart. m , 30 banks; 034p3 , 10 inches of water.
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