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NATIONAL ADVISORY COMMITTER FOR ABRONAUTIOS

ADVANCE RESTRICTED REPORT

AN ANALYSIS OF THE EFFECT OF OORY STRUOTURE
AND PERFORMANCE ON VOLUME AND SHAPE OF
CROSS—FLOW TUBULAR INTERCOOLERS

By J. George Reuter and Michael F. Valerino

SUHMARY

An analysls of cross—flow tubular intercoolers having
a staggered-~tube arrangement has been made for turbulent—
flow conditions. Charts are preescnted that show how the
over—-all dimensions of the intercooler vary wlth the tube
dlameter, the transverse euacing, ard the wall thickness
wlthout affecting the operatlon of the lntercooler. These
charts are applicable to both the charge—across—tube and
the charge—through—tube intercoolers. Chnrts and equa-—
tlions relcosting the intercooler dimensional characteristics
and the operating conditions ure also glven.

The charts show how, for any glven set of operating
conditlons, the tubular intercooler may ve saltered in
size and shape to meet a given set of space requirements.
When the lnterccoler operatins conditions are kept con-—
stant, a reduction 1n either tute dismeter or transverse
spaclng 1s shown to decrease the flow dimensione and to
inecrease the no—flow dimension, the net result being a
definite reduction 1in lntercooler volume, For glven
transverse svmacing and for constant operatling conditions,
the charge—through—-tube intercooler and the charge-across—
tube 1ntercooler are about equal in volume, heat transfer
surface, and width within the usual range of aircraft
applicatlon. Under the same condlitions, however, the
frontal areg of the charge—across—tube 1lntercooler 1s
much less than that of the charge—through-tube inter—~
cooler.

INTRODUGCTION

The i1ncreased supercharging made necessary by engine
operatlon 'at high -critical altitudes has resulted 1n
demands for more cherge—air coollag. When intercoolers



)

with a fixed core struecture ars used, these demands can

be met only by increasing the intercooler volume. Con-—
slderation should be given, however, tn the revision of
the core structure for the purpose not only of increasing
the cooling accomplished per unit volume, but also of
proportlonlng the intercooler dimensione to sult the space
requirements in the airplane,

In reference 1, an analysis was made of the plate—
type 1intercooler showing, for any set of constant operat—
ing conditlons, the varlety ¢f shapes and sizes of this
type of intercooler made poteible by changing the core
gstructure. The purposesof thie paper 1le to show, in a
similar manner, the ef.ect of change 1n the core structure
of the tubular 1intercooler cn the over—-all dimensions when
the operating conditlons are fixed. Dboth the charge-across
tube—and the charge—through-~tube intercoolers are consid—
ered.

This work was done at the Langley Memorlal Aeronauti-
cal Laboratory during the spring of 1942.

SYHMBOLS

d outside tube diameter, feet
di inside tudbe diameter, feet
t tube—wall thicknecs, inch

8 tube transverse spacing (minimum distance between
walls of adjecont tubes in a bank), feet

8y minimum distance between walls of adjacent tubes 1in
ad jacent banks, feet

i tube length, feet

L intercooler dimension 1n the direction of flow across
tube banks, feet

' intercooler dimenslon measured 1ln no—flow direction,
feat

m number of tube banks

S total outslde tube surface area, square feet
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total inside tube surfmces area, square feet

intercooler volume, cubic feet

"intercooler féce ares perﬁendicular to direction of

flow across tube banks, square feet (lw)

lntercooler face area perpendicular to direction of
flow through the tubes, square feet (Lw)

total number of intercooler tubes
welght rate of alr flow, poundis per second

cooling effectlvenees, ratlo of temperature drop of
charge alr to temperature differsnce between charge
alir and cooling air at entrance

total pressure drop acroes the intercooler, lanches of
waten

pressure drop through tubes caused by skin friction or
pressure drop across tubes caused by skin friction
and form drag, inches of water

pPressure drop due to entrance-exit losses, including
vena—contracta loes, I'or alr flowlng through the
tubes, inches of water

pressure drop of air floving through the tubes due to
the changes 1n velocity dlstribution in the tubes,
inches of water

pressure change of alr due to momentum change caused
by heat exchhmge and pressure loss 1in lntercooler,
inches of water

ratio of change in temperature of air in passing through

the lntercooler to absolute temperature of air at
intercooler entrance

presgure of lntercooler entrance, inches of mercury

ratlo of total eroess—sectionel flow area to area of
core face (areas taken perpsandicular to the direc-—
tion of flow through the tubes)

surface heat—transfer coefficient, Btu per second per
square foot per degree Fahrenhelt
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Ay over—all effective heat;transfer area, square feet

U over—all heat—transfer coefflcient based on over-all
effective heat—transfer area, Btu per second per
square foot per degree Fahrenheit

o wir welght density, pounds per cubic foot

p, ©tandard atmospheric density (0.0765 1b per cu ft)

o density of alr relative to standard atmosphere (p/p,)

v velocity of air flow, velocity through transverse
spacing 8 for flow across tube banks and average
veloclty for flow through the tubes, feet per sec—
ond

R Reynolds number of the air flowing through the tubes
based on the inelde tube dlameter (pVd,/u)

R; Reynolds number of the air flowing acroes the tubes
based on the tute transverse spacing (pVs/m)

A friction factor:
0.049 R~°-2 for flow through tubes
0.8 By °®% for flow across tube banks

cp epecific heat of alr at constant pressure (0.24 Btu
per 1lb per deg F)

k thermgl conductivity of air, Btu per second per square
foot per degree ifahrenheilt gradient per foot

B ebsolute viscosity of alr, pounds per second per foot

a correctlion faztor to be applied to intercooler dimen-—

elonal characteristics

o = b Tiav?Pfy

Mg o
aavﬁﬁfa
Subscripts:

1

en

cooling air
charge air

condition at intercooler entrance



av -average condition in intercooler
t cherge—through-tube iﬁtercooler
‘m” " " gharge~aGT o8 s—tube intercooler -
eq equilateral staggered tuﬂe arrangemsnt

ev equivelocity staggered tubc zrrangement

o intercooler with reference core structure

Throughout this paper the témm "opereting conditions®
rofers to the values of =n, M,, Hg, UlavAPfl. and

(= aavApf a-

The core structure of a tubular 1ntercooler 1ls defined
by the values of d, t, s, aad s8y/8. The reference core
gtructure has the following dimenslons:

d = 0,25 inch
t = 0.01 inech

8 = 0.25 inch

I
]

|~

A1l linear dimensions are given in feet except where
designated in lnches.

METHCD

The coolling effectiveness of an lntercooler can be
determined from the over—all heat—transfer coeffioclent, the
heat—tranefer surface, and the welght flows of the charge
and cooling air, This relatlonship 1s plotted in figure 1
of reference 1 for cross—fluow heat exchangers and is used
in this analyslis. .

As 1in reference 1 for ths flow through channeid, only
the pressure drop cmnused by surface—frictlon is considered
in the analysie; the remaining pressure changes must there-
fore be algebraically .added to the surface—~friction loss to
obtain the total pressure lcss through the tubee. The




origin of theee gdditional pressure changee and an indi-—
cation of their orders of magnitude 1s discussed in ref-
erence 1. If the iIntercoolor entrance and exlt sections
are gtreamlined, the total pressure logs will be very
nearly equal to the surface—~friction lose except at high
altitude, where the pressure change due to density varia—
tion in the lntercooler may be appreciable., In this paper
the surface-friction loss ‘hrough tubes 18 given in equa-
tion (8) of appendix A; eguations for the remaining pres—
sure changes are given in appendix B.

For the flow acroes the tube banks only the surface-—
friction and the form—drag pressure losses are used in the
enalysis. To these lossee must be algebraically added the
pressure change due to the momentum change of the air as
i1t flows across the tube banks. This momentum change
arises from the air density charge accompanying heat ex—
change andppressure drop. The surface—friction and form—
drag losses are given in equation (9) of appendix 4; the
equation for the loss caused by the momentum change 1is
given in appendix B.

The heat-~transfer coefficlents for flow through and
across tubes are given in equations (6) and (7) in appen-
ai¥ A, '

Two staggered—-tube arrangements are considered in
this paper, namely, the equivelocity and the equilateral
arrangements. These arrangenents are compared in appen—
dix C on the basls of heat—transfer and pressure—drop data
obtalned from references 2 egaéd 3.

Based on the previously mentloned heat-transfer and
pressure—drop equatlons, fundamental equations relating
the operating conditions and the baslc design perameters
of the tubular intercooler are derived 1n sppendix A.

From these fundamental equatione and from the geometry of
the tubular intercooler, all the dimensional characteris—
tice of the tubular Iintercooler can be definitely deter—
mined when the core structure and the operating conditione
are known. These relationshlipe are glven in apprendix B

and are also presented 1n the form of curves for convenlent
calculation of intercoocler design. The following plan has
been used 1n order to simplify the presentatlion:

(1) & reference intercooler 1s defined as one having
the reference core structure, The core of the
reference structure consists of tubes of 0.25-
inchk outside diameter and 0.0l—-inch wall thick-
ness. These tubes are spaced transversely




0.25 i1nch and are staggered in adjacent banks
in such g manner that there 1s a minimum

change in the velocity of the alr as 1t flows
from bank to bank. --This staggered ‘arrangement
le called the egquiveloclty arrangement and 1s
characterized by a value of syp/s of 1/2.

(See fig., 1.) The reference core structure of
the charge—across—tube lntercooler 1is identi-
cal with that of the charge—~through-—tubes inter-—-
cooler.

(2) Curvee are drawn that show how the dimensional
characteristics of the tubular intercocler vary
with change in core structure from the refer-—
ence core structure when the operating condil-
tions are kept constant (fig. 2). These curves
are nearly independent of the operating condi-
tions and apply for both the charge—across—tube
and the charge—through—tube intercoolers. The
small effecta of operating conditions are given
In flgure 3 as correction factors to be applied
to the values obtalned from the curves. These
correctlon factors can ordlinarily be neglected.
The effect of changing from equlvelocity to
equllateral spacing le glven in flgure 4.

(3) Design charts are given relating the surface area,
the tube length, end the number of tube banks
of the reference charge—across—tute intercooler
to the overating conditions (fig. 5). The re-—
maining dimenelional characteristlce are deter—
mined by the follswing equationa, which are
genersgl in that they apply for any core struc—
ture and for toth types of tubular intercoolers:

The dimeneion of the tubular intercooler block 1in the
direction of the flow across the tube banks

s-b d\2
— o -
L =m(s + d) e sy _1 (1)
a} n
1l + =
8
wvhere, for the eaullateral arrangement, sb/s = 1,

and for the eguivelocity arrangement, sb/s = 1/2.




The width of the core

w = (s + 4)8 (2)

mwd ém

The face area perpendicular to the flow across the
tutes

& = wl (3)

end the face area perpendicular to the flow through
the tubes

a = wl (4)
The volume of the core
v = AL = ml (5)

Figure 1 is a drawing showing the linear dimensions
and core structure of a tubular intercooler.

(4) Curves showing the relation between the reference
charge—-through—tube 1ntercooler and the refer-—
ence charge—ecros s—tube lntercooler for the
same operating condition are given in figure
6. Thus, for any set of operating conditions,
the dimensions of the charge—-across—tube in-
tercooler wlith the reference core structure
can be obtained from figure 5 and for the
charge—through—tube lntercooler with reference
core structure from figures 5 and 6. The ef—
fect of change in core structure on the inter—

.cooler dimensions for both types of intercooler
can be obtained by applying the curves of fig-
ures 2 and 3.

DISCUSSION
Relatione between Dimensional Characteristics

and Core Structure

Fquivelocity tube arrangement,— The variation in the
dimensional characteristics of a tubular intercooler with




change in core structure when the operating conditlions are
kept constant can be considered as a product of a major
varlation, which 1s indepsndent of the operatlng condltions,
-and a minor variatlon, which 1s dependent on the relative
values of the welght flows and the pressure drops of the
charge air and the coeling alr., The major variatlon is the
same whether the tubular ilantercooler 1s of the charge—across—
tube or charge—through-—-tube type; whereas the minor varla-
tion 1s different for the two tvpes of intercooler. DTFigure
2 18 a plot of the major variation. The volume, the surface
area, the number of tube banks, the face areas, and the
linear dimenslions of the tubular intercooler are shown %to
vary with tube diameter and traneverse spacing for any

g€lven set of operating conditlones and for the equlvelocity
tube arrangement (s,/e = 1/3).

The effect of a change in transverse spacing when the
tube dlameter is at the reference value of 0.25 inch is
shown by the so0lid curves. The long— and short-dashed
curves show the effect of change 1in transveree spacing when
the tube diameters are, resgectively, 0.1875 and 0.125 inch.
For any given transverse s, acing, the effect of change 1in
tube diameter from the reference value 1s given by the ver—
tical displacement of the dashed curves from the correspond-
ing so0lid curves. Curves for the 0.1875~inch tube diameter
have been omitted 1n cases where their presence 1s 1nessen—
tial. In 8ll cases the variatious in dlmenslonal character—
lgtlcs are given as ratlos hased on the characteristics of
the reference intercooler,

Figure 2 shows that a reduction in tube diameter and
transverse spacing resulte in a wmarked decrease in inter-—
cooler volume at the expense of an increase in intercooler

idth. Accompanylng theese changses 1s a reduction in heat-
transfer area and flow lengths and an increase 1n face area
perpendlicular to the flow across the tubes. For a given
tube—wall thickness the heat—transfer area may be regarded
a8 proportlonal to the intercooler welght. The number of
tube banks and the face area perpendicular to the flow
through the tubes decrease as the tube diameter 1s increased
and as the traneverse spacing 1s reduced. It should bde
noted that the face area A perpendlicular to the flow
acrcss the tubes 1s the frontal area of the charge—through-—
tube 1ntercooler while the face area a perpendicular to
the flow through the tubes is the frontal area of the
charge—across—tube intercooler. The tube length 1 changes
nearly linearly with tube dicmeter and varles only sllghtly
with change in transverse spacing; whereas the dimension L
ls very sensitive to change in transverse spacing and varles
only slightly with tube diameter,
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. The minor varilations are small and are plotted in
figure 3 'as corrections that should be multiplled by the
major varlation given in figure 2 to give the total vari-
ation., The corrections are too small to affect the basic
trends ehown 1n figure 2., In many practical cases the
corrections are small enough to be neglected. Figure 3
shows that, when 0 1s unity or when s 1is 0.25 1inch,
no correction is necessary. For any given value cf ¥
and 8, the correctlon for the charge—across—tube inter-
cooler is very nearly the reciprocal of the correction
for the charge—through—-tubs intercooler.

Table I gives the percertagze change 1n tubular inter-—
cooler dimenslonal characteriestics for any given set of
operating condltions when the core structure is changed
by a reductlion 1n o0a2ly tube-wall thickness from the refer—
ence value (0.0l in.) to 2.

TABLY I

Percentage change
Dimension

d = 0.25 in. | 4 = 0.125 in.
S -4 —~8
l 12 27.5
L -2.5 -5
m -2.5 -5
w -~12 —-24
A -1.5 -3
a ~1l4 -28
v -4 -8

The percentage change depends on only the tube out—
slde dlameter. TFor tube—wall thicknessee between O snd
0.01 inch linear interpolation is sufficiently accurate.
The effect of change in tube wall thickness on the linear
dimensions of the intercooler 1s seen, in general, to be
small, the largest effect being on the intercoocler width
v and length 1. The wldth w decreases and the length
} 1ncreasses in nearly the same ratio when the wall thick-
ness t 1s reduced.

Egquilateral tube arrangement.~ The heat—transfer area
5, the tube length |, the no—flow dimension w, the
number of tube banks m, and the face area &4 are shown
in this paper to be independent of the value of 8,/s;
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consequently, the curves of Figures 2 and 3 for these
dimensional characteristics also apply when the equilateral
arrangement 1s used. Equations (1), (4), and (5) show that
the intercooler dimension 1n the directlion of the flow
acroes the tube banke I and therefore the faca area a
and volume v are functions of 8,/8. The ratios for L,
a, &and 'v obtalined from the curves of figures 2 and 3
must therefore be modified by the factore plotted in figure
4 to obhtaln the variation in these dimensional character—
istice when the equilateral arrangement 1s used.

according to figure 4, for 8 ="0.25 inch, a change
from the equivelocity to the equllatersl arrangement when
the operating condltlions remaln constant results in an
increase in intercooler volume of 55 percent when d = 0.26
inch and of 96 percent when 4 = 0.125 inch. If the trans—
verse spacing is reduced, the effect of the change from the
equivelocity to the equilateral arrangement on the inter—
cooler volume 1s decreased. For example, for s = 0.05
inch, the increase in volume is only 13 percent when 4 =
0,25 inch and 24 percent wien & = 0.125 1inch.

The effects of tube arrangement on heat transfer and
Pressure drop are discuesed in appendix C. The only pos—
slble advantage of the equlleternl arrangement over the
equiveloclty arrangement ls that 1t may be easler to con-—
struct by some manufacturiln: procedures.

Dimensional Characteristics of the
Reference Tubular Intercooler

Figure b, together with eauationes (3) to (5), gives
the dimensilonal characteristics of the reference charge-—
across—~tube intercooler 1n terms of the operating condi-"
ticns. TFigure 5(a) shows the relation between heat—transfer
area and operating conditione (from egquation (31);, appendix
B). Figure 5(b) relates the number of tube banks to
gaavAPfa and the heat—trancfor area (from equation (32),

appendix B). The ratios of the flow lengths to the rumber
of tube banka are plotted in figure 5(c) as functions of

8 and M,/M (from equation (33) of appendix B and
equation 2 ? The remalining characteristits can be easlly
calculated from equations (2} to (5).

In figure 6 the dimenticual characteristics of the
reference charge—through~tube 1lntercooler relative to the
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dimensional characteristics of the reference charge—across—
tube intercooler are plotted 1n terms of the operating
conditions. ¥igure 6 shows that the relative values of

the flow lengths and the number of tube banks depend on

the relative values of the welght .flows and pressure drops
of the charge air and the cooling air. '

It is aleo seen in fi-urz 6 that, for the reference
core structure, the requlred heat-—-transfer area, volume,
and width of the charge—through—~tube intercooler are not
wlidely different from the corresponding dimenslonal char—
acteristics of the charge-—-across—tube intercooler, ZFor
other than the reference core structure the same is true,
because figure 2 may be uscd for the two types of tudbular
Intercooler subject to the minor corrections of figure 3.
Figure 2 shows that a reduction 1lan tube spaclng or in
diameter permits a reduction in volume at the cost of in-—
creased wildth for both types of intercooler. When width
ig the limiting factor, as is often the case, both types
of intercooler are limited to substantially the same mini-
mum transverse spacing, heat—transfer area, and intercooler
volume.

The frontal area of the reference charge—through-tube
intercooler is seen from the curve for Atofamo in figure

6 to be from 60 to 75 percent larger than that of the ref-—
erence charge—across—tube intercooler for the equiveloclty
tube arrangement. Figure 2 shows that the frontal area a
decreases rapidly and area A 1ncreases as the tube spac-—
ing 1s reduced, Thus a reductlon in tube spacing further
widens the difference between the frontal areas of the two
types of intercooler. 4 large reduction in tube dlamneter
results in a comparatively small decrease in the frontal
area A, It 18 therefore concluded that, in general, the
frontal area of the charge-—through—tube intercooler 1s
muich greater than that of the charge—across—tube inter—
cooler,

Pressure Drops

For the flow through the tubes, & close estimate of
the magnitude of the velocity—profile losst, the entrance-—
exit lose, and the loss or galn due to momentum change of
the air may be obtained from figure 7. Figure 7(b) applies
only for tubes with blunt ontrance and exlt sections. The
preseure changes obtained from figure 7 should be alge—
braically added to the skin-friction pressure drop (equa—~
tion (8)) to obtaln the total pressure drop through the
tubes.
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For flow across tubes the pressure loss or gain due
to heat transfer should be obtained from figure 8 and
algebraically added to the skin—-frictlon and form—drag
pressure drops-given by equation (9) ‘of appendix A, The
use of flgures 7 and 8 1s explained 1n more detall in an
example that 1s given in the followlng pages. When fig-
ures 2 to 6 and equations (1) to.(5) are used in select—
Ing an interceoler deslign, 1t 1s recommended that the
pressure—drop values applied be a modification of speci-
fied design values to allow for presesure changes other
than those accounted for by equations (8) and (9).

Illustration of Tubular Intercooler Design

It 1s assumed that the following operational require—
ments are to be satliefled in the design of a tubular
intercooler:

(1) Altitudel ft L . L] . . ] L] e . - Ll [ ] L] L] 40'000

(2) n, vercont « + ¢« 4 ¢ 4 e e 4 e e e e e 70
(B) Mg, 1b/8ec v ¢« « & v & v & o 4 o e 4. 0. 2
(4) }{1/.“2 L] - . . L] - L] - . » - . . L] . L] 2
(5) clavbpfl' in., of water . . . . . . . . . -1.5
(8) Oag,APr,, 1n. of water . . . . . . . .. 6

The deslgn procedure for a charge-sascross—tube lnter—
cooler 1g as follows:

(7)) From 1tems (4), (5), and (6)

(8) From figure 5(a) and items (2), (4), and (6)

5o

i_— = 19,000 square inches per pound per second
ay

(9) Prom figure 5(a) and i1tem (7)

y = 1.18
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Then, from item (8)

)
0

i— = 22,400 square inches per pound per second
3

(10) From figure 5(bh) and items (6) and (9)
my, = 87 banks.
(11) From figure 5(c¢c) and items (4) and (7)

7'o
— = 0,18

o
and from item (10)
lo = 15.7 inches
(12) From figure 5(c) and item (10)
Io = 0.28 X 87 = 24.4 inches

. (13) From equation (2) and items (I), (9), (10), and
(11), if d, = 0.25

0.5 x 22400 x 2
Wo = = 20.9 lnches

™ X 0.25 X 15.7 X 87

Thus, the general dimensional characteristics of the
intercooler that has the reference core and thet meets the
operatlional requlirementes are as follows:

(14)

o 87 banks

lo = 15.7 inches

L, = 24.4 1inches

w, = 20.9 1inches

S = 44,800 square 1nches

Vo = tolgwg = 8,000 cubic inches
a, = Wwoly = 510 square inches

N, = So/mdl, = 3630 tubes
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Flgure 2 shows that the volume of this intercooler
can be diminished by reducing the tube transverse svacing,
The flow dimensions ! and L are consequently reduced,
but the no—flow dimension w 18 inereased. In practice,
a limit ie often placed on the maximum value of w be—
cause of space limitations., If the maximum allowable
width 18 30 inches,

(16) X = B0 . 1.435
¥o 20.

(16) From figure 2 and item (15)
g = 0.094 inch
also

0.46 or m = 40 Dbanks

m/mo

1/l = 0.93 or I = 14.6 inches

L/Lyg = 0.40 or L = 9.8 inches

S/S, = 0.8%5 or S = 40,100 square inches
v/v, = 0.58 or v = 4240 cubic inches
a/ao = 0.567 or a.; 291 square 1nches

N = 3500 .tubes

Thus, if the tudbe transverse spacing is changed from
0.250 inch to0o 0,094 inch, the value of v has been reduced
to 53 percent and the value of ‘a to 57 percent of the
corresponding originanl values without change 1ln performance.
The large reducticn in I and the small changes in ! and
N are noteworthy.  r Figure '2- shows that additlonal reduc-—
tion In v, L, and 1 may be achleved by diminishing the
tube diameter. Such change will De accompanied, however,
by an increase in w and i, Because I 1ig quite sensi—
tive to change in d4d, a reduction in 4 permits large
reductions in I,

The effect of changinp the tube—wall thicknesa 13
€lven in table I. . .

The design procedure for a charge—rthrough—tube inter-
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cooler that satisfies the requirements of items (1) to (5)
1s as follows:

(17) Prom figure 6 and items (4), (7), and (14)
mto/mmo = 0.839 or m, = 87 x 0.39 = 34 banks
4,/lm, = 2,60 or 1, =15.7 X 2.60 = 40.8 inches
Lto/Lmo

wy /wp = 1.00 or w, =20.9 X 1,00 = 20.9 inches
o 0

24.4 x 0,39 9.5 inches

0.39 or L,

stO/smo = 1.01 or S, = 44,800 x 1,01 = 45,300 square inches

8000 x 1,01

vtO/vm° = 1,01 or + 8100 cubic inches

A /a, = 1.655 or A, = 510 x 1,655 = 845 square inches
N.= §,/mdl, = 1410 tubes

Flgure 2 may also be used for the charge—through—tube
intercooler; 1t 1s again evident that if a8 18 reduced,
v, !, and 1L can be reduced at the cost of 1increasing w.
If w 18 limited to 30 inches,

(18) X = 39 . 1,435
W, 20.9

(19) From figure 2 and item (18)
8 = 0.094 1inch

which is the same spacling as that required by the charge-—
across—tube intercooler (item (16)), Thds equality of
trensverse spacing 1ls due to the equallty of wilidth-reduc-—
tion ratios (items (15) and (18)) for the two intercoolmrs
in this particular example,

(20) From figure 2 and items (17) and (19)
m/my, = 0.46 or m = 34 X 0,46 = 16 banks
/1,

L/Lo

0.93 or 1

40,8 X ¢.93 = 38 1nches

0.40 or L = 9.5 X 0.40 = 3,8 inches

s/so

0.895 or S 45,300 x 0.895 = 40,600 sgquare inches
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v/vo 2 0,683 or v = 8100 X 0.53 = 4300 cubic inches
A/Ao = 1,33 or A = 840 X-1,33 = 1130 square 1inches
¥ = 1360 tuben

The volume and the heat—transfer area of this i1nter-—
cooler (item (20)) do not differ greatly from those of the
charge—across—~tube intercooler (item (16)). The frontal
area of the charge—through—tube intercooler, however, is
much the greater. Thilas frontal ares depends om the tube
length and can be reduced hy reduclng the tube diameter,
Figure 2 shows that, 1f the tnbe diameter were reduced to
0.125 inch and the transverse spacing kept at 0,25 inch
the following charge—throush—tube intercooler is the re—
sult:

(21) From figure 2 and item (17)

1.5 or m = bl banks

Sm/mo

/1, = 0.395 or | = 16.1 inches

L/L, = 0,890 or L = 8,5 inches
w/wo = 2,39 or w = 50.0 inches
S/8, = 0.945 or 8 = 42,800 equare inches
v/v, = 0.840 or v = 6800 cublc inches
A/Ao = 0,945 or A = BOO square inches

N

6760 tubes

The large volume and frontal area qf thls intercooler
a8 compared to these dimensions of the charge—across—tube
intercooler (item (16)) cannot be further reduced by de—
creasing the tube diameter because of the consgquent 1n-
crease 1n the width, which already exceeds the specifiled
limit, The effect on the intercooler dimensions or reduc—
ing the tube—wall thickness 1s indicated 1in table I.

The equivelocity tube arrangement was assumed in thie
example. The equllateral arrangement, though perhaps more
convenient to construct, leade to an increase in over—all
dimensions. (See fig. 4,)
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The method of correcting the design pressure drops
(1tems (5) and (6)) to account for pressure changes due
to causes other than skin friection and form drag are
mgde, for the charge—across—tube intercooler, as follows:

(22) From item (16) and for d = 0,25 inch and
t = 0.010 inch

i 14.6
d - 2% 0.25 - 0.02

= 63.5

(23) From figure 7(b).and items (3), (4), and (18),
when & = 0.25 1inch and p,; = 12.6 X 1078 peund per

foot second

_ 12 x 4 x 0.25 = 5600

M, 4
My 0,59 x 291 X 12,5 x 107®

R = —
fa

(24) From figure 7(a) and items '(22) and (23)

and from item (5)

alavApv1 = 0.041 %x 1.5 = C.06 inch of water

(25) From figure 7(b) and item (16), for 4 = 0.25 inch,

A
“Pe,
Apvl

= 4.8

and frem 1tem (22)

dlavApel = 4,8 x 0.06 = 0.3 inch of water

The total pressure drop across the intercooler, ex-
cluding the loss due to the momentum change of the alr
across the intercooler 1s equal to the sum of the skin-
friction pressure drop, entrance—exit pressure drop, and

velocity profile pressure drop.
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(26) From items (6),: (24), and (25) this sum 1s
1,6 + 0.06 + 0.3. = 1.9 1inches of water

The momentum pressure drop of the céooling alr 1s of
speclal importance at high altitudes, Thils loss is
approximated as follows:

(27) From 1tem (1), 1f the ramming effects are
neglected, the entrance temperature T,, pressure p,,
and relative densilty clen are, for NACA standard air,

—+67° F, 5.564 inches of mercury, and 0.24, respectively.
The temperature rise across the supercharger ATB 1le

assumed to be 250° F,

From these data and from items (2) and (4)

ﬂ Ha n ATB
1 = —
M, 100 T, + 460
=1 x. 0.7 x 230 _ 9,22
2 593

(28) From items (26) and (27)

Ap, = -9 = 0.11 epproximately

P, 0.24 x 5.54 x 1%.6

(29) From figure 7(c) and items (27) and (28)

Ap
_E=8

APV
and from 1tem (24)
olavbpﬂl = 0.5 inch of water
(30) From items (26) and (29) a first approximation

of

g, Ap; = 1.9 + 0,56 = 2.4 inches of water
av
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(31) The average relative density of the cooliny—-air
can also be approximated as:

Ap
2+ By - =
. 1
Tigy = T1gp 5 4 oo
~r ]

0.24<2 +. .22 - 0.11\= 0.21
< + 0.44

(32) Trhue, the cooling—alr pressure drop 1is

Ap, = 2:%4 . 11.4 inches of water

0.2
(33) A second approximation is given as:
Ap, H

= = 0,15
p, - 0.21 x 5 54 x 13.6

Ap
_.I:I.=9,5
Apv

and
Ci1g¢yAP1 = 1.9 + (0.06 x 9.5) = 2,56 1inches of water

2 + 0.22 - C.15
2 + 0.44

01gy = o.24=< >= 0.204
2.5

Ap, = 12.3 inchee of water

0.204
No epproximations after the second need be made.

(34) From items (3) and (16), if pp, 18 14 x 10 °
pound per foot—second,

Mpom 2 x 40 x 12
Rg = - = = 1340
Flp 3500 X 14 6 x 14 x 10”¢
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(36) From iteme (3) and (27)

- -250-%- 057 - - -
aa = . = 0.372
—-67 + 250 + 460

(36) The value of Apa/Pp will be nearly 0. Then,
from figure 8(a) and item ?357

—— 0-64
Apf

and, from items (6) and (15) f=:r Ry = 400,

6
oaavApHa = 0,64 X 26 = 0.1 ineh of water

(27) From figure 8(b) and itoms (34) and (36)

caavApﬂa = 1,28 X 0,1 = 0,13 1nch of water

(38) From 1tems (6) and (37)

aaavApa = 6,00 — 0,13 = 5.9 lnches of water

Correction of pressurv drops for the charge—through—
tube 1ntercooler to account for pressure changes due to
causes other than skin friction should be made by the
method outlined in items (22) to (38). In the determina—
tlion of pressure changes due to heat transfer, it should
be kept in mipnd that temperature rise .through the inter-—

cooler 1s mccompanlied by pressure drop and that temperature

drop is accompanied by pressure rise, OCorrections should
be algebralcally added to the pressure—drop values given
in items (5) and (6). -If the totml pressure drops thue
obtained do not satisfy deelgn conditions, items (5) and
(6) should be modified in the desired direction and the
deslign procedure repeated

CONCLUS IONS

that From the foregoing analysis, it may be concluded
at:
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l. The volume of a tubular intercooler can be reduced
without affecting the operating conditfons by
decreasing the flow lengthe and the tube diam—
eter and transverse spacing. This reduction in
volume is accomplished, however, at the expense
of 1ncreased intercooler width,.

2. The charge—~across—tube and the charge—through—tube
intercoolers wifth identical core structures have
nearly the same volume, amount of heat-transfer
area, and wldth when operating at the same con-
ditions.

3. For a core structure made up of 0.25-1nch tubes
spaced transverctelv 0.25 lnch and dlagonally to
give the equivelocity arrangement, the frontal
area of the charge—across—tube intercooler 1is
about 60 percent of the frontal area of the
charge—-through—tube intercooler operating at the
same condltions. The dilfference in frontal area
increases rapidly with decrease in transverse
spacing. A reduction 1mn tube dlameter Iincreases
the frontal area of the charge-—across—tube inter—
cooler and selightly decreasese the frontal area
of the charge—through—-tube intercooler.

4. For constant operating conditions, the tube length
changes nearly linearly with tube dlameter and
varies only slightly with transverse spaclng;
the dimension 1n the directlon of the flow across
the tube banks, however, 1s much more sensitive
to changes in transverse spacling than to changes
in tube diameter.

5. Curves showing the variation of dimenslional charac—
teristics with tube dlameter and transverse
snaclng for constant operating conditions can
be used to 1ndicate the proper steps to be taken
in adjusting the size and shape of an inter-—
cooler to fit the avallable space.

Langley Hemorial Aeronautical Laboratory,
National Advisory Com.lttoce for hLeronautics,
Langley Fleld, Va.
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APPENDIX A

e ew . ...-DERIVATION OF FUKDAMENTAL EQUATIONS

Heat—-Transfer and Pressure—-Drop Hquations

The heat—transfer and pressure—drop equations upon
which the analysis of the tubular intercooler 1is based are
obtained from reference 2. The equations for the flow
across tube banks are given in this reference for the
equllateral tube arrengement. These equations are shown

in appendix C to apply equally as well for the equiveloocity
arrangement.

The heat—transfer coetfficient for the flow of air
through tubes mey be exprecssed as

8

0.
hd pVd
1 0.0198(———i (6)
k ]

and for the flow of alr across tube banks as
hd 0.689
vd
— = 0.131 (p¥d ()

\r

The surface—friction pressure drop for flow through tubes
may be expressed as

0.2 B
Oovbpy = o_o49(..“...> _(Lvl_. 4_7' (8)
pva, 10.4p g dy

The surface—friction and form—drag losses for flow across
tube banke may be expressed as

| 0.33 (v)a .
o, AP = o.e(—L —P "/ __ 4nm (9)
pVs 10.4p &

The Charge—Across—Tube Intercooler

If the thermal resistance 0f the tube wall is neglect—
ed, the over—all heat—transfer coefficient 1s given by
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hgS
_1o o1 (14 22 (10)
UhA, hy5 h,584
The charge—air weight flow 1is given as
Mg = paVs ¥ &l
2 = paVa - 8 (11)
and the cooling—air welght flow as
ndia
Ml = Plle (12)
4
The outslide tube surface
S = nNdl (13)
and the inside tube surface
B, = w4t (14)
and
5 d
== (15)
5,4 &y
From equations (11) and (13)
md 5 Vad ¢
meé - 5 Ps’a" 7= (16)

The substitution of equations (9) and (16) in equation (7)
glves

0.25
M.o A
hy = 0,292 ka 372,y Prg (17)
uao.vs ,©-18 ,0.06a 5
From equations (12) and (14),
2 _151p:Vads K (18)
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The aubstitution of equations . (8) and (18) in. equation
(6) gives

ST TN\ 0.a8
k 1 M 10‘ lavAPf 1

h, = 0.119 (19)

B,0+€6 340,14 S,

Then, from equationes (15), (17), and (19) and from the
relations for air, Pp./k = a conatant and Cp = a constant

Q. 038
. 0.28 O. 6o -
- = 2.45 —(— — 3 (20,
R1Sy CE 4y°+%%80" 1G1avAPf1

From equations (10), (15), (17), and (20)

5 ' ﬁAr\\1.sa g0.2630.08
M 3.38 M o a3
2 acp/ caavAPfa

0.25 0.65 0.oze

d —0.29
1+ 2.45 23 (;L> e (z
-]

0.14 0.57 0.19 M A o.038
8 caav 'pfa '

Ky di

It 18 necessary that eguation (21) be approximated in
such a manner that S/Ma can be' expressed as a product of
factors each of which 1s a function either of intermnal
dimensions only or of operating condltions only. This
approximation 1s posslble only if a small correction fac—
tor ﬁ. which is a function both of lnternal dimensions
and operatlng condlitlons, 1s lntroduced. It should be
noted that the heat—transfer factor UAr/Mac can be con—
eldered as an operating condition because it“is a function
of n and M,/M;., (See reference 1l.)

— 133

A close approximation of equation (21) is
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5 . og.ze(The \'7° s0-2%0-0f 1 0.3
* .3
Mgy Hacp Pao 3 UaavAPfa
1.33

. : 1.33 1 8

. 0.665 l+ —_—
1+2,78 R ) 1.238 “a>

o014 di°'57s°'19

. —-0.89 133
1+1,08 e
—av 2 / bm1-33 (22)

2

-o.as
+1

; 0.25 —o.as
2.78 =2 1
0.14 o, 57 0.189 .
. . da- 03 AP
¢m=1+ Mg 1 >< av_*fo (23"

p,0-14 dio +5750.19 Apr:-°35

)
2av

For the range of values of S/M; from 35 to 700
square feet per pound per second, the factor

1.33
/fi 0.038
1.223 \M
in equation (22) can be shown
2 g\ 0.oz8 .
to.be nearly equal to 0.87 {— » Thus, equation

Mg
(22) can be written

S 1.385 g0 ae7do oea 1 0.34
— = 3,026
Ma ch

ka' C2,v0Pr,
0.05. 0.85 1.365
1+ 2.78 k=2 d T
P1°'14 43°'57g°"
e—o.ag l1.385
1 + 1,08 A 5. 036 ]
O2,v Pfa

pm1.:585 (24)

2
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The error due to the foregolng approximations depends on
the values of . S/Ha, g, Q._ and oa Apf For values of

FIN - - -

S/Ha from 35 to 700 aquare feet per pound per second of -
] from .0.012 to 0.25 inch, of 6 from 1/4 to 4, and of

2, from 4 to 16 1nches of water the maximum error
is § 5 ﬁercent. For ustal values of these quantities the
error 1s less than 1 percent. ZFrom eéguations (6), (16),
(18), and (19)-

)
EI = .35 ; 0.07,0.64 (T j) (: :) (alavApf )o 2e (25)

From equations (7), (16), and (17)

md _ 3,2 a°-3°® <s‘\ 084 ©.38

T T n hg0-08g0.3¢E E;) (oaavApfa) (26)

Equations (23) to (26), together with equations (1)
to (5) presented in the secticn on Method, give the dimen-—
8lonal characteristice of a charge~across—tube intercooler

In terme of the internal dimensions and operating condi—
tlons.

The Charge—through~Tube Intercooler

The equations for the charge—through—tube intercooler
are derived in the same manner as for the charge—acroes—
tube intercnoler. Only the final results are therefore
given.

s 1.385 o'?q_so.867d°-058 1 Q.34
H hl - H-1°'.3". alavApf 1
onsb 0.55 \ 1.366
1+ 2.78 Hl ; d57 —
LR 119f a0
L e° .28 1.385-
1+ 1.08 =5
) A 0.03 1.385
“2avoPfg - B (27)

2
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where <o
By 0.85 LRLL 50-88
. {2.78 p 0v14 4 0.B7, 0.19 p o.o%é"l
2 i 3av Pr,

1+ — (28)

“’1 26 dO.GB eO =R
2.78 - + +

@ 0.14 d 0.5780.19 0.038 1
L 1 Ape,

also

. dio.'u 5 0,64 0.386

—- = 2,35 - - CPNS TH0 (29)

a, kg0 073064 \ y_ 3

and

: . 0:64 0.64
md 3.2 a°"°° s\ "**/ M, , o.36
g el i o1 AP, ) (30)
. m p,0'08g0-28 \y_ N, av *f,

Equations (27) to (30), together with equations (1)
to (6) presented in the section on Method, give the dimen-—
slonal characterlstics of a charge—through—tube intercooler
in terme of the internal dimensions and operating condi-
tions.

APPENDIX B

EQUATIONS USED IN FREPARATION OF DESIGN CHARTS
Equations Showing the Relations between the Dimensional
Characteristics of the Reference Intercooler

and the Operating Conditions .

The equations presented herein are obtained from
equations derived iIn appendix A and from those given 1in
the gectlon on Method., The presentation 1is outlined in
the sections on Method and Discussion, The viscosities
are evaluated at 200° ¥ for the aharge alr and at 100° ¥

for the cooling air, The terms uz%'28/u,%+14 gana
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B.°7%%/uz%** (equations (24) and (27)) are given the
approximate ‘value of 0.30. The term (o, Ap, )0-038
2

in the same equations 1s assigned the constant value of
1.08 because its variation i1s small in the rangze of values
of caavAPfa occurrlng 1in intercooler practice. ZExcept

wvhen otherwise stated, the equations presented in this
appendix apply to both the.equilateral and the equiveloc—
1ty tube arrangement. When substitution 1s made in equa—
tion (24) of these values and of the values asslgned to

8, &4 and di for the reference charge—across—tube inter—
cooler,

s 1.285 0.34
m UA 1
ﬁ_§ = 110.7 ﬁ‘f;) _— (31)
2 3 (e} A
P aav Pfa

where UA,/Mze is a fusction of n and M,;/M; and where

p

1.366

- 1+ 089
y = < 6.
2 o]

By a similar substitution, equation (26) becomes

0. 64
s .,
m 0.386
mp, = 1.822 (:—2 (0a,0P¢ ) (32)

\Ma

and, from equation (25), 1t follows that

i Mg
2o = 0,039 — 8°°
m M,
. 0
Equations (1) to (5) can be used with equations (31) to
(33) to express other dimensional characteristics in
terms of operating conditions.

36 (33)

Similar relations for the reference charge—through—
tube intercooler are not expressed directly but by means
of ratios obtalned by dividing the equations for the
charge—through—tute intercooler by the corresponding
equatlons for the charge—acrose—tube intercooler. These
relations follow:
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Sto . 1.07 L 4 g0-85 1.365 ﬁt 1.368 (30)
Sm 60-3‘ 1 + 9—0.39 amo

T % W \s 5m. (35)
mo 3 mo
my Ma .38/ 84 0.64
_—0 = — 8 —a (36)
mmo Ml smo
L M B 0134
t 3 . t
_—2 = 90 36 0 (37)
m, M, smo
w
t :
0 = 1 (38)
Ym, S¢ 0.2
P o ]
Sm
o (’S \O -3 8
t
-2
At 0.922 So )
0 0
= (39)
em, ﬂsb+ d )3 1
‘s +d 4
v S¢
—2 = g_n (40)

Yariation of Tubular Intercooler Dimensional Characteristice
with Tube Transverse Spacing for Constant
Operating Conditions

Tube outside diameter of 0.25 inch.— If the assigned

values of Mi, Bz, (aaavApfa)°°°3e, a4(=0.25 in,) and
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+(=0.010 in.) are -substituted in equations (24) and (27),
ard if the resulting expressions are divided, respectively,
by the corresponding equations for the..reference.inter-
cooler,

1365
s / o.26867 l + 00..6:-9
2 (2 8 _ Z (41)
5, % ] + _0.64 -
0.19
B0

for both the charge—across~tube and the charge—through-—
tube intercoolere when the operating conditlions are con—
stant., By definltilon,

ﬂt l1.3686
By

for the charge—through—tube intercooler and

e

for the charge—acrnes—tudbe intercooler. The term

(B, / ¢t°)1'355 can be ehown to be very nearly equal to

(P / ﬁmo)i‘ass when g for the one type of intercooler

ie taken as 1/6 for the other. The factor 2Z 1s plot—
ted against 8 in fig. 3 as a wmlnor correction to be ap—
plied to S/S,. The same figure shows a plot of other
powers of 2 that occur implicitly in the equations (42)
to (48), which follow.

If the procedure used in deriving equation (41) 1is
applied to equations (25) and (29), it follows that

1 _ S 0., 6%
1o " (%:j> ) (42)

In similar manner,

o s 0.78 8 0. 84
2. (?;> (§Z (23)
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L £§ + 8
—_— g — — (equilateral arrangement)
LO JL.+ 8 [o]
48 °
> (44)

+ 8 /%onstant

jggs + 1N 1 /1

Ei 28 + 1) 4 48 2 veloclty

Lo 24s,+ 1\* 1 JLj-so l' \Frrangement
(i) ~a\se’ Y

»
1
w /K:E + s\\ S \°°28 m,
w [ 48 (s:) 2o (45)

A

R 1 (46)
l Wolo

2 o Wb (47)
%o Wolg

¥ oo wiL (48)
Vo wololo

It should be noted that equations (42) to (48) hold
for both types of tudbular intercooler as in the case of
equation (41).

Outslde tube diameter of 0.125.— If the assigned
values of w;, Ha, (czavApfa)°'°3e, d = 0.125 inch, and

t = 0.010 inch are substituted in equations (24) and (27)
end i1f the resulting expreseions are divided, respectively,
by the corresponding equations for the reference inter—
cooler,

0.64 1.385

S. . 0.267 0.19
g~ = 0.945 (§L> 8 Z, (49)
o
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Similariy,
0.684

_!'_ = 0.41 (-——) s (50)
o
' 0.84
0-78
a o ase () B (51)
mO Bo o ~
e
I, ;6- + 8 .
=\ T/ 2 (equilateral arrangement)
L +* m
0 a5 * %o/ Yo ,

> =

=
(¢4
[

48 + 1 _
L (96: + 1 __ + 8 equivelocity (52)
L arrangement
/(2460 + 1> .J-..+ 8,

4830 + 1 4

"1

—_— O0.386
Y - 4.aef/2§-——i;\\ S To (63)
wo 1 SO m

— + s?//

48

Equations (46) to (48) apply for both dlameters (0.25 and
0.125 1in.)

The Effect on Intercooler Dimensional Characteristics of
Changing the Tube—-Wall Thicknese for Any Transverse
Spacing ard for Constant Operating Conditione

By the general procedure used 1n obtalning egquatione
(41) to (53), the effect of changing the tube—wall thick-
negg from the reference intercooler value of 0.010 inch
to 0 1s shown in the following equatione. The primed
symbole refer to the dimenslonal characteristics when the
tube—wall thickness 1s 0. When a = 0.25 in.,
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1+ -0.61 1,388
0.18
St 8
2 = —_— (64)
S 0.64
1l + ——
g0.19
ﬁ ]
m
The ratlo —— ©Dbeing very nearly equal to unity
An
n.as4
lz"' = 1.153 (-Ss—'> (55)
m! /;, 0.64
_— = (56)
m \S/
! n!
—_— = —5- (57)
/< \o.ca
w! 2 0.868 {i (58)
w st
\
al wll!
& = . (59
A wl (59)
8-' W'L'
& = 60
= - (60)
v! - WII'L'
v wikL (61)
When 4 = 0.125 1in.,
0.59 1.388
1+ "0.189
SI 8 .
2 | ——_—s (62)
S 0.64
1l + ———

0.18
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= -
- The ratio %F— does not appear in equation (62) be—
m

cause 1ts valte 18 very nearly equal to unity.

.Bquations
0.125 in.)

Equatlions for Prezsure Drop Dune to Sources Other

ll

i

B|®

Gl

=

L e (%-> 0.84
(%ﬁj)o.a‘

m

oren 5)° "
\ sy

(63)

(64)

(65)

(66)

(59) to (61, apply fo. both diameters (0.25 and

than Surface Frictiorn and Form Drag

Flgures 7 and 8 are bessed on the followlng relations

derived from pressure drop equatioans given 1n reference

3

where

€

For flow through tube- (fig. 7),

N =
Py 4 .
a3

Apg (1 - f)a + €

Apv

18 a function of f

0.09

as shown 1n reference 2,
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Ap \\
8 _ 2.2 [ B _ 3

APPZIDIX ¢

EFFECT OF STAGGERED-TUBE AREAVGELENT ON EZIAT TRAFSFER

AFD PRESSURE DRQP- FOR FLOW ACROSS TUBE BANKS

References 4 and 5 give the results of heat—transfer
and pressure—drop tests on a large number of tube arrange—
ments. The test data from these references for the stag—
gered—tube arrengements are pletted herein in figures 9
and 10 as Nuseelt number hd/k‘ and friction factor A
agalnst sb/s for various values of s/d and Reynolds
number. Thw staggered—tube arra:agement 1s defined by the
value of sb/s.' (See fig. 1.} W¥When sy/8s = 1, the

arrangement is equllateral. When s8y/8 = 1/2, the
arrangenent 18 such that the veloclity changes of tha air
flowing across the tube banks 1lg ninimum and the arrange—
ment 1s called the equivelocity erraangement.

Figure 9 shows that for g/d = 1 and 2 a decrease in
sb/s results in a sllight increase 1n heat—transfer coef-—
flelent until sb/s = 1/2. Decrease in sb/s below this
value apparently resulits in an abrupt reduction in the
heat—transfer coefficiant. The rangs of date for s/d =
0.25 and 0.50 .is lirzited in that no arrangoments below
sb/e = 1/2 were tested. Tuc available data, however, fall
in line with the valuss plo.ted for s/d =1 and 2, the
acatter of data belng random.

Although quite scatteresd aad limited, the friction
data of fizure 10 seem to indicate a slight increase in
friction factor with deccrease 1n s/d. Also, for values
of ab/s above 1/2 the friction factor seems to be only
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slightly dependent on sp/s. For ep/s belcw 1/2 and
for w/d = 2, the only valus of 8/d for which enough
dats below ep/s = 1/2 ig available; the friction fac-
tor drops rapidly with decrease in gy/s.

The evidence in figures 2 ard 10 of a drep 1n heat-
transfer and friotion as sep/8s 18 reduced below 1/2 i3
somewhat meager and additional data 1s reguired before
definite conclusions can be drawn concarning overatlon at

a value of sb/s of less than 1/2. Operation at sb/a

of 1/2 1is definitely better than at higher values of sayp/s
from the standpoint of svace economy for equal performance.
The heat-transfer coefficlents and friction factors as
determined by the equations used in this paper (obtained
from reference 2) are algo indicated in figures 9 and 10.
It 15 noted that the usce of the ecuvations should yield
conservative egstimates of irtercooler performance for both
the equivelocity and the equilateral arrangements. Test
regults reported in reference 3 for the equllateral ar-
rangement and for g/é = 0.C38 were in good agreement

with the performance predic“zd by the heat-transfer and
presgsure-drop equations used in this paver.
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