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INTERCOOLER DESIGN FOR AIRCRAFT

By M. J. Brevoort, U. T, Joyner, and M. Leifer
SUMMARY

Data on heat transfer and pressure losses for flow
within eircular and rectangular tubes and for flow perpen=~
dicular to tube banks are collected and presented. These
data, together with a given get of design conditions, are
sufficient for the caleculation of an optimum intercooler
design based on the total power chargeable to the inter-
cooler. The total power is the sum of the powers expended
in pumping the charge air and the cooling air through the
intercooler and the power used to transport the Welght of
the intercooler.

The design is accomplished by considering the power
chargeable to each of a series of intercoolers odbtained by
a systematic variation of the variables of the design.

All the intercoolers considered satisfy the design condi-
tions,

Three types of intercooler are considered: a counter-
flow intercooler with indirect-cooling surfaces in the form
of finsg, a counterflow intercooler with direct-cooling
surfaces, and a tube-type cross-flow intercooler.

The optimum designs for the cross—flow and for the
counterflow intercoolers are about equally good on a basis
of power consumed. The structural rigidity and the prac-
ticability of construction of the cross-flow type give it
a practical advantage over the other types considered.
Althouch the counterflow intercooler with indirect-cooling
surfaces is a reasonably practicable design, the power con-
sumed is somewhat greater than the power chargeadle to the
cross-flow intercooler.

INTRODUCTION

When an airplane is operating at high altitude, it is
necessary to use a supercharger to maintain ground pres-
sure at the carburetor inlet. This maintenance of high
intake-manifold pressure tends to keep the power output of
the engine at ground-level value. The air, being compressed
by the supercharger, however, is heated by adiabatic com~
pression and friction to a temperature that seriously af-



fects the performance of the engine. It is therefore nec~
essary to use an intercooler to reduce the temperature of
the air between the supercharger outlet and the carduretor
inlet. The amount of cooling required of the intercooler
depends on the efficiency of the supercharger installation.

In thisg investigation, several types of intercooler
were compared and a design procedure that will give the
best intercooler for a given set of design conditions is
indicated., If the cost of the construction, the weight,
the sige, and the power consumed by the intercooler are
disregarded, the design of an intercooler to meet a given

set of conditions of temperature and mass flow is straight-

forward, provided that frietion factor and heat-transfer
data are avallable for the type of intercooler selected.

- The large number of variables involved in intercooler de-
sign, however, makes possible an infinite number of inter-~
cooler desisns, all of which will meet the given conditions
of temperature and mass flow. Thig infinite number of in-
tercooler designs will vary widely in the characteristics
of cost, weight, size, and power consumed. It 1s therefore
necessary to decide which of the characteristics named are
most important and then to use these characteristics as a
basis for the selection of an optimum intercooler design.

In the present investigation of intercooler design,
the figure of merit used for the selection of the best de=
~sign was the total power consumed by the intercooler.

This value includes the power required to transport the
weight of the intercooler as well as the power used to
force the charge air and the cooling air through the inter-
cooler., The cost, the size, and the practicability of con-
struction were not considered, inasmuch as it was thought
that a survey of possibilities of improvement in design
would be of interest, regardless of whether the improvement
could be immediately realized.

All the worth-while types of intercooler are included
in the three types considered in this survey: a counter-
flow intercooler with indirect cooling surface in the form
of fins (fig..1(a)), a countorflow intercooler with direct
cooling surfaces (fig. l(b)) and a cross-flow tube-type
intercooler {(fig. 2),



SYMBOLS

total area of the cooling surface on which hy
is baged, square feet. '

the drag-lift ratio of the airplane in the assumed
flying attitude.

specific heat (of air at constant pressure), B.t.u.
per pound per °F,

hydraulic diameter of passageway, feet,

(0p/q)(D/4L), friction factor for the counterflow
intercooler and for flow within the tube for the
cross-flow intercooler.

(Ap/q)(1/4m), friction factor for the flow perpen=—
dicular to a tube bank, cross-flow intercooler.

the acceleration due to gravity, feet per second
per second. :

total heat transfer per second in the intercooler,
B.tsu., per second.

surface heat-transfer coefficient, B.t.u. per sec-
ond per square foot per °OF,

heat-transfer coefficient from air to metal for the
counterflow indirect-~cooling case based on the
total wetted surface, B.t.u. per second per
square foot per °F.

over-all heat-transfer coefficieﬁt from fluid to
fluid, B.t.u. per second per square foot per °p, -

thermal conductivity of air, B.t.u. per square foot
per second per °F. per foot.

thermal conductivity of the metal used in the con-
struction of the intercoocler, B.t.u. per square
foot per second per °F. per foot,

length of tubes in the cross-flow intercooler, or
length of passageways in the counterflow inter-
cooler, feet.



nunber of rows of tubes in the cross—flow inter-
cooler.

flow of air per unit time, pounds per second.

counterflow, direct-cooling type, equal to one-
half the total number of spaces.

number of tubes per row in the cross~flow inter-
cooler.

cross-flow, total pressure drop through the inter-
cooler, pounds per square foot. Counterflow,
pressure drop per foot length pounds per square
foot per foot, »

Py/Ay, total power consumed per unit surface,
foot-pounds per second per square foot.

total power consumed by the intercooler, foot-
pounds per second.

cfoss-flow, total power required to force the
cold, P,, or the hot, Ph, air through the

intercooler, foot-pounds per second; counter-
flow, power per unit cooling surface required

to force the cold or the hot air through the in-
tercooler, foot~pounds per second per square foot.

W, Cp
counterflow, equal to Pc + € > 55 Voo
' W, Cp

+ - =& .
counterflow, equal to Py € = o Vo

a factor.to multiply the intercooler weight to ac-

count for the additional required structural
weight.

: 2 X .
% p V5, dynamic pressure in the passageways,
pounds per square foot.

Reynolds Number, (p %? for flow through a tube;

v D
P ~9%§~ for cross flow where

D is the tube diameter and
Vnax 1s the flow velocity at

the point of minimum width.)



pVe,

B,

spacing, as shown in figures 1(a) and 1(b), feet;
and in figure 2, tube diameters.

temperature of the hot air, °F.
temperature of the cold air, °F.

air-flow velocity through the intercooler, feet per
second.

flight wvelocity of the airplane, feet per second.
width of fin, or spacer, feet, as shown in figure 1.
total weight of the intercooler, pounds.

W/Ay, total weight per unit surface, pounds per
square foot.

thickness of metal beitween hot and cold fluids, feet,

mass flow of cold or hot alr per second per square
foot of open area, slugs per square foot per second.

welght flow of cold or hot air per second per square
foot of open area, pounds per square foolt per second.

coefficient of viscosity of air, slugs per foot-second.

punp efficiency: for the heated-air side, equal to
the compressor efficiency; for the cooling-air side,
equal to the ratio of the internal work done (QAp)
to the corresponding increase in drag multiplied by
the flight velocity (V,4D). ‘

fin thickness, feet.

mass density of air, slugs per cubic foot.

specific weight of the metal uged in the construction
of the intercooler, pounds per cubic foot.

Ti"To .
T s relates to charge air.
i~ 43
T !« 7.

relates to cooling air.



{, tho mean over-all temperature difference from
charge air to cooling air for cross flow divided
by (P3 - T3'), sgiven in table IV as a fune=
tion of ¢ and M.

Subscripts:

t, total. i, dinlet.
c, cold air. mn, metal,
h, hot air. " o, outlet.

SOURCES OF MATERIAL

Oross flow.~ Nusselt has ziven the mathematical solu~
tion for heat transfer in a crosg~flow intercooler (refer-
ence 1); Pierson (reference 2) has determined the heat-
transfer coefficient and the friction factor for air flow
across tube banks with various spacing arrangements. (See
fig. 3.) By the use of this information and the data in
figure 4 for heat transfer and friction factor on the in-
side of pipes (from reference 3), it is possidble to calcu~
late the dimensions of a tube-type cross-flow intercooler
that will use minimum power for the operating conditions
imposed.

Counterflow.~ The mathematical equations for heat trans-
fer in counterflow are given in reference 4, and the fricw
tion factors used for the counterflow intercoolers arc in-
cluded in figure 5. The solid line is for round tubes.

The broken line is the theoretical curve for laminar flow
between parallel plates, using D = 2s, The composite curve
A may be used, with only a small percentage error, for rece
tangular duets when the ratio of the lengths of the two
sides is 20 or more. TFor smaller valucs of the ratio of

the lengths of the sides, the friction factor for laminar
flow may be obtained from reference 5 (p. 116).

McAdams (reference 5, p. 117) states that the availa-
ble data on air, water, and oil indicate that the friction
factor for turbulent flow in round pipes may be used to
calculate the pressure drop in rectangular ducts by using
the hydraulic diameter., (See also reference 3.) Data from
pressure~loss tests on the segments of finned ecylinders used
for the heat~-transfer tests reported in reference 6 are
shown as points in fisure 5.



The friction factor for turbulent flow being the same

for round as for rectangular ducts, it follows from Reynolds

analogy that the heat-transfer coefficient is the same in
both kinds of tube. The same analogy indicates that, for
laminar flow, the rectangular ducts should have a heat-
transfer coefficient somewhat higher than that of a round
tube, The heat-transfer data for round tubes (fig. 4) were
used for both counterflow intercoolers because no heat-
transfer data for laminar flow through rectangular ducts
were available,

DESIGN CONDITIONS

In the design of an intercooler, there are known:?
the mass flow of hot air through the intercooler, the tem—
peratures at which the hot and the cold air enter the in-
tercooler, and the temperature at which the hot air is re-
quired to leave the intercooler.

In order to design the intercooler that will use least
power, the flight velocity, the drag-lift ratioc of the air-
plane for this wviscosity, and the factor ¢ nust dbe known -
to obtain the power uged in transporting the intercooler
weight. In addition, the pumping efficiencies must be
known in order to calculate the total pumping power charge-
able to the intercooler, and the altitude at which the max-
imum demand is made upon the intercooler must be known in
order to determine the fluid constants of the cooling air.

For the purposes of demonstrating the method of design
used in this investigation, the following conditions are
assumed?

1. The brake horsepower of the engine ig 1,000,

2s The eongine uses 6,600 pounds of air per hour, or
1.833 pounds per seccond.

. ' o
3. T; = 280° F., = 80° F,, T3! = =30 F.

m
“o

4, The airplane is operating at the rated height of
the engine, which is 25,000 feet.

5. Vo, the flight velocity of the airplanc, is 300
miles peor hour or 440 feet per second.



6. €(Cp/Cy) = 0.075.

7. Tp = 75 percent for both the cooling-air and the
charge~air gides.,

These asgsumed desiegn conditions are based on the in-

formation given in reference 8 and are for an airplane with
reasonable performance,

Filuid Constants Used

Charge air Cooling air

Density, slugs/ cus ft. | 0.001965 at 180° ¥. | 0.000907 at 20° F.

Viscosity, slugs/ft.-sec.| 0.443x10"¢ at 180° F.| 0.355%x10~% at 20° F.

Thermal conductivity, o o
_But.ue/sec./ft.2/ 0. [ft, | 4.19x107% at 1400 F. | 3.61X107 % at 40 F.

Specifie heat, B.t.u./1b. 0,238 0,238

Pressure, in Hg 30.5 11.1

GENERAL CONSIDERATIONS

. The design of an intercooler of any one of the three
types mentioned is accomplished by considering the changes
occurring in total power chargeable to the intercooler as
the independent variables are systematically changed. The
cross plot of the total power against each of these varia-
bles then enables the optimum intercooler design to be se-
lected. The variables may include such guantitiecs ‘as
weight flow of cooling air, Ma: the air flow per unit

open frontal area, (pVg)c or (pVg)y: dimensions such

as tube length, . L; tudbe diameter, D; spacing between
fins or tubes, s; and so on. A careful choice of varia-
bles, however, will reduce computation to a minimum,



COUNTERFLOW INTERCOOLER

The equation connecting ¢, My, M,, and hgdy for

heat transfer in a counterflow intercooler was odbiained
from equations given in reference 4.

¢ = t=e =21 = To (1)
1 1l Ty - Ty!
"htAt —
My Mpep  HMge
l - 28
MG

Solutions for this equation, over a limited range,
may be obtained from figure 6 (fig. 52 of reference 4).

Inasmuch as ¢ and My are determined by the degign
conditions, hyd; may be determined in terms of M, from

from equation (1) for the counterflow intercooler., This
relationship is shown in figure 7 for the design condi--
tions assumed in thig paper. .

For each assumed value of M,, it is required that
the intercooler be so designed that Py, the total power

consumed by the intercooler, shall be a minimum, Pt/htAt
shall be a minimum or, since P = P,/A,, P/h; shall be a

minimum, where

P 1 1 tm) [ ( ) )]
SRR (I S SR + P, + W le=2Y (2)
by ~ My B Tk /LR TR v T Cp °

Two types of counterflow intercooler have been consid-
ered in the present investigation. One type uses an in-
direct-cooling surface in the form of fins on each side of
a central dividing plate (fig. 1(a)) and the other type
uses only direct-cooling surfaces in the form of thin plates
arranged in layers (fiz. 1(b)). Both types are made of alum-
inum. The indirect-cooling-surface type will be considered
first.

Counterflow intercooler with indirect-cooling surface
{fig. 1{a)).~- Bix variables are necessary to determine the
design. This case was not completely worked out because
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the large number of variables meant a very large number of
designs to be calculated. Accordingly, the problem was
simplified by assuming the fin width and spacing to be
identical for both sides of the intercooler. The variadles
gselected were (pVg) (pVg)y, fin spacing, and fin width.
The advantage in selectlng the welyht flow of air per unit
open frontal area (pvb)c and (pVg)h, in preference to

intercooler dimensions such as length, is that the result-
ing calculations are somewhat more straigchtforward.

Table I outlines the calculations for the design of a
counterflow intercooler with indirect-cooling surface. Var-
ious simplifications are possible owing to the repetitions
encountered. These simplifications are noted beneath the
table and result in a decrease of more than three~fourths
of the indicated calculations. The fin widths used in the -
calculations were 0.0417, 0.0833, and 0.,1666 foot with fin
spacing of 00,0042, 0.0083, 0.0208, and 0.,0416 foot for each
fin width used. The quantities (pVg)y and (pVg), were
given values of 1, 4, 7, and 10.

The hydraulic diameter, D = —5=2%—-, can be calculated
2(s+w)
for any given fin spacing and width; then Reynolds Number,
vD
R = EE—’ can be calculated for any wvalue of pV. After

the Reynolds Number is known, Nusselt's number, hSD/k,
and hence hs, can be obtained from fig. 4. The guantity
hgy 1is the surface heat-transfer coefficient between air

and surface in a rectangular channel of section s by w
feet.

The formula for the heat-transfer coefficient based
on unit area of the d1v1d1ng plate for such a finned cool~-
ing surface is :

1y
hy, (or hc) = ____M.ﬁ.._.. (S + 2y!? i@gﬂk_l_é_ﬂ_/l (3)
s + ‘bf a w!

where
w'=sw+ te/2 and a =~/§£;7£;;E;;

—&_, number of fins per unit width of dividing
stiy plate,

\ - s Cud
), equivalent cooling area of one

fin of unit length if the entire equivalent
arca ig assumed to be at base temperature.
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For each combination of fin spacing and fin width,
the maximum value of hy (or hc) was obtained from a

curve of hy (or h,) against ty, thus giving the op~

timum fin thickness for each case. Illustrative curves of
hy (or h,) against t, are shown in figure 8.

The values of Ph' and Pc' are calculated from the

curve of friction factor in figure 5 as follows. Obtain a
value of £, = (Ap/q)(D/4L) from figure 5 for the assumed

values of pV and D. Calculate the value of Ap per
unit length from

bp _ 49 (4)
L ~ D

Then
P - Vo & Dy ( s W )/ (5)

and

ly AP(._SW' ¥ Cp )]
R c o . tc —t -

Pt =] T s+tf)+2 €5 Vo (6)

with similar equations for the hot-air side.

It is seen that the egquation for P,! (equation (8))
includes the power necessary to transport the part of the
total weight of 2 square foot of dividing plate and its _
fines and cover that is chargeable to the cooling~-air side.
The weight was included in this manner mercly as a conven-
ience in computation. A4n equation similar to (6) holds for
Ph' and .

C : :
(Bo? + Ppt) = By + Py + W (¢ g2.7,) =P (7).

which is the last factor in equation (2).

_If the value of - M, is taken from column 31 of table
I, hyb; may be found from figure 7, and hy for the par-
ticular fin arrangement is given in column 29, Then Ay

may be calculated, and PAt/55O is the total horsepower

consumed by the counterflow intercooler. This total power
as a function of (pVg), and (pVg)y is given in figure 9.
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The smallest power consumption calculated for this
type of intercooler was about 16 horsepower. This power
could probadbly be further reduced by using a larger inter-
cooler and a smaller air velocity through the intercooler.
It is later shown (see table VI) that an intercooler of
this type, which used 16 horsepower, was about as large as
could reasonably be used. If this intercooler werc used
in o cross~flow instead of a counterflow type, the mean
temperature difference available for cooling would be about
20 percent smaller; a corresponding increase of about 20
percent in cooling area, and hence in power coansumed, would
therefore be required.

the design: (pVg)y, (pVe),, sy, and s,. In all cal-

culations made on this type of intercooler, the spacings
sy and s, are assumed to be equal. Table II shows the

calculations required for the case of the counterflow inter-~
cooler with direct-~cooling surface. Repetitions similar

to those occurring in table I reduce the indicated work to
about one-~fourth. It is advantageous, from considerations
of weight and heat flow through the metal, to have the in-
dividual metal plates as thin as possible. A thickness

that seemed reasonadble (0.0025 ft,) was selected and spac—
ings of 0.0021, 0.0042, 0,0062, and 0.0083 foot were inves-
tigated. The quantities (pVg)y and (pVg), were given
values of 1, 4, 7, and 10.

/

The calculation for this type of intercooler is simi-
lar to that for the counterflow intercooler with indirect-
cooling surface, except for the calculation of P and his

which are now based on the total heat-transfer surface.
For this type intercooler, D = 2s,

Figure 10 shows theé results obtained with the direct-
cooling-gsurface type of intercooler. The smallest spacing
used (00,0021 ft.) gives an intercooler that will consume
about 13 horsepower, using values of (pVg), and (pVgly
between 1 and 2. This power consumption might be reduced
to about 8 horsepower if the weight were reduced by using .
0.000417-foot metal in place of the 0.0025-foot metal used
in this calculation. It seems practically impossidble to
use such thin metal in an intercooler of this type.
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. THE CROSS~FLOW INTERCOOLER

The required heat-transfer and friction data to compute
the case of the cross~flow intercooler are shown in fig-
ures 3 and 4. It may be noted that, for the flow perpen-
dicular %o a tube bank (fig. 3), the Nusselt number was
found to, be independent of the spacing for all the cases
where the spacing between tubes in a row equaled the spac-
ing between rows (reference 2), For the present design,
~only cases in which these spacings are equal will be con-
sidered. PFive variables are necessary to determine the
design, For this case, the intercooler dimensions are se-
lected as the variable factors. These dimensions are the
tube length, the tube diameter, the spacing between the
tubes, the number of tubes per row, and the number of rows
of tubes., (See fig. 2 )

The procedure used in the calculations for the CrOS g
flow intercooler may be most easily followed by reference
to table III, which is a sample caleculation for an inter-
cooler with tubes 2 feet long and 1/48 foot in diameter.:

As a preliminary step, figure 11 (which is eof value-
in obtaining column 9 of table III) is derived as follows.

For a crass~flow 1ntercooler, the quantlty of heat
transferred ber seeond is given (reference 1) as‘ . -

H'b = thp (T3 = Ty) = hihy ¢ (T3 = Ti’) (8)-

After a range of values of M, has been assumed and
¢ and T have been calculated from their definitions,

{ wmay be read directly from table IV (table 3 of refer-
ence 1), Thus, from equation (8), a value of hiAy may

be obtained for each assumed value of M a curve oOf these
is given in figure 7,
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TABLE IV
Variation of { with M and £

(from reference 1, table 3)

¢ .o Joa1 Jo.z |0.8 |0.4 |05 [0.6 [0.7 |0.8 [0.e | 1.0

0 [1.0 [0.947|0.895|0.838/0.781|0.721]0,657| 0,566 0.502|0.388 | O
1| .947| .e93| .840| .786| .729| .670| .605| .533| .448| .338| O
.2 | .892| .ea0| .785| .734| .677| .617| .552| .480| .398| .292| O

" 3| .e38| .786 .734| .c82| .e2s| .5es| .502| .430| .348| .247] 0

4| .781| .729| .e77] .625| .569| .513| ,449| .378| .300| .206| O

S 71 670 .617 .565| .513| .456| .394| .326] .251| .,167| O

O

6| .657| .605| .552| .502| .449| .394| .334| .271] .201] .128

«7| .586] .53Z| .480! .430| .378| .226| .271| .213| .151| .082| O

o

.81 .502| .448| ,398 .348/ .300| ,251| .201] .151] .100| .052
.9 .388| .338 .202 .247| .206| .167| .128| .089| .052| .02 O

100 0 1o 0 0 0 0 0 0 0 0

For a given tube length and diameter, such as is as-
sumed in this calculation, the variation of 1/h, with
(pV), (fig. 11) is readily calculated from the heat-

transfer data of figure 4 for the inside of the tube. The
curve thus obtained holds for any number of tubes.

For any given number of tubesvand weight flow on the
cold side, M,, Ay, and A, are known and hy can be

calculated by use of figure 7. Then (pV), can be calcu-
lated from the equation :

(b7 = 5% (9)
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and the variation of l/ht with (pV), for several values
of (mn) may therefore be obtained (fig. 11).

The data contained in figure 11, obtained in the fore-
going manner, were used for the calculations in tadble III,
where L and D were held constant and a series of val-
uves of m, n, and 8 were assumed.

The results of this sample calculation are presented
in figures 12 and 13. It may be seen from these figures
that the minimum power consumption calculated is about 10
horsepower, If thig power calculation is repsated for .
different lengths and diameters of tubing and the results
are cross-plotted, the best combination of the five inter-
cooler variables and the mass flow of cooling air will be
Obtainedo

DISCUSSION OF THE RESULTS

The curves given in figure 7 showing hid; against
Mo are the result of a mathematical analysis and will ap-
ply to any conceivable type of cross~flow or counterflow
intercooler that is to meet the design conditions. This
figure shows that any intercooler with the same values of
friction factor and heat-transfer coefficient for all direc-
tions of air flow, such as the intercooler shown in figure
1(b), will be smaller, hence lighter and more efficient,
if the air is in counterflow than if it is in cross flow.
The counterflow intercooler has about a 20-percent advan-
tage over the cross-~flow intercooler under the operating
conditions chosen for this analysis.

The foregoing considerations would scem to indicate
that the best method of building an intercooler is to make
it of the counterflow.type. The assumption of equal fric-
tion factor and heat-transfer coefficient for both cross
flow and counterflow, however, does not hold, as can be
seen from figures 3 and 4. : '

The guestion remains whether flow across a bank of
tubes is more or legss efficient than flow parallel %o a
tube surface. Accordingly, calculations were made for sev-
eral types of simplified heat exchangers for the purpose
of comparing the optimum designs for each type under the
same operating conditions. Table V gives the results of
these calculations., The following points should be noted:
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(a) Much higher heat dissipation per square foot of
cooling surface is achieved in cross flow. That is, much

less metal surface is required for equal amounts of heat
dissipation.

(b) GCooling efficiencies are comparable for flow
within tubes and for flow across a tube bundle.

TABLE V

A Comparison of Optimum Heat-Exchanser Designs for
Air Flow Within and acrosg a Tube Bundle
(4p = 25.6 Lb./sq.ft.; energy'd1351pated, 250 hp.: a)TW -

Tia = 70° F.; M, = 100 percent; air-metal heat-transfer
coefficient taken egual to hy)

Heat dissi- |Required | Length (or|Cooling efficiency
pation per frontal | depth)of | heat dissipated =+

Design type unit cooling| sarea design {9 :
t
surfece | pumping power cos
(hp./sq.ft.) (Sq-fta) (fto)

Air flow within
round tubes,

= 1/48 ft, 0.56 3.74 | 1.04 19.0

Air flow within
hexagonal tubes, : '
"D = 1/48 ft, 51 2.92 1.17 20.7

Air flow across
round tubes,
D =1/48 ft. ,
s =1/96 ft. .98 12.2 . .31 - 18.9

i

it

Air flow across
round tubes,

D =1/48 ft.
§'=1/48 ft, 74 9480 .92 21,8
a)TW is the teﬁperature of the metal surfaces and is as—

sumed to be constant throughout the heat exchanger,
since water is on the other side of the heat-
trangfer surface,

b)Pumplng power cost is only the power requlred to push the

air through; the power used in pumping water is not
congidered.



17

The calculations in table V show that the cross-~flow
tube~type heat exchanger overcomes its initial disadvantage
of lower mean-temperature difference by dissipating more
heat per unit area owing to a higher heat-transfer coeffi-
cient. The ratio of heat transfer to pumping power is about
the same for flow either within or across the tubes. The
smaller cooling area required by the cross-flow tube-type
heat exchanger will thus result in a considerably lighter
intercooler, This advantage of weight-saving is enough to
evercome the 20-percent disadvantage in mean temperature
difference and to give an intercooler requiring less total
power.

It is of interest to note that the power loss in the
duct between the supercharger and the intercooler bears
the same ratie to the power less through the hot-air side
~of the intercocoler as the pressure drep in the duct bears
to the pressure drop througch the intercooler. An estimate
of the power loss in the duct can be made by use of the pu-
merical results in the sameple calculations, the pressure
drep in the duct having been measured.

Although the calculations for the three types of inter-
coolers shew the tube-type cross-flow intercooler to be su-
perior on the basis of total power required, total power
may not be the enly consideration., Table VI shews that the
pewer cengumed by the intercosler varies between adbout 10
and 25 horsepower in the best designs calculated for the
three types of intercoeler considered. Whether the actual
pewer consumption isg 10 or 25 horsepower for a 1,000~horse-
Power engine, is not necessarily the determining consider-
ation in the choice of an intercooler. Ruggedness of con=-
struetien, ease of installation, frontal area, or length
might easily be the deciding facter when the difference in
total power is so small,

Obviously, any indirect-cooling arrangement can be im-
proved by the substitution of a direct-cooling surface for
an indirect-cooling surface. The required eoeoling surface
is thus reduced which, in turn, reduces the weight and the
power to pump the air through the exchanger.
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TABLE VI

Summary of Desisgns Using Small Total Power,

Taken from Tables

I,

II, and I

II

(chnterflow; indirect-cooling-surface~type intercooler)

_ Spacing,] Width,| Length,| Total Frontal
(pVe) | (pV2)y s w L pog:r, area
' (ft.) (£%.) (ft.) | (hp.) | (sq. £t.)
1 1 0.0042 0.0417 1.083 17.6 4,52
1 4 . 0042 0417 . 529 23.3 4,52

(Counterflow, direct-cooling-surface-type intercooler)

. Spacing,| Length,! Total power,| Frontal area
(pVe) | (pVa)y 8 L P,
(£t.) (£%.) (hp.) (sq. ft.)
1 1 0.0021 | 0,39 18,6 8.02
1 1 . 0042 1.10 25,3 5,85
1 4 .0021 .18 18,7 8,02
1 4 « 0042 . «51 18.1 5,.85
4 4 .0021 W79 2248 2,01
4 4 .0042 2,03 20.5 1.50
(Cross~flow, tube-type intercooler)
Number | Numberi Total | Frontal
Length,| Diameter, Spacine, of of power area
L D s tubes rows,| Py,
per row, m
(ft.) (£t.) n (hp.) |(sq.ft.)
2 1/48 1/4 D 50 40 [215.3| 1,4
1/2 D 45 47 10,5 2.1
3/4 D 47 48 10,2} 3.0

2Lowest value reached, not a minimun,
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CONCLUDING REMARKS

The results show the importance of using the inter-
cooler having optimum dimensions for the operating condi-
tions specified, They further show the relative power
cost associated with pumping the cooling and the charge
air through the intercooler and the power to transport the
intercooler, The relative importance of the various di-
mensions of the intercooler is also easily determined by
an examination of the tables and the figures.

The total power to operate a well-designed inter-
cooler is so small that other considerations, such as
ease of installation or ruggedness of construction,
might easily be the determining consideration in the
choice of a type of intercooler.

Langley Memorial Aeronautical Ladboratory, .
National Advisory Committee for Aeronautics,
Langley Field, Va., May 26, 1939,
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FIGURE LEGENDS

(2) Fin-~type counterflow intercooler.

(b) Counterflow intorcooler with direct cooling surfaces.
Figure 1,~ Lay-out dimcn51ons of two counterflow types of

intercnoler.

Figure 2.~ Tube 1ay~6ut dimensgsions of a cross-flow type of
intercooler,

Figure 3.~ Variation of Nusselt numder hD/k and friction
factor QQ é% with Reynolds Number DpVpsx/k for air

flow across tube banks (reference 2),

Figure 4.~ Variation of Nusselt number hD/k and friction
factor %? i% with Reynolds Number DpV/p for air flow

through circular tubes (reference 3).

Figure B5.~ Variation of friction factor %f g% with

Reynolds Number DpV/u for fully developed air flow
through circular and rectangular tubes.

Figure 6= Graphical presentation of solutions to equation
(1) (reference 4).

Figure 7. Required values of heat-transfer coefficient and
eooling surface as a function of the mass flow of cool-
ing air for cross flow and for counterflow interccolers.
£, 0.645; My, 1.833 1b./sec.

Figure 8.~ Illustration of the method of using equation
(3) to determine the optimum fin thickness for a fin-
type counterflow intercocoler, Fin width, 1/24 ft.3
(Pv‘g) s 10,

Figure 9,~ Variation of total horsepower consumed with
(PVQ)C and (pVg)h for a fin-type counterflow interw
cooler.

(2) Spacing, 0.0083 ft, (b) Spacing, 0.0063 ft.
(¢) Spacing, 0,0042 ft,. (d) Spacing, 0.0021 ft.
Pigure 1l0.~ Variation of horsepower consumed with (pVg)
for several values of (pVg) and spacing in a dlrect~

cooling-surface counterflow 1ntercooler.

Figure 1ll,~ Variation of 1/hy and 1/he with (pV), in
a tube-type cross~flow intercooler.
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Figure 12,~ Variation of horsepower consumed with m for
several values of n and s in a tube~type cross~flow
intercooler, :

Figure 13.~ Variation of horsepower consumed with =n - for
several values of spacing, and with spacing for several
values of n in a tube-type cross-~flow intercooler.
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TABLE I. OUTLINE OF CALCULATIONS FOR THE DESIGE OF A COUNTERFLOW IEDIREOT-COOLING-SURFACE
TYPE OF INTERCOOLER

Table I

N s {8l 6] 7] 8 [e[o]u] 1 [ 1] 11 [
Chargs-air side '
El -
w3
g — <
~ « e &
- =) bl (=]
g S -0 -
3|3 & da | “ ) " ol P
2|8 * o | EEIRRB & Tyal £ & & 2%l 2 By S W
-~ |~ o ~r i =~ ml.u o] +* c ‘g. ~ @ Bl +
" [ Il e S &
i ] & &le " ]
o £ ] o ,HH[CI i @ ae
= .dm o < « 1] f
:f B = ;.d
<
(1b./ .
(a) (a)| (£t.) [(£t.)[(£t.) (») (o) | o) | (@) 1by 8q.ft./|(£t.-1b.
(£t.) 8q.ft. .) /8e0.)
11 .0043| .0078] 553 3.29 1.8%-1 328.9| .0004] .0434 .345 5.598 4.612
107
0.0417 .0083| .0139] 1010{ 4.40| 1.33 74.6} .0005! .0239 245 1.685 1,413
¢ .0308(.0278 23030] 6.30 .95 324.1} .0008 .0117 .345 412 +360
-0416) .0417| 3030| 8,35 .84 | 410.0] .0010 .0106 . 245 249 .813
.0043|.0079) 5674 3.34| 1.77 23.9(.0010| .0418 <345 5.185 7,358
0833 .0083| .0151| 1097 4.589} 1.37 48.1( .0011f .0323 .245 1.441 3.328
) .0308|.0333| 2430 7.03 .88 | 143.8) .0016| .0113 245 «340] .561
.0416] .0556; ,4040| 10.85 .83 | 365,1].0028 ,0098 » 345 173 »389
.0043{.0081] 588 3.38] 1.75 15.0{ .0018; .0410 8245 4.960 13.190
1666 | -0083|.0158| 1145 4.69| 1.34 31.8( .0023 .0210 3245 1.394 3.549
* 0208 .0370| 2630 7.60 .86 88.9] .0030f .0110 .245 .39 .894
.0416| .0666| 4840 13.50 .86 | 2330.3| .0038| .0094 346 -138 444
4 .0042| .0076 668 3.39 1.81 32.9].0004 .0434 <245 5.596 4.612
0.0417 .0083(.0139] 1010; 4.40| 1.33 74.6( ,0005| .0239 +345 1.685 1.412
* .0208| .02378| 3030} 6.30 .95 | 224,1}.0008| .0117 .245 412 .350
.0416|.0417| 3030| 8.35 .84 { 410.0| .0010| .0106 .345 .349 .313
.0042].0079| 574 3.34f 1.77 33.9].0010| .0418 .245 5,185 7.353
0833 .0083].0151| 1087 4.59| 1.37 48,1].0011( .0322 .245 1.441 3.388
. .0208|.0333| 2430| 7.03 .88 | 143.8].0016| .0113 .345 340 561
.0416|.0556| 4040| 10.95 .82 | 266.1|.0022| .0088 2345 173 .288
.0043|.0081] 588 3.39 1,75 15.0}.0018{ .0410 .345 4,960 12.180/10.178] 348.06
1666 .0083(.0159] 1145 4.69| 1.34 31.8{.0033| .0210 +245 1,394 3.549) 7.794|280.75
. .0208|.0370 2690 7.60 . 88.9|.0030| .0110 .245 .391 894 5.293|175.56
.0416|,0666| 4840|13.50 .85 | 320.2|.0038] .0084 245 .138 .444| 4.093/135.48
7 0042 .0076 53] 3.239; 1,81 33.9) .0004) .0434 2456 5.586 4.613| 3.488]| 88.65
0.0417 .0083].0139] 1010 4.40] 1.33 74.6;.0005| .0339 345 1.685 1.412) 3.138| 71.90
M .0308|.0378| 2080 6.30 .95 | 224.11.0008| .0117 .245 .412 ~3501 1,987 65.92
.0416].0417| 3030 8.35 .84 | 410,0].0010{ .01086 .345 .248 .213] 1.913| 83.34
.0042]|.0079{ 574{ 3.34| 1,77 23.9].0010| .0418 345 5,185 7.363| 4.343|150.67
0833 .0083|.0151 1097 4.58| 1.37 | 48,1(.0011}.0323 .245 1.442 2.288( 3.366|113.36
. .0308|.0333] 24230 7.03 .88 | 143.8/.0016| .0112| .2345 <340 .551| 2.731| 90.87
.0416|.0556| 4040]10.95 .82 | 365.1|.0033| .0098 345 .173 .289| 3.446| 81.01
.00421.0081( 588! 3.39| 1.76 15.01.0018{ .0410 345 4,960 12.180110.178} 348.08
666 .0083!.0159| 1145| 4.€9] 1,24 31.8},0023| .0210 .345 1.394 3.548| 7.794]280.75
-1 .02081.0370| -3690| 7.60 .86 88.91.0030| .0110 .245 .291 .894| 5.293|175.56
.0416.0666| 4840|13.50 .85 | 220.3].0038] .0094 .345 .138 444) 4,003|135.48
4 (4 .0043|.0076| 2810 6.85| 3.67 17.7|.000%] .0115| 3.936 335.763 73.866| 2.784|165.53
0.0417 .0083(.0139] 4040]11.00] 3.32 33.8].0012] .0098( 3.836 11.073 34.428| 3.640{131,55
: .0208(.0378; 8080) 23.80| 3,59 62.9).0017| .0082{ 3.926 4.633 15.118| 3.37%7| 90.33
.0416}.0417|12120| 33.90| 3.4 | 105.3|.0035| .0075| 3.396 2.834 9.350| 2,138/ 79.84
.0043[.0079] B3295] 6.83| 3.82 | 12.0/.0012(.0114| 3.936 33.661| 123.965| 4,874|284.79
0833 .0083|.0151] 4390 13.00 3.33 | 31.2]|.0017].0097| 3.936 10.088 58.7481 4.113/194.49
* .0308.0333| ©670/27.90| 3.51 40.7|.0039| .0079| 3.938 3.736 23,957 3.460]137.14
.0416|.0556| 16150/ 43.50| 3.20 74.0).0043| .0088| 3.936 1,949 13.518]| 3.047/113.07
.0043{.0081| 3350| 6.91] 3.568 9.3|.00356 .0113| 3.936 31.908| 193.133|13.318)6599.683
1666 0083 | .0159| 4630]13.80| 3.37 15,11.0043| .0095| 3.926 .383 87.489]11,189(466.67
N 0308 | .0370| 10750] 30.80| 3.50 27.5|.0068| .0088| 3.9236 8.718 20,003 7.898|2390.63
-0416.0666|19360]49.00| 3.08,| 50.0|.0083|.0086| 3.8 1.558 18.239| 6.414{239.90
a)7he values of (pVg)y and (pVg), are varied through the rangs 1, 4, 7, andi20.
b h [} g
Figure 4 shows hgD/k as a funotionr of R.
°)By the uge of equation (3), & curve of 1/hc against {7 ie drewn. The minimunm velus of 1/be and

Dy

the corresponding value of ty are chosen.
gure S shows f] .as a function of R,

')llultiply columng 38 and 39, By inspection, the minimum wyalue of P/hs is selected for sach comdbimmtion
Golumns 31 to 34 nesd bs calculated for only thess minimum values.

f)Figure 7 shows htAt as a function of Mg for counterflew.

of

(pVg)y, and (p¥g)s.
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Table- I

{cont.)
TABLE I (continued)
17 |18 |10 |20 |a | | 8 | 24 | 8. |3 | 2 | a8 |3 |30 31 |32 | 33 33
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a o o S~ -PELP ~—
» 2 o} o+ [=] - o [0
0 5’ < 3 -.+’ oo n‘o * %. Q. +)
a @ o | B 1% [ P ~ = @
2 o @ - gl + < * & a | & P
|3 o [ &l o . @+ - + ~ = < )
[-% ~ o I ] alo +2 o Elm o = 1 4
-~ [=) E-) ~ (] ~— e LY 9 [ oy '_‘l,d '] =
w - » ™ o} =] S——— pria] -PE
L} ] [ = =l + n [<] ~y
o E? gt [} OH: o /e N =
= ) [} N &
o [ [
o o
< L] "o
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15 (1v./
(b) (e) | (o) | (@) [ —=2-]|sq.f5./ [(£5.~1b. [(1b.) ((£t.-1bJ(LE.-1D (e) {(1b./ (£) ((eq.£t.) {(np.)
(£%.) 8q.ft./| £3.) seo. /880.) | /sea.) 8ec.) | -
6901] 3.68 1.7%:( 32.9 |.0004 |.0345 .533 9.660| 17.237| 3.486| 99.38| 185.93| 66.1| 8483] 1.833| .79} 52.2 17.6
10™
1260] 4.80 1.27 | 74.6|.0005 |.0190 .532 2.809 5.276 | 2.138 95.77| 147.67| 149.5| 13423} 1.833| .79 118, 3.7
25201 7.35{ .94 |334,11.0008|.0113 .533 .857 1.574) 1.987| 67.14| 133.08| 448.5| 33718| 1.833| .79 | 364.3 86.7
3780110.15| .88 |410.0 {.0010.0100 .633 .510 .945/] 1.913] 64.08] 137.42] 820.3) 57035 1.833] .79 | 648.0 [150.1
717| 3.73[1.70 | 23.9[.0010.0334 .533 8.997| a7v.619| 4,343 170,94 321,61 48.1[ 13885| 1.833| .79| 38B.0 23.3
1370 5.10(1.23 | 48,1 |.0011|.0176 .533 2.480 8,301] 3.366 | 118,38 333.74| ©6.5| 16868| 1.833| .79| 76.3 33.2
3030| 8,35| .90 (143.8|.0016|.0106 .532 877 3.384( 2.731| 923. 183.17} 287,91 36074 1,833 .79 | 337.4 75.7
5040(14.15| .92 [365.1{,0088|.0098 .533 . 356 1.286| 3.446| 82.01| 163.03| 530,5| 55771 1.833| .79 ) 419.1 [124.2
735! 3.80[1.69 | 15.0].00181.0337 533 8.591| 45.703(10.178| 381.57| 729.64| 30.3| a0354| 1.833] .79 23.9 317
1440| 5.32(1.19 | 31.8].0023|.0168 .533 3.248| 13.3468| 7.794] 370.55]| 531.30| 63.9| 30358; 1.833| 79| ‘50.5 48.8
3360) 9.05| .88 | 88,9/.0030/.0103 533 .583 3.935| 5.293| 178.680| 354.16| 178.1| 53763| 1.833| .79 140.7 90.6
6040(17.50 .95 @.a .0038 |.0088 .533 .384 1.977] 4.093| 137.03| 373.50| 440.7| 94579 1.833| .79 | 348,82 [173.5
3760| 7.80|3.70 | 17.7(.0007|.0108| 8.506 48.350 | 324.456 | 3.784| 416.33| 503.98| 50.9| 23656 7.3323| .60 85.5 23.3
5040]14.15|3.67 | 33.6|.0018{.0093| 8.508 23.764| 153.317| 3.640| 240.34| 312.24| 108.5| 37698, 7.333, .BO; 54.3 20.8
10100(29.10{3.78 | 63.9|.0017|.0078] 8.508 9.646| 67.443| 3.277| 143.58| 308.50| 387.3| 43373| 7.333| .60 | 143.6 54.4
15130}40.3013.48 [105.3/.0085|.0070| 8.506 5.711| 40.933| 3.136| 111.43| 174.76| 515.5| 60363 7.333| .50 257,.8 81.9
2870| 8.00(3,66 | 12.0).0012}.0107| 8.508 46.083| 545.659 | 4.874| 706.50] 857.17| 36.2| 38934| 7.332| .50| 18,1 28.2
5480)15.5073.71 | 21.2].0017{.0092; 8.508 20.730| 261,339 4.113( 397.03| 510.39| 69.6| 31490, 7.333| .50| 34.8 32,3
13080(33.90(3,68 | 40.7(.0020(.0074| 8.508 7.561( 100.843( 3.460| 215.02| 305.69| 184.8; 45795| 7.333| .50 92.4 51.3
20180(50.90]3,30 | v4.0|.0042|.0066| 8.508 4.039 56.158 | 3.047| 158.71| 337.73| 339.4| 61038| 7.333| .50 168.7 783
2940| 8.15(3.83 8.3[.0025(.0107 8.508 44.945| 857.688 |18.31812364.17(1612.23| 24.6| 38337 7.333| .50 13.3 26.0
5770116.50|3.75 | 15.1/.0042|.0090( 8.506 12.359 | 388.456 (11,189 757.70|1018.45| 47.2| 45338, 7.333] .50 33.6 43.7
13430(36.60{3.57 | 87.5|.0058|.0073| 8.508 6.713| 159.993| 7.898| 430.82| 596.18| 116.7| 63831| 7.332| .50 | 58.4 63.3
34180158.80(3.19 | 50.0|.0083)|.0063| 8.508 3.218| 81.652| 6.414| 2393.31| 438.79| 270.5|100331{ 7.333| .50 135.3 [105.4
4830)13.50]6.41 | 11.11.0008].0094] 26.050 | 128.879]14823.830| 3.877|1677.77|1664.48| 44.3| 71170| 13.831| .47 20.8 62.9
8830(25.7016.67 | 17.9|.0015].0081( 26,050 60.721| 714.933| 2,818 807.93( 879.83| ©3.8| 76377| 12.831| .47 | 43.6 9.7
17650(45.50 |5.91 | 36.8|.0021|.0068| 36.050| 25.488| 309.485| 3.416| 389.15| 456.07| 260.6 [103510( 13.831| .47 | 122.6 |101.3
26500{63.00 (5.46 | 66.6].0039 |.0061| 26.050| 15.243| 188.410| 8.208 | 263.87| 335.61| 476.9;137680| 12.831| .47 234.1 |133.7
5020|14.0516.42 7.8.0017].0093| 26.080 | 128,666 |3335.976| 5.752|3516,80(2666.47| 33.0| 83475| 12.831| .47 | 15.0 73.7
9590(27.50(6.57 | 12.4}.0035|.0079| 236.050 54.515/1113.155| 5.029 |1372.11[1392.47| 60.8| 81139] 123.83L| .47 238.6 72.4
23115052.50 (5,69 | 36.7{.0042 |.0065| 86.050 20.339| 449.824| 4.113| 585.53| 676.19| 170.8{105607| 13.831| .47 | 80.3 28.7
3530079.80/5.18 | 47.2].0054|.0057| 26.050| 10.683| 268.053| 3.366 | 363.13| 444.14| 313.6(130745| 13.831| .47 | 146.9 |118,6
5140(14.45(6.44 6.6].0028 [.0093| 26.050 | 119.637|383%.596 {13.066 [4354.78 [4603.84| 21.8} 99080] 12.831] .47 | 10.2 85.4
10100(29.10 (8,60 9.5(.0042.0078| 26.050 51.117 [1803.604 |11.189{2173.84 |2433.50 41.6| 98830, 13.83 | .47 19.6 88.7
33500(57.50(5.61 | 19.1|.0075|.0064 L050| 18.024| 706.464 9.196{1009.93|1185.49( 108.3|132130| 12.831| .47| 50.8 |109.7
42300{92.00 (4,99 | 33.4{.0100{.0037] 36.050 5.780 | 248.477| 7.306| 486.28| 621.76| 253.9[143167| 12.831| .47 118.3 [134.9
a760| 7.80(3.70 | 17.7|.0007{.0108| 8,508 48,350| 324.456| 3.784| 416.33| 581.86| 35.7| 18706| 1.833| .79 | 238.2 29.8
5040)14.15|3.67 | 33.6(.0012|.0093| 8, 22.764| 153.217| 2.640| 240.34| 361.89| 67.5| 30680| 1.833| .79} 63.3 35.1
10100{29.1013.78 | 62.9].0017].0078| 8,506 9.546| 67.443) 3.277) 142.58] 333.91| 136.1| 330623| 1.833| .79| 99,6 43.23
15130{40.20{3.48 |105.8{.0035(.0070| 8.506 5.711| 40.933| 2.136| 111.43| 191.26] 210.7| 38103 1.B33| .79 166.5 57.9
8870| 8.00(3.66 | 12.0}.0013|.0107| 8&.508 46.083| 545.659| 4.874| 706.50| 991.39 34.3| 22683| 1.833| .79! 19.2 4.6
5480(15.503.71 | 21.3|.0017.0092| 8.506 20.730| 281.339| 4.113| 397.03| 591.52| 43.7| 32784| 1.833| .79 33.7 36,3
12080|33.90{3.68 | 40.7|.0020(.0074] 8,508 7.561| 100.842| 3.460| 215.02] 3852.16; 81.7| 34043 1.8331 .79| 64.5 41,3
20180|50.90(3.30 | 74.01.0043{.0066( 8,506 4.039 58.156| 3.047! 156.71| 269.78| 148.3} 314385 1.833| .78| 117.3 57.5
29401 8.15(3.63 9.3].0025|.0107| 8.506 44.945| 857.686(13.318|1364.17(1863.79| 18.9| 34133| 1.833| .79 | 14.9 50.5
5770/16.503.75 | 15.1]/.0043/.0090| 8.506| 19.2359| 388.456)/11.189| 757.70/1214.37| 30.5| 35373| 1.833| .78 | 234.1 63.2
13430|36.6013.87 | 27.5}.0058:.0073| 8.506 6.713| 159.992( 7.898] 420.63] 711.15| 55.3| 36127| 1.833| .79 43.7 58.5
24180(58.80]3.19 50.01.0083|.0063] 8.506 3.218| 81.652| 6.414| 2093.31| 523.21| 100.3| 46673| 1.833| .79 79.2 5.3
Simplifications

1. Note from column 31 that Mg = Mp Sf!‘-)—q
(pVg)n

1.182 1b. per sec. Since Mp = 1,833 1lb. per aec., the following combinations may be omitted:

7,13 7,4; 10,1; and 10,4.

+ Figure 7 shows that the design conditions do not permit values of Mo below

3. Columne 6 to 16 depend only on (pVg)y and may be used in combimation with any value of (pVgly.
3. Columns 17 to 37 depend only on (pVg)y and may be used in combination with any value of (p¥&)n-

(Vg)y, (0VR)e = 4,1;
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Table II

TABLE II. OUTLINE OF CALCULATIONS FOR THE DESIGHN OF A COUNTERFLO¥ DIRECT-COOLING-SURFACE
TYPE OF INTERCOOLER
(For simplifications, ses Table I)
1}2 3 4 5 6|7|8|9|10|11l12|15 14
Charge-ajr-gide
g e
d L
o (=]
- e
. -1 o
Al o el L © & ° - "
PP P 2 a | a S a ;. & e
| E-] Ao | ~—
A1 IR R 3 " S = S B N - T I o B
b & PR +
] o'l a W 4
% i & oo - o
= [+ «Q Re L]
i ..ﬂ
F-} N
2
<
(1v./ (ft.- (£t.-
(a)|(a) (a) (a) () (e) ({3 Yisq.£t./ | Iv./ |{(£t./ | 1b./
(£t.) [(£t.) aq.t £t.) sec.) | sec.) | sec.)
1 0.0021} .0021| 872 298| 2.43[414.1]|.0533 35 | 12.56 .28| 15.8 7.21
,0042| .0043| 436 595| 3.40|589.3].0375 .25 3.24 .14 15.8 7.07
1 .0063| .0063| 201 893| 4.18|718.4|.0185 .25 1,45 .10| 15.8 7.03
.0083| .0083| 221 1150 4.75/835,4].0143 .35 .84 .07| 15,8 7,00
.0021] .0021| 872 298] 2.43]414.1{.0633 .35 | 13.56 .28| 15.8 7.31
4 .0042| .0042| 436 595 3.401589.31.0275 .36 3.34 ,14/ 15.8 7.07
.0063f ,0063| 201 893) 4.18|718.4].0185 .35 1.45 .10{ 15.8 7.03
.0083} .0083| 231 1190| 4.75|835.4).0142 .25 .84 .07| 15.8 7.00
.0021| .0021| 872 298| 2.431414.1].0533 .36 | 13.58 .28| 15.8 7.81
" ,0042| .0048| 436 695| 3.40(589,3].0875 .35 3.34 14| 1s.8 7.0%
.0063| .0083| 291 893( 4.18]718.4|.0185 .25 1.45 .10{ 15.8 7.03
.0083| .0083| 221 1190| 4.75|835.4].0142 .25 .84 .07| 15.8 7.00
.0021| .0021| 872 298| 3.43[414.1].0523 .85 | 13.56 .28 15.8 7.3L
10 .0043] .0042| 436 695 3.40(6589.3].0875 .35 3.3¢ 14| 15.8 7,07
,0083| .0083| 291 893| 4.18]718.4|.0185 .35 1,45 10| 15.8 7.03
.0083| .0083| 231 1190| 4.75|835.4].0142 .25 .84 .07| 15.8 7.00
4 ©0.0021] .0021] 218 1190{ 4.75/211.0[.0142] 3.93 53.55 4,75 63.3 11.68
4 .0042| .0042| 112 2381| 7.00|286.3(.0073] 3.93 13,58 2.41| 63.3 9,34
.0083} ,00683| 73 3571| 9.80]|312.8|.0059| 3.93 7.48 1.97| 63.3 8.90
.0083] ,0083| 55 4763|13,20(300.7|.0083| 3.93 7.84 2.75| 63.3 9,68
.00231] .0031| 218 1180f 4.75|211.0).01423] 3.93 53.55 4.75| 63.3 | 11.88
7 .0043| .0042| 113 2381] 7.00(286.3|.0072; 3.93 13,58 2.41| 63.3 9.34
.0083| .0083| 73 3571| 9.60]31.23.8|,0059] 3.93 7.42 1.97| 63.3 8.90
.0083| .0083| 55 4763(23.20|300.7].0083| 3.93 7.84 2.75| 83.3 9,68
.G021].0021| 218 1190 4.75[211.0].0143] 3.83 53.565 4.75| 63.3 | 11.68
10 .0043} .0043| 112 2381| 7.00|286.3|,0073{ 3.93 | 13.58 3.41| 63.3 9,34
.0083| .0083| 73 3571| 9.60|312.8|.0059| 3.93 7.42 1.97| 63.3 8.90
.0083| .0083| 55 4762(13.20]300.7].0083| 3.93 7.84 2.75| 63.3 9.68
7 0.0031].0021{ 1285 2083] 6.43/156.1].0082] 12.03 | 94.75 | 14.70| 110.8 21.83
v .0042|.0042| 62 4167|11,80]169.8(.0071] 12.03 41,00 | 13.72| 110.8 18.85
.0083] .0083| 43 6250|/18.08|166.1|.0093| 12.03 35.81 | 16.68| 110.8 23,59
.0083].0083| 32 8333|84.15/164.3|.0086| 13.03 24.86 | 15.24| 110.8 23.17
.0031] .0021| 185 3083| 6.43|156.1|.0083( 18.03 | ©4.75 | 14.70| 110.8 21.63
10 .0043|.,0042| 82 4167/11.80{169.8|.0071| 13.03 | 41,00 | 12.72| 110.8 19.65
,0063| .0063| 42 6350|18,08|166,1|.0093| 12.03 35.81 | 16.66 | 110.8 23.59
.0083|.0083| 33 8333)24.15/164.3|.0086] 12.03 | 24.86 | 15.24| 110.8 22.17
10 0.0031(.0021L| 87 2976| 8.20]/123.2|.0058| 24.60 | 136.80 | 30.30| 168.3 37.23
7 .0042],0042( 44 5952/17.00{117.9].0095| 24.60 | 113.10 | 49.66| 158.2 56.59
.0063|,0063| 29 8929(25.85(116.2| ,0084| 24.60 | 66.00 | 43.85| 158.2 50.78
.0083|.0083| 22 | 11905|33.40|118.8{.0078] 24.60 46.00 | 40.27] 158.2 | 47.20
.0031[.0081| 87 2978 8,20[123.2[.0058] 34.60 | 136.80 | 30.30| 158.2 37.33
10 .00421.0043| 44 59853|17.00(117.9|.0095| 24.60 | 112.10 | 49.86| 158.3 37.33
.0083|.0083]| 29 8939(35.85(116.2|,0084| 34.60 | 66,00 | 43.85| 158.3 37.23
.0083].0083{ 233 | 11905/33.40{118.8|.0078] 24.60 45.00 | 40.37] 158.2 37.233

a)The values of
of 8y and s, are varied through the range 0.0031, 0.0043, 0.0062, and 0,0083.

D)Figure 4 shows hD/k as a function of R.
®/Figure 5 shows f3 as a function of R.

(pVg)y and (pVg), aTe varied

through the range 1, 4, 7, and

10; the values
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Teble IX

(cont.)
TABLE II (continued)
HEREIEIERERE Iaa 33 24 25 2 a7 | 28 29 0 | &
Cooling-air side
of £t
3 =k
0 - !Lf 3i3' 1
X g R de | 3|, 4R |4B
3 [+ +
2l | £ & X - wa | &2 & ¥ ||
it S =T N I TR - B BRCI B R PR s - N < | 8
'9 “ A + 1 R
5] © [ -y o
’ = a F =
-4 o
& -$
(1./ | (£6.- (£5.-  ifeg.-2b, ’
b 1o. Vmg.et.| 1b./ | (££./ . T (@) | (./ [(e) |(sq.r8.) | (£8.)|(bp.)
=) () (sq.?t‘. 73i.) | sec-) | sec.)| ses.) [\wee.ft.? se0.) |
365| 2.68433.8).0440( 0.53 | 23.48) 1.08] 34.3 8.01] 15.83 | 848.0/1.29710% 1.833] .794| 673.3 | 0.39] 1s.6
731| 3.78|@15.4/.0335| .53 | 5.75 .55 34.3 7.48| 14.55 | 1304.8 1.75 | 1.833| .ve4| ©56.6 | 1.10| 25.3
1098| 4.57|761.6|.0168| .53 | 8.59 37 34.3 7.30| 14.33 | 1480.1 3.13 | 1.833| .794| 1175.2 | 3.01| 30.6
1462| 6.28|873.6|.0115| .53 | 1.46 .38 34.3 7.31| 14.2:1 | 1708.1| 32.23 | 1.833| .794| 1356.3 | 3.07| 35.0
1463| 5.28/820.8] .0115| B.50 | 93.05| 18.08| 137.0| 324.95] 33.16 | 624.4] 8.04 | 7.333| .605| 320.4 | .18 18.7
2924| 8.10(387.1| .0054¢| 8.50 | 33.08| 6.46| 137.0| 15.39] 33.48 | 876,85 1.97 | 7.333| .505, 442.6 | .Bl| 18.1
4386|11.08|290.9) .0076| 8.50 | 20.68| 11.s0| 137.0|{ 1s.83| 25.86 | 1009.4| B3.61 | 7.233{ .505| 509.7 | .es| 34.0
5848!16.75375.0] .0004| 8.50 | 19.20| 14.58| 137.0| 21.48| 38.48 | 1110.5 3.18 | 7.333| .605| B60.8 | 1.37| 29.0
2558| 7.39|157.3| .0067| 26.04 | 167.60| 56.84| 238.7| 68.17| 70.38 | 571.5 4.08 | 18.861] .477| 278.6 | .18| 84.9
5117|14.45/160.9| .0091| 36.04 |113.70| 76.31| 239.7| €3.234| 0.3 | 750.3| 6.78 | 12.831| .477| 357.8 | .41] s8.8
7675|33.50|154.8( .0088| 36.04 | 73.30| 73.79| 239.7| 60.73| 87.75 | 873.3| 7.66 | 13.831| .477| 416.6 | .73| 66.5
10234|29.25/157.8 .0082| 96.04 | 51.25| 67.97] 230.7| 74.90| 81.0 | 993.3 8.1 | 12.831| .477| 473.8 | 1.07| 70.5
3655] 9.83[116 3] .0080| 53,30 | 306.30| 146,87 543.5| 155.80] 161.01 | 502.5] B8.57 | 18.330| .463] 246.5 | .l4| 73.3
7310|21.25/109.4| .0089| 53.20 |327.10| 217.79| 342.5| 224.73| 331,73 | 698.8| 16.30 | 18.3%0| .463| 323.5 | .37/136.3
10965} 31.10/113.0] .0080| 53.20 |136.10| 195.78| 342.5| 203.71| 209.74 | 830.5| 17.43 | 18.330| .463| 284.5 | .66[148.6
14620|39.20(117.6| .0074| 53.20 | 94.20 178.90{ 342.5| 185.83| 193.83 | 953.1| 18.38 | 18.330| .463| 441.3 | 1.00/154.7
1463| 5.28|820,3|.0115| 8.50 | 95.95| 18.02| 137.0| 24.95| 38.8a | 43L.3| 1.58 | 1.833| .794] 348.5 | .79| 28.8
2034| 8.10|287.1| .0054| 8.50 | 33.08| 8.46| 137.0| 15.39| =24.73 | 573.4| 1.43 | 1.833| .784| 455.3 | 3.03| 20.5
4386(11.98(290.9| .0076| 8.50 | 20.68| 11.e0| 137.0| 18.83| a7.73 | 603.8| 1.87 | 1.833| .794| 479.4 | 3.38| 34.3
5848/18.75875.0 .0084| 8.50 | 19.20] 14.55| 137.0| 31.48| 31,16 | 675.8| 3.1l | 1.833| .794| 636.6 | 4.88 30.4
2558 7.30|167.3| .0067| 26.04 | 167.60| 56.24| 239.7| 63.17| 74.85 | 368.4| 8.76 | 5.308| .805| 283.9 | .51| 80,3
5117|14.45|160.9| .0091 | 26.04 {113.70{ 76.51| 239.7| 83.24| 932.58 | 447.3| 4.14 | 3.208| .605| 270.6 | 1.31| 45.5
7675|32.50|154.8| .0088 | 26.04 | 73.30! 73.79|. 339.7| 80.73| e9.63 | 467.7| 4.19 | 3.308| .605| 283.0 | 1.94| 48,1
10234 |29.35|157.8| .0082| 26.04 | 51.25| 67.97] 239.7| 7s.90] e4.58 | 458.6| 3.88 | 3.208| .605| 2377.5 | 3.53| 43.7
3655] 0.83|118.5|.0060 53.80 | 306.80| 146.87| 343.5| 153.60] 165.48 | 0589.4] 5.46 | 4.583| .665| 182.8 | .48| 55.0
7510|21.25/109.4| 0089 | 53.20 | 227.10| 217.79| 343.5| 224.73| 3234.08 | 285.8) 9.36 | 4.583| .585| 219.7 | .98 93.§
10965|31.10{113.0| .0080 | 53.20 |136.10| 195.78| 343.5| 202.71| 311,61 | 424.9| 8.99 | 4.583| .555| 236.8 | 1.63| 90.7
14620]33.20|117.6| .0074 | 55.20 | 94.40| 178.90| 343.5| 185.83| 1095.51 | 418.4| 8.18 | 4.583} .556| 233.3 | 2.11| 83.5
2658 7.39|157.5] .0087| 26.04 |167.60] 55.24| 289.7| 68.17| 84.80 | ©513.5| 2.66 | 1.883| .794| 248,8 | 1.00| 8.4
5117{14.45(160.8] .0091 | 26.04 |123.70| ¥6.31| 339.7| 83.24| 102.89 | 330.8| 3.40 | 1.833] .794| 282.7 | 2.13| 48.1
7675|22.50(154.8| .0088 | 26.04 | 73.30| 73.79| 239.7| 80.73| 104.31 | 2a1.0| 3.36 | 1.833| .794| 254.9 | 3.04| 48.3
10234 |39.25|157.8|.0083| 26.04 | 51.25| 67.97| 339.7| 74.90| ©7.07 | 333.3| 3.13 | 1.833| .794| 255.8 | 4.00| 45.1
3655| 9.83|118.3| .0060| 53.20 | 308.50| 146.87| 342.5| 153.80| 175.43 | B874.5| 4.83 | 2.619| .64D| 175.7 | .70| 86.0
7310|21.35|109-4| :0089 | 53.30 |227.10] B17.79| 343.5| 234.73| 244.37 | 279.3| 6.83 | 2.619| .640| 178.8 | 1.44| 79.4
10965(31.10(113.0{ .0080 | 53.30 |136.10| 195.78| 343.5| 203.71| 226.30 | 2378.3| 6.30 | 2.619| .640| 178.0 | 3,13} 73.3
14630359.20|117.6].0074 | 53.20 | 94.40| 178.90] 343.5| 185.83| 308,00 | 283.0| s5.87 | 2.619| .640| 180.5 | 2.83| 68.3
2558| 7.39|167.3].0067 | 26.04 |167.60| ©66.84| 239.7| 638.17| 100.40 | 279.6| 2.8 | 1.888|1.530| 4a7.8 | 2.48| 78.1
5117|14.45|160.9) -0091 | 26.04 {113.70{ 76.31| 339.7| ®3.34| 129.83 | 378.e| 3.90 | 1.883{1.530| 426.7 | 4.85/108.5
7675123.50|154.8| .0088 | 36.04 | 73.30| 73.78) 239.7| s0.73| 131.s0 | a7i.1| 3.86 | 1.283(1.530| 414.8 | 7.15| 99.8
10234 (29.25/157.8(.0083| 26.0¢ | 51.35| 67.97| 330.7) 74.90| 132,10 5.7] 3.38 | 1.2881.530] 433.4 | 9.83| 94.0
3655| 9.53|118.3|.0060| 53.20 | 306.30| 146.87| 343.5| 163.80| 191.03 | 240.8| 4.80 | 1.833| .704| 191,0 | 1.10| €6.3
7310]21.25|109.4| ;o089 | 53.30 |287.10| 217.79| 343.5| 334.73| 281.95 | 237.4| 5.6 | 1.833} .794| 180.6 | 3.05| 86.0
10966|21.10[113.0| .0080 | 53.30 [138.10] 195.78 342.5| 303.7a| 220.94 | 228.3| 5.48 | 1.833| .794| 181.3 | 3.07| 8.1
14630{39.20|117.6|.0074 | 53.20 | 94.40| 178.80| 343.5| 185.83| 2333.08 .| 336.5, 5.38 | 1.833| .794| 187.8 | 4.37| 76.2

d)By ingpection, the minimum value of P/by 1s selected for each combination of
be caloulated only for these minimum values.

®)pigure 7 shows hgAt as a function of Mg for counterflow.

(pVg)y and (pVg)y. OColumse 37 to 31 need



TABLE III

OUTLINE OF CALCULATIONS FOR THE DESIGN OF A TUBE-TYPE CROSS-FLOW INTERCOOLER

(L=23ft, D= 1/48 ft.

Subscript 2 refers to charge-air side.)

1 2 3 4 3 [} 7 8 9 10 i1 13 13 14 15 16 17 18 19 20 a1 33 33 3¢ 35 26
] 5 |8
o o o -3 - [ o
a st a Jrsd - alole - o ~ #®
T I S ) O B « § | gl® Sle TIB1E, 3% | T 18]k
) B g}m Y <t a < < B + + 1<)a] 08
g 4 S £ = % " al % [} ~ Q g 2w w2 v & o
a| o |0l g1 ° A ~ a a ) w | B F o “ i o & [s[®189 |%53% ® |.©f®
of ] o~ F -] g - * = < &b o Q| & w ""? 2] L e
< B & = & L] T Sl |wal|ee < =
3 kS s = 3 o | ' 5l B (BB Y ||
o <3 a - O 02
§ |8 —— 2|8 |35 [BVE ] = | 8| &8
1 g.c) 1b 1b 1b 1b
(&) | (tube|(a) (sq. |(sq; slugs (v) slugs (a) . - ) (e) ib. A 1b. (£) | (&)
dlam) £t.) |£5.) |\aq.ft.xeec)| 8q.16.x8ec, 8q.tt{ | \8q.£8/| (Bp.) ga.2t/ | \sq. T8/ [ (np.) {(1b.)|(1b,) | (ib.) {(mm){ (bp.)
20| 400(0.208).137 0.3735 1.285x10%[95.0] 52.5 1.115 1745 | 19.03 | 265.7 | 18.65 [6.534x10%].0048]1.815 | 685.0 |1243.28[507.08(12.15| 6.80 18.95|1.14[536.87
20 2 401 800 .874 .375 531.3 | 37.30] 2.198 .00591{2.300 | 77.5 | 178.30| 48.89|34.30|10.58 34.88]/2.09| 88.38
z 6011300 .410. .315 787.0 | 55.95 1.360 .0087(3.59071 25.5 65.97| 15.53136.37]14.37 B50.7413.04( 74.58
100} 2000 .684 L1185 1328.0 | 93.23 674 .0076|2.9850 7.3 21.50] 4.521{60.867]|31.95 83.62|4.96{102.71
30| 600 .418].205 .1369 .643 |61.8] 80.2 .780 L1248 4.76 71.3 | 5.01| 4.571 .005111.960 | 335.2 | 656,99(880.49(18.18(10.71 38.89(1.73(387.33
20 D 50| 1000 .343 .313 118.8 | 8.34; 1.834 .0061{2.390| 54.0 | 189.01| 36.87|30.34115.44 45.78|3.75| 47.96
7 801600 .547 .161 190.1 | 13.356 943 007113.755 | 14.3 39.34| 9.35|48.52|33.54 71.08{4.36| 36.86
10012000 .684 .131 337.6 | 16.68 709 0075}2.935 8.1 33.60| 5.23|60.67|237.28 87.95/5.38| 37.18
30| 600| .634|.305 .0913 .429 148.0(104.0 1.085 L1145 3.13 29.1| 3.04| 6.358 .0048{1.835 | 648.7 {1183.88(703.08(18.18{13.83 31.00|1.86(7068.98
601300 .410 .268 58.1 | 4.08| 1.5870 .006313.475 | 39.8 97.96 ) 38.74136,37(31.43 57.80{3.47| 36.29
20{3/4 D| 803(1600 .547. .179 77.56 | 5.44] 1,049 .0070{3.706 | 17.6 47.65| 13.4648.52|27.46 75.9814,56 | 33.46
100|3000 .684 .128 96.9 | 6.80 750 .0074(2.895 9.0 | 26.14| 6.11160.67]33.92 93.69(6.63| 18.58
130 | 3400 .816 i .104 116.3 | 7.84 .608 .0078|3.000 6.0 17.88; 4.05|72.38|38.668 | 111.04|6.66} 18.55
30| 600| .313|.205 .1834 .857 |73.0| 67.5 675 .1880 | 8.47 | 137.4 | 8.94) 3.956 .006312.020 | 35%.0 507.02]150.38|18.18| 8.68 26.87{1.61|180.83
D 304 900 .308 .341 191.1 | 13.43| 1.998 0061|2.350| 64.1 | 150.56| 42.15127.28{10.78 38.06123.28| 57.85
%0 z 50 {1500 513 .170 318.5 |1 33.38 .996 007013.735| 15.9 43.38) 10.10{45.51|14.96 60.47|3.63} 38.08
601800 .618 .138 382.1 | 36.83 .808 007313.860| 10.5 20.90| 6.79|54.64|17.05 71.89[4.30| 37.91
20| 600| .634|.306 .0913 .433 [48.0(104.0 1.085 L1390 2.123 21.8} 1.563] 6.358 0048)1.835 | 648.7 11183.88/703.08,18.18]10.71 28.89]1.73706.34
D 30{ 900 .308 435 33.7 | 3.30] 23.548 .0058(3.325 | 104.3 | 2323:07| 83.88(37.38/13.38 30.64)2.44| 87.83
30| 7 4011300 410 <2368 43.6 3.06F 1.570 0063|3.475] 39.6 97.96 | 38.74|38.87116.01 52.3813.14] 34.94
6011800 .618 148 65.6 | 4.60 867 .007313.895 9.0 26.14] 6.36154.64[18.80 34,1414.45] 15.41
80 | 2400 .816 104 87.3| 6.13 609 .0078]3.000 6.0 17.88 4.05173.38|26.80 98.98|5.94 16.13
30| 900| .936|.308 .0808 .386 37.5(134.0 580 L1165 .94 13.3 .92 3.333 0055{8.115 | 166.7 | 352.57 |1569.30|37.38116,08 43,36!3.60(163.72
4011300 .410 .301 17.6 1.2331 1.764 .0063}3.403 | 49.9 | 119.91 39.51 .37119.33 55.70{3.34| 44.08
30{3/4 D| 50{1500 .513 .310 33.0} 1.54] 1l.331 .0087|23.600 ) 24.3 63.18| 18.17(45.511232.58 68.0914.09 33.80
601800 .616 J159 26.3| 1.85 .938 .0071(28.770( 13.9 38.59 | 10.00|64.64(35.84 80.48(4.83] 16.77
803400 .818 .110 35.1| 3.47 645 .0077(3.976 6.8 19.66 4.69(73.38133.34 | 104.73|6.38| 13.44
30{1600| .580| -520 .1094 614 |53.7] 93.8 182 .2050| 3.04 | 74.8| 5.85| 1.067 |.0089|1.685| 18.4 | 29.83| 7.41|45.34[18.72 | 63.96(3.84| 16.50
50 % 4013000 .680 .124 99.7 | 7.00 737 .0075|1.765 8.5 14.95 3.37160.33(31.20 81.53]4.88 15.36
483400 .818 .102 119.7| 8.40 .598 .0078|1.850 5.7 10.60| 8.36(73.38{33.18 95.56|5.33| 16.48
3011500(1.040( .510 0547 .857 |35.0(1483.5 .315 .1835 .78 is.s| 1.17| 1.380 .006711.560) 25.5 39.73 .63146.24)33.18 68.40]4.10] 16.80
s50; 2 4013000 .680 .138 33.3| 1.58 .809 .007311.735| 10.8 18.10 4.54160.33136.38 86.70/5.30| 11.3D
T 483400 .816 .110 26.6| 1.87 .645 .0077|1.820 6.7 13.34 3.91|78.3838.94 | 101.33}6.08 10.88
30!1500(1.860| .520 .0385 .172 (37.5|182.5 .350 .1180 34 4.8 34| 1.466 .0065/1.500 | 34.4 51.686| 17.59|45.34|37.84 73.08]4.39| 23.33
50[3/4 D| 40]3000 .880 .163 6.4 .45 .891 .0073{1.685] 13.8 21.58 5.98160.33|31.86 93.18| 5.53| 11.96
483400 .816 .118 7.7 .54 .691 .0078{1.740 7.7 13.35 . 73,38(35.08 | 107.46|6.41] 10.38
8The values of n and m used in the caloulations are sghown in figs. 12 and 13, drig. 3 ghows £, ae a function of Ry, and s.
brig. 3 shows hyD/k as & function of Ry. ®Fig. 4 shows £, as a function of R, and L/D.

CThe derivation of fig. 11 is explained in the text.
= —1—, using the proper value of mmn (column 4) and hi
h

for which

by

be

by

The value of (pV), 1is selected
(column 10).

sting copper tubes, wall thicknese 0.005 in., density of copper ls 5556 1b. per ou. ft.

Zo0nsing of copper, 1/38 in. thickness, assumed to enckse the intercooler completsly.
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