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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT

TEE CROSS-FLOW PLATE-TYPE INTERCOOLER

By Benjamin Pinkel, J. George Reuter, and
Michael F, Valerino

SUMMARY

A mathematical analysis of plate-type intercooler design has

been made for both turbulent and laminar flow., Charts are presented

that show how the plate-type intercooler volume, weight, plate area,
frontal area, and linear dimensions can be varied without changing
the intercooler operating conditiomns, The relations between the
intercooler operating conditions and the intercooler dimensional
characteristics and weight are also given,

The charts show that a large reduttion in intercooler volums
can be ackieved with no change in intercooler operating conditions
by reduction of the spacings between the plates ‘and reduction of
the dimensions in the directions of the charge-air and cooling-air
flows. The dimension at right angles to the flow directions, how-
ever, is increased.

A plate-type intercooler unit having plates spaced 0,025 inch
was tested to check the validity of the heat-transfer and pressure-
drop theories for air flow between very closely spaced plates., The
theoretical and experimental regults were in close agreement., TFor
the same operating conditions this intercooler has approximately
one-third the volume of the smallest commercial intercooler for
which data could be found,

INTRODUCT ION

The current increases in engine power and critical altitude
are accompanied by greater demands for charge-air cooling, These
demands can be met either by increasing the.intercooler volume or
by improving the cooling accomplished per unit intercooler volume.
Inasmuch as the volume and shape of an intercooler is limited by
the available space, the designer, in order to meet a specified
set of operating conditions and installation requirements, may
find it necessary to consider revisions of the internal structure
of the intercooler,




£ large number of plate-type intercoolers can be designed
for a given performance, suck as given weight flows, pressure
drops, densities, and inlet and outlet temperatures of tie chazxge
and cooling air, These intercoolers will differ in size, shape,
and weight, and it is the purpose of this paper to show the rela-
tions betwsen these factors and the plate spacings. These rela-
tions indicate how intercoocler sgize may be either reduced or ad-
Justed tc the available gpace.

A plate-type intercooler having spaces of 0,025 inch between
ad jacent plates and having a length of 2.30 inches in the direction
of cooling-air flow end 4.30 inchea in the direction of charge-air
flow was tested, and the results are presented herein. In order
to reduce the plate deflections in actval intercooler operation
due to the pressure difference between the charge air and the cool-
ing eir across each plate, the pla%tes were curved in tke direction
of cooling-air flow with a radius of 3.5 inches., This intercooler
Test unit does not represent an optimum design; it was built and
tested merely to check the theoretical heat-transfer and pressure- )
drop equations presented in-this report. °

Thls work wes done by the NACA at the Langley Memorial Aero-
neutical Laboratory at Langley Field, Va., in 1941,

SYMBOLS
M weight rate of air flow, pounds per second
i length of flow passage measured in direction of flow,

feet (or inches where designated)

8 plate spacing (perpendicular distance between ad ja-
cent faces of adjacent plates), feet (or inches
where designated)

d equivalent diameter of flow passages (four times cross
section divided by wetted perimeter), feet

pis ratio of equivalent diameter of passages formed by
parallel flat plates of infinite width to equiva-
lent diameter of flow passages (2s/d)

t plate thickness, feet (or inches where designated)




=

density of plate material, pounds per cubic foot

intercooler width measured in no-flow direction,
feet (or inches where designated)

one-half total number of intercooler plates

intercooler volume, cubic feet (or cubic inches
where designated)

core face area at right angles to cooling-air flow
(frontal area), square feet (or square inches
vhere designated)

ratio of total cross-sectional-flow area to area of
core face

intercooler weight, pounds
number of separators between adjacent plates

separator fin effectiveness

length of flow passage in contact with separators of
ad jacent passage (measured in direction of flow),
feet

cooling-air effective heat-transfer area, square feet
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charge-air effective heat-transfer area, square feet
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surface heat-transfer coefficlent, Btu per second
per square foot per OF

over-all effective heat-transfer area, square feet

over-all heat-transfer coefficient based on over-all
effective heat-transfer area, Btu per second per
square foot per




total plate area, square feet (or square inches where
designated) (2N2,1,)

velocity of air flow, feet per second

Reynolds number of air flow based on equivalent
diameter

skin-friction pressure drop of air in intercooler,
inches of water

pressure drop corresponding to entrance-exit losses
including vena-contracta loss, inches of water

pressure drop of air due to change in velocity dis-
tribution in intercooler channels, inches of water

pressure change of air due to the momentuvm change

caused by heat exchange in intercooler, inches of
water >

total pressure drop of air across intvercooler,
inches of water

power required to force air through intercooler,
horgepower

air density, pounds per cubic foot

standard atmospheric density (0,0765 1b/cu ft)

dengity of air relative to standard atmosphere (p/po)

gpecific heat of air at constant pressure (0.24‘Btu
per pound per OF)

thermal conductivity of air, Btu per second per
square foot per Op gradient per foot

absolute viscosity of air, pounds per second per foot
ratio of change in temperature of air in. passing

through intercooler to absolute temperature of air
at intercooler entrance




n cooling effectiveness, ratio of temperature drop of
charge air to temperature difference between charge
air and cooling air at entrance

Subscripts:
1 cooling air
2 charge air

av average condition in intercooler
o reference intercooler (except in po)
Symbols with subscript o are primed to indicate laminar flow,

Throughout this paper the term "operating conditiong" refers
to a set of values that include 1), Ml, Mz, 01 Apf y e
av' 1
C, Apf .
av 2

The following parameters are used in this paper:

K, = A,/S
K, = A,/S
iy = ls
J = ——2
1 '[,2
1, - 1g
J, = 1
2 7’1
 AMEEE
Ly=Ja/K 4
Ml gy Apf
B 5 ) el it
M, © Ap
2 “Bac fé




ANATYSTS

Heat-Transfer anc Pressure-Drop Equations

Tt is convenient to express the cooling provided by an inter-
cooler in terms of a factor 0, called the cooling effectiveness.
The cooling eifectiveness ig defined as the ratio of the drop in
charge-air temperature to the difference between the charge-air
and cooling-air temperatures at the intercooler entrances.

N\

In reference 1 it is shown that the cooling effectiveness may

be written as a function of Ml/Mg, and UAr/Macp, that is,

/M A .

n=0 =k, fifs (1)
M, M
= (=] p/

Curves showing this relationship for cross-flow heat exchangers
were obtained from Nusselt's analysis (reference 2) .and are shown
in flgurs 1,

The total pressure drop across an intercooler may be considered

as the sum of the pressure changes arising from the following
gources:

1., Surface-friction loss ~
2. Entrance-exit loss '

3, Velocity-profile loss

4. Momentum change accompanying heat exchange ’

The surface-friction_preésure-drop relationships for both
turbulent and laminar fiow are given in reference 3., These

relationships may be expressed in the notation of this paper
as follows:

For turbulent flow,

U=

Vo g.0emerN 18 2 (pVsY 2
Sor M = (5ig, )7 Y (T) (2}

wle




TFor laminar flow,

24p 74
(o) = re— S 3
av Apf 10.4gpo pyr g2 (3)

The entrance-exit loss includes (1) the conversion of static
pressure intc dynamic pressure at the entrance according to
Bernoulli's equation, (2) the vena-contracta loss occurring im-
mediately after the air enters the intercooler passages, and (3)
the recovery in static pressure at the exit due to momentum change.
The velocity-profile lose ig caused by the change in velocity dis-
tribution of the air as it flows through the intercooler passages.
The heating loss or gain is caused by the momentum change of the
air flowing through the intercocler passages as a result of the
density changes accompanying the transfer of heat, This heating
loss or gain should not be confused with the effect of heating on
the surface-friction loss, as this effect is accounted for by as-

signing the proper value of - in the surface-friction equations.

For an intercooler with blunt entrance and exit sections, the
entrance-exit loss, veloclty-profile loss, and heating loss or
gain may be expressed in tevms of the surface-friction loss:

Entrance-sxit loss,=-

For turbulent flow,

Ap N 0.2
e 2 R
= 5.1{/f - 2,4 £ L25 4
28

For laminar flow,

BPev [t S B8y $1.5) 7

Apf 96

5)
>3 (
2s

Velocity-profile loss,=-

For turbulent flow,




A 042
2V .46 R (6)
Ap ri
i Z2
2s
For laminar flow
s . )
bpe 175 1
28

Heating loss or gain,-

For turbulent flow,

A 0.2
28 _ 10.28 (8)
“Pg Ed)
2s
For laminar flow,
E.I_)_H = B_R (9)
Apf 48 1
2s

Equationg (8) and (9) apply when the pressure drop through
the intercooler ig small compared with the absolute pressure, At
extreme altitudes this condition ¥AY Tot nold and a correction
ghould be applied for the effect of change in pressure on the
velocity of the cooling air as it passes through the intercooler.

Of these losses, only the surface-friction loss is necessary
for the transfer of heat, this transfer being accomplished most
efficiently (that is, with minimum surface-friction loss) for
flow through a smooth channel, By means of properly shaped inter-
cooler entrance and exit sections, the entrance-exit loss can be
avoided and the velocity-profile and heating losses reduced,

In the design charts and equations, only the surface-friction
pressure drop ls considered. This pressure drop is very nearly
equal to the total pressure drop for intercoolers with streamlined
entrance and exit sections; for intercoolers with blint entrance

-




and exit sections, the surface-friction pressure drop is in most
cages the largsst part of the total preessure rop, For an inter-
cocler with blunt entrance and exit gections, the entrance-exit
loss, velocity-profile lcss, and heating loss or gain can be
determined from equations (4) to (9), or from table I, and can
be added to the surface-friction loss to give the total pressure
drop across the intercooler.

The heat-transfer relationships for turbulent flow are given
in reference 3 and for laminar flow, in reference 4. These rela-
tionships may be expressed as follows:

For turbulent flow,

T 4
ks _p,0172 r° (BVE)® (10)
k \ ./
For laminar flow,
_h_S‘ = 5,80 (ll)

k

From equation (1) and the pressure-drop and heat-transfer
equations, relations are derived in appendiz A between the dimen=-
sions and weight of a plate-type intercooler and the operating
conditions., For any given set of operating conditions, a different
intercooler is obtained for each plate spacing., These intercoolers
differ in size, shape, and weight. For a given set of operating
conditions, the smaller the plate spacing the smaller are the
intercooler volume and the dimensions in the flow directions and
the larger is the dimension in the no-flow direction.

The following plan is used in the presentation of the rela-
tions derived in appendix A,

1. Equatione and charts are given for the determination of
the dimensions of a rcference intercooler which is defined in
this paper as one in which the plate spacings are equal to a
reference spacing. The values of the reference plate spacings
chosen in this paper are 0.25 inch for turbulent flow and 0.10
inch for laminar flow, For convenlence, the reference intercooler
is further characterized by the conditions that the plate thick-
ness is zero and that the effect of the separator strips is neg-
lected.
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2, Egquations and charts are tben presented that show how
the intercooler may be altered in gi lze, shape, and weight as the
plate spacirgs are reduced and the plate thic kness is increasged
with respect to the values of plate spacings and plate thickness
chosen for the reference intercooler.

Corrections for the effect of plate se
are given in table ITI,

z
e

arator strips

Dimensional Characteristiceg and Weight of Reference

Intercooler as Functions of Operation Conditions

he following equations are obtained from

anpeudlx A for the conditions of the reference

the equations in
intercooler;

numely, 8, =8 =0.25inch, 8, =8, ' =0,10 inch, t =0, 2
£ 10 f..o 0 c;o
and J =K =L = 1. The physical properties k and p of air

are evaluated at 100° F.
give the dimensional chara

These equations together with figure 1
cteristics and the weight of the refer-

ence intercocler for any given set of operating conditions. Only
the cases in which tho flows in each passage arc either both
turbulent or both laminar gre considerod.
For turbulent flow,
7 /"2 N 2
S W 7UA Bl0 % +1)B 12
e 2 wAshis'y B[ - \ & i
4 » s \2
M ot M o \Mgo, (Oz,, oPc, B
VO = Sl SO (13)
o}
1
2, 1 2 5 Yo B
= 10,98 s Tz (35 Ap,\14 (159}14
SBO o \"av g/ \ M/ (14)
1. /s M £
| 2 14
0 0 = 2 (15)
i, /s M
o %o $
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For laminar flow,
So' UAv‘\
= , = 31800 g WY -
Mp Pm U Mz " to Y%/
o G O 1 1
L slo So

(@) (o]
Sl 1 82 1
o}
1
SO
Ap ' =
(0] 1
l1g
8 ) §
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(16)

(17)

(18)

(19)

(20)

(21)

(22)
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Variation of Intercooler Dimensional Characteristics
and Weight for Constant Operating Conditions
The variation in the dimensional characteristics and the
weight of a plate-type intercooler as the plate spacings and the
plate thickness vary from the reference values is given for any

given set of operating conditions by the following equations:

For turbulent flow,

j

N
0]

)
= 3

|
0

ol

0
g

+

D

=w =(sl\i \ 8,/ ; (24)

o Yo A1,/ 1+07

ml w0

1 I
,/Sﬁ\—'?-
The factor\gi) + 6 in equation (24) can be
1

L
3 ¥
Ak |/ ..S_.a.\\, i s o
: ey |f PN s
shown to be equal to S {1 + | within 1 to 2 percent
a \ /
\

for values of 6 at whick intercoolers operate. Thus equation
(24) reduces to

37
30 4| —
§_=l=/81\§ P W (25)
] \g /
P SO ‘.Jo \T:lo/ i— 2
Also,

_V_=./_S_,_?1_\(l+i2_ 2 (26)
Ty S J/ "slo'/ 2 28, B




a —é?" o I8 p B " i ,
w \\ 4 ¥ i a“'l‘* a
— =<:.. i [.:..._.\ (‘:_) (\_. YRS - IR0 +__.__, (27)
Vo Sg / \ulo; 8.,/ Z 8, 8,/
9 1
7’1/51 /S\'14/‘“\n
——— I....-.}f \-_i_\ (28)
7‘10/ %% Lo/ 8 ’
2. o 2
Lo g% 14 14
/sy _ \.;.\, (. ( ) (29)
1. /8s TR T I 8./
R o) 1, i
Tiga LA
A 14 /g \ 14 , 8 t
L (2N (2] (242 — (30)
Afo \Epd . ABY o 2 28y 8,

For laminar ilow,

R miror-(air) 38 ()

8, \° Banlirs 8 t .
VV' = /s 1v> (% g Zs_') \é 282 i —\ (58}
o \ : 1 1
8.8 8 8 s
&« 1) (Zz) (}_+_._2_+-t_\s (33)
1 S 2
LA slo ) -8, 2 Zsl 8,/
1
1 / \ 2
/81 . ) (i + ——-sg) (34)
1
By /%y Fay B 2a,
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L/83
7,: '/sg i <sl ><51 (\-2—4‘28—_> i

ﬁ? (5+ ) ( +.__°_+l) (36)

Corrections for Separator Strips

In table IT factors are tabulated that, when multiplied by
the weight and the dimengional characteristics of a plate-type
intercooler as calculated from equations (12) to (36), give the
intercooler weight and the dimensional characteristics corrected
for the effect of plate-separator strips., These correction factors
are given in terms of r, J, K, L, V,, and YV, where r, J,
K, and L are defined under symbols and vt and \llL are deflned
as follows:

1208 _} L
4 % - % = ; 4 2 1°
’ - /S,-, % rﬁ 7 "Y*-ﬂ\'\'? 7
151D 0T @ @ @
\ g = Ty -:‘-g- - « = (37)
RE ) -2
8, v b
(_i + B
8, /

When 6, r,/r,, I,/L,, and K,/K , do not differ appreciably

from unity, a close approximation for \Lft is given by

o B Sl B
L R e 2 S
st DL
V, = |2—E2 + 21 (38)
5 B
KX ¥ 2K_7
Also, B 5
8 X
} 1 1
e - (39)
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When r,/r, and K, /K, do not differ appreciadbly from unity, a
close approximation for 131 is given by

(‘l + 1_\> (40)

Intercooler Charts

Touations (25) to (30) for turbulent flow are plotted in

figure 2 and equations (31) to (36), for leminar flow, are plotted
in figure 3. The reference-plate specings chogen for these plots
are 8, =8 = 0.25 inch for the case of turbulent flow and
o] o)
8, ' =85 ' =0.10 inch for the case of laminar flow, These plots
o [o)

were calculated for s,/s, = 1,00 and 0.50 and for t =0, 0,01,
and 0,02 inch, The curves in t“eue figures give directly, for “ny

given set of operating conditions, the charge in intercooler dimen-
gional characteristics and in elént when the plate gpacings are
changed from 0.25 inch for turbulen®t flow and 0,10 inch for laminar
flow. The effect of variation in plate thickness may also be obtained
from these figures.

Figure 4(a), plotted from equations (1) and (12) for s, = 0.25

0
inch, and figure 4(b,, plotted from equations (1) and (18) for
8, ' = 0.10 inch, give the relation between reference-intercoolexr

plate area and operating conditions. Figure 5(a), plotted from
equation (14) for s, = Q.25 inch, and figure 5(1), plotted from

‘o

equation (20) for s, ' = 0.10 inch, present for a reference inter-
o

cooler the relation between charge-air length-sgpacing ratio and
plate area for various values of charge-air pressure drop, TIrom
the values of pla*e area and charge-air length-spacing ratio obtained

rom figures 4 and 5 the other dimensional characteristics and the
weight of a reference intercooler can be readily calculated by the
use of the equations previously given., A sample computation in which
a plate-type intercooler is designed from the information presented
in this report is given in appendix B. TFigure 6 gives, for a given
set of operating conditions, the variation in plate-type intercooler
dimensions and weight with plate spacing.
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APPARATUS AND METEODS

An intercooler unit having closely spaced plates was tested
for the purpose of providing some experimental data with which to
check the results of the analysis. Figure 7 is a photograph of
the test assembly uvsed in this work, The test cquipment consisted
essentially of a centrifugal blower driven by a Ford V-8 engine,
an intercooler test unit, an electric air heater, thermocouples,
manometers, air-flow measuring orifices, a potentiometer, and a
multiple-switch box, The charge alr and the cooling air were
drawn through the intercooler by tihe blower, the relative quanti-
ties of the two air flows being controlled by valves as shown in
the figure.

The charge air was heated electrically by units encased in
a thermally insulated drum situatedl above the intercooler test
unit, Intrance and exit btemperatures were measured witn iron-
congtanten thermocouples. AU each entrance and exit four thermo-
couples were distributed diagonally across the rectangular flow
gsection to obtain average temperatures of the two air streams,
In each exit channel, an extra set of four thermocouples was ex-
tended across the channel in a row parallel to and downstream
from a slov between two baffle plates, as shown in figure 8,
These extra sets were installed to determine the advisability
of mixing the exit air before mescsuring its temperature. It was
found, however, that a better heat balance between the warmed
and cooled air was obtained with exit temperatures measured up-
gtream from the baffles, Those upstream temperature values were
congsequently used to determine the performance of the intercooler
unit., The use of such haffles in intercooler test work is not
condemned because of these observations, but it is believed rather
that this subject should be investigated further, As shown in
figure 8, baffles were placed upstream from the charge-entrance
got of thermocouples to insure a vniform temperature distribution
of the charge air before it entered the intercooler, Tests made
both with and without these baffles showed no noticeable change in
the performence of the test unit in either pressure drop or cool-
ing, It is not concluded, however, that the baffles would have
no effect for all flow conditions,

The four thermocouples of cach set were connected in series
and the cold Junctions were placed in the multiple-switch box,
which algo served as a cold-junction box, The temperature indi-
cations thus obtained were four times the average.
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Air-weight-flow measurements were made by means of flange-
tap orifice plates in accordance with the procedure outlined by
the American Society of Mechanical Engineers (reference 5).

A gtatic pressure tap was situated on each side of the rec-
tangular entrance or exit section where there could be no inter-
ference by thermocouples or their supports (fig. 8). The four
taps of each flow section were connected to a common tube that
led to a manometer, All taps were situated about 1 inch from the
intercooler test unit.

The intercooler test unit consisted of 35 brass heat-transfer
plates - each 4.30 inches long, 2.30 inches wide, and 0.008 inch
thick - and two end plates of the same lergth and width but of
0.038 inch thickness, (See figs. 9 and 10,) These plates were
geparated by suitably arranged separators that provided alternate
passages for the cross flow of the charge air and the cooling air.
In the tests the charge air flowed along the length of the plates
and the cooling air flowed along the width of the plates., ' The
intercooler end separators were 0.25 inch wide and 0.024 inch
thick and the intermediate separators were of the same thickness
and of 0,125 inch width, The intermediate separators were ar-
ranged as follows: one row through the center of the charge-air
passages and three rows equally spaced through the cooling-air
passages, as shown in figures 9 and 10. Each plate was curved
to a radius of curvature of 3.5 inches about an axis parallel
to the plate length. The intermediate separators and the curva-
ture were used to reduce the bending of the plates under the
pressure that would be encountered in actual intercooler opera-
tion.

Before assembly, all separators and plate-contact surfaces
were tinned with soft solder. The plates and the separators
were then assembled in a jig together with aluminum strips 0,022
inch thick. These strips were placed in the air spaces botween
the separators in order that pressure could be applied equally
on all contact surfaces. This assembly, under pressure in the
Jig, was subjected to a temperature of about 460° F in an oven
for about 20 minutes. The unit was then allowed to cool in the
oven for about one hour before removal., After the unit had
cooled, the aluminum strips were withdrawn from the air pas-
sages. The average thickness of the air spaccs was then
determined as 0.0248 inch for the charge-air passages and
0.0243 inch for the cooling-air passages.
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Previously, tests had been made with a similar intercooler
unit having 0.006 inch plates to determine the amount of pressure
required to bend the plates appreciably. Pressure was applied to
one set of air passages and the order of magnitude of the plate
deflection was estimated in the other set of air passages by means
of a feeler strip 0.020 inch thick, TUnder a gage pressure of 3C
inches of mercury no nobiceable resistance to the motion of the
feeler in the passages was observed. When the gage pressyre was
increased to 40 inches of mercury, an appreciable resistance to
the feeler-strip motion was detected. It was therefore decided
to increase the plate thickness of the intercooler unit to be
tested to 0.008 inch, No recommendations can be made in this
paper with regard to the proper distance between plate separators,
the plate thickness, and the plate curvature necessary for ade-
quate plate strength., This informetion should be obtained from
endurance tests.,

The intercooler unit was placed in a cross-flow duct as
ghown in figures 7 and 8, The entire duct and thermocouple
asgembly was thermally insulated from the surrounding atmogphere.
This insulation is not shown in the figures.

The intercooler test conditions covered are given in table
IIT. TFor each test condition the charge-air and the cooling-air
weight flows and the charge-air and cooling-air temperatures and
pressures at the intercooler entrance and exit gections were
neasured.

DISCUSSION AND RESULTS
Charts of Intercooler Characteristics

Figures 2 and 3 show how the plate area, the weight, the
volume, the frontal arca, and the linecar dimensions of a plate-
type intercooler vary with plate spacings and plate thickness
when the intercooler opersting conditions remain constant. Al-
though the effect of plate separators is not accounted for in
figures 2 and 3, the trends indicated ghould be substantially
correct because, for a given separator width and arrangement,
the sffect of plate separators does not appreciably vary with
change in plate spacings or plate thickness. It is seen from
figures 2 and 3 that, for both turbulent and laminar flow, a
reduction in plate spacing results in a decrease in both inter-
cooler volume and weight when the intercooler operating conditions =




1k,

remain constant. This decrease in intercooler volume and weight
1s attained, however, at the expense of a large increase in inter-
cooler width and a slight increase in intercooler frontal area.

It can be shown by means of equations (26), (27), (32), and
(33) that the minimum width per unit intercooler volivme is ob-
tained when sz/s1 = 1,00, This fact is illustrated in figures

2 and 3 where it 1s seen that, for a given volume, the case in
which sz/s1 = 1.00 provides a smaller intercocler width than does

the case in which 53/51 = 0,50, The difference in width per unit

intercooler volume is small, however, and little sacrifice in
width will be made by use of s2/sl = 0.50 if this ratio gives

an intercooler, proportions of which better fit the space require-
ments. For equal volumes the ceze for sa/s1 = 0,50 provides a
smaller Ap, s,, and 1, and a larger s, and 1, than does
the case for sg/s; = 1.00, For example, for v/vg = 0.50 and

t = 0.01 inch, figure 2(a), which applies for the case of tur-
bulent flow gives

8a/8, ’
Values for i | 1,00 0.50
s,, inch 0.15 0,18
s 5 inch Al 08
w/wb 2,00 2.60
/1, .47 .65
® o
/1 .47 30
2 20
Ap/A 1.08 .79
e
5/8, .88 By
W/, .88 .87
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Figures 2 and 3, although plotted for reference-plate spac-
ings equal to 0.25 and 0.10 inch, respectively, and for zero
reTerence-plate thickness, can also be used for other values of
reference-plate spacings and plate thickness, TFor example, let
it be required to find the change in intercooler volume caused
by the change in plate spacings s, and sy, from 0.15 inch to
0.05 inch if the intercooler operating conditions remain constant,
The intercooler pletes are 0.01 inch thick and the air flows are
assumed to be turbulent., From figure 2(a),

]

OVL7

v
bl o 0.57

i

0,05 Q.17 s 0'30
0,57

The volume ig then reduced to 30 percent of its initial value.

It is seen in figure 4 that, for laminar flow, the reference-
intercooler plate aree is a function of n, M;, and M, and
that, for turbulent flow, it is, in adlition, a function of
o, 8p, and O, Ap. . Equations (13}, {25), and (EE} for

- SRS 1 av. =2
turbulent flow and equations (19) and (32) for laminar flow show
that, for given plates sparing® and Diste thickness, the inter-
cooler volume is proportional to ths niate area. Figure 4, to-
gether with figurec 2 and 3, can thsi bu ussdl to compare turbulent
and leminar flow on the bagls nf intercHoler volume, For example,
a comparison at 8, = §; = 0.10 inch and t= 0.01 inch is made as
follows:

From figure 2(a) for s, = 0.10 inch and t= 0.0l inch,

v/Vo = 0.36 for turbulent flow, The ordinates in figure 4(a)

are multiplied by this ratio. From figure 3{a) for s, = 0.10
inch and t = 0.0L inch, v/v, = 1,10 for laminar flow, The

ordinates in figure 4(b5 are multiplied by thisg ratio,
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The results of this procedure are now directly comparable on
the bagis of intercooler voclume. These results show that, for
the range of operating conditions covered in figure 4, the inter-
cooler volume for the saue operating conditions is much smaller
for turbulent fiow thar for laminar flow when s; = 0.10 inch
ard ep/s; = 1,00 or 0,50. Table IV ghovs a comparison of the

intercooler volumes for turbulent and for laminar flow at
8, =0.05 inch and s8_/s =1.00 and 0,50 and for o_ Ape =6
. b= 2av 2

inches of water and 6 = 0,25. For these conditions it is noted
that the intercooler volume for laminar flow may be greater or
lesg than that for turbulent flow, depending on the operating
conditions, The inbtercooler "OTume for laminar flow tends to
approach that for turbulent flow as 81 is reduced, For any
glven set of operating conditions a value of 8, may be reached
at which the two volumes are the same and below which the volume
for laminar flow is less than the volume for turbulent flow.

on between plate area and charge-
eferonce intercooler whose

Figure 5 gives the relat
25%ineh for turbulent flow and

air length-spacing ratio foz
reference-plate spacings ere
0.10 inch for laminar flow,

io
a
0.

As a further illustratior of the effect of type of flow
and of plate spacing on the phkysical properties of an inter-
cooler when the operating conditions are held constant, the
weight and dimensional characteristics of a plate-type inter-
cooler are plotted in figure 6 against plate spacings for
sz/s1 = 1.00 and 0,50 for the e of turbulent and laminar
flow, The plate thiclkness is taken as 0,01 inch, and the operat-

(9]

ing conditions are

b

m C‘w

(&}
(9]

n
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The weight and the dimencional characteristics were calculanted
firpgt for a referencs intercooler, which hag the reference-plato
spacinge e, (for turbulent flow) and 8 (for laminar flow)

o o
equal to 0.25 inch and 0.10 inch, respectivcly. (See figs. 1, 4,
end 5 and equations (13), (15), (18), (27), (19), (21), (22), ond
(23).) Figures 2 and 3 werc uced to determiine the variation of the
physiceal prope?tics of the intecreooler with spacing for a plate
thicknegs of 0.01 inch, No corrections for separators were applicd.
The Reynolds number of flow and the ratic of the total pressurce drop
to the friction pressurs drop for an intercoolcr with o;unu entrance
and -exit sections are also plotted in figure 6. In the calculations
for the total pressure drop the heating pressure loss, or gain, which
is a function of the air temperatures in the intercooler, was not in-
cluded.,

Table I gives reprssentotive valuss of the entrance-exit loss, -
the velocity-profile loss, and the heating pressure loss or gain
for an intercooler with blunt entrance and oxit sections. The
velocity-profile pressure loss is given in terms of the friction
pressure drop. The entrance-exit proscure logss and the heating
pressure loss or galin are given as functions of the velocity-
profile loss because of the reduction in the number of variables
involved, The heating precsurc change {due to the momontum change
of the air flow, is a pressure drop when the air is being heated
and a pressure gain when the air is being cooled. When the intor-
cooler entrance and exit sections are strearlined, the ontrance=-
exit pressure losgs is eliminated and the VOlOC*uJ—prOfllO pressure
lose -and heating pressurc loss or galn are reduced,

During actual intercooler oporation, the pressure difforcnce
betwecn thc charge air and the cooling ulr acrosa each plate cauges
the plates to deflect. In order to reduce plate deflections,
int rued-“tc geparators arec uged. The number of scparators rcquired
for a given permissible deflection will denoqd on the maxinum prog-
sure difference across cach plate and on the plate material and
thickness. Proper a lowapcos ghould bc made for SMﬂuruuoLs in
tho dwtbL11natJoq of the intercooler dimensiong and weigh
These allowanceg are given in table IT in the form of corrcc-
tions to be applied to the weight and to the dimensional char-
acterigstics of a plate-type intorcooler that is assumcd to have
no plate separator strips. An example of the application of
these corrections is given in zppendix B.
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An increasse in the resistance of the plates to bending can
be achieved by the utilization of curved plates, A reduction in
the number of separators can thus be obtained, Curving the plates
increases the heat transfer and the pressuvre drop of the air flow-
ing along the plate curvature., References 3 and 6 show these in-
creases to be small for the range of plate spacings and radii of
curvature used in plate-type intercoolers.

Regults of Tegts of the 2.3- by 4.3-Inch Unit

The performance data of the 2.3- by 4.3-inch test unit pre-

viously described are shown in figure 11. Tlie quantity o, Ap,
av
is plotted against o, Ap, for various values of n. Figwre Tl
av
also includes a plot of Ml/w against o Ap, and of My/w
av
against o, Apz. The dimensions in the direction of air flow
av

and the intercooler weight per unit width are also given., The
data given in this figure apply to any width of intercooler,

provided that all other dimensions remain constant.

2

The performance chart (figure 11) may be used to determine
the performance of the inbtercocler in the following mammér, For
a given value each of o, AD and 7 -a valus of o, Apa may
gvl & av
be read at the bottom of tle chart. TFor this value of o, Ap,
av
the corresponding value of Mz/w maey be read at the right of the
chart by the use of the long-dash curve., In a similar manner the
short-dash curve may be used to find the value of ka/w corre=

sponding to the given value of o, Ap,.

Tn any specific application the approximate value of OlavApl
is known from the atmospheric conditions and flight speed. The
required value of cooling offectiveness is dotermined from the
known supercharger outlet temperature and required intercooler
outlet temperature. The other quantities are read from the figure
in the manner described, The gquantity Mz 1s known from the en-
ginec horsepowor and thercfore the intercooler width w, weight
W, and cooling-air weight flow Ml, can be readily computed.

R
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The general characteristics of the 2.3- by 4,3-inch inter-
cooler tested are compared with those of two Alresearch and three
Harrison intercoolers in figure 12 for a value of 0 AP,

av

equal to 4 inches of water, The basis for this method of compari-
gon is discussed in reference 1. It may be seen that cooling 1s
accomplished by the intercooler of these tests and by the cormer-
cial types in the same general range of charge-air pressure drops
and required cooling air, In volume, the intercoeler tested is
much lower, and in weight the frontal area, generally higher than
the commercial types. The outstanding advantage of the intercooler
tested is ite small volume. Its disadvantage in weight can be
materially reduced if narrowver separator strips are used. The
separator strips in this test specimen were unnecesgarily wide
and had a weight equal to 71 percent of the weight of the heat-
transfer plates., If the plates and separators had been bound

by welding instead of by soldering, further reduction in weight
would have resulted.

In figure 12 it is seen that the width w of the intercooler
tested is much greater than that of the commercial trpos but the
dimensions in the direction of air flow are considerably less,

The resulting general shape and the smaller volume of this inter-
cooler make for convenient ingtallations in wings or cowlings,
The large width offors no special difficulty as the intercooler
may be installed as a mumber of parallel gcgments.,

The intercoolcr tested is merely illustrative and other
proportions may allow more convenient ingtallations,

Figure 13 gives the experimental valucs of the cooling
offectiveness of the intercooler unit plotted as a function
of the Roynolds numbers of the charge-air and cooling-air flows.
From this plot can be determined the relationship governing the
transfor of heat for the test-flow conditions encountered in
thig investigation., It has been previously mentioned that tho
cooling effectivences of a cross-flow intercooler ig a function
of Ml/M2 and UAr/Mch. (See fig. 1l.) The charge-air and
cooling-air weight flows, Mz and M,, can be evaluated in
terms of their respective Reynolds nuwmbors from the known air
temperatures in tho intercooler and the known intercooler di-
mensions, From the experimentally determincd values of n,
M,, and M, given indirectly in figure 13 and the curves in
figure 1, thc torm (UAp) can be evaluated for each tost condition.
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hld—l
an -
Ity £2
assumed to be some unknown function of Reynolds number, they can
be determined only for equal Reynolds numbers of the charge-air

and. ccoling-air flows, Under this condition

If the Nusselt numbers of the two flows are

h&, “EA,

kl ka

N /
hy =k \dlkz/dakl>

If this expression for hz is substituted in equation (41) of
appendix A, the Nusselt number is given by

} 3
h.d, ¥ hd, laf (/ dl b d2 )

The Nusselt mumbers were thus determined for the four points of
equal Reynolds number of charge and cooling air shown in figure
13 and were plotted against the Reynolds number, as shown in
Tigure 14, by the solid cuxrve. Tlie horizontal dashed curve in

igure 14 represents the heat-trangfer relationship for laminar
flow given in reference 4 and the dashed curve with the slope of
0.& represents the relationship for turbulent flow given in referw
ence 5, page 172, The experimental curve appears to join the
curve for laminar flow and to approach the curve for turbulent
flow very satisfactorily in both slope and absolute value.

By means of figures 1 and 14 the cooling effectiveness of
the intercooler unit was computed for sach test condition, The
results are shown by the dashed curves of figure 13. The agree-
ment with experimental values at all Reynolds numbers is quite
gatisfactory.

In figare 15 the charge~air and the cooling-air pressure
drops across the intercooler test unit are plotted against
Reynolds number, The solid curve Jjoins experimental points
obtained from cold runs on the intercooler unit and checked
by data from heating runs, The long dashed curves and the
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short dasghed curves were computed for laminar and turbulent flow,
respectively, and include the surface-friction, the entrance-
exit, and the velocity-profile loss. Figure 15 shows that, for
intercooler operation in the transition region - for example,

for Reynolds numbers between 2000 and 3000, t“he computed pressure-
drop values for laminar flow are not very much different from the
values for turbulent flow, For this reason, the region of transi-
tion is not clearly defined in the experimental curve, As a
whole, there is fair agreement between the experimental and the
computed pressure-drop values.,

CONCLUSIONS

1. TFor a given set of operating conditions, which include
cooling effectiveness, air-welght flows, and air-friction pres-
sure drops, a reduction in plate-type intercooler volume can be
made at the expense of increased intercooler width by decreasing
the intercooler plate spacings and plate dimensions.

2. For a plate gpacing of 0.10 inch or greater and for a
given set of operating conditiong in the range of practical
interest, the intercooler volwume is greater if the air flows in
the intercooler passages are laminar than if the air flows are
turbulent. As the plate spacing is reduced, the volumec required
for laminer flow approaches and eventually becomcs less than
that required for turbulent flow, the spacing at which the volumes
are equal being a function of the operating conditions.

3. The dimensions of a plate-type intercooler that satis-
fics a definite set of operating conditions can be detormined
with fair accuracy for any plate spacing.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Acronautics,
Langley Field, Va.




APPENDIX A
DERIVATICON OF EQUATICNS SHOWING THE RELATION BETWEEN
THE DIMENSIONAL AND WEIGHT CEARACTERISTICS
AND THE OPERATING CONDITIONS

If the thermal resistance of the intercooler metal is neg-
lected, the over-all heat-transfer cosfficient is given by

1 i / Tl A S
e L {\ - ) (41)
Uy, - R N h 1A1 J

The charge-asir weight flow is given by

M, = p V.l 8 d, (42)

and the effective heat-transfer area on tXhe charge-air side by

Ay = ZN?,l .8 (43)
From equations (42) and (43)
il R PN
s B ol 2(_*1}1;.2 (44)
o ’ \M _/f
‘12 a - 2
Similarly,
1 BV EE
= L 1(.& LI (45)
A 2 1-41/
The intercooler volume may be expressed as
Ay
V=——(8,+8,+2%) (46)
2K,
the intercooler width as
w = ZVZ (47)
1°2
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the intercooler frontal ares as

A -er
e =W
5 2

and the intercooler weight ag

)
=3 Az 7 N Sz By - s 81
PR Y i | B ks i - £ Wi
W=yt K, + Pn K, \L - dtm + e Wheetdy)og
For turbulent flow d
% 5
hs § /pVe
— = 0,0172 r (p—.-)
k T o
£ 5
09,0854 % /© 2 /pVs 7
Oasd o e IR pVvV e -
avaPf 10.4z04 / (o) §ap 8
From equations (44), (50), =nd (51)
v . N o
0.0172k_ ;/10.4.'39,\\\ (O, 4P ) 2M, N\
h o <~ K o ) \ a’(_r 2{ ( )
2 g Souese T o 3 LA
b 7 (857 )" i
similarly
i) o 2
7 ./ 7 .
0.0072%, 104305\ (& sve ) 2N
h = | v : ( )
\
3 € \0.0854/ : W S 0
bt (= i 1T G |
By definition
S
il
Then, from equations (52), (£3), and (54)
2 4t e 2 8
. e g B BE T BR e w7
—~—= =0 JA T ) s B
L \ -~ NGaral ARG T Ny, 4
Azh g \slr e - L £, Ky

(50)

(51)

(53)
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For any practical range of intercooler operating temperatures
(3]

k 7
/§;>>(%E} in equation (55) differs from unity by a
2 < \, 1"

negligible amount, This term will therefore be replaced by unity.

the term

The substitution of equation (55) in equation (41) gives

I
T

{
|
} 1 5 2
EIIEES PO FUCA B Jh (56)
! \SI‘/ \Kl./ \LQ/

ol

A 0.0854p 5° ) ( Cp \
;7 R . 3 | {rgs -
M, z X 10.4gpy/ \0.0Ll72k_)/ \\2 1) ?eavAszj

s
2|
e
Lo

(&)
N,
=
e
"
n
NG

The substitution of equation (51) in equation (44

5
la lO.4gpo\‘14 g0 b g e
85  \ 0.0854/ "2

oJ

The ratio ik can be similarly found and expressed as

8

[

e
) (59)
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As in the previous case, in the practical range of tempera-
1
g
tures, the term <;2/u1\ can be replaced by unity.
\ s

For laminar flow

..h.g = 3.81" (60)

The friction factor for flow between parallel flat plates of

244
2pVs
between the two plates. This friction factor can be used with
good accuracy for flow thiough rectangular channels, (see refer-
ence 3.)

infinite width is

where 8 1is the perpendicular distance

Thus,

T0.4apy pVr 3 (51)

Oovily =

The substitution of equations (54) and (80) in equation (41)
gives

1 _ 8, {EE . v Kl (62)
U SR Arias  rEE
g9 N2 14
The golution for A_/M_ 1is, then,
2/ 3
A c el AR IR N r K kN
" ok p‘_\, <__1 ey o e Y (63)
M2 \3.8 k/ \ra/ ey N8y r, Xk,

The substitution of egquation (44) in equation (61) results in

o 24_“_ S / 21’[ N /rﬂ /l,, 2
= 2 Apf = 1 - ] ( i \ { —i\] f\ — (64)
av 2 \10.4gp,’ AJ@” %/\32
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and
1 i 2 X
1 /10.4g0. \® /8.L A o P 5 2
s 2} (22 ) (2) (02, pre ) (65)
B NBpy JUNBE NN\ HT 8y
The ratio 1./s can be similarly found and expressed as
34y
i 1 1 1
1,/ & ra, IR LN e AN Jp NP
1 1=e‘<—1}¢g-*-‘§ {.._2./,‘\__)(__) (65)
S * :\I’- 1 57 \\ ¢ M./ A
Zz/ > \sz SR iy \11 Hy

Bouations (57), (58), and (59) for turbulent flow and equa-
tions (63), (65), and (8€) for larinar flow, together with equa-
tions (45) to (49) and figwre 1 cive the VGL%At and dimensional
characteristics of a plate~iype intercooler in terms of the plate
spacings, p]ate' hicknegs, and inferccoler cperating conditions,
The effect of plate spacers on tie intercocler weight and on the
dimensionsl characterigticse is eccounted for in these equations

G
by the substitution of tke proper valves of r, J, K, and L,

) J

In the Analysis thke foregoing relationg are given for a
reference intercooler (equations (12) to (17) for turbulent flow
end equations (18) to (23) for laminar flow), which is defined

as a plate-type intercooler having the following characteristics:

e
e
2

i Chargo-ull and cooling-air plate spacings (s, and s3)
equal to a reference spacing

i
O
—

2. Zero plate thickness (t

1]
c
1]
b=t
I
]
1]
I_J
p—

3. No plate separators (r

The variation of the intercooler weignt and of the dimen-
sional characteristics as the plate slacings and plate thick-
ness vary from the reference casge is then given for constant
operating conditions (equations (25) to (30) for turbulent flow
and equations (31) to (36) for laminar flow). The correction
factors due to the effect of plate separators are given in
table IT.

c‘-
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APPENDIX B
ILLUSTRATION OF PIATE-TYPE INTERCOOLER DESIGN
Operating Conditions
Let it be supposed that a plate-type intercooler is to be
degigned for the following set of operating conditions:
(Rl A Emrsat L F .« o Fx v v s e T
(B) B, TB/B0ETL « o o v o wie 0 a0 v o o s Ked
(3) Ml/Mé T | R R R R N AT T

PR) B AR S WEEET o s sle-d 2’5 ¢ 3 B
@y g

D

i
al
et

ceApf,ln.wa*uer..........
ar 23

The intercoocler width is assumed to be limited to approxi-
mately 50 inches.

Design Procedure

The charge~air and the cooling-air flows are assumed to be
turbulent. This assumption can be checked after the design is
completed.

(6) From items (3), (4), and (5)

M., @ Ap
3 il
PRI L, - (3 Y
M_ 0, Ape
ave-Ta

(7) From figure 4(a) and items (1), (3), (5), and (6)

SO
—= = 28,800 sq in./1b/sec
M,
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(8) From equation (13) and item (7)

v
2 = 7200 cu in./1b/sec
M2

(9) From figure 5 and items (5) and (7)

b=}
L SRR L &

By

(o]

(10) From equation (L5)and items (3), (58), and (9)
15}
2 = 238

5
*0

(11) PFrom equation (16) and items (7), (9), end (1C)
;9 = 1.015 in./1b/sec
O

(12) If w = 50 in,, from items (2) and (11),

Let s8,f/s, =1 end t =0,0L in,

(13) Then, from Tigure 2(a) and item (12)

g8 =8 = 0,04 in,
1 i)
As a result,
LI e 0,04
Vo
Z':./S 1 /S S
R R R A
2«2 /82 Zl /Sl :'Jo
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The intercooler dimensions may then be given as follows:
(16) From items (2), (7}, and (15)
S = 88,700 sq in.

(17) From items (9), (13}, and (15)

(18) From items (10), (13), and (153)

(19) From items (2), (8), and (14)

(20) w = 50 in.

The charge-alir and cooling-air Reynolds numbers can now be
calculated and are found to be approximatsely 2200 and 2500,
respectively. The flows are then in the transition region and
are provably turbulent, as previously asswumed, because of the
turbulence existing in the entrance ducting and induced at the
sharp-edged entrances of the intercooler,

Corrections for Plate Separators

It is further assumed that geparators azre placed approxi-
mately 1 inch apart in the charge-air and in the cooling-air
passages and that the intermedizte and end separators have a
width of 0.04 inch and 0,08 inch, respectively. There will
then be 14 separators for each cocling-air passage and 7 separa-
tors for each charge-air passage.

The terms r, J, K, and L are defined in the Symbols
as functions of the intercocler dimensions and of the plate-

geparator dimensions and arrangement,

Iy =Py =1,04

- 4 i o 2 ‘\’f\é = ‘\‘ 8
i) T 13.25 » (15 X : :ﬁ) {2 x ©,08) - 0.952
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I - 6.66 - (5 X 0.04) - (2 X 0.08)

- 2
= 5,65 = 0,946

For a fin effectiveness of 100 percent,

x, = 12.71 + (13 X 0.04) _ ¢, 991
i 13.35

~ _ 6.30 + (6 x 0.04)

i : .
2 B, 0o

= 0,982

) 7
Then,

=t
=

1l

O

‘0

3]

O

L, = 0.984
The substitution of r, K, and L in equation (37) gives, for

8,/s, =1 and 6 =1 (item 8),

Y, = 1.008

ion factors are given in table II as functions
O R T T amd lbt. The corrections may then be given
S G. ¢ ia e el e e SRR GO G LSO
7/ e S N T TR e T 05180
1 Sl ae el e e R e e O 5T
v o Bryoerantn el aid B Ao 5 wo hrelt 450l
W s w-cp v, GLEF BT MERIE byl & Ter ke gracl 0

These corrections may be applied to the dimensions of the inter-
cooler with no plate separators (items (16) to (20)).

Then,

(21) s = 89,600 sq. in,
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(22) 1 =12.8 in,
(23) 1 = 6.4 in,
(24) v = 4479 cu in,
(85) w = 55 i,

If s,/s, hed been chosen as 0,50 instead of 1,00, the
values of 1, and 1, would be approximately equal.

Total Pressure Drops

Table T givee the velocity profile, the momentum heating,
and the entrance-ezit losses in terms of 1/e, f, B, and R,

(26) From item (22) for s, = 0.04 in,

[/

s
i
w
o
L&)

(o]
0

(27) From item (23) for s, = 0,04 in,

4
7
1 =160
S
1
(28) For 8, =8, = 0,04 in, and t = 0.01 in,
fl = fg = 0.4 approximately,

The term B 1is a function of the entrance and exit tempera-
tures of the air flowing through the intercooler., Let it be as-
sumed that the entrance temperatures are 250° and 50° F for the
charge and the cooling air, respectively,

Then,

(29) From item (1) the charge-air exit temperature is

P50 - 0,70(850 - 50) = 320° ¥
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(30) From items (3) and (29) the cooling-air exit tempera-
ture is

250 - 110 | 50 = 120° F

2
therefore,
(31) B, = ~0.20
and
(32) B, =0.14

From table T for the charge-air and cooling-air Reynolds
numbers of about 2200 and 2500, respectively,

0.013

/
2 {
(33) APVZ/APfé
/

0.026

/
34) Ap. /A
( ) pvl/ pfl
(35) Apg [Ap, = -4.4

(36) Apg Jop, = 3.1

= AD, /Apv e 7.8
3 1

{

(37) &pg

M ——
TR
Lo}
t\f:
l}

Therefore,
(38) From items (5), (33), (35), and (37)

¥ Ape = 6,0 1n., water
av

and
(39) From items (4), (34), (36), and (37)

c Ap1 = 3.9 in, water

2
av
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VELOCITY-PROFTLY, HEATING, AND FNTRANCE-EXIT PRESSURE
CHANGIES OF A PLATE-TYPE INTERCOOLER

[The ratic of r = —
)

28

4.

is assumed equal to unity.

his assumption introduces very negligible

error, ]

ELOCITY-YROFILE

LOSS, Ap,/Apg

1/s | | |
R Type 100 150 200 slyn B350 1 1 Z00
of E 3
|
flow \\\\\\5
2,000  Tvrbulent ' o0.,0¢2 | 0.028| 0,021 | o0.017 | 0,014
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Pressure change cauged by
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Type \\\ | ‘
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TABLE II

CORRECTION FACTORS DUE TO AFFHCTS OF PLATE SEPARATORS
ON WEIGHT AND DIMENSIONAL CHARACTERISTICS
OF A PLATE-TYPE INTERCOOLER

Correction Factor
Values
fon
Turbulent I'low Laminar Flow
S Vi V1,
ji -3 1 -1
/Jit \14 % 7 i B 2
l \ ¥y ) r \V 19 ry
Were = Jllido : e 2ty
8 -3 1 -1
/ 2 e
B I, \‘!';‘tJa\\=1 B r, 7 {7 LJa\; i
\ / Y /
3 LS 1 -1
/ 7 14 7 / NB 2
w g AN (er, ) | J1J2>
e ey " A
v Vi vy
S 3 ol 1 1 -1
" v 14 ? J 14 o a 2 i 2
y t ) 1 % Ty 1
- | -~ \ =
TaF 00 s T i : 1-J,) 8, Prelominst | 3
W UARES (1-J5) —t ( ]) EA“ Vo ll+ ( = -41+S-——Ll-4L
t 2 5 2 5 L e 2 .




TABLE TII

INTERCOOLER TEST CONDITIOHS
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Test
geries

Rate of charge~
air flow

(1v/sec)

Rate of cooling-
alr Flow

{ib/sec)

Temperature
of charge
air at
entrance

(°r)

0,0174 to 0.0179

.0254 to

0261

.0335 to .0340

.0413 to ,0425

Varied from
00,0148 50 00,1033
in 8 steps

Varied from
0.0148 to 00,1026
in 8 steps

Varied from
05 0147 o) 0, 1057

in 8 steps

Varied from
0.0148 to 0.1056

in 8 steps

efd=50 305

277 to 299

275 ho 295

280 to 294




TABLE IV

EFFECT OF THE TYPI OF FLOW ON INTERCOCLER VOLUME
FOR EQUAL OPERATING CONDITIONS

2 1

o, 0pe =6 in. water; 0 = 0.25; s, = 0.05
f Tav 2

RS

Ratio of volume for laminar flow
M,y n to velume for turbulent flow
ﬂ; percent ]
sf8, =200 | s/8 =0.50
it 50 1.44 1.1
60 i .18 .94
i
70 ! 03 T4
2 50 1 e 6l 1.28
60 1.40 ‘ 1.11
78] 1420 29
80 5102 81
4 50 L 67 L5958
80 1.48 s
70 Bt 1,04
80 P I .90
i
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Figure 1.- Cooling effectiveness for cross-flow intercoolers,

S/Me or SM;, sq in.jlb/sec
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Figure 5.- Relation between length-spacing ratio and
plate area for a reference intercooler.
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Figure 7.- Test assembly.

Figs. 7,9

Figure 9.- The plate-type intercooler
test unit. :
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NACA Chavge-aly inlet Figs 8, 10
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