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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONF'IDENTTAL REPORT

THE CROSS-FLOW FLATE~TYPE INTERCOOLER

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

SUMMARY

A mathematical anaelysis of plate-type intercooler deslign has
been mede for both turbulent and laminar flow., Charts are preserted
that show how the plate-type intercooler volume, welght, plate area,
frontal area, and linear dimensions can be varled without changing
the Intercooler operating conditions, The relations between the
intercooler operating conditlons and the Iinterccoler dimenslomal
characteristics and weight are also glven.

The charts show that a large reduttlon in intercooler volume
can be achleved with no change in intercooler operating conditioms
by reduction of the spaclings between the plates and reduction of
the dlmensions In the directions. of the charge-alr and cooling-air
flowa. The dimension at right engles to the flow directioms, how-
ever, 1s 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 theorles for alr flow between very closely spaced plates. The
theoretical and experimental results were in close agreement, For
the same operating conditioms thils intercooler has approximately
one-third the volume of the smallest cammercial Intercooler for
which data could be found,

INTRODUCTIOR

The current increases in engine power and oritical altitude
are accompanied by greater demands for charge-alr coollng, These
demands can be met elther by increasing the intercocler volume or
by Improving the cooling acocmplished per unit intercooler volume,
Inasmuch as the volume and shape of an Intercooler 1s limited by
the avalleble space, the designer, in order to meet a specifled
set of opereting conditlons and installation requirements, may
find 1t necessary to comnsider revislons of the intermal structure
of the intercooler,




A large ntmber of plate-type intercoolers can be designed
for a given performance, suck as glven welght flows, pressure
drops, densitlies, and inlet and outlet temperatures of tie charge
and cooling air., These intercoolers will differ in slze, shape,
and welight, and 1t is the purpose of thls paper to show the rele-
tions betwwen these factors and the plate spacings. These rela-
tions Indlcate how intercocler size may be either~—reduced or ad-
Justed to tke avallable gpece.

A plate-type intercooler having spaces of '0.025 irch between
ad Jacens plates and ke7ving a length of 2.30 inckes la the direction
of cooling-air flow and 4.30 inctes in the direction of charge-alr
flow was tested, and the results are presented hereln, In order
to reduce the plate deflections in actual intercooler operation
dvue to the pressure difference between the charge air and the cool-
ing elr across each plate, the plases were ocurved in the direction
of cooling-air flow with a radius of 3.5 inches. Thls Intercocler
test unlt Goes not represent an optimum -design; 1t was built and
tested merely to check tiae theoretical heet-transfer and pressure-
drop equations presented in this report,

Thls work wes dome by the ITACA at the lLangley Memorial Aero-
neutical Laboretory at Langley Field, Va., in 1941,

SYMBOLS

M welght rate of alr flow, pounds per second

1 length of flow paspage measured in direction of flow,
feet (or inches where designated)

8 plate spacing (perpendicular distance between adJja-
cent faces of adjacent plates), feet (or inches
vwhore deslignated)

a equivalent dlemeter of flow passeges (four times cross
sectlon divided by wetted perimetor), feet

r retio of equivaleont dlemeter of passages formed by
parallel flat plates of infirlte width to equiva~
lent dlameter of flow passages (2s/d)

t plate thickness, feet (or inches where designatod)
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d

density of plate material, pounfis per oubic foot

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

one-half totel number of intercooler pletes

intercooler volume, cublc feet (or ocubic inches
where d.es:lgna.tedj

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

ratlio 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 (msesured in direction of flow),
feoeot

cooling-air effective heat-transfer area, square feet
{ eN, |15 - 7’93 + (n, - l)s:_Ef i
L 0|

charge-air effective heat-transfer area, square feet
( ’ 7

1 eNl; 12, - Zsl + (ng - 1)83E,

. -

surface heat-transfer coefficlent, Btu per second
per aquare foot per

over-all effective heat-transfer area, square feet

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




Ap P
Ap o
Ap

A'pH

Ap

total plate aree, square feet (or square inches where
designated) (em2,1,)

velocity of air flow, feet per second

Reynolds number of alr flow based on equivelent
diameter

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

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

pressure drop of alr due to change In velocity dls-
tribution in Intercooler chammnels, inches of water

pressure change of alr due to the momentvm change
caused by heat exciange 1n intercooler, inches of
water

total pressure drop of alr across mtercboler,
inches of water

power required to force alr through intercooler,
horsepower

alr density, pounds per cublic foot

standard atmospheric density (0.0765 1b/cu ft)

density of ailr relative to standard atmosphere (p/po)

specific heat of air at conatant pressure (0.24 Btu
per pound per °F)

thermal corductivlity of air, Btu per second per
square foot per °COF gradient per foot

absolute vlscoslty of alr, pounds per second per foot
ratio of change In temperature of alr In passing

through Intercooler to absolute temperature of alr
at Intercooler entrance




n cooling effectivensss, ratio of temperature drop of
charge air to temperature dilfference between charge
" g1 and cooling air at entrence
Subscripts:
1 coolling alr
a 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 conditions" refers
to a set of values that include 1, Ml, M, °. Apf , and

A av 1
o, Ap, .
av ‘a

The following parameters are used in thls paper:
K, = A,/8

Ka= Aa/s




ANALYSIS

Heat~Tranasfer and Pressure-Drop Equations

It 1s convenlent to express the cooling provided by an inter-
cooler in terms of a factor 1n, called the cooling effectliveness.
The cooling effectlveness 1s defined as the ratlo of the drop in
charge-air temperature to the difference between the charge-air
and cooling-alr temperatures at tie intercooler entrances.

In reference 1 1t 1s shown that thke cooling effectiveness may
be written as a function of M1/Ma’ and TA,/Mgc,, that is,

4 -
=49 C—l.v Dy ) (1)
M, Ma°p
Curves showlng this relationship for cross-flow heat exchangers

were obtained from Nusselt's analysis (reference 2) and are shown
in figure 1.

The total pressure drop across an lntercooler may be consildered
as the sum of the pressure changes arising from the following
pources:

l, Swface-friction loss

2. IEntrance-exit loss

3. YVeloolty-profile loss

4, Momentum change accompanying heat exchange

The surface-frictlon pressure-drop relatlonships for both
turbulent and laminar flow are glven 1n reference 3., These
relationships may be expressed in the notation of tihls paper
as follows:

For turbulent flow,

0.0854 \ . 8 B (oVs V2 12
Ogy ADg = (m> e ()" (& )‘5 1 (2)



Tor leminar flow,

®av *Pr = 10.4gp, P'* o3 ()

The entrance-exit loss includes (1) the conversion of statio
pressure into dynamic pressure at the entrance according to
Bernoulli's equation, (2) the vena-contracta loss ocourring im-
mediately after the air enters the intercooler passages, and (3)
the recovery in static pressure at the exlt due to momentum change.
The veloclty~profile loss 1s oaused by the change in veloolty dis-
tribution of the air as 1t flows through the Intercooler passages.
The heating loss or galn 1s caused by the momentum change of the
alr flowing through the Intercooler passages as a result of the
denslty changes accompanylng 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-
slgning the proper value of Cov in the surface~friction equations,

For an intercooler with blimt entrance and exit sectlons, the
entrance-exit loss, velocluy-profile loss, and heating loss or
gein may be expressed 1n terms of the swrface-frictlion loss:

Entrance-exlit loss,.-

For turbulent flow,

Ap
—° . 5.1 f3-2.4f+1.s)
ADp

RO 3

(4)

1
8
For lamlnar flow,
bre (£°-2.87+1.5) 3

App 96 2is _

(5)

Velocity~-proflle loss,=

For turbulent flow,




A 0.2
Y 0.6 R (6)
Apf _:;_:
For laminar flow
A
1R (7)
app 175 1
28
Heating loss or galin,-
For turbulent flow,
A Ro-a
28 . 10.28 (8)
Apf ri
28
For leaminar flow,
Py B R (9)
Apf 48 1
28

Equations (8) and (9) apply when the pressure drop through
the intercooler is amall campared with the absolute pressure. At
extreme altltudes this conditlon may not hold and a correction
should be applled for the effect of change 1n pressure on the
veloclty of the cooling alr as 1t passes through the Intercooler,

Of these losses, only the surface-frictlon loes 1s necessary
for the transfer of heat, this transfer being accomplished most
efficlently (that 1s, with minimum surface-friction loss) for
flow through a smooth channel. By means of properly shaped inter-
cooler entrance and exlt sections, the entrance-exit loss can be
avolded and the veloclty-profile and heatling losses reduced.

In the design charts and equations, only the surface-friction
pressure drop 1s consldered. This pressure drop 1s very nearly
equal to the total pressure drop for Intercoolers wlth streamllined
entrance and exit sections; for Intercoolers with blint entrance



and exit sections, the surface~friction pressure drop is in most
cages the largest part of the total pressure drop. For an inter-
‘cooler with blunt.entrance and exlt sections, the entrance-exit
loss, veloolty-profile loss, 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 relatliomships for turbulent flow are glven
in reference 3 and for laminar flow, ln reference 4, These rela-
tionships may pe oexpressed. ag follows:

For turbulent flow,

1 4
s _o.0172 2° (BY.E>5 (10)
k K
" - For laminar flow,
hs
= = 3.8r 11
= (11)

From equation (1) and the pressure-drop and heat-transfer
equations, relations are derived in appendix A between the dimen-
slons and welght of a plate-type intercooler and the operating
conditions, For any given set of operating conditions, a different
intercooler 1s obtalned for each plate gpacing. These intercoolers
differ in size, shape, and weight. For a glven set of operating
conditions, the smaller the plate spacing the smaller are the
intercooler volume and tho dimensions in the flow directions and
the larger 1s the dimension in the no-flow directlon.

The followling plan is used In the presentation of the rela-
tions derived 1in appendix A.

1. Equations and chartes are given for the determination of
the dimensions of a roference intercooler which 1s defined in
this paper as one in which the  plate spaolngs are equal to a
reference spacling. The values of the reference plate spacings
chosen in thils paper are 0.25 inch for turbulent flow arnd 0,10
inch for laminar flow. For convenlence, the reference lntercooler
1ls further characterized by the conditlons that the plate thick-

ness 1ls zero and that the effect of the separator strlips is neg-
lected,
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2. Fquaetlions and oharts are then presented that show how
the intercooler may be altered in silze, shape, and welght as the
plate spacings are reduced and the plate thiockness 1s Increased
with respect to the values of plate spacings and plate thlckness
chogen for the roference Intercooler.

3. Correctlons for the effect of pla:be separator strips
are given in table II,

Dimensional Characterlstics and Welght of Reference
Intercooler as Functions of Operation Conditions

The following equations are obtalned from the equations In
eppendix A for the conditions of the reference intercooler;
nemely, B, = Bao = 0,25 inch, B, '= Beo' = 0,10 inch, t =0,

- o °

and J = K =L =1, The phyeicel propertles k and p of alr
are evaluated at 100° F. Tuose egquations together with figure 1
give the dimemslonal characteristice and the weight of the refer-
ence intercooler for any glven set of operating conditions. Only
thu cases 1n which thc flows 1n each passago arc elther both
turbulent or both laminar are considered.

For turbulent flow,

-2
2 7
8 Vo ? B 12
Po . = 150.6 8 % - ) ( ) ° (12)
My  ppt My o (Oaa.v Ape /;%
'Vo = 51 SO (15)
)
" 2 \:% 8o\
—2 =10.98 8 (o Ap _g)r"
8, 1o Cav fs/ M (14)
1. /s M 5
1, 8 o1% (15)

[/ M
o /%, M




] | ] UA
So - wo = 31,800 8, 1 (F__I_'
Mg op t Mg o \Ich

vi=pg, '8!
10 [e)

i3 o 1,52
©. = 205,5 (51 ' ’(aa Ap \3(_°_
Ba 1 o . av Ma
o
1, s, ' My 2
o
a— 8
13 '/ea ' M,
) o

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)
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Variation of Intercooler Dimensional Characteristios

and Welght for Constant Operating Conditions

The varlation 1n the dimensional characterlstics and the
wolght of a plate-type Intercooler as the plate spacings and the
plate thlckness vary from the reference values 1s given for any
glven set of operating condltlions by the following equatlions:

For turbulent flow,

Ull-q

p
S CREY

1o/ l+9‘F

1 2 — -
757
The fac‘bor\?"-) +0 in equation (24) can be

1 — —

N e

8
l+-§v

shown to be equal to 21 GL + 0 ﬂ within 1 to 2 percent
2 I

for values of 6 at which intercoolers operate. Thus equation
(24) reduces to
- ...I 7
s

")
- Cl NE \2" 2 (25)

Also,

OER D e



('s:) (—“L) (")q(i '25";;*':.;
i:f—Z:--(e) (—=->
oy s“(:") @

% " () (i) Grat+s

For laminar flow,

8 ¥ _ (22 (.1.+;'a.
Bo' Wo! s,_o' 2 28

_""< )(z 25)(2*?55"’ )

I @GR

AN 8 ]
11:'/510' ) (510') é * -ZE::)

(27)

(28)

(29)

(30)

(31)

(32)

(53)

(34)
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Corrections for Separator Strips

In table II factors are tabulated that, when multiplied by
the welght and the dimensional characteristlics of a plate-type
intercooler as calculated from equations (1Z) to (38), glve the
Intercooler weight and tre dimencional characteristics corrected
for the effect cf plate-separavor stilps. These correctlon factors
are given In terms of r, J, K, L, ¥y, and VY;, where r, J,
K, and L are defined under symbols and Y, and V; are defined

as follows:
[ Tz
2| oot B ol g8 naB)°
v, 2k @ o @ C%) @ (37)
t T "8
% (s)% -3
2) +86
8y

When 6, x,/r,, L /Ly, and K, /K., do not differ appreciably
from unity, a close approximation for \Ut is given by

P
7.7 .7 p?

L "r
\l’t = a 2 + L . (38)
ZKQ'E' 2K1'$

Aleo, ! !

(39)
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Vhen r,/r, and K /K, do not differ appreciably fram unity, a
close approximation for WV; is given by

N\

=1/ 1 1 40
Vi, 2(rK+rK) (20)
11 3

Intercooler Charts

Tquations (25) to (30) for turbulent flow are plotted in
figure 2 and equations (31) to (36), for laminar flow, are plotted
in figure 3, The reference-plate gpecings chosen for these plots
are slo = B‘ao = 0.25 inch for the case of turbulent flow and
8,

''= 85 ' = 0.10 inch for the case of laminar flow, These plots
o

were calculsted for B/8, = 1.00 and 0.50 and for t = 0, 0.0L,

and 0.02 inch. The curves in these figures give directly, for eny
given set of operating conditlons, tke charge In intercooler dimen-
slonal characteristics and 1n wéight when the plate spacings are
changed from 0,25 inch for turbulent flow and 0.10 Inch for laminar
flow, The effect of varlation Iin plate thickness may also be obtained
from these figures,

Tigure 4{a), plotted from equations (1) and (12) for s; = 0.25

o

inch, and figure 4(b), plotted from equations (1) and (18) for

B8, ' = 0.10 Inch, give the relatlon between reference-intercooler
(o]

Plate area and operating conditions., Figure 5(a), plotted from
equation (14) for s, = 0.25 inch, and figure 5(b), plotted from

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

o]
ocooler the relation between charge-alr length-spacing ratio and
plate area for various values of charge-~alr pressure drop. Irom

the values of plate area and charge-air length-spacing ratio obtained
from figures 4 and 5 the other dimensional characteristics and the
welght of a reference intercooler can be readily calculated by the
use of the equations previously given. A sample camputation in which
a plate-type interccoler l1ls designed from the informatlon presented
in this report is given in appendix B, Figure 6 gives, for a given
set of operating conditions, the variation in plate-type intercooler
dimonsions eand welght with plate spacing.



18

APPARATUS AND METHODS

An intercooler unlt having closely spaced plates waa tested
for the purpose of providing some experimertal data with which to
check the results of the analysis. Flgure 7 1s a plotograph of
the test asseulbly used in this work, Tke test oquipment consisted
essentlelly of a centrifugal blower drlver by a ¥Ford V-8 engins,
an intercooler test unit, an electric alr heater, the.mocouples,
manometers, alr-flow measuring orifices, a potentiometer, and a
multiple-switzh box, The chargs air and the cooling alr were
drawn tirough the Intercooler by tie blower, the relatlive quanti-
tles of the two alr flovs being controlled b7 valves as shown In
the figure.

The charge alr was beated electricelly by unlts encased in
a thormelly insulated drum situated above the 1nteicooler test
unit, Intrence and exlt temperatuies were measured with lron-
constantan thermocouples. At each entrance and exlt four thermo-
couples were distributed dlagonally across the rectangular flow
section to obtaln aversge tempsratures of ths two alr streams.
In each exit ckhammel, en extra set of fowr thermocouples was ex-
tended across the channel in e row parallel to and downstream
from a slov between two paffle platee, as siown in figure 8,
Trese extra sets were instelled to determine the advisabllity
of mixing the exit air before meesuring 1ts temperature. It was
found, however, that a better heat talance between the warmed
and cooled alr was obtained witih exit temperatures measured up-
ssream from the baffles, Those upsiream temperature velues were
conseguontly used to determinc the performance of the intercooler
unit, Thoe use of such baffles In intercooler test work 1s not
conlemned because of these observatlons, but 1t is believed rather
that this subJect should be investigated furcther., As shown in
flgure &, baffles were placed upstrean from the charge-entrance
sot of theimocouples to Insure a uvniform temperature distribution
of tlhe clarge slr before it entered tiae Intercoolor. Tests made
both with and without thege baffles showed no noticeable change in
tho performanco of the test unit in either pressurs drop or cool-
ing. I% is not concluded, however, that the baffles would have
no effect for all flow conditions,

The four thsrmocouplos of cach sot were cormmectoed in series
and tha cold Junctions were placed in the multiple-switch dox,
which also sorvod as a cold~Junc*lion box. The temperature indie
cetions thus obtalned wore four times the avorage.
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Alr-welght-flow measurements were made by means of flange-
tdp orifice plates 1n accordance with the procedure outlined by
the Amsrican Soclety of Mechanical Englneers (reference 5).

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

The intercooler test unlit consisted of 35 brass heat-transfer
plates - each 4.30 inches long, 2.30 ifcdhes wide, and 0,008 inch
thick - and two emd plates of the same lergth and width bubt of
0.038 inch thickness. (See figs. 9 and 10.) These plates were
separated by sultably arranged separators that provided alternate
passages for the cross flow of the charge alr and the cooling air,
In the teasts the charge alr flowed along the length of the plates
and the cooling ailr flowed along the width of the plates. The
intercooler end separators were 0.25 inch wide and 0.024 inch
thick and the intermedliate separators were of the same thickneas
and of 0,125 inch width., The Intermedlate separators were ar-
ranged as follows: one row through the center of the charge-alr
passages and three rows equally spaced through the cooling-alr
passages, as shown In figures 9 and 10. Bach plate was curved
to a radlus of curvature of 3.5 Incheos about an axls parallel
to the plate length, The intermedlate 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-~
tlon.

Before assembly, all separators and plate-~contact surfaces
were tinned wlth soft solder. The plates and tho separators
were then assembled in & Jig together with aluminmum strips 0.022
inoh thick. Theso strips were placed 1n the alr spaces botween
the separators 1n order that pressure could be applled equally
on all contact surfaces, Thls assembly, under pressure in the
Jig, was subJected to a temperature of about 460° F in an oven
for sbout 20 minutes. The unit was then allowed to cool in the
oven for about one hour before removal. After the unit had
cooled, the aluminmum strips were wilthdrawn from the air pas-
sages, The average thickness of the alr spacoes was then
determined as 0.0248 inch for the charge-alr passages and
0.0243 Inch for the cooling-alr paseages.
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Previously, tests had been made with a similar intercooler
walt having 0.006 inch plates to determine the amount of pressure
required to bend the plates appreclably. Pressure was applied to
one set of alr passages and the order of megnitude of the plate
deflection was estimated in the other 'set of alr passages by means
of a feeler strip 0.020 inch thick, Under a gage pressurs of 30
inches of mercury no noticeable resistance to the motion of the
feeler in the passages was observed. When the gage pressure was
Inoreassd to 40 inches of mercury, an appreclaeble 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 recomendations 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 information should be obtained from
endurance tests, .

The Intercooler unit was placed in a cross-flow duct as
shown I1n figures 7 and 8, The entire duct and thermocouple
assembly was thermally insulated fram the surrounding atmosphere,
This insulatlon is not siiown 1n the figures.

The intercooler test comditions covered are glven in table
ITI. For each teat condition the charge-air and the cooling-air
woight flows and the charge-alr and cooling-alr temperatures and
pressures at the intercooler entrance and exlt sectlons were
measured.

DISCUSSION AND RESULTS
Charte of Intercooler Characterilstics

Figures 2 and 3 show how the plate area, the welight, the
volume, the frontal area, and the linear dimensions of a plate-
type intercooler vary with plate spaclings and plate thickness
when the intercooler operating condltions remaln constant. Al-
though the effect of plate separators 1s not accounted for in
figures 2 and 3, the trends indicated should be substantlally
correct because, for a given separator width and arrangement,
the effect of plate separators does not appreciably vary with
change in plate spacings or plate thicknoss. It is seen from
figures 2 end 3 that, for both turbulent and laminar flow, a
reduction in plate spacing results in a decrease 1n both lnter-
cooler volume and welght when the Intercooler operating conditlions
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remalin constant. This descreese 1n Intercooler volume and weight
1s attained, however, at the expense of a large inorsase in inter-
ocooler width and.a slight increase .in intercooler frontal area,

It oan be shown by means of equations (26), (27), (32), and
(33) that the minimum width per wnit intercooler volume is ob-
talned vhen s./s, = 1.00. This fact 1s illustrated in figures

2 and 3 vwhere 1t 1s seen that, for a glven volume, the case in
which 53/51 = 1.00 provides a smaller intercocler width than does

the case in which 8,/s, = 0.50. The difference in width per unit
intercooler volume 1s emall, however, and little sacrifice in
width will be mede by use of aalsl = 0,50 if this retio gives

an intercooler, proportions of which better fit the space require-
ments, For equal volumes the case for & /s:_ = 0.50 provides a
gmaller Ap, 8,, and 1, and a larger s, and 1, than does

the case for 8z/e; = 1.00, For example, for v/v, = 0,50 and
t = 0.01 inch, figure 2(a), which applies for the case of tur-
bulent flow gives

82/

Values for 1.00 0.50
8,, inch 0.13 0.l18
8 5 Inch .13 .09
w/vg 2.35 2.60
L /1, AT .65
1,/1, .47 .31

(o)
1.08 .79

Aefhe_
8/8, .88 .87
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
reference-plate thickness, can also be used for other values of
reference-plate spacings and plate thickness., For example, let
1t be required to find the changs in Iintercooler volume caused
by the change Iin plate spacings s, and s; from 0,15 inch to
0.05 inch 1f the Intercooler coperating conditions remain constant,
The Intercooler plates are 0.0l inch thick and the alr flows are
assuned to be turbulenmt, From figure 2(a),

v
2.98 _ 0.17

v
-—g-.-l—sn = 0-57

32:2':_.9-_11=o.50

¥o.18

The volume 1s then reduced to 30 percent of its initial walue,

It is seen 1n filgure 4 that, for laminar flow, the reference-
Intercooler plate area 1s a function of n, M,, and M; and
that, for turbulent flow, 1t 1s, 1n addition, a function of
o, 8p, and O, Ap, . Equations (13), (25), and (26) for

av 1 av " a
twbulent flow and equations (19) and (32) for laminar flow show
that, for glven plate spaclngs and plate thlckness, the inter-
cooler volume 1s proportional to the plate area. Figure 4, to-
gother with figures 2 and 3, can then be used to compare turbulent
and laminar flow on the baslis of Intercooler volume, For example,
a comparison at B8; = 83 = 0,10 inch and t= 0.01 inch 1s mmde as
follows:

From figure 2(a) for e, = 0,10 inch and +t= 0.0l inch,
¥/¥o = 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 1n figure 4(b} are Rultiplied by this ratio,
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The results of this procedure are now directly comparable on
the basis of intercooler volume, These results show that, for
‘the range of operating conditions covered in figure 4, 'bh.e inber-
cooler volume for the seme operating conditions is much gmaller
for turbulent flow thar for lamlinar flow when 8; = 0.10 Inch
erd sg/s; = 1.00 or 0.50. Table IV shows a comperison of the
intercooler vclwmes for turbulent and for laminer flow at

, = 0.05 inch end & /s, = 1.00 and 0.50 and for o, App =6
1 3py 13

inches of water and 6 = 0.25. For these conditiors 1t 1s noted
that the intercooler volime for laminar flow may be greater or
less than that for twrbulasnt flow, dependlng on the operating
conditions, The intercooler volume for laminar flow tends to
approach that for turbulent flow as 8, 1s reduced., For any

glven set of operating conditions a value of s8; may be reached

at which ths two volumes ere the seme and below which the volime
for laminar flow 1s less than tie volume for turbulent flow.

Filgure 5 glves the relation between plate area and charge-
air length-epacing ratlo for a reference intercooler whose
reference-plate epacings ere 0.25 inch for turbulent flow and
0.10 inch for leminar flow,

As a further 1llustratlon of the effect of typs of flow
and of plate spacling on the physical propertfes of an inter-
cooler whon the operating conditions ere held constant, the
weight and dimensiornal oharacteristice of a plate-type inter-
cooler are plotted in figure 5 egainat plate spacings for
8y/s, = 1.00 end 0.50 for the case of turbulent and laminar

flow, Tho plate thiclmess is taken as 0.0l inch, and the operat-
irg conditlons are

T!, Percent ¢ o 5 @ & » 4 o 5 S s ¢ ¢ 5 5 9 e o » e o o 9 o o 65

Id I{a @ e o & o e o 9 5 o P 0 ¢ 5 ° s 6 0 e s o @ » » 0 o s o 2

o, A Inches of water . . ¢ ¢ ¢ 4 o ¢ o o o ¢ ¢ ¢ o o o
:'avpf:,’ _ S

Ua Apf K] mche 5 Of mt er [ ] L L] L L d . L L L] . - L] L d L] L] [ 4 L L] 6
av 3
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Tho welght and the dinensloral characteristiocs wore calculated
firot for a referencs Intercooler, which has the roforence-plato

spacings B"o (for turbulent flow) and B"o' (for laminar flow)

equcl to 0.25 inch and 0.10 inck, rospectivoly. (Soe figs. 1, 4,

end 5 and equationa (13), (15), (16), (17), (19), (21), (22), and
(23).) Figuros 2 and 3 werc usoed to determino the varlation of tho
phyclcel propertles of tihe Intorcoclor with spacling for a plato
thickness of 0.01 inch., No corrections for separators were applicd.
Tho Roynolds number of flow ond tho ratic of the total -roecsure drop
to the friction pressuro drop for on Intercool.r with blunt entrance
cnd ezit eections are nlco plotted in figure 6. In the cnlculetions
for the total pressure diop thne hoating prossure loss, or gnln, which
iz a function of thke alr temperatures In the intorcoolor, was not in-
cluded,

Teble I gives rasprasentetive valuss of tho entronce-exit logss,
the veloclty-profile losa, cnd tho heating procsure loss or gain
for an intercooler with blunt ontrence znd oxit sectlons. Tho
velocity-profile prescure loss is given in terms of the friction
prosgure drop. The ontrance-oxit proessure loss and the heating
pracsure loss or gnln cre glven ae funculons of the veloclty-
proflle lose bocause of tio roduction in the number of varicbles
involved. Tho kooting pregcurc choenge (due to tho momontum chango
of the alr flow) is a prossure drop when tho alr is being hoatod
ond a preesure galn when tho alr 1s belng cooled. When the Ilntor-
coolor entrance cnd oxit pcections cre stroomllned, tho ontronce-
ox!lt prossure loss 1s eliminated ond the voloclty-profile proosure
loss and hoating proasvrc loss or galn are reducad.

During actual Intorcooler oporavlon, tho prsspure difforonce
betweon the cihargoe alr and the cooling alr acrosa each plato causos
ths plates to dofloct. In ordor to reduce plate deflections,
Intormediato soparators aro uped. The muzibor of soparators rcqulrod
for a glven permlseivle dofloctlion will depond on tho maxliim proo-
pure difforence across cach plato and on tho plate material and
thicknoss. Proper allowoncos chould be mnde for soparctors In
tho dotornination of the intorcoolor dlmonsions and wolght.

Thoso allowancos aro givon in tablc IT in tho form of corrce-
tions to be appliod to tho weight and to thi dimenmsionnl char-
ectorigtics of o~ plato-typo intorcoolor that 1o assumod to have
no rlato coparator strino., An oxzmplo of the epplication of
thoss corrections is glvon in cppondix B,



25

An increase In the resistance of the plates to bending can
be achieved by the utilization of curved plates. A reduction in
~the-numbter of separatoi's can thus be obtained. Curving the plates
inoreases the heat transfer and tho pressure drop of the alr flow-
ing along the plate curvatvre., References 3 and 6 show these in-
creases to be small for the range of plate spacings andi radii of

curvature used In plate-type intercoolers.

Results of Testa 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 1ll. The quantity o, Ap,_
1s plotted against oy Apa for various values of 1. Figure 11
also includes a plot of Ml/'i against cla.vAp" and of M,/w
against caav!.\pa. The dimensions 1n the direction of alr flow
and the intercooler welght per unit width are also given., The

date given in this figure apply to any width of intercooler,
provided that all other dimensiona remain constant.

The performance chart (figure 11) may be used to determine
the performence of the Intercooler in the followlng mammér, For
a given value each of o Ap and n a value of o Ap maey

lav Bav *2
be read at the bottom of the chart. For this value of o, Ap,
av
the corresponding value of Ma/w may be road at the right of the

. chart by the use of the long-dash curvoa, In a simllar manmer the
short-dash curve may bo used tc find the value of Ml /w cCorro~

spanding to the glven value of c"avApl'

In eny specific application the approximate valus of 01a Ap,
v

18 known from tho atmospherio conditions end flight spoed. The
required value of cooling offectlivoness 1s determinoed from the
known supercharger outlet temperature and requlred intercooloer
outlet temperature. The other quantities are read from the figure
in the manner described. The quantity Mz i1s known from tho en-
gine horsepowor and thorofore the Intercooler width w, welght
W, and cooling-alr weight flow M, can be readlily computed.



The general characteristics of the 2.3~ by 4.3-Inch inter-
cooles’ tusted are compared with those of two Alresearch and three
Harrison intercoolers in figure 12 for a value of o; Ap,

-av

equal to 4 Inches of water, The basis for this method of compari-
gon 1s discuesed In reference 1. It may be seen that cooling 1s
eccamplished by the intercoocler of these tests and by the commer-
clal types 1n the same general range of charge-air pressvre drops
and. required cooling alr. In volume, the intercoglor tested is
much lower, and in weight the frontal area, generally higher than
the commerclal types. The outstanding advantage of the intercooler
tested 1s 1ts emall volume, Its dlsadvantage in weolght can bde
materlally reduced 1f narrover separator strips are used., The
separator gtrins in this test specimon were unnecessarily wide
and had a welght equal to 71 percemt of tlhe welght of the heat-
transfer plates. If the plates and separators had been bound

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

In figure 12 1t 1s seen that the width w of the intercooler
tested 1s much greater than that of the commercial types but the
dilmensions in the direction of alr flow are consideratly less.

The resulting goneral shepe and the smaller volume of this inter-
cooler make for converlsnt instellations in wings or cowlings,
The large width offors no aneclal difficulty es the intercoolor
ney be installed as a numboi of parallel ssgmonts,

The intercoolcr tosted is merely 1llustrative and othor
proportions may allow more convonlent installations,

Flgure 13 gives the experimental valuos of the cooling
offectivuness of the intercooler unit plotted as a function
of thoe Roynolds numbers of tho chargo-alr and cooling-alr flows,
From thls plot can be determinod the relationship govorning tho
tranefor of hoat for tho tost-flow conditlomns oencountored I1n
this investigatlion. It has boon previously montionod that tho
cooling effectivences of a cross~flow intorcoolor 1s a function
of M /M, and UA:,/MacP. (See fig. 1.) Tho charge-alr and
cooling-air weight flows, Mz and M,, can be ovaluated in
terms of theilr respective Roynolds numbors fram the known alr
tompoeratures in thu Intercoolor and tihe krown intercoolor di-
monsions, From tho oxpourimontally deotorminod voalues of n,
M,, and M; given Indiroctly in figure 13 and tho curves in
figure 1, the torm (UA,) can bo ovaluated for e=ch tost condition,
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cheNusseltmmbers -—;E"- and E—& of the two flows are .

assumad. to be same unknown function of Reynolds number, they can
be determined only for equal Reynolds numbers of the ocharge-air
and cooling-air flows. Under this condition’

Bd; b,

K L

or

hgy=h, (dlka/dak:l)

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

5 g T A11a+Aaka>

The Nusselt numbers were thus determined for the four points of
equal Reynolds number of charge and ccoling alr shown in figure
13 and were plotted against the Reynolds number, as shown In
flgure 14, by the solld curve. The horizontal dashed curve In
flgure 14 represents the heat-~-transfer relationship for laminar
flow glven in reference 4 and the dasled curve with the slope of
0.8 represents the relationship for turbulent flow glven in refer=
ence 3, page 172, The experimental curve appears to Joln the
curve for laminar flow and to approach the curve for turbulent
flow very satisfactorily 1n both slope and absolute value,

By means of figures 1 and 14 the cooling effectiveness of
the intercooler unlt was camputed for each test conditlon, The
results are shown by the dashed ourves of figure 135, The agree-~
ment with experimental values at all Reynolds numbers is quite
satisfactory.

In figure 15 the charge-air and the coollng-alr pressure
drops across the intercooler test unlt are plotted egalnst
Reynolds number. The solid curve Jjolns experimental points
obtalned 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 dashed curves were camputed for laminar and turbulent flow,
respectively, and include the surface-friction, the entrance-
exlt, and the veloclty-profile loss, Figure 15 ghows that, for
intercooler operation In the transition reglon - for example,

for Reynolds mumbers between 2000 and 3000, the computed pressure-
drop values for laminar flow are not very much different from the
values for turbwlent flow. For this reason, the reglon of transi-
tion is not clearly defined in the experimental curve, As a
whole, there 1s falr agreement between the experimental and the
computed pressure-drop values.

CONCLUSIONS

1l. For a given set of operating condltions, which include
cooling effectiveness, air-weight flows, and alr-friction pres-
sure drops, a reduction in plate-type intercooler volume can be
mede at the expense of increased Intercooler width by decreasing
the Intercooler plate spaclngs and plate dimenslons.

2. For a plate spacing of 0.10 Inch or greater and for a
glven set of operating conditions in the range of practical
interest, the interccoler volume is greater if the alr flows In
the Intercooler passages are laminar than 1f the alr flows are
turbulent, As the plate spacing is reduced, the volumo required
for laminar flow approaches and oventually becamos less than
that required for turbulent flow, the spacing at which the volumes
are equal being a function of tho operating conditlions.

3. The dimensions of a plate-type intercooler that satis-
fios a definito set of oporating conditlons can be detormined
with falr accuracy for any plate spacing.

Langley Memorial Aeronautical Laboratory,
National Advisory Comnittee for Acronmautics,

Langloy Fileld, Va,




27

APPENDIX A
DERIVATION OF EQUATIONS SHOWING THE RELATION BETWEEN
THE DIMENSIONAT, AFD WEIGHT CHARACTERISTICS

AND THE OPEPATING CONDITIONS

If the thermal reslsiance of the intercooler metal 1s neg-
lected, the over~all heat-transfer cosfficient ies glven by

2.2 <1+h’A3\ (41)
UA’I‘ hﬂAa hJ_Al"l

The charge-alr welght flow is given by

M, = pav:am:.sa‘ya (42)
and the effective heat-tranefer area on tlie charge-alr side by
Ay = 2N1,1.X (43)

From equations (42) and (43)

1 P,V A
ta _Ps =*(_)L,,, (44)
8 2 \Ma

Similarly,
o ELV_EG;.E\L (45)
8, 2 1} 1

Ths intercooler volume may be expressed &s

v=—Ai-(al+sa+2t) (48)
2

the irtercooler width as

'lvl':=lzz (47)
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the intercooler frombal area as

Af=v22

and the intercooler weight as

Wapmt +pm‘:_.'2\l-J\Ba+pm,_ (l—

For turbulent flow

hs pa)
1‘:_0()172 (

~1

0.03
oot = (R o (€29 3

From equations (44), (50), and (51)
a ] _s
0.0172k, /10.4gp3Y C: Apf;jv ( \
by = g kco&@} / I A

Ha Bara)
glmilarly

2 p] :]
1. 7 7 " 7
. 0.0172k  (10.45p5Y (GlavApfl) 0N
1 s 0.0854 L \pa/
Hy? (511'1\ 11

By definition

Nlpﬁ

:>|1>
w lp
»

Then, from equetions (52), (53), amd (54)

-

4 a
Ah 7 "7 i 7 L Ir Ha\7
171 _ g \(1‘\ 3‘7(1\(2\
Asha 8T / \K / \L / ‘i /

51

7?

(48)

(49)

(51)

(52)

(53)

(54)

(55)
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For any preotlical ra.nge of intercooler operating temperatures

k
the term (—3‘-\( ) "in equation (55) differs from unity by a
negligible amount, Thils term willl therefore be replaced by unlty.

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

% - h-j‘-a 1467 (::::7} (;f)% G_:)g (56)

From equations (52) end (56) the solution for A /M is

Ag - (0 0854Pa (D ( a
M, \ZX 10.4@,/ \D. 01721:3) (a": oa g

~— ol

ail

UA\E 53) \ \: \7 —!
o) ( e (— G ( ‘ (57)
The substitution of equation (51) in equation (44) glves
5_4 L 5
2GS (2;“" Coutey” o

1
The ratio B—l- can be similarly found and expressed as
1

CHR
Zl/sl _ eJ.n:.(ra
/aa r

3t
E'_a_ S9
=) (59)
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As in the previous gase , in the practical range of tempera-
i3
tures, the term “J“D can be replaced by unity.
For laminar flow

hs
== = 3,8 0
= T (60)

The friction factor for flow between parallel flat plates of
infinite width 1is 22—‘)%‘-3- where s 1s the perpendlcular distance
between the two plates. This friction factor can be used with

good accuracy for flow through rectangular channels. (3ee refer-
ence 3.)

Thus,

Ogvdlp = -J-_O—L-D :15 (61)

The substitution of equetions (54) and (60) in eguation (41)
glves

1 S fsa raKaka. (62)
U = 3, 81: A r \.s r1K1k1

The solution for A /M_ 1s, then,

Aa UAT\ r '{‘k AY
E:(; I, (r,,(}\ (s :kf (63)

The substitutlion of equation (44) in equation (61) results in

/ 24p, (A GE') Ga)a (6)
3 -]

A =
av "3 lO 4-ng

Q
(]
J
Hy
|



s /lo 480 \? [Asls SN
B== - > (zuz 7(1‘ oq avApta) (65)
The ratio i,/s, can be simllarly found and expressed as

L 2
SEE) @

Equations (57), (58) ﬂ.nd. (59) for turbulent flow and equa~-
tlons (63), (65), end (bCS for leminar flow, together with equa~
tions (48) tc (49) and figure 1 give the weight and dimensional
characteristics of & plate~iype intercooler in terms of the plate
spacings, plats thicknegs, end interccoler cperating conditlons,
The effect of plate spacers on tns intercocler weight and on the
dimenslional characteristics is eccounted for In these equations
by the substitution of tle prope. valuves of r, J, K, and L,

et )G

In the Analysis the foregoing relations are glven for a
reference intercooler (equations (12) to (17) for turbulent flow
and equatione (18) to (23) for laminar flow), which is defined
a8 a plate-type 1lntercooler havling the followlng characterlstilcs:

1. Charge-air and cooling-air plate specings (s, and s3)
oqual to a reference spacing

2. Zero plate thickness (t = o)
3. Ko plate separators (r = J =K e L = 1)

The variation of the intercooler welght and of the dimen-
slonal characteristics as the plate apacings and plate thick-
ness vary from the refersnce case ls then glven for constant
operating conditions (equatioms (25) to (30} for turbulent flow
and equations (31) to (36) for laminar flow). The correction
factors dues to the effect of plate separators are glven in
table II.
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APPENDIX B
TLLUSTRATION OF PLATE-TYPE INTERCOOLER IESIGN
Operating Condltions

Let 1t be supposed thnt o plate-type intercooler 1s to be
deslgned for the following set of operating condltlions:

(l)‘r],peroen'b.....---.-.....70

(2) Ma, lb/sec L] L] [ ] L L[] L] L L] L] ] [ L ] L) . L] 4-4

(3) Mz/}% L] L] * L[] - L] [ ] L] L] L ] [ ] L] L ] [ ] L ] L L] 2

(4) alavApf ’ j-.n-- water o » o o e o o o o' 3
1

(5) o A in, water . . . . ¢ ¢ ¢ . s « B
amp%,

The intercooler width is asawmed to be limited to approxi-
mately 50 inches. '

Design Procedure

Tre charge~alr and the coollng-alr flows are assumed to be
turbulent. Thie assumption cean be checked after the desisn is
campleted,

(6) From items (3): (4); and (5)
Ma APy

0 =

M_.o, Ap
aa.v fa

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

8
M_° = 28,800 sq in./1b/sec
2



(8) From eqp;ticn (13) and item (7)
%g = 7200 ou inmyib/sec

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

1
2o a7
Bao
(10) From equation (5)and items (3), (6), and (9)

1
_to . 238

8
1

(11) From equation (16) and items (7), (9), end (10)

%9 = 1,015 4in./1b/sec

3

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

Iﬂ

50
=0 __ __11.2
vg 1,015 X 4.4

Let sy/s, =1 and t = 0.0l in,

(13) Then, from figure 2(a) and item (12)
8, =8 =0,04 in,
1 3

As a result,

v
(14) 7 = 0.1
/83 . /sy

(15) =
7-30/330 7'10/510

3
= e— = 0070
SO
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The intercooler dimensions may then be given as follows:
(18) Trom 1tems (2), (7), and (15)
S = 88,700 sq in.
(17) From 1tems (9), (13}, anmd (15)
1, = 13.35 in.
(18) From items (iC), (13), and (13)

11 = 5.65 in-

(19) From iteme (2), (8), and (14)
v = 44235 cu In.
(20) w = 5C in,

The cherpge~air and cocling-air Rejnoids nuwmbers cen now Le
cnlculased and exre fornd Yo be avrrorimetoly 220C and 2500,
rocpectively. Thae flowys are tken in the trensition region end
are probably twurvulent, as previcusly acs'med, because of the
turbulence existing in the ontrance dusting a.nd induced at the
sharp-edged entrances of tle Intercoolor.

Correctlions for rlale Ceparators

Tt ip further aszswmed that oceparators are placed approxl-
mately 1 inch spart in the chargs-air and in the cooling-zir
passnges and that the Intermedlste and end scparators have a
widta of 0.04 irch and 0.06 Inca, respectivel;. Thore will
then te 14 separatcrs for each cocling-alr passage cnd 7 separa~
tors for each charge-elr passage.

The tecws r, J, K, and L are dofined in the Symbols
es fancsions of .16 intercoclor dImonsicns and of the plate-
goparator ilmensiona and arrangoment,

r, =Ty =104

3, = 13.35 - (12 xls ;&) - (2 x €.08) - 0.952




J = 6.66 - (5 % 0.04) - (2 % 0.08)

2 6.65 =

For a fin effectiveness of 100 percent,

K = 12.71 + !13 X 0-04) = 0.99L

1 15.35
6.30 + (6 X 0.04)
Ka = 5.58 = 0,982
Then,
L = 0.960
1
Lz = 0,964

35

0.946

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

s,/s, =1 and 0 =1 (item 8),

V¥, = 1.008

The correction factors are glven in table II as functions
of r, J, K, L, end V,, The corrections may then be given

asg

w s @ » @ © & & 5 & S o s ¢ o e e

l.01
0.96
0.96
1.01

1.10

These corrections may be applied to the dlmensions of the inter-
ocooler with no plate meparators (items (16) to (20)).

Then,

(21) s = 89,600 sq. in,
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(22) L = 12.8 in,
(23) 11 = 5.4 In,
(24) v = 4479 ocu in,
(25) w = 55 in,

If s, /s, hed heen chosen es 0.50 instead of 1.00, the

values of 1, and 1, would be approximately equal,

Total Pressure Drops

Table I gives the veloclity profile, the momentum heating,
and tke entrance-ezit losses in terms of 1/s, f, B, anmd R,

(26) From item (22) for 8, = 0.04 in,

1-
— = 320
82

(27) From item (23) for s, = 0.04 in,

1
-1 =160
B1
(28) For 51 = Ba = 0,04 1n, and t_=_0.0;|. in,

f1 = f_ = 0.4 approximately.

The texrm B 1s a functlion of the entrance and exit tempera~
tures of the alr flowing trrough the intercooler, Let 1t be as~
stmed thet the entrance temperatures are 250° and 50° F for the
charge and the cooling air, respectively,

Then,
(29) PFrom item (1) the charge-air exit temperature is

250 - 0.70(250 - 50) = 110° ¥
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(30) From items (3) and (29) the cooling-air exit tempera-
ture 1s

- - R . e

20 110 50w 120° ¥

therefore,

(31) B, = -0.20

(32) B, =0.14

From table I for the charge-alr amd cooling-alr Reynolds
numbera of about 2200 and 2500, respectively,

(33) APva Apfa = 0,013
(34) Ap.‘,l/Apf1 = 0,026

(35) ApHa/Apva - 4,4

(36) ApH:/Apv = 3,1

1
/
(57) 9, /Apva = 4%, /Ap.‘,1 - 7.8

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

o, Ap, = 6.3 in, water

Bav @

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

o, Ap,_ w 3,9 in, water
av
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TABLE I

VELOCITY~-PROFTLE, HPRATING, AND HITRANCE-EXIT -PRESSURE
CHANGES OF A PLATE~-TYPE INTERCOOLER

(The ratic of T =

is agsumed equal to unity.
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d
This aesumptlion introduces very negligible error,]
VELOCITY-YROFILE 10OSS,. Ap./Ape
1/s
R Type t 100 150 200 250 300
of
flow
2,000 Tvrbulent 0,042 | 0,028 | 0,021 0,017 | 0,014
5,000 .QSL ,034 .02€ .020 .017
10,000 I .0Z3 .039 .029 .023 .020
500 Laminar i .057 .038 .028 .023 .019
1,000 ! A4l ,07¢ 057 .048 .038
2,000 | .22 .152! .14 ! ,o91 | ,076
Pressure change causad hy momentim cheange resultlng from heat-
ing or cooling, Apy/Apy (3)
N
T;pe
of 0.05 0.1G 0.20
flow
Turbulent 1.11 2.22 4,44
Leminar i Jd6 37 .15
Entrance-exit loss, Ap./Ap,
£
Trpe
of 0.2 0.4 0.6
flow
Turbulent 11.8 7.8 4.7
Laminar 1.8 1.0 .33
1The exprossion Apgy is a pressure drop when B 1s positive'

and a pressure galn when B 18 negative,




TABLE II

CORRECTION FACTORS DUE TO EFFECTS (OF PLATE SEPARATORS
O WEIGHT AND DIMENSIONAL CHARACTERISTICS
OF A PLATE-TYPE INTERCOOLER

v t
Valuss Correction Factor
Tor
Turbulent Flow Laminar Flow
8 Yy vy,
3 -3 1 -1
/ \N14 ? , \Z 3
LB} \%‘71/3 Ty v ]'..'5/' ry
2 -3 \:L -1
14 7 2 8
s '/‘I’tJa\- Ta /‘!’LJa ) Ta
/ \ " /
3 _9 -0 1 ~1
v 7 e J\TE v 7 7z - 3 I J) z
w i A o \ r
118 Y t 1e 1 e
\ ) \" \ \
v Yy \UL
-2 3 -9 i 1 -1
A v 14 7 14 g B ) a
£ t r, 'I:. JI.. r1 Jl
r -J. - T (1-3) s 1-J
. ¢L1+<_1_~h_>sa_+<_l_.ms;] vy L) 5 (-0)
b 2 % 2 t Ly 2 t 2




TABLE IIT

INTERCOOLER TEST CONDITIONS .

: - Temperature
Test Rate of charge~ Rate of cooling- of charge
geries alr flow air flow ailr at
entrance
(1v/sec) {1b/sec) (°m)

Varied from -

1 0.0174 to 0.0172 0.0148 to 09,1033 273 to 306
in 8 steps
Varled from

2 .0254 to ,0261 0.0148 to 0,1026 277 to 299
in 8 steps
Varied from

3 .0335 to .0340 0.0147 %o 0.1037 275 to 295
in 8 steps
Variled from

4 L0413 to .,0425 0.0128 tov 0,1056 280 to 294

in 8 stops
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TABLE IV

EFFECT OF THE TYPE OF FLOW ON INTRRCOOLER VOLUME

FOR EQUAL OPERATING CONDITIONS

roa Apg = & In, water; O = 0.25; 8, = 0.05-]
L ®av 2
Ratio of volume for lamlnar flow
My 7 teo volums four turbulent flow
E; percent o
Bof8, = 1.00 8,/8, = 0.50
l 50 : 1944 1.15
60 1.18 .94
70 .93 .74
2 50 1.51 1l.28
60 1.40 1.11
70 1.20 .95
80 1,02 .01
4 50 1.67 1.33
60 1.48 1.18
70 1.31 1.04
80 1.13 .90
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Figure 9.- The plate-type intercooler
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