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ATVANCE RESTRICTED REPORT*

COMPARISON OF INTERCOOLER CHARACTERISTICS
By J. George Reuter and Michael f. Valarino

SHMARY

A method 1s presented of c¢comparing the performance, weight,
and general dimensional characteristios of intercoolers. The
performance and dlmensioral characterlstics covered In the com-
parisons are cooling effectivensmss, pressure drops and weight
flows of the clarge and cooling air, power losses, volume,
frontal area, and width.

A method of presenting intercooler data 1s described in
which two %ypes of charts are ploited: (1) A perfoimance chart
setting forth all the important ol aracteristicas of a given inter-
cooler and (2) a replot of tkese characterictics for e nuber of
intercoolere intended to acsist in naking a selection to satlsfy
a given oet of Installation conditiors. The characterist:cs of
camerclal intercoclers obiained from manufacturers' data and of
pare computed designs are presented on this basls,

A standard test procedure and instrumentation are suggested

whereby ccmparable data may be obtained by different testing
organizations.

INTRODUCTION

The temperature drop in the charge provided by any given
intercoodler depends on the temperatures, the densitles, and the
pressure drops o the charne ari cooling alr. Because of the
large number of poesible combirations of Intercooler sizoes and
operating condfitlons, a corclse metliod of presentling intercooler
dats is required., A mesthod of presernting intercooler data 1s sug-~
gosted in this report in which by tho use of the propor factors

*0riginally lssued as an Advancs Confidentlal Report, May 1941,

Classification changed from "Confidential" to "Restricted,”
June 1942,




the same performarrce charts apply regardless of operating condi-
tions or intercooler width (that is, the Gimension at right an-
gles to the directions of charge and cooling-air flows), provided
the other interccoler dimersioms are held constant, Intercooler
manufacturers uwsually select for production a few of an mmlimited
niwaber of combinetions of interccoler ¢imengione ard internal ar-
rangements, leaving tiae intexrcooler wldili to the choice of the
customor., Thus, a fev ciuaris will present tl.e performance of tle
entire stock of intercoclei's listed by any manufecturer. The
performence char:s for all tle camiercial Inuercoolers on whlch
date could be obtained are glven in this report,

The characteristice of imporience In selecting an Intercooler
to provide a glven cooling effoctivenecs (drop in charge tempera-
ture per degree difference hetwssn inlet temperatures) for a glven
ergine and fligat conditlon are: *ke pressure drop of %lie charge,
the weight flow of the cooling aii, tiie Intercooler woighkt, taoe
volume and core dimerslons, snd the associatod power losses,
Cianges 1n certaln Intercooler dimensicns may improve same of
these characteristlcs to tle dotriont of otihiors. All fachors
nust bo kold vithin limits which vary with dlfferent installa-
tione. Thus, intorcoclers cemrct be caxparod on tho basls of
a single characteristic bus raticr on tho basls of curves sot-
ting forth tho various characteristics. Based on the performance
charts previously mentioned, charts are presentcd on which the
important dimonsions and porformance claracteristics of tie varia
ovs commercial intercoclers are coapared. Thege comparison clarts
providce a means of guickly dotermining the intorcocler having the
characteristics test sulted for a glven installaticn. A comparl-
gon betweon the cammercial intercoolors end several theoreticel
Intercoolers of tnc tubilzr t:pe lc also showvn.

In order to lnoure a failr comparison of Intercoolers of
various nmanufacturors, a standard tost procodure i1e suggosied.
SYMBOTS
b1 rato of alr flow, pounds por second
1 length in the directlon of air flow, inchee
a tibe dicmeter, inches

B clearance botwoon tubes perpondlicular to flow acroas
tube, inches



tube plich in dlrectlon of flow acroes tube banks, inches

" number of tube banks in direction of flow across tube

intercooler welght, pounds
intercooler volume, cublc inches

core face area at right angles to cooling-al> flow
(frontal area), square inches

intercooler width (core dimension perpendicular to both
cherge and cooling-air flowvs), inches

heat-transfer rate, Btu per second
heat-transfer coefficient per unit width based on the
area of the Intercooler eectlon perpendicular to the

intercooler widta, Btu per second per square inch
per OF per inch of Intercooler width

prepsurs drop of alr across inteicooler, inches of water
density of air relative to stendard atmosphere

standard atmospheric densiiy (0.0765 1b per cu ft)
power, horaepower

cooling-air temperature at In%ercooler entrance, op
terperature rise of cooling air, °F

temperature difference between charge and cooling air at
intercocler entrances, °F

temperature difference vetween charge at exlt and cooling
alr at entrance,
a - T3
cooling effectiveness, ————2%
TB



Subscripts 1 and a2 refer to cooling air and charge,
respectively, and subscripts en and av, to entrance and
average condltions,

ANAT.YSIS

A "specific" intercooler 1s defined as one 1n which the in-
ternal structure and the flow passage lengthe are flxed and.only
the dimension w 1s variable. An examlnation of equations (16),
(17), and (18) (see appendix) shows that tke cooling efficiency
of a given "specific" intercooler 13 a function only of h,
M/M,, end M/w. But h 1is a function of M /M, and M /w;
therefore symbollcally

Hy, M,
e Pl — — 1
| Ma, - (1)
Furthermore,
M
1 n
3 =K (o ap)™ (2)
and
M,
?.:Ka(oa ap, )72 (3)
av

vhere K , K., n,, and n, are constants.
Therefore,

= f (o A c A 4
1 1(1“ P1s O3 Po (4)

Thus, for & given value of o, 4p, (or E.l.\},
av W,

ne= fa(caav 47 5) (5)

or

n = £, /M) (6)



therefore the relations of n to d‘z . Apa and to M,/M,, for a

gpacific Intercooler, ocen each be expressed. by a single curve for
& glven value of o, Ap, .
av

The cooling performance of & specific intercooler cen be
completely described by curves of 1 plotied against 91, Ap;

and oa- ap, (equation (4)), Ml/w egalnst o,  Ap (eg,ua.—
‘av

tion (2)), and N.[a/w against %a,, Ap; (equation (3)). The
performance data may be obtalned by testlng a single intercooler,,
end, when plotted in this form, the data apply for all widths of

thls speclific intercooler. The curves are also gensral wlth e~
gard to ckharge and cooling alr denslity and temperaturo,

Other characteristics of the speclific intercooler may be
graphically expressed in terms of o, v Ap, and 7 for a glven
a
value of o, Ap, as follows:
av

The intercooler volume per unit charge flow 1s

. v

'V'/ﬂa = 13 Ea- (7)

By equation (3) w/¥,, tlko intercooler width per unit charge

flow, may be expraossed in terms of op " APz and by equation (5)
a

in terms of 1. Likewise, the intercooler weight per unit cnarge

flow

W W w

My Wi (8)
1s a function of 7. This is true also for the frontal area per
unit charge fliow:

A W

it =3 (9)

Ma Mg

The horaepower required to force the cooling alr through the inter-
cooler per unit charge flow 1s glven by

Y B — e — (10)
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In which M;/Ma mey be expressgd in terms of 1 by means of
equation (6). If the cocling air is discharged from the inter-
cooler into a compartment in which tke alr veloolty 1s practically
zero, tho total-head loss 1s

a)

1 M/ 1
o Ap = O A'p + —
1 1|I| lav 1 10.4 w Kgpola

and the asasociated power loss is given by

g 3P

1., 1 !
lgy 10 =_1\E av 2\w/ ol = . (11)
Ma M, £50 p,

The total-lread less Apl"1 and the assoclated power loss
P, 1f desired, can Do campited and included in the fignres

where these values occur. The power loss glven by equation (11)
does not strlctly represent tihe airplane drag horsepower due to
the intercooler since no account ls taken of the Meredith effect
whilch depends on flight condltlonas.

The horsepower req-irid to force the charge through the inter-
cooler per unit charge flow 1s glven by

o3 P 5.20 Ap, .
2 2 a
av = av (12)
M, 520 Po

and i1s also e function of n by equation (S5).

The relative densitles (o) in the foregoing equations are
average densitles., The average densities can te calculated from
the entrance densitles by means of the followlng relations:

2 +
o, = 0, /—-z—ﬂl- (13)
av en \2 + 2B, ;
" T, /)T,
11070 = =
A T, + 480 T, + 460



2-8
> av = Caen - 2:3\/ (1”‘)

where 8 1T,
B-—T
8" T, + T, + 460

Equations (13) and (14) are shown graphically in figure 1.
The effect of pressure change through the intercooler has been
neglected in these equAations because this effect 1s usually small,
" Where large pressure drops occur, the denslty may be corrected for
change 1n pressure by means of the relation that density varies
directly with absolute pressure.

TEST ASSEMBLY AND METTIOD

For the purpose of standardizing intercooler testing, the
followlng teat assembly and procedure are suggested:

The equlpment necessary for testing lntercoolers should con-
sist essentially of a varilable-speed motor-driven blower, an air
heater, two air-flow meters, manometers, and thermocouples with
auxlilliary Ingtruments. Alr-flow meesurements may be made by means
of orifice plates placed in the alr streams in accordance with the
procedure outlined by the American Soclety of Mechanical Engineers
(reference 1), The charge should be supplied to the intercooler
et a temperature considerably higher (eay 200° F) than that of the
cooling alr in order to promote accuracy in the measurement of
cooling effectiveness. The wldth of the unit tested wlll be gov~
erned by the capaclty of the blower and tke heating capacity of
the air heater, Statlc-pressure tubes should be Installed near
exits and entrances of the intercooler block for the measurement
of pressure drop In the charge end cooling alr across the inter-
cooler, The entrance and exlit ducts should be of uniform croms
pection between the intercocler and the static-tube posltions,

The statlc tubes at the exlis sghould be placed at a sufficlent
distance downstream from the block in order to permit the flow
to adjust 1teelf to the change In flow area. A distance of 8 or
10 diameters (tubular type) or plate spaces (plate type) is prob-
ably safe, The static pressure taps should be loocated in posi-
tiong wvhere they willl not be affected by veloclty head and should
have entrance pectlons free from surface lrregularities. Tubes
for measuring total hsad should bs placed at the same distances
from the intercoeoler block as the static pressure taps.




Thermécouples placed at variovs positioris across each entrance
and exit duct provide a msans of determining inlet and ocutlet tem-
peratures., There should be probably oue thermocouple for each 4 or
5 .square lnches of flow section across which the thermocouples are
distributed. The air atream should be thermelly insulated from the
surrovnding atmosphere between the thermocouple positlons end the
test vnit, The tlermocouples acrose any sectlon may be connected
in series in tke cold-Junotion box; the total voltage of the group,
when dlvided by the number of thermocouples in the group should
yleld a satisfactory mean-temperat-ire indlcatlon. Baffles skould
be placed upstream from ell the thermocounlss in oxder to insure -
wuniform tempeiature dlstrihution. Grecter accuracy will be as-
gured if the thermocouples are provideé with shlelds to ellminste
radlation effects.

A number of series of tests should be made; for a given meries
one weight flow should be heid congtant while the other welght flow
1s varied., The values of M,/w ani My/v should be chosen to
cover the usefvl range of tha Interccoler. The necessary data to
be used 1n determining the performonce of an lnvercooler are:

1, Welght flow of ceooling air per unit width

2. Welght flow of charge per urlt wldth

5, Outlet and Inlet cooling-air temperature

4, Outlet end inlet charge tomperature

5, Outlet and Inlet charge statlc pressure

6, Outlet and inlet cooling-eir static pressure

7. Cutlet and inlet charge total head

8. Outlet and 1nlet cooling-aXr totel head

The following informatlon siionld Le included with the per-
formence deta:

9. Core weight per unit core wldth
10. Complete intercooler welght per unilt core width

11, A ekstch phowling all intermal and external dimensions



DISCUSSION

Types of Flow

Figure 2 gives the coollng effectiveness of cross flow,
counterflow, and parallel flow as a functlon of the welght flow
of charge and cooling air, the over-all heat-iransfer coeffilcient,
and the intercooler surface. The curves are a plot of equatlons
(16), (17), end (18) of the appendix. In the cases of parallel
flow and counterflow 1, 18 the dimenslon parallel to the direc-
. tlon of alr flow and 1; 1s the dimension at right angles to 1,

in the plane across which heat 1s trensferred. Figure 2 shows
that on the basis of coolling effectiveness counterflow 1s slightly
better than cross flow and greatly superior to parallel flow,
Because of practical diffloultles encountered in arranging effil-
clent counterflow pessages, no commerclal Intercoolers of this
type have yet appeared.

Flgure 2 indicates that the cooling surface of an Inter-
cooler may be of puch magniiude t:at any additlonal surface
would increase only sligntly the cooling effectliveness because
of the flattering tendency of the curves., Thils point should be
consldered in deslgn because of the Increase in pressure drop,

"welght, and volume wlth cooling surface, It may be noted further
that the flattening temdency is more abrupt and occurs at lower
wi,lzh

values of the absclssa

when the weight-flow ratio M,/M,

is large.

Performance Charts for "Speclific" Intercoolers

The method of plotting performance data for specific inter-
coolers susgested in the analysls 1s followed 1n figures 3, 4, 5,
and 6, in which o Ap, 1s plotted against o, Ap, for a

av
number of wvalues ofaﬁ. The figures also Include a plot of
oy A, egalnst M, /v and of 9 AP, against .M_/w. The

external dimonsions end the welght per unlt wildth of the inter-
coolur coro arc glvon 1n each of the figures. As previously
pointed out in the analysis, the data 1n each figure apply to an
intercooler of an; width w, provided all other dimensions remain
at fixed valtes. I% 1s evident that the curves for each specific
intercooler may be oltailnod by tosting only one intercooler unit
of any convenlent width,
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Figure 3 gives the data on all the Harrison intercoolers
and figure 4 glves the date on all the Alresearch intercoolers
on which Information could be found, The Harrison intercoolers
are of copper constructlion, whercas the Alresearch Intercoolers
are of aluminum construction, The use of aluminum Instead of
copper in the construction of the Harrison intercoolers would
not affect their performance and wouid reduce thelr weight by
the ratlo of the density of aluminum to the density of copper.
Flgure 5 1s an 1llustrative performance chart for a specifio
charge-through-tube Intercooler calculated fram referonce 3.
Flgure 6 18 a similar chart for two specliflc charge-across-tube
intercoolers calculated fraom refeisncs 2, Figures 3 and 4 were
plotted from experimental data Furnished by the manufacturers
(reference 4), and no attempt has been mede at this laboratory
+to check the acouracy of these data,

) The lines with arrows in figure 3(a) show the method by
which the chart may be used. For & glvern value each of
c:av Ap, and 7, a value of aaa.v Ap, may be read at the
bottam of the chart, For this value of o, _Ap_, a correspond-
av

ing value of M,/w may be read =t the right, using the long-desh
curve, The relation of o v Ap, to M /w 1s given by the

a

short-dash ocurve, the value of M;/w being read at the top.
Performance of any altitude l1s obtalned by assigning the proper
values to ala.v and Uaa.v' An example of the use of figure

3(a) follows:
Aspurptions:
1, Altitude, £t & o o o - o o o o o s o s o » o & 13,200
. Brake horsepower . « « « ¢« o o ¢« ¢ ¢ s ¢ o « o » 1,000

2
3. Welght flow or charge, lbper sec . . . « « « » 1,74
4

. Cooling-alr pressure drop Ap,, in,
Of V&ter [ [ ] . [ ] L[] L] [] [ ] ] [ ] ] [ ) [ 4 L] L] [ ] [ [ 9

5. Charge inlet temperature, OF v o. o o « o 0 o o 4 200
6. Charge inlet pressure, in. HE . . ¢« « « o o « & 40

7. Cooling-alr inlet temperature (stendard
altitude) , OF‘ * L] L] L] * [ ] L] L ] L] * L] L] [ ] L] * ® 12

8. Required charge outlet temperature, °r ... .. 78




11

Let 1t be requlired to find the valuea of cooling effective-
ness 1, charge pressure drop Aps, Intercooler width w,
cooling-alr weight flow M,, and interocooler weight W,

200 - 78
9, From items 5, 7, and 8, n=m=0.65

10, From a table of standard altitude and item 4,
g = 0,667 for 15,200 feet; therefore

en
o, Ap1 = 6 1nches of water
en

In item 10, O, is used as a first approximation. The
en
velue of oy  can be found after M,/M; bhas been determined.

11, From figure 3(a) and item 10, M;/w = 0,155 pound per
second per inch (first approximationm)

12, From figure 3(a) and items 9 and 10, Ma/w = 0.07 pound
per secoril per inch (first approximation)

13, From items 1l and 12, M /M, = 0:155 o 2,21 (first
approximation) 0.07

14, From figure 1(a) and items 5, 7, 9, 10, and 13,
o, = 0.667 X 0.95 = 0,632
av
15. From items 4 and 14, o, Ap, = 9 X 0.632 = 5,70
inches of water av

16, From figure 3(a) and item 15, M /v = 0,150 pound
per gecond per Inch

17. TFrom figure 3(a) and items 9 and 15, Mg/w = 0.068
pound per second per lnch; therefore, from ltem

16, M,/M, = %:%2—3 = 2.21, which checks item

13, thus Indicating that the first approximation

fram M, /M, 1is correct. Because © o,
av  len

changes only slightly with change in M,/Mg, &

second approximation for a,_a v/clen is not required

even if some difference between the values of M /M,
In ltems 13 and 17 occurs
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- 18, From figure 3(a) a.nd.itemsSa.ndlS, %3, ApB = 1.83
.inches of water

19, From items 5 ard 6, o0, =29 x 519 _ 1,05; therefore
en. ~ 30 660
from figure l(b) end! items 5, 7, amd 9 o, = 1.05X

1.1 =1,17 av

20. From items 18 and 19, Ap, = 1.83/1.17 = 1,57 inches of
water

21, From items 3 and 17, w = 1,74/0.068 = 25.5 inches

22, Trom items 16 and 21, M, = 0.150 X 25.5 = 3.84
" pounds.per second

23. From figure 3(a) and item 21, W = 4 X 25.5 = 102
pourds

Comparison of Intercoolers

For the purpose of comparing a numbter of intercoolers on the
Pasls of their important cuesracterlstlcs, a method of plotting may
be used as suggested in figure 7 :-eore the cooling effectiveness 1s
varied by varylng w/M;. Tach curve in thls figure represents a
speciflic iIntercooler. The data for flgure 7 are calculated from
the individual perfoimance charts for intercoolers 1 to 8 (figs.

3 and 4) and by means of equations (7), (8}, (9), (10), and (12).
Inteicoolers 25, 26, and 27, for which the performance charts are
given (figs. S(g) (h) and 3(1)), are not included in the compari-
son chart (fig. 7 All intercoolers are identified by mumbers,
and this ldentity 15 maintalned in all figures and throughout the
report,

In figure 7 a comparison is mede of slx Harrilson and two
Airesearch intercoolers of various dimensions and, where posasible,
at three values of o v Ap;. The coamplete intercooler weight

a

values are given for these Intercoolers, and the dimensioms are
‘those of the core.

It may be seen In figure 7 that o v Ap, has little effect

on tho comparison of these intervoolers;aso the comperlson can be
made at any valus of o, Ap1 Examingstlion further reveals that

for a glven cooling effec"'ivenesa the Alresearch aluminum inter-
coolers are lighter but larger 1n volume and frontal area thean the
Harrison copper Intercoolers.,
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An examination of the curves for the Harrison intercoclers in
Tigure 7 shows that, for the same cooling effectiveness and coolinge
air pressure drep, 1engbhening the lntercooler in the 4irection of
charge flow (1a) results in a decrease in cooling-air flow, volume,
welght, anil frontal area at the expense ofama.rkedinoreasein
charge pressure drop. Increesing the cooling-air flow length (1),
Tor a glven oooling effectiveness and cooling-alr pressure drop,
decreases the ooolling-alr flow and charge pressure drop at the
expense of i1noreamsed weight and volume,

The seleotion of an intercooler depends on the relative
Importance of its varlous characteristles with regard to a pare
ticular Installatlion. For example, figure 7 shows intercooler 6
to be desirable if low welght and volume are easentlal, This
advantage 1s attalned, however, at a sacrifice of inoreased pres-
sure drop in the charge alr., If a low value of caavApa is

desired, welght and volume being of secondary importance, inter-

cooler 1 18 the logical choice, The cholce between the Harrison

Intercoocler and the Alresearch Intercooler depends largely on the
relative lmportance of welght, volume, and frontal area according
to figure 7.

. Filgure 8 1s a plot similar to figure 7 in which two of the
Harrison intercoolers of flgure 7 are compared with tubular
intercoolera of the charge-across-tube type. The tubular inter-
ooolers were designed from charts published 1n reference 2 with
internal and external dimensions selected to match approximately
the relations existing between Ca,. Ap, and 1 for the two

Harrison intercoolers. Thus, for glven values of 1, oaa.v Ap,,

o, Ap,, and M, the Intercooclers are campared on the basis
av

of the remalning characteristics, The tubular intercoolers of
30 banks represent the "block" type while those 'of five banks
represent the annular-shape Iintercooler as described in refer-~
ence 2, All internal and external dimensions of the tuhular
Intercoolers are glven in the table at the right of the flgure
or may be oomputed from it, The weight values glven for these
Intercoolers are core weights only, and thls point should be con-
sldered when making camperison with the commerclal types where
camplete weights are given, The tube arrangement ls such that
the tube centers lie on the apexes of equllateral triangles,
From the standpoint of volume, the oqullateral tube arrangement
does not glve the optimum intercooler., A reduction of the
intercooler dimension in the direction of charge flow and thus
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e reductitm in volume ean be mede by decreasing within limits +the
tube spacing in thie direction without material change in the
other characterlistics of the intercooler.

A study of iIntercoolers 16 to 24 reveals certaln effects of
tube length and spacing, The effect of increasing 1, for a

glven valy® each of o, v 4p, , aaa.v Apa , and n Increases weight

and voluma but decreases frontel area, width, and cooling-alr flow,
Under given conditlons of o, Ap, and n a decrease in tube

av
spacing decreases all other variables exocept caav Apy, which 1s

considerably increased. (See curves 16 and 19 of fig. 8.) Small
spacing is thereforo desirable if o _ Apsz 1s not an important
factor, &v

In figure 9 a comparlson is aade of the Harrison intercoolers
1l and 3 of figures7 and 8, an Alresearch intercooler 7 of flgure
7, and a number of charge~through-tubs lntercoolers designed from
charts published in refexemes 3, As 1n figure 8, the chart deslgns
were chosen to match appreximately the relatlions of caa.v Ap,

agalngt 1n for the commercial intercoolers., Intercoolars 9 to 15
have their tube centers on the apexcs of equilateral triangles.

As previously pointed out, this arrangement 1s not optimum from
the standpoint of volume. Interccolers 28, 29, and 30 are identl-
cal with 9, 10, and 13, respectively, in all dimensions except
that the tube spacing 1n the direotion of coollng alr flow =&,
and hence 1,, has been decreased., It 1s seen that this ch
cauges a marked dscrease in volume wlthout change in the other
Intercooler characterlistlics, The effect of changes of 8p ia
discussed in greater detail in reference 3.

Comparison of curves 9, 10, and 11 shows the effect of vary-
ing Za/d when other dimenslons were altered tc provide the seme
curve of 0 Apy against n for the three intercoolers., Then

av
1z/8 1is increased under these conditions, there is an increase

in welght and a decrease 1n cooling-alr flow, volume, and wldth,
To maintain the condition of constant Oy Ap, as 1;/d is in-

" creased , the tube spacing s 1s decreased and 1 therefore 1s
reduced. *



CONCLUDING REMARKB

" The oross-flow intercooier is not the most efficlemt , al-
though 1t 1s probebly the most practical type.

The pelection of an intercooler to satisfy a particular
group of conditions is greatly simplified by the proper correla-
tion of the test data furnished by the manufacturer, and it is
belleved that tho methods suggested in this report should prove
of materlal asslstance in making such selection,

The finel cholce of any intercooler must of necesslty be a
coampromise among confliotling factors, and the nature of the
ocampromise will depend largely upon the relative Importance
assigned to these factors.

Langley Memorial Aeronauticel Laboratory,
Natlonal Advisory Committee for Aeromautics,
Langley Fleld, Va.
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Flgure 10 represents a section of an intercooler of unlt
wildth perpendicular to the dimemnsion w through which heat 1s
being transferred from charge to cooling alr, the direction of
the air streams being at right argles to each other (cross flovw).
The heat Flowlng through an elemental area dx dy of thls section
at distences y and x from the ckarge and cooling-air enmtrances,
respeciively, 1s

ag _ 7Y o - M
5 =hsax dy(Tay T,) = b, ax dy(T, Tlx) R

Eliminating T,, and separating variables,

dTlx W 13 hs h1 dx w Za h
Tay - T"x M, Cn (h1+h2) Hy o

where h 1s the over-all heat-transler coefflclent per unilt

intercooler width based on tie area 1, 15. Integrating between

limite T, to 0 and 1, to 0 along the elemental surip In
ex

the directlion of the cocling-alr flow and regarding Tgy as con~

stant along the stirlp
( _ Wil h
M o.p
1 H
= TB l-0e / (15)

T
lex AN

From figure 10 it may be seen thas

Ma d.y'Ml
--17 dTay=E-‘TcpT._Lex

and by substituting in equation (15)

/ wzllah \
ar M T Mo
Fee—Li1-0 ay
Tay =My

Integrating between the limits T, to Taex end O to 1, glves
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wi,15h
! % o
= l=--0 - -=2 T,
-] Ma = ex.=1-'r|
\ Ta )
or
Wi,lzh
M . =
--i-ll l-o0 M op
- . .
N=1l-8 . . L (16)

By a simllar procedure the cooliné effec:biveness for counterflow
is : .

M, wi,1lzh
1 e Ma M1 cp
- wi,1h
- Ml -
P
ng = > (17)
& My wiylgh
1-22¢2
M1 - w'l.llah
e M1 cP

and for parallel flow, '

- 1 _E 173
M M M
\ 1-e 1 Sp 3 1 Cp i
P M /M, + 1 (18)

Equations (16), (17), and (18) show that the cooling effective-
ness for the three types of flow depends on M,/w, My/Ma, b, 1,, and
1,5, These equatlions are based cn the assumption that Tj 1s con-

stant along & line at right angles to the directlion of the charge
flow. Thils assumption is not strictly velld for cross flow (Equa-
tion (16)); it 1s shown, however, in references 2 and 3 to intro-
duce small error 1n the.range of practical lntercooler operation.
The assumptlion 1s valid for counterflow and parallel flow; so equa-
tions (17) and (18) are rigorous.
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