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By J. George Reuter and Michael F. Valerino

SUMMARY

Ar analysis hzs been made of the power losses in airplane flight
of cross-flow plate and tuhular intercoolers to determine the coollng—
air Welaht flow and pressure drop that give minimum total power loss
for any given cooling efLeCU1voness. The power losses considered in
this dbulYSlq are those due to (1) the extra drag imposed on the air-
plane by the weight of the intercooler, its duct, and its supports
and (2) the drag sustained by the cooling air in flowing through the
interccoler and itc duct. The investigation covers a renge of flight
conditions oi altitude, airspeed, lift-drap ratio, supercharger—
pressure ratio, and adiahstic efficiency.
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(1) - The optimum cool1u¢-,u—chargu-air weight-{low ratio, that
is, the flow ratio that sives minimum total power loss, is only
slightly dependent on the airplane flight conditions and the charge-
alr pressure drcp and is mainly a function of the intercooler cooling
el fectiveness and cooling-air pressure drop.

(2) Waen the cooling-to-charge-air weight-flow ratio is varied
to maintain its Du+l mm value, the cooling-air pregsure drop is
optimum between 1 =nd 3 inches of water; the variation within this

ange depends on flight conditions, charge-air pressure drop, and
type of intercooler (plate, charge-across-tube, or charge-through-
tube). Within thie range of pressure drop the change in total power
loss from the minimum value is slight.

o

The optimum values of cooling-air pressure drop and weight-flow
ratio are tabulsted. Curves are presented to illustrate the results
of the analysis. ITncluded are curves that give the variation in
intercooler volume and the sacrifice in thrust power incurred by a
departure of intercccler opsration from the optimum’values of cooling-

air pressure drop and weight-flow ratio.
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INTRODUCTION
In the design of intercooclers, . if the power required to force
air through the passages were the only consideration, a large, heavy

‘intercocler would minimize the power cost. In aircraft added weight

increases the airplane drag losses, and it is therefore necessary

that an intercooler bes decsigned to effect a compromise between the
intercooler cooling--air losses and the losses dus to the interccoler
welght. In maliing this compromise the designer can vary either the
intercooler core structure or certain intercooler operating conditions.
Although variation in core-structure dimensions is guite important in
permitting chenges in external dimensions for fitting an intercooler
into the available espace (raferences 1 and 2), it is of less importance
in minimizing the power losses. The designer has much more control
over the power losses through variation of such intercooler operating
conditions as cooling-air weight flow and pressure drop.  Changes in
cooling-air weight flow and pressure drop are 2lso accompanied by
changes in external dimensions of the intercooler for a given core
structure. : :

The power losses due to the cooling-azir flow and the intercooler
weight can be expressed in terms of operating conditions, which fall
into two classes: (1) intercooler operating conditions and (2) flight
conditions. Class (1) consists of the cooling effectiveness and the
weight flows and the pressure drops of the charge and the cooling air.
Class (2) censists of altitude, airspeed, lift-drag ratio, super-
charger efficiency, and pressure ratio. For the designer the flight-
condition group is usuzally fixed. Of the intercooler cperating
conditions, the cooling effectiveness and the charge-air weight flow
are usually predetermined; the designer is therefcre free to cheoose,
within limits, the cooling-air weight flow and pressure drop.

In this analysis the cooling-to-charge-air weighi-flow ratio
and pressure drop that give minimum total power loss have been deter-
mined for various conditions of {light and for various cooling
requirements. The selection of an intercooler for a specific
installation is, however, also a compromise hetween intercocler
dimensions and intsrcooler totzl power loss. The designer is, in
most cases, limited in the chcice of the intsrcooler operating condi-
tions by the space availzble 1in the airplane for the intercooler.
Considerations of the charge-air and the cooling-air ducting also
enter and complicate the entire picture. Thus, a design for minimum
total power loss may, for a given installation, be prohibitive on the
basis of installations . in the airplane in spite of the variety of
shapes and sizes of interccolers made possible by changing the inter-
cooler core-structure dimensions. Charts are presented that give
the magnitude of power sacrifice and the change in intercooler volume
resulting from a departure from the optimum ccnditions,
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The optimum charge-air pressure drop has not been included in
the analysis because the attendant power losses depend to a large
degree on the specific engine installation.

Pi EDJRE

The cooling-a3ir and transportation power losses. - The equation
for the cooling-air drag power loss of an intercooler is derived in
the appendix (equations (1) through (11)) from a consideration of the

momentum change of the cooling air as it flews through the intercooler
and cuct. The effect of the addition of heat to the cooling air in
the intercooler is included in the derivation. This effect causes

a slight reduction of the cooling-air drag loss and, for low values

of cooklnh—+o charge air weight-flow ratio wl/ﬁg and the cooling-air

pressure drop Ap,, may even result in a thrust rather than a drag.

oL

The increase in airplane drag resulting from the weight increase
due to the addition of an interceoler is calculated as the drag of
rea required tc keep the wing leading,

and thus the take-off and lp
power loss is given hy equatbi

"3

er

the additional airplans wing 2
wding speeds, constant. This additional
ong (12) and (1%) of the appendix.

-~ i

Since the two intercooler power losses vary in opprosite direc—
tions with variation of Ml/@g or ;1, it 18 expected thst for
certain values of these two o
rower losses is minimum. Th

arating variables the sum of the two

se optimum values of My/#y and 4pq,

denoted herein sas (M1/M2)Oﬁ+ and (Apl)ouk’ are determined by the
l.»\; hEd T .

procedure outlined in the 1ﬁp€1d]x.

.

The parameter (L/ - In this 2nelysis it is convenient to

make use of a parametar L/D)e\ relating the intercooler trarspor-

tation costs to the heat—bransier surface area. This parameter is
defined as '

‘

L/D
<L/D>eo T ; \ \
) [ P 2V oy ! I/y S \}
— - —] [£]) [=-
173 yL\L\Qﬂy V) SW
It should be ncted that the parameter (I/D)mc includes the
following varisbles in addition to the airplans wing lift-drag ratio

L/ D H

(a) Density of the material of which the intercooler is con-
structed Py
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(b) Plate or tube-wall thickness t

(c) F®atio of weight of intercoolar to weight of intercooler
plates or tubes. Ry :

(d) Ratio of increase in airplane weight caused by the inter-
cooler to the weight of the intercooler y

(e) Ratio of the heat-transfer surface area of-the intercooler-
S +to the surface area of a reference intercooler Sy

~The si@nificance cf the parameter (L/D)eq is given in more
detail in the appendix.

The reference intercooler. - The relation between the heat-transfer
surface area and tie operating conditions and core structure is ohtained
from reference 1 for the plate interccoler and from reference 2 for

the tubular intercooler. In references 1 and 2 the relation for each
type of intercooler is first given for a reference intercooler, which

is defined as one having a reference core structure. The variation

in heat-transfer area with core structure for constant operating con-
ditions is then given. This variation of heat-transfer area with

core structure ig the S/SO} term included in the (L/D)eq parameter.

The transportaticn loss is then, as shown in the appendix, a function
only of (I/D)pq, zirplane velocity, and hezt-transfer surface avea

of the refersnce intercocler.

The optimum ¥y /iy and 4pq. - The optimum values of ¥y /Mo

and the related optimum values of Apy were determined graphically

for extreme conditions of intercooler operation and airplane perform-
ance. The range of conditions covered in the graphical investigation
- is:

Intercooler operating conditions:

Charge-air sea-level pressure drop (o is air density
relative to standard atmosphere and Ap£ is skin-

friction pressure drop of air across intercooler)
9o Bpe s inches of Water . . v v v v 0 e v e e e e .. 2-12
-av 2

Cooling-effectiveness 1, percent . . . - « . « « » . « . ¢ 30-85
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Airplane flight conditions:

Altitude, feet . « + v « « « « v v« « . « « . . . . 20,000-50,000
Dynamic prassure in flight q, inches of water . . . .1215-25
(L/D)oq S e e e e e e e e e e e e e e e e e e e e .. oBR20

Supercharger pressure ratio r e e e e e e e e e 1-3
Compressor afficiency Mags Percent e e+ v e« « « « 65-100

he duct efficiency was assumed constant at 90 percent.

Although the analysis was made for a range of (L/D)eq frem

5 to 20, values above this range may be encountered in special cases
because of the numerous variables included in the pavameter. it

can be stated that the results of the analysis presented herein also
apply for values of (I/D)pq up to infinity, because when (L/D)eq
is infinite, the total power loss is equal to only the loss due to
the cooling-air drag; plots of cooling-air power loss against 4pq
for optimum Ml/M2 show optimum values of Apl and Ml/Mz that are
in substantial agreement with values given for the range of (L/D)eq
considered in this rspert.

RESULTS AND DISCUSSIOH
The results of the analysis outlined in the appendix may be

simply represented for the foregoing practical range of conditions
as

My beB.Oén
\ M = R
\ 2’opt l
(Apl) = 1 to 3 inches of water
opt

where b and wm =are constant, the values of which depend on the
airplene flight and intercooler operating conditions., Since » and
n do not vary critically over the range of conditions investigated
in this report and since small changes in MI/MQ away from the
optimum have very little effect on the total-power loss, the factor

b and expenent m may, for general design purposes, be assigned
constant average values. These average values were determined as
approximately b = 0.49 and m = 0,35 and will give Ml/Mz values
suitable for intercooler design on the basis of minimum power loss.



Thus, when the system is operzting at the optimum cooling-air
pressure drop (from 1 to 3 in. water), the optimum ratio of cooling-
air to charge-air weight flow is given from the foregoing equation
roughly as follows:

=

‘\m\ Apl, in.
water—-—=y 1 2 3

porcen+j\\\\\\

20 1.2 [1.010.8
o) 1.7 1.3 (1.1
50 2.3 1.8 11.5
60 3,1 (2.4 12.1
70 .2 1%3.212.8
80 5.7 {L.h 3.8

For any value of m within the range given in the table, a
value of 4py from 1 to 3 inches of water can be chosen without
changing the power loss an appreciable amount. There is a slight
trend in favor of the lower valuss of Apl at high altitudes.

As previously emphasized, the space available in the airplane
for the installation of the intercooler and its ducts is a consider-
ation of primary importance in the selection of the cooling-air
operating conditions. This consideration may make it necessary to
deviate from the optimum cooling-air conditions, It is of interest
to know how the dimensions of an intercooler change with variation
in cooling-air conditions from their optimum values. This informa-
tion may be obtained from references 1 and 2. A table based on the
design information given in reference 1 has been prepared for the
plate intercooler to illustrate the dimensional trends involved.

For this table the plate intercooler is assumed to have 0.010-inch
plates spaced 1/16 inch for the cooling-air flow passages and

1/32 inch for the chargs flow passages. The intercooler is assumed
to operate at a cooling effectiveness of 50 percent with a charge-air
pressure drop of about 8 inches of water. The dimensions of this
intercooler for various cooling-air operating conditions are given

in table 1.
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TABLE 1, - EFFECT CN INTERCOOLER DIMENSIONS OF CHAMGING
CCOLIVG~ATR OIERATING CCNLDITIONS '

Apq M1/Mp |Cooling- |Charge- INo-flow |Core vol-
(in.water) s3ir flow|air flow|length ume (cu in.
length [(length |(in.per |per lb/sec

(in.) (in.) |lb/sec charge-air

charge~ |flow)
air flow)

1.8(opt.)| 5.0 7.C o 17.1 600
2(opt.) 2.5 3.5 6.2 22.1 L90
6 1.2(opt.)| 9.9 7.3 8.8 6l:0

2.5 Lol 5.3 18.7 36C

10 !: "(optc) .L_Eo}.‘ 7c3 6:5 6}4’,0

2,5 5.0 L.9 14.2 350

Table 1 shows that for a given ccre structure and conditions of
constant charge-air pressure drop and cooling effectiveness an increas
in Ml/HQ frem the optimum value for a given value of Apy results
in a reduction in intercoolsr volume, 2 redauction in cooling-air flow
length, and an increase in the no-flow dimension. It is shown later
in the report (fig. 3(a) and discussion on page 10)that for sny value
of Apy % an apprescizble change in My /Mo from the values listed as
optimum is parmissible and will give only a small increase in power
loss. Choice of the higher values of Apq for a given cooling-air

weight flow leads to intercoclers having larger cooling-air flow
lengths and smaller no-flow dimensions than for the optimum value

of Apy.

It is apparent from the values in table 1 that intercocolers
cperating under the optimum cocling-air conditions eiven in this
report are characterized by long no-flow lengths and short cooling-
air lengths. The interceoler that would best meet these optimum
cooling-air requirements is thus of a shape suitable for wing instal-
lation or of th nular shape with the periphery as the no-flow
length and the ial thickness as the charge-air {low length.
Intercoclers approaching s cubical shape will necessarily operate
with a cooling-air pressure drop thst is greater than necessary to
cbtain a given amount of cooling at wminimum cost. Such coclers
may, however, be more convenient to install in some cases.,

& an
radis
Ny



8 NACA ARR Ho. UDOT

The analysis of this report is based on computations from basic
heat-transfer data on flat plates and banks of tubes. These same
elements are used on commercial intercoolers. The data on commercial
intercoolers cover only a limited range of sizes, and a comprehensive
analysis to determine the optimum cooling-air operating conditions was
not possible: The few checks that could be made indicated agreement
with the optimum valuss for cooling-air pressure drop and weight flow
given by this report.

Figure 1 gives the variation in total power loss with cooling-
air pressure drop for a value of O» Apf2 of 56 inches of water,
) av .

typical walues of (L/D)QO and airplane climbing speed, and extreme

values of intercooler cooling effectiveness and operation altitude.
In this figure Ml/Mz was kept optimum throughout, that is, Ml/M2
varied in such a manner that for any set of conditions, including
Apl, the total power loss was a minimum. The optimum value of Apy

is shown by the curves to vary between 1.2 and 1.5 inches of water.
Of particular interest is the flatness of the power—loss curves in
the neighborhood of the optimum Apq.

Tn figure 2 is shown, for optimum Mj/M,, the effect of (L/D)aq
and airplane speed on the optimum‘ Apy at 50,000 feet altitude and

85 percent intercooler cooling effectiveness. t is seen that

(4pq.) lies between 1 and 3 inches of water and that little power
- opt y

is sacrificed for the conditions shown in the figure by operating

the intercooler at an average cooling-air pressure drop of 2 inches

of water. Plots similar to those of figures 1 and 2 made for numer-

ous airplane flight and intercooler cperating conditions show that,

for the range of conditions investigated in this report, very little

sacrifice in pewer is sustained at 2 inches of water cooling-air

pressure drop.

The analysis outlined in the appendix for the plate intercooler
also applies for the tubular intercooler provided the proper value
of (L/D)er is used. For a given set of intercooler operating con-
1

ditions the heat-transfer areas for the tubular intercooler and plate

intercooler are sufficiently near equality (references 1 and 2) that
the range of values of (L/D)eq covered by the curves of this report

inclndes the range of interest for both types of intercoolers. Thus
the optimum values of Apy and Ml/MZ obtained from these curves

should apply for both types of intercooler.
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Figures are presented to assist the designer in choosing the
intercooler cooling-air design conditions (Apl and M1/M2) best
sulted to his particulsr purpose from considerations of volume as
well as power loss. These figures relate the intercocler total
power loss to the volume of the refersnce interccoler for a wide
range of Flight and intercooler operations. Curves giving the
variation in intercooler volume due to change in core structure from
the reference structure are given in references 1 and 2. As pointed
out previously, the effect of change in core structure on the power
loss is included in the (L/D)éq parameter through the ratio §/S,,

which is alsc plotted in references 1 and 2 against core—structure
dimensions.

Figures 3 to 6 are direct plots of reference intercooler volume
against total power loss for the following operating variables; .

Altitude, feet: 20,000; 30,000; L0,060; and 50,000
Dynamic pressure in flight ¢, inches of water: 12.% and 25

Cooling-air pressure drop £py, 1inches of water: 2, 6, and 10

Gooling effectiveness 1, with corresponding values of Ml/M2’
percent: : '

= L0 percent for M+/W 0.6, 0.75, 1, 1.5, and 2
it 1/ %2

T = €0 percent. for My/Mp = 1.25, 1.5, 2, 3, and §
7N = 80 percent for MyfMp = 2.5, 3, L, and 6
These plots are drawn for (L/D)eq = 10 and for
Oggv pf2 4 inches of water. Included in these plots is the rela-

tion between the reference intercooler volume and the transportation
power loss expressed simgly by the dashed straight line. Fer a
given type of intercooler this relation is dependent only on altitude,
on g, and on (I/D)Qq. Figures 3 and l: zprly for the plate inter-

ccoler, and fipures § and 6 apply for the charge-through-tube inter-
cooler,

Flots of the relationship of total power loss and volume for the
tubular intercoolers are identical in irend to figures 3 znd L for
the plate intercooler; the only difference is in the absolute values.
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Attempts were therefore made to present the relations for the tubdbular
intercoolers in terms of coxrecticn Tachors for ad justing the toval
power loss and volume values obtained from figures 3 and 4, For the
harge-thirough-tube intercooler these corrections proved too compli-
cated and involved to present; the relations for the charge-through-
tube intercooler are therefore given directly in figures 5 and 6,

The corrections for the charge-across~tube intercooler wers found
convenient to present and relatively simple to apply; these cor“ec+ﬁons
are accordingly given in the form of figure 7. The ratio of the vol-
ume or transportation power loss of the charge-across-tube intercooler
to that of the plate intercooler is given in figure 7 as a function
of altitude and cooling effectiveness for constant operating condi-

tions and for (L/D =10 and o Ap = 5 inches of water, The
’ eq 20 7 fZ

procedure for uging figure 7 in congunc ion with figures 3 or 4 is
summarized as follows:

1. The volume correction ig directly applicable from figure 7,
2., Tiguwres 3 or 4 can be uscd to find /Mz, PL/LE, and
therefore PC/M?, for the plate intercooler.

3. The value of Py/Mp can be corrected from figure 7 in the
same manner as the voluue.

4, TFor given flight and intercocler operating conditions, the
cooling-air power lcss PC/MB is the same for the three types of
intercooler. Thus the corrected value of Py/Mp can be added to
the unchanged value of PC/ME to give PT/MZ for tiie charge~across-
tube inbercooler,

It must be remembered that figures 3 to 7 apply only for
(L/D)pe = 10 and 0. AD. = 6 inches of water, Further corrections
eq 2oy o

for variation in (L/D)eq and 0o _ Ape. are given in figures 8, 9,

sav 12
and 10. The detaiied use of these figures will be illustrated in a

later section,

The total power-loss-volume plots show that on the basis of power
loss (M /M2 is not a very definite velue. For example, in

figure 3(a), fhen Ap; = 2 inches of water and n = 80 psrcent, little
change in total power logs occurs as ‘l/M2 is varied over the entire
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range shown, The intercooler volume is, however, very sensitive to
cinznge in  Mj/Mp helow the optimum value because the volume increases
rzpidly and the power loss also increases, although to a lesser degree.
On the other hand, Ml,Mg' may be incressed quite appreciably from the
optimum value with considerable reduction in intercooler volumz and
with only a slight loss in power. Tnese plots also show that an
increase in Ap, from the optimum avarage value of 2 inches of water
at a given value of My/Mp causes a decrease in volume at a sacri-
fice in power. If as 8p; is increased the value of Ml/M2 is kept
optimum, the volume changes only slightly at an expense in power.

The varicus plcts indicate the magnitude of these changes for the
variety of design conditions presented.

The plots of total power 1osq against volume do not include
values of Apy below 2 inches of water. This presentation is con~

sidsred unnecessary becsuse of the rapid rise in total power loss
somewhat below this value and also because of the confusion that would
rasult in the figurss, Furthermore, it is considered that the prac-
tical range of Apl lies above 2 inches of water.

[t is of interest to comparas the curves of total power loss
against volume for values of ¢ of 12.5 and 25 inches of water in
figures 3 to 6. The principal effect of increasing gq (or airspeed)
is an increase in total power loss at low values of Apl. This

effect is the result of the relative magnitudes of the decrease in
cooling-air-drag loss and of the increase in transportstion power
loss accompanying the incresse in airspeed.  The cooling-air-drag
decrease is caused by the increased utilization of ram for thrust at
the higher airspsed, that is, by thé increased Meredith effect.

valie of g of 12.5 inches of water represents a good value
for pr seqt ﬁav speed of best climb; a q of 25 inches of water is
tyrical of th q1ga~°booa condition. The analysis covering the
range of ¢ fron 12.% to 25 inches of water shows the optimum values
of Mj/My and Apq to ke independent of q.

Figure 9 shows that the total power loss dacrzases as the charge-

amr pressure drop increszses. This effect does not mean, however,

at hirsh values of charge-air pressure drops are desirable because
account has been taken of the supercharger work reguired to force
the chargs air through the intercooler nor of the affect of charge-
2ir pressure drop on manifold prassure. This report is confined to
study of optimum coolwncmalr design conditions, which for all prac-
ical purposes are indespendant of Ozav pf? over the range covered

in this rsport.
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TLIUSTRATION OF THE USE OF T-
Iet it be

loss sustained

core stricture (reference intercooler

operate at the cptimum cooling-air condi*ions.

other intercocler oparating conditions are:

required to find ths
by a charge-a

) Cooling effectiveness 1, percent . . . .
2) Charge-air friction loss in intercooler
passages 0o dpe , 1inches of water .
. av 2
(L/D)g

Al 1tudc, feel . v « « v o0 000 .
Dynamic pressure in flight g, 1

NN
—

(3)

(L)
(5)

The outline of the procedurs used in this

(a) Figure 3{d) gives the cptimum
and the volame, total poier loss, an? tr
the reference plate intercocler wnen (L

02, Apf2 = 6 inches of water.

(b) Figure 7 gives the volume
to the values obtained for the platie
for the charge-across-tube intarceooler

(c) From figure 8 thes total power loss
(I/D)eq = 14. The volume is independent. of

9 the total power loss
of water,

(d) From
Apr = 10
PIZ

figure
op) inches
av

(e)
A
sz

From figure

0y 10 inches of water.

av

The solution ¢f the problem according
follows.

and power-loss corrections
intercoolar to

is adjusted
(L/D>eo

is adjusted

10 the volume is adjusted

B FIGURES

volume of and the total-power
cross-tube intercooler having a refereace
of reference 2) and designed to

Tha flight and the

S s 16
S K
N 11
.« . - . . . EC,00C
water . . . ..12.5

problem follows:

cooling—-air design conditions
an on"takloq power loss for
/ /eq =

10 2and

applied
the values

give

to apply for

to apply for

to apply for

to the foregoing outline

(6) From figure 3(d) and iten (1):
M )
AT
1,
~
opt
(4py) . = 2 inches of water

opt
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(7) Alsc, from figure 3(d), for the plate interccoler

5,700 cu in./(1b/sec)

L
v
=

N
\
=

21.5 hp/(1v/sec)

*
3
foen
123
o]
[0}

Fﬁ/Mz 15.2 np/(1b/sec)
(8) Therefore, from item (7)
PC/MQ = 21.5 - 15.2 = 6.3 ap/(lb/,ec)

(9) Trom figure 7 and items (1) and l) te correct item (7) to apply
for the charge-across-tube interccole

vo/z\.r;2 = 0.Lh68 X 1;,7oa‘= 7340 cu in./(1b/szc)
PW/MQ = 0.68L X 15.2 = 1C.h hp/(1p/sec)

(10) From items (&) and (9), since P ’h7 is independent of the

. GL T s
type of. intercooler for given I‘lhht and intercooler oper-
ating conditions

Poflia = 6.3 + 10.1 = 16 7 hp/{(1b/sec)

(11) From figure 8 and item (9) the total power loss for
(1/D)_. = 1 is
. eq

~

Prfiy = 16.7 = 3 = 13.7 hp/(1b/cec)
(12) From figure 9(z) and item {11) for oo  bps = 10 inches of water
“av O H .

(13) From figure 10 ang Apf2 = 10 inches of water

Ttens (12) and (13) are the final corrected valuss of total power loss
and volume required in the i”oblem.

-

the values given fer v, apply for the refer-
s, For a ¢l ; tercooler operating

ot of core struchure on intercooler volume ma 1y he
ren 2

Tt is note
ence core shrmct

conditions the ef
obtained from refer

- »-' o+
ooy

m
ct
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CONCLUSION

In connection with the selection of an intercooler of minimum
net drag, the following conclusions are drawn concerning the optimum
cooling conditions: '

1. The optimum ratio of cooling-air weight flow to charge-air-
weight flow, that is, the ratio that gives minimum intercooler total-
power loss, is practically-independent of the airplane flight condi-
tions and the intercooler charge-z2ir pressure drop. For all practical
purposes the optimum weight-flow ratio is a simple function of -the
cooling effectiveness and the cooling-air pressure drop.

2. When the cooling-air weight flow is maintained at its optimum
value, the cooling--air pressure drop becomes optimum between 1 and
inches of water regardless of the cooling effectiveness, flight condi-
o EAet 3
tions, and charge-air pressure drop. Within this range of cooling-air
s b =]
pressure drop there is only a slight change in total-power loss from
the minimum value.

5. For operation in the optinum range of cooling-air pressure
drop, the optimum ratio of cooling-air weight flow to charge-alr weight
flow becomes a function only of cooling effectiveness.

L. For optimum cooling-air weight flow, 2 value of tpy from
1 to 3 inches of water can be chosen without changing the net inter-
cooler power loss an appreciasble amount. There 1s a slight trend
in favor of the lower values of Ap; at high altitudes. Cnoice of
higher values of 4py leads to intercoolers having larger cocling-air
flow lengths and smaller no-flow dimensions than for the lower values
of  Apy. Such coolers may be more convenient to install in some
cases.

5. For a given value of cooling-air pressure drop, an appre-
cizble variation of cooling-air weight flow (within limits discussed
in the report) from the optimum values will cause little change in
the net intercooler power loss, An increase in cooling-air weight
flow above the optimum will require an increase in the no-flow inter-
cooler dimension, a decrease in the cooling-air flow dimension, and
2 decrease in intercooler volume. A reduction in cooling-air weight
flow from the optimum value will reverse these trends.

6. The optimum values of cooling-air weight flow and pressure
drop given herein are, within practical limits, unaffected by
(1) plate or tube-wall thickness, (2) density of intercooler material,
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cnd (3) weight of accessory material regquired in installation.
These optimum values apply ecually well for tne plate ar E tubular
intercoolers.

Aireraft Engine Research Laberatory,
Habtional Advisory Commitsee for Aerc naLb*cs,
Cieveland, Ohio. Fsbruary 25, 1944,

APPSNDIE :
SYHBOLS
a ratio of cooling—zir skin-friction pressure drop to total
cocling-air pressure drop, Apf /Apl
1
Ar over-all effective heat-transfer area, sq %
. . ~ . . y P T 17 Q-
Cp specific heat of air at constant pressure (0.24 Bsu/(1b)(°F))
e base of natursl logarithms
. - . . 2
& acceleration of gravity, ft/{sec)

L/D airplane wing liff{-drag ra



Ry

03]

lift-d t ivalent ,l" /D |
ift-drag ratio equivalent
- Pn \ (12t \ [P /y‘) s\l i
; el BN i1tz
%. 173 \9901 1.2 \% ‘?o/ !

rate of air-weight flow, 1lb/sec-

air pressure, in. water

total pressure drop c¢f air across intercooler, in. water
skin-friction pressure drop of air in intercooler, in. water
cooling--air drasz power loss, hp

total power loss due to cooling-—air drag and intercooler
weight (P, + By), hp

power required to transport intercooler and its accessories,
hp

free-stream dynamic pressure, in. water
supercharger-pressure ratio

ratio of weight of intercooler to weight of intercocler
plates or tubes

5

eat-transfer surface area of intercooler, sq ft

plate thickness of plate intercooler or tube-wall thickness
of tubular intercooler, ft '

air temperature, °F absolute

over-all heat-transfer coeificient based on Ay,
Btu/(sec)(sq £+ )(OF) ~

intercooler volume, cu ft (or cu in. where designated)
airplane velocity, fps
intercooler weight, 1b

58]

ratio of 'increase in airplane weight caused by addition of
an interccoler to weight of intercooler

exponent of adiabatic compression
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7 intercooler cooling effeciiveness
Nad supercharger adiabatic efficiency
g intercocler duct efficiency
! Oiav Apfl
8 weight flow-pressure drop rastio| 7
2 \'12 (j“_av 4D p
o) air density, 1b/ca ft
P density of plate or tube-wall materiai, 1h/cu £t
i
g density of air relative to standard atmosphere
Subscriptss
a free-air-stream conditions
av average conditions in intercooler
e conditions 2t duct exit
en conditions at intsrcooler entrancé
ex conditions at intercooler exit
opt optimum on basis of total power loss
e supercharger
0 reference intercooler conditions where the reference inter—
cooler is defined in references 1 and 2
1 cecoling air
2 charge air

Analvsis

The application of Bernoullii's incompressible-flow equation to
the cooling-air flow ahead of the intercooler (fig. 11) gives,
AY
1 ( 2 2\ .
- m e L ¥4 D)
Pen = Pa 10.Lg Ma Pa \ 2 “en (L.



Also, when Pernoulli's ecuation is applied to the cooling-air flow
hehind the intercooler
1 !
(o 2 2 -
1 - = V — {C
Pey = Pa 1o,hg Pax g e Vex \ )

~ From equation (2) the duct—exit velocity may be explicitly given as

5> 10.hg
T162 - pr* (Poy = Pa) + Vex2 (3)

The pressure drop across the intercooler may be expressed as

dpq = (Pan ~ Pa) - (Pex ~ Pa) (L)

dhen equ
ic]

tions (1) and (L) are substituted in ecuation (3) and
when the v 1

a
sulting equation is rearranged

:'l. i vol T : 2
[Mafa l /ven B ! Lpy, Pex Vex .
L e A R e + (5)
> N Pex | Va/ 11 Pen™@a 4 o (v 2_vy. 2
¥ L. - ig¥a \ 'a en -J

The cocling-air velocity near the entrance and exit faces of the
intercooler is usually a very small fraction of the free-stream
velocity.  Thus, equation (5) may be written with negligible error
as

T . / { /...- Ap 7 N ( ‘ )
Y o = a Mg =t ] = ————
- w d pex \ Pen ~ Pa _

Wnen the general gas law is introduced

= (7)
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a
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', in eouaticn (9) may be given in terms of
rcharger ristics vy the use of tne heat-
the cnargs and cou1¢ng air. Thus,

W
My / il Ta

Fal

fermance relations

”

m !

Mg r -1 e
St E T (11)
ta fiad

Transportation powser loes. - The power required to transport
e additional sirplane weiznt due to the installaticn of an inter-
ocoler is determined on the basis of constant wing loading and thus
onstant take-off{ and landing spesds. The transportation power loss
5, then, the drag of the additionsl wing area required %o keep con-
stant wing loading. This drag power is }

~~
o]
no
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For convenience, defiine

2 L/D
(L/Deg = = (17)
o4 (pm ) 1ot \ Rﬂ > /%> (é \ \
— (== =] (%) (=)
\173/ &o, 1) \1.2/ \2/ \s
where Qo t, By and v are given the reference numerical values

of 175, ©.01, 1.2, and 2, respectively.

From equations {12), (13), (i), (14), and (17) the pewer required
to transport the plate intercooler may be given in terms of the flight
and intercooler operating conditions as

{"' \ i 7/5
Py -2k v, Jfﬂl . §loge (1-m) 1}
== Ty N egy e
by S50 (I/D)gq [Mp T TR Ly fip 3
A . Lo i

3y \-2/T 11/5
(18)

— a0 Ap + {C Ap
iy e '1) {25y 1)

Solution for optinum Ml/Mg. - From equations (9), (10), (11),

and (18) the total power loss can be expressed as a function of the
flight and intercooler operatinz conditione by '

i e a
Pm M ; / / ke ) .
—I[—- = K1 T—Tl i1 - /Lfﬁ Il + KQ -—'}—:'-\ill
! = My ! S TP
2 2 % V_ 1 Q/i
- ' o
VY //[iiw": l' 7 ‘ i '
L»L—.L\?' ’;/fgﬁl \-—2/| / \ _2/7: 7/5 7/%
-K), | —1 ! a0 Apl) +.{0s ‘AprE ' ! (logeK)' g
7 4 .
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squation (25) has been obtaine ad graphically for the following range
cf conditions:

T, PErcent v v « o v v 4 e 4 0 e e s

O
Oo AD inches of water + . . .+« . 0 v v v e e e e . 2
2avr tfa’

Altitude, feeb .« o . v o . . . . o . o . o . . . . . 20,000-50,000
q, inches of water + . « v « o o o v 0 0 0w e 0w . 12-20

(L/D) T 5-2¢

AN

.
.
.
.
.
.

g5
12

‘29
T e e e e e e e e s §
TN
MNags Percent « o v oo o oo s s e 65~10C
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The duct efficiency TYgq was taken as 90 percent.

The results of the foregoing procedure can be given as

PN a7
{y \ beB.Ool A o
2, opt 1 :
where
X
21 i
b ={ > s B0y oS L] A"W,O &p
¢3 \KL‘, 2 3 1\111/3!1? lgv vl 2E!.V f2 4
and

= ¢’h (b>

Tnasmiich as the terms b and m vary only slightly when minimum
total power loss 1is designed for, they may for gereral intercooler

design purposes be assumed constant at an average value for the range

"“D

of flight and intercooler ope rating conditions ccvered in this report.
Thus, b = 0.4¢ and m = 0.35, p,roAlmaLe*
i

Solution for optimum A4p,. - If eguation (26) is substituted in

equation (19)

r s
l . om A\l
PT o beB*Oéﬂ l] /p‘ l{ . T;.Spl \]
i N B .V IS A C _\.2-
Mo Aplﬁl l Xf 2 \ 067>4
ANT/5 T )
¢ (g63'06'l7'/ i, _3,06M l—n\ -2/7 _2/;!7/)
A\ T pe?* % Py +{op A‘pf\ |
SR w P ) % g
L J
5
rl (1 ) n I g?/S
i Oga\ "Yi AYoR t
log, | —t 1 f (27)
g e i be),OoTl J
L .
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The cptimum valve of £py when Mi/Mp is alsc optimum will be
defined when '

o) (1 /1\'193 a3 (AT‘l) =0 (28)

In this differentiation the terms b and m were considered as
indevendent of Apy.  This assumption was investigated over the
range of values of £4py between 1 and 10 inches of water and was
found to be substantially trus.

I
i
0ne
e

Graphical solutions of equation (28) for ("Pl'oot over the

range of conditions investigated in this report show th et (nnl) opt

LA

varies between 1 an % inches of water.

The approximations in the foregoing analysis have been made fer
the purpese of simplifying the mathematics involved. The optimum
cooling-air weight £1ow and pressure~drop values obbtained through the
use of these approximations havm been checked against the values
cbtained by a more laborious method as illustrated by figures 1 and 2.
The errors introduced by these approximations were found to be small
and unimpertant.
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Figure 2.- Variation of plate intercooler total power loss with ccoling-air
pressure drop for optimum cooling air flow when (p/D) is 5 and
. 20, and q is 12,5 and 25 inches of water. Altitude, 50,000 ft. n, "85 percent.
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Figure 4(a to d).- Relation between the volume and the total power loss of the plate
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Figure 5.- Continued.
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