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SUMMARY

An analysis has been made of the drag losses in airplane
Slight of cross-flow plate and tubular intercoolers to determine
the cooling-air weight flow and pressure drop that give a mini-
mum drag loss for any given cooling effectiveness and, thus, a
maximum power-plant net gain due to charge-air cooling. The
drag losses considered in this analysts are those due to (1) the
extra drag imposed on the airplane by the weight of the inter-
cooler, its duct, and s supports and (%) the drag sustained by
the cooling air in flowing through the intercooler and its duct.
The investigation covers a range of conditions of altitude, air-
speed, lift-drag ratio, supercharger-pressure ratio, and super-
charger adiabatic efficiency.

The analysis reveals the following facts concerning the
cooling-air operaling conditions of intercoolers:

(1) The optimum cooling-to-charge-air weight-flow ratio,
that s, the flow ratio that gives minimum drag loss, is only
slightly dependent on the airplane flight conditions and the
charge-air pressure drop and is mainly a function of the inter-
cooler cooling effectiveness and the cooling-air pressure drop.

() When the cooling-to-charge-air weighi-flow ratio is varied
to maintain s optimum value, the cooling-air pressure drop is
optimum between 1 and 3 inches of water; the variation within
this range depends on flight conditions, charge-air pressure
drop, and type of intercooler (plate, charge-across-tube, or
charge-through-tube). Within this range of pressure drop the
change in drag loss from the minimum value 18 slight.

The optimum values of cooling-air pressure drop and weight-
Jlow ratio are tabulated. Curves are presented to illustrate the
results of the analysis. Included are curves that give the varia-
tion in intercooler volume and the increase in drag loss incurred
by a departure of intercooler operation from the optimum values
of cooling-air pressure drop and weight-flow ratio.

INTRODUCTION

The advantages of charge-air cooling are dependent not
only on the degree of cooling accomplished but also on the
drag losses incurred by the intercooler. For any given
cooling effectiveness, minimum drag of the intercooler re-
sults in maximum power-plant net gain due to the addition
of the intercooler.

In the design of intercoolers, if the pressure required to
force air through the passages were the only consideration,
2 large, heavy intercooler would minimize the drag loss. In

aircraft added weight increases the airplane drag losses and
it is therefore necessary that an intercooler be designed to
effect 2 compromise between the intercooler cooling-air
losses and the losses due to the intercooler weight. In
maling this compromise the designer can vary either the
intercooler core structure or certain intercooler operating
conditions. Although variation in core-structure dimensions
is quite important in permitting changes in external dimen-
sions for fitting an intercooler into the available space
(references 1 and 2), it is of less importance in minimizing
the drag losses. The designer has much more control over
the drag losses through variation of such intercooler operat-
ing conditions as cooling-air weight flow and pressure drop.
Changes in cooling-air weight flow and pressure drop are
also accompanied by changes in external dimensions of the
intercooler for a given core structure.

The drag losses due to the cooling-air flow and the inter-
cooler weight can be expressed in terms of operating condi-
tions, 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 pres-
sure drops of the charge and the cooling air. Class (2) con-
sists of altibude, airspeed, lift-drag ratio, supercharger
efficiency, and pressure ratio. For the designer the flight-
condition group is usually fixed. Of the intercooler operat-
ing conditions, the cooling effectivencss and the charge-air
weight flow are usually predetermined; the designer is there-
fore free to choose, within limits, the cooling-air weight flow
and pressure drop.

In this analysis the cooling-to-charge-air weight-flow ratio
and pressure drop that give minimum drag loss have been
determined for various conditions of flight and for various
cooling requirements. The selection of an intercooler for a
specific installation is, however, also a compromise between
intercooler dimensions and intercooler drag loss. The
designer is, in most cases, limited in the choice of the inter-
cooler operating conditions by the space available in 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 drag loss may,
for a given installation, be prohibitive on the basis of installa-
tions in the airplane in spite of the variety of shapes and sizes
of intercoolers made possible by changing the intercooler
core-structure dimensions. Charts are presented that give

207


https://core.ac.uk/display/42794532?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

208

the magnitude of the increase in drag and the change in
intercooler volume resulting from a departure from the
optimum conditions.

The optimum. charge-air pressure drop has not been in-
cluded in the analysis because the attendant losses depend to
a large degree on the specific engine installation.

PROCEDURE

The cooling-air and transportation drag losses.—The
equation for the cooling-air drag loss of an intercooler is
derived in appendix B (equations (1) to (11)) from a con-
sideration of the momentum change of the cooling air as it
flows through the intercooler and the duct. The effect of
the addition of heat to the cooling air in the intercooler is
included in the derivation. This effect causes a slight reduc-
tion of the cooling-air drag loss and, for low values of cooling-
to-charge-air weight flow AM;/3f; and cooling-air pressure
drop Ap;, may even result in a thrust rather than a drag.

The increase in airplane drag resulting from the weight
increase due to the addition of an intercooler is calculated
as the drag of the additional airplane wing area required to
keep the wing loading, and thus the take-off and landing
speeds, constant. This additional drag loss is given by
equetions (12) to (18) of appendix B.

Because the two intercooler drag losses vary in opposite
directions with variation of M,;/M; or Ap,, it is expected that
for certain values of these two operating variables the sum
of the two drag losses is minimum. These optimum values
of M,/M; and Ap,, denoted herein as (M:/M) op; 80d (AD) ops,
are determined by the procedure outlined in appendix B
(equations (19) to (28)).

The parameter (L/D),—In this analysis it is convenient
to make use of a parameter (L/D),, relating the intercooler
transportation costs to the heat-transfer surface area. This
parameter is defined as

LD
(L/D) o= P lfj R N\ (S
(#5) (6a) (33) 3) (=)

It should be noted that the parameter (L/D),, includes the
following variables in addition to the airplane-wing lift-drag
ratio L/D:

(a) Density of the material of which the intercooler is
constructed p,

(b) Plate or tube-wall thickness ¢

(c) Ratio of weight of intercooler to weight of intercooler
plates or tubes Ry

(d) Ratio of incresse in airplane weight caused by the
intercooler to the weight of the intercooler y

(e) Ratio of the heat-transfer surface area of the inter-
cooler S to the surface area of a reference intercooler S,

The symbols used in this report are listed in appendix A.
The significance of the parameter (L/D),, is given in more
detail in appendix B.

The reference intercooler.—The relation among the heat-
transfer surface area, the operating conditions, and the core
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structure is obtained from reference 1 for the plate inter-
cooler 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 witb core structure for constant operating con-
ditions is then given. This variation of heat-transfer aren
with core structure is the S/S,.term included in the (Z/D),,
perameter. The transportation loss is then, as shown in
appendix B, a function only of (L/D),,, airplane velocity,
and heat-transfer surface area of the reference intercooler.

The optimum M,/M; and Ap,.—The optimum values of
M, jM; and the related optimum values of Ap, were deter-
mined for extreme conditions of intercooler operation and
airplane flight. The range of conditions covered in the in-
vestigation is:

Intercooler operating conditions:

Charge-air sea-level pressure drop (o, air density rela-
tive to standard atmosphere; Aps, skin-friction pres-
sure drop of air across intercooler) og,2 Apy,s, inches

of wabter. .. ceeccna 2-12
Cooling effectiveness #, perecent_ - - ______________ 30-86
Airplane flight conditions:

Altitude, feet-__ . ___ . ..__ 20,000-~50,000
Dynamic pressure in flight ¢, inches of water_________._. 12.5-26
(L D) g e e oo e e 5-20
Supercharger-pressure ratio r_ . _______ 1-3
65-100

The duct efficiency was assumed constant at 90 percent.

Although the analysis was made for a range of (L/D),,
from 5 to 20, values above this range may be encountered in
special cases because of the numerous variables included in
the parameter. It can be stated that the results of the
analysis presented herein also apply for values of (L/D),, up
to infinity because, when (L/D),, is infinite, the drag loss is
equal to only the loss due to the cooling air; plots of cooling-
air drag loss against Ap, for optimum M;/M, show optimum
values of Ap; and M,/M, that are in substantial agreement
with values given for the range of (L/D),, considered in this
report.

RESULTS AND DISCUSSION

The results of the analysis outlined in appendix B may be
simply represented for the foregoing practical range of condi-
tions as

M1> b
E apl— Aplm

(AD1)op:=1 to 3 inches of water

where b and m are coustants, the values of which depend on
the airplane flight and intercooler operating conditions.
Because b and m do not critically vary over the range of
conditions investigated in this report and because small
changes in M,;/M, away from the optimum have very little
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effect on the drag loss, the factor b and exponent m may, for
general design purposes, be assigned constant average values.
These average values were determined as approximately
b=0.49 and m=0.36 and will give M,/M; values suitable for
intercooler design on the basis of minimum drag loss.

Thus, when the system is operating 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 as follows: .

i\
(MM o3¢
Am, In. water
s _— 1 2 3
(porcent) l
30 1.2 10 0.8
40 1.7 L3 1.1
. 50 2.3 L8 Lb
60 3.1 2.4 2.1
70 4.2 3.2 2.8
80 8.7 4.4 3.8

For any value of # within the range given in the table, a
value of Ap; from 1 to 3 inches of water can be chosen with-
out changing the drag loss an appreciable amount. There
is a slight trend in favor of the low values of Ap; at high
altitudes.

As previously emphasized, the space available in the air-
plane for the installation of the intercooler and its ducts is a
consideration 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 information may be ob-
tained 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 ¥s inch for the cooling-air-flow passages
and Y¥; inch for the charge-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 I.

TasLe I—EFFECT ON INTERCOOLER DIMENSIONS OF
CHANGING COOLING-AIR OPERATING CONDITIONS

Cooling Oharge- Iil'o-tgl_&‘]v OIOm
o en| volume
air flow alr flow (in. (e in.
Apy (in. water) MiM; longin | length Thisee. | Ibfsse
(in. (in.) charge-air | charge-air
flow) flow)
1.8 (0D emneeee 5.0 7.0 17.1 600
2(erh DY Aot 3.5 632 2.4 490
6 12000 mmemeeee 2.9 7.3 3.8 640
DY 4.4 5.3 16.7 300
1.0 (0pt) e 13.4 7.3 6.5 640
10 b X A— 5.0 4.9 14.2 350
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Table I shows that, for a given core structure and for
conditions of constant charge-air pressure drop and cooling
effectiveness, an increase in M,;/M; from the optimum value
for a given value of Ap, results in a reduction in intercooler
volume, a reduction in cooling-air flow length, and an in-
creagse in the no-flow dimension. It is shown later in the
report that for any value of Ap, an appreciable change in
M,/M; from the optimum gives only a small increase in
drag loss. Choice of the higher values of Ap; for a given
cooling-air weight flow leads to intercoolers having larger
cooling-air flow lengths and smaller no-flow dimensions than
for the optimum value of Ap,.

The analysis of this report is based on computations from
basic heat-transfer date on flat plates and banks of tubes.
These same elements are used on commercial intercoolers.
The data on commercial intercoolers cover only & 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 values for cooling-air pressure
drop and weight flow given by this report.

Figure 1 gives the variation in drag loss with cooling-air
pressure drop for values of o4y, APgs of 6 inches of water,
of (L/D)eq of 10, and of ¢ of 12.5 inches of water and for
extreme values of intercooler cooling effectiveness and
operation altitude. In this figure, M,/M; was kept optimum
throughout; that is, M,;/M; varied in such a manner that, for
any set of conditions including Ap,, the drag loss was a
minimum. The optimum value of Ap, is shown by the
curves to vary between 1.2 and 1.5 inches of water. Of
particular interest is the flatness of the drag-loss curves in
the neighborhood of the optimum Ap,.
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FicURE 1.—Variation of plate-intercooler drag loss with cooling-air pressare drop for optimum
cooling-alr flow. (L{D)eg, 10; ¢, 12.6 inches of water; oer, APsa 6 inches of water.
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F1aURE 2.—Variation of plate-intercooler drag loss with cooling-air pressure drop for optimum
cooling-air flow when (L/D). Is § and 20, and ¢ s 12.5 and 25 inches of water. Altitude,
50,000 feet; 5, 85 percent.

In figure 2 is shown, for optimum M;/M;, the effect
of (L/D)., and airplane speed on the optimum Ap, at 50,000-
foot altitude and 85-percent intercooler cooling effectiveness.
It is seen that (Ap)).p. lies between 1 and 3 inches of water
and that little change from minimum drag is obtained for
the conditions of (L/D)., and airplane speed 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 numerous airplane flight and
intercooler operating counditions show that, for the range
of conditions investigated in this report, very little deviation
from minimum drag occurred when operation is at cooling-air
pressure drop of 2 inches of water.

The analysis outlined in appendix B for the plate inter-
cooler also applies for the tubular intercooler provided the
proper value of (L/D),,is used. For a given set of intercooler
operating conditions, the heat-transfer areas for the tubular
intercooler and the plate intercooler are sufficiently equal
(references 1 and 2) that the range of values of (L/D),,
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covered by the curves of this report includes the range
of interest for both types of intercooler. Thus the optimum
values of Ap, and M,/M; obtained from these curves should
apply for both types of intercooler.

Figures are presented to assist the designer in choosing the
intercooler cooling-air design conditions (Ap, and M,/}M,)
best suited to his particular purpose from considerations of
volume as well as drag loss. These figures relate the inter-
cooler drag loss to the volume of the reference intercooler 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 refer-
ences 1 and 2. As pointed out previously, the effect of change
in core structure on the drag loss is included in the (L/D),,
parameter through the ratio S/S;, which is also plotted in
references 1 and 2 against core-structure dimensions.

Figures 3 to 6 are direct plots of reference intercooler
volume against drag loss for the following operating varia-
bles:

Altitude, feet: 20,000; 30,000; 40,000; and 50,000
Dynamiec pressure in flight ¢, inches of water: 12.5 and 25
Cooling-air pressure drop Ap;, inches of water: 2, 6, and 10
Cooling effectiveness 5, with corresponding values of M,/M,,
percens:

7=40 percent for M,/M;=0.6, 0.75, 1, 1.5, and 2

n=60 percent for M,/M;=1.25, 1.5, 2, 3, and &

n=80 percent for M;/M;=2.5, 3, 4, and 6

These plots are drawn for (L/D),,=10 and for
Oar.2 Apr2="06 inches of water. Included in these plots is the
relation between the reference intercooler volume and the
transportation drag loss expressed simply by the dashed
straight line. Figures 3 and 4 apply for the plate intercooler,
and figures 5 and 6 apply for the charge-through-tube inter-
cooler.

Plots of the relation of drag loss and volume for the
tubular intercoolers are the same in trend as figures 3 and 4
for the plate intercooler; the only difference is in the absolute
values. Attempts were therefore made to present the rela-
tions for the tubular intercoolers in terms of correction
factors for adjusting the drag loss and the volume values
obtained from figures 3 and 4. For the charge-through-tube
intercooler these corrections proved too complicated and
involved to present; the relations for the charge-through-tube
intercooler are thercofore given directly in figures 5 and 8.
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(a) 20,000 feet altitude.
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FIGURE 4.—Relation between volume and drag loss of plate intercooler when g is 25 Inches of
water. (L{D)sq, 10: 5as 3 ADr3, 68 Inches of water.




v./Me. cuw inf(lb/sec)

INTERCOOLER COOLING-AIR WEIGHT FLOW AND PRESSURE DROP FOR MINIMUM DRAG LOSS 213

=/M.. ho/(lb]sec)
o___ 4 8 /12 16 20 24 2 0 4

— /€ /6 20 24 28 32
Q000 : A
)i
8000 £
Ap;‘;i‘h \\ /I
URITE™ -~
7000 — /M4 -6
A ASd__Lag/ng -2.5
soool L Nl
ap,=2in] O il AN
woter S N ﬁ//% 25 V\ 13
5000 v N k [\ ( \\ %//0
X < 3 / ;v 7
/ — 5 2t 0 =4 - (percent)
7
e RS\ EA | (percenn) P [N = I
\lu \5 I .5 -Lr T i ! N e MY/
. - | ]
I Mores PR s\ |
3,000 (o | \ /0
’A‘\*\'éiu 71, 6 2
Y /0 17 N
= ) N e e e N )
Hi<edlos = 60 y: \_‘7\15 0 2
000l RNEST_) Mgl 0
I |45 40 (a) / £ (e)
{ 29 7
i
0
[
10000 fﬁ (V.
NS
\ll
8000 /
&, R/M— Ap,~2in, \ A
000 \\ / warer.._| % L6
Al NS A w25
f
BRG]
6000pwatert—t—-N—pi L A -25 WA 3\l‘ 10 ——b
1N ( I — 2~ !\ \\\ A (percent)
' 7 NN < .
' '[' \V\\ \4.\ > | JI//’ =) \\ I~ J 80
2= 1\/\ L W\\L N \Jo 6. \ AWES \\\\Q‘\§~
4,000 4 =
N —SE T o [ [N s
20001 N 2 i\ "
2\7[/ i |0 51 \Y:?\
3 7 Ra- T
2000 5 }% |—3 LR A-75 = i 0
’ L \5\ — P! 5 —
N 1 75 3 N BO A& 0
1000 I/ - ///0 5 / 5? = P
4
T s et 7 B 7 2 (@
a 4 8 12 /6 20 24 28 32 0 & /6 24 32 40 48 56 64
R /M, hof(lb/sec)
(a) 20,000 feet altitude. () 40,000 feet altitude.
(b) 30,000 feet altitude. (d) 50,000 feot altitude.

F1GURE 5.—Relation between volume and drag loss of charge-through-tube intercoaler when ¢
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The corrections for the charge-across-tube intercooler
were found convenient to present and relatively simple to
apply; these corrections are accordingly given in the form
of figure 7. The ratio of the volume or transportation drag
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 the same operating conditions and
for (L/D),;=10 and o4, Ap;e=6 inches of water. The
procedure for using figure 7 in conjunction with figures 3 or
4 is summarized as follows:

1. The volume correction is directly applicable from figure 7.

2. Figures 3 or 4 can be used to find Pp/As, Pyw/M,, and
therefore P./M,, for the plate intercooler.

3. The value of Pyy/M; can be corrected from figure 7 in
the same manner as the volume.

4. For given flight and intercooler operating conditions,
the cooling-air drag loss P./M; is the same for the three types
of intorcooler. Thus the corrected value of Pw/M, can be
added to the unchanged value of P /M, to give Pp/M, for
the charge-across-tube intercooler.
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loss. These plots also show that an increase in Ap, from the
optimum average value of 2 inches of water at a given value
of M,;/M, causes a decrease in volume and an increase in
drag loss. If as Ap, is increased the value of M,/M, is kept
optimum, the volume changes only slightly at an expense of
increased drag loss. The various plots indicate the magni-
tude of these changes for the variety of design conditions
presented.

The plots of drag loss against volume do not include values
of Ap, below 2 inches of water. This presentation is con-
sidered unnecessary because of the rapid rise in drag loss
somewhat below this value and also because of the confusion
that would result in the figures. Furthermors, it is consid-
ered that the practical range of Ap, lies above 2 inches of
water.

It is of interest to compare the curves of drag loss against
volume for values of ¢ of 12.5 and 25 inches of water in figures
3 to 6. The principal effect of increasing ¢ (or airspeed) is
an increase in drag loss at low values of Ap;. This effect is
the result of the relative magnitudes of the decrease in cool-
ing-air drag loss and of the increase in transportation drag
loss accompanying the increase in airspeed. The cooling-
air-drag decrease is caused by the increased utilization of
ram for thrust at the higher airspeed, that is, by the increased
Meredith effect.

A value of g of 12.5 inches of water represents a good value
for present-day speed of best climb; a ¢ of 25 inches of water
is typical of the high-speed condition. The analysis cover-
ing the range of ¢ from 12.5 to 25 inches of water shows the
optimum values of M;/M; and Ap, to be independent of q.

1t must be remembered that figures 3 to 7 apply only for
(LfD)¢q=10 and o4y 2 Ap;2="6 inches of water. Further cor-
rections for variation in (L/D),, and a2 Apye are given in
figures 8, 9, 10. The detailed use of these figures will be il-
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FIGURE 7,—Volume and transportation drag-loss corrections for charge-across-tube intercooler.
(LID) ¢q, 10; ey, 2 Aps.2, 6 Inches of water.

The drag loss-volume plots show that on the basis of drag
loss (My/M;),p, is not a very definite value. Xor example,
in figure 3 (a), when Ap,=2 inches of water and =80 per-
cent, little change in drag loss occurs as A4;/M; is varied over
the entire range shown. The intercooler volume is, however,
very sensitive to changes in M,/M, from the optimum value.
The ratio M;/M, may therefore be increased quite appreci-
ably from the optimum value with considerable reduction
in intercooler volume and with only a slight increase in drag

lustrated in a later section.
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Figure 9 shows that the drag loss decreases as the charge-
air pressure drop increases. This effect does not mean, how-
ever, that high values of charge-air pressure drops are de-
sirable because no account has been taken of the super-
charger work required to force the charge air through the
intercooler nor of the effect of charge-air pressure drop on
manifold pressure. This report is confined to a study of

REPORT NO. 784—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

optimum cooling-air design conditions, which for all practical
purposes are independent of o3 Ap,2 over the range cov-
ered in this report.

ILLUSTRATION OF THE USE OF THE FIGURES

Let it be required to find the volume of and the drag loss
sustained by a charge-across-tube intercooler having & refer-
ence core structure (reference intercooler of reference 2) and
designed to operate at the optimum cooling-air conditions.
The flight and the other intercooler operating conditions are:

(1) Cooling effectiveness 5, 80 percent; (2) Charge-air
friction loss in intercooler passages g, 1 AD,g, 10 inches of
water; (3) (L/D1,14; (4) Altitude, 50,000 feet; (5) Dynamic
pressure in flight ¢, 12.5 inches of water.

The outline af the procedure used in this problem is as
follows:

(a) Figure 3 (d) gives the optimum cooling-gir design
conditions and the volume, drag loss Pp, and transportation
drag loss Py for the reference plate intercooler when
(L/D)q=10 and o,,,s APy =6 inches of water.

(b) Figure 7 gives the volume and transportation drag-
loss corrections applied to the values obtained for the plate
intercooler to give the values for the charge-across-tube
intercooler.

(¢) From figure 8 the drag loss is adjusted to apply for
(L/D),q=14. The volume is independent of (L/D),,.

(d) From figure 9 the drag loss is adjusted to apply for
Oans APr,a=10 inches of water.

(e) From figure 10 the volume is adjusted to apply for
Gasz APy, 2=10 inches of water.

The solution of the problem according to the foregoing
outline follows.

(6) From figure 3 (d) and item (1):

M,
M2 opt

(AP ope=2 in. of water
(7) Also, from figure 3 (d), for the plate intercooler:
9,/M3=15,700 cu in/(Ib./sec)

Pp/M;=21.5 hp/(b/sec)
Py /M;=15.2 hp/(b/sec)

(8) Therefore, from item (7):
P./M,=21.5—15.2=6.3 hp/(Ib/sec)

(9) From figure 7 and items (1) and (4) to correct item (7)
to apply for the charge-across-tube intercooler:

v,/My=0.468<X15,700=7340 cu in./(Ib/sec)
Puw/M,;=0.684 X15.2=10.4 hp/(lb/sec)

(10) From items (8) and (9), because P./M; is independent
of the type of intercooler for given flight and intercooler
operating conditions:

Pp/My,=6.3+10.4=16.7 hp/(lb/sec)

(11) From figure 8 and item (9) the drag loss for

(L/D).,=14 is
Pp/My=16.7—3=13.7 hp/(lb/sec)

=4 (for all practical purposes)
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(12) From figure 9-(n) and item (11) for ou.,:Ap,.=10
inches of water

PD/M2= 13.7—0.4=13.3 hp/(lb/sec)

(13) From figure 10 and item (9) for oq,,3Ap,, s=10 inches
of water

0,/M2=0.97 X7340=7120 cu. in/(Ib/sec)

Items (12) and (13) are the final corrected values of drag
loss and volume required in the problem.

It is noted that the values given for », apply for the refer-
ence core structures. For a given set of intercooler operating
conditions, », for any other core structure may be obtained
from references 1 and 2. -

CONCLUSIONS

In connection with the selection of an intercooler of mini-

mum drag and therefore maximum power-plant net gain
due to charge-air cooling, 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 inter-
cooler drag loss, is practically independent of the airplane
flight conditions and the intercooler charge-air pressure drop.
Tor 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 3 inches of water regardless of the
cooling effectiveness, the flight conditions, and the charge-air
pressure drop. Within this range of cooling-air pressure
drop there is only a slight change in drag loss from the mini-
mum value.
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3. For operation in the optimum range of cooling-air
pressure drop, the optimum ratio of cooling-air weight flow
to charge-air weight flow becomes a function only of cooling
effectiveness.

4. For optimum cooling-air weight flow, a value of Ap,
from 1 to 3 inches of water can be chosen without changing
the drag loss an appreciable amount. There is a slight
trend in favor of the lower values of Ap; at high altitudes.
Choice of higher values of Ap, for a given cooling-air weight
flow leads to intercoolers having larger cooling-air flow
lengths and smaller no-flow dimensions than for the lower
values of Ap;. Such coolers may be more convenient to
ingtall in some cases.

5. For a given value of cooling-air pressure drop, an ap-
preciable variation of cooling-air weight flow (within limits
discussed in the report) from the optimum values will cause
little change in the drag loss. An increase in cooling-air
weight flow above the optimum will require an increase in
the no-flow intercooler dimension, a decrease in the cooling-
air flow dimension, and & 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, un-
affected by (1) plate or tube-wall thickness, (2) density of
intercooler material, and (3) weight of accessory material
required in instellation. These optimum values apply
equally well for the plate and tubular intercoolers.

Arrcrarr ENGINE REsEARCH LLABORATORY,
NaTioNaL Apvisory COMMITTEE FOR AERONAUTICS,
CreveLanp, Om10. February 25, 1944.
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APPENDIX A

SYMBOLS

ratio of cooling-air skin-friction pressure drop to
total cooling-air pressure drop, Ap,,1/Ap;

over-all effective heat-transfer area, sq ft

specific heat of air at constant pressure, 0.24 Btu/
(ib) (°F) '

base of natural logarithms

acceleration of gravity, ft/sec?

airplane-wing lift-drag ratio

lift-drag ratio equivalent

L/D
h) (ﬂ
173/\0.01

Goel

rate of air-weight flow, lb/sec

air pressure, in. water

total pressure drop of air across intercooler, in.
water

gkin-friction pressure drop of air in intercooler,
in. water

cooling-air drag loss, hp

drag loss due to cooling air and to intercooler weight
(Pc+Pw), hp

drag loss expended in transportation of intercooler
and its accessories, hp

free-stream dynamic pressure, in. water

supercharger-pressure ratio

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

heat-transfer surface area of intercooler, sq ft

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

T air temperature, °R
U over-all heat-transfer coefficient based on A,,
Btu/(sec) (sq ft) (°F)
v intercooler volume, cu ft (or cu in. where desig-
nated)
14 airplane velocity, fps
w intercooler weight, Ib
Y ratio of increase in airplane weight caused by addi-
tion of intercooler to weight of intercooler
0% exponent of adiabatic compression
7 intercooler cooling effectiveness
Nad supercharger adiabatic efficiency
Na intercooler duct efficiency
6 weight-f ~drop ratio (‘FenbPar)
ght-flow pressure-drop ratio
20a0,30D 1y
p air density, Ib/cu ft
P density of plate or tube-wall material, Ib/cu ft
o density of air relative to standard atmosphere
Subscripts:
a free-air-stream conditions
av average conditions in intercooler
e conditions at duct exit
en conditions at intercooler entrance
ex conditions at intercooler exit
opt optimum on basis of minimum drag loss
8 supercharger
reference intercooler conditions where the refercnce
intercooler is defined in references 1 and 2
1 cooling air
2 charge air



APPENDIX B

ANALYSIS

The application of Bernoulli’s incompressible-flow equa-
tion to the cooling-air flow ahead of the intercooler (fig. 11)
gives

1
Pm—Pa=mﬂaPa(Va2— sz) (1)

Infercooler

FIGURE 11,—Heat-exchanger duct system.

Also, when Bernoulli’s equation is applied to the cooling-air
flow behind the intercooler

1
Pu—Pa=Mpa(Va2— Vetz) (2)

From equation (2) the duct-exit velocity may be explicitly
given as
10.4

L Pa—p) V.S ®)

Vi=

The pressure drop across the intercooler may be expressed as
ApP1=Per—Pa) — (Per—P0a) 4)

When equations (1) and (4) are substituted in equation (3)
and when the resulting equation is rearranged

vy i-(2) |

The cooling-air velocity near the entrance and exit faces oi
the intercooler is usually a very small fraction of the free-

napa(V Vm’)]

stream velocity. Thus, equation (5) may be written with
negligible error as

N -l coem B

When the general gas law is introduced

s
;:=1_A_P1 (7)
Pa

The cooling-air drag loss arising from the momentum change
of the cooling air flowing through the duct is

% ﬂﬂ? 5505 VeV ®)

When equations (6) and (7) are substituted in equation (8)

_Ap;
P, M V2|, (1+4L ] ©
M, I, 550g n(1+7%) b

Pa

The ratio AT}/T, in equation (9) may be given in terms of
intercooler and supercharger characteristics by the use of
the heat-balance equation for the charge and cooling air.
Thus,

AT, _n_ AT,

=M/, T, (10)
where from supercharger performance relations
AT, r7—1
T a =T Nad (11)

Transportation drag logs.—The drag loss expended in the
transportation of the additional airplane weight due to the
installation of an intercooler is determined on the basis of
constant wing loading and thus constant take-off and landing
speeds. The transportation drag loss is, then, the drag of
the additional wing area required to keep constant wing
loading. This drag loss is

Ve yW (12)
E 550 LID M.
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The relation between the intercooler heat-transfer surface
ares and the intercooler weight can be expressed as

Tr=ouiBr = (13)

The foregoing equations are general and hold for both
the plate and tubular intercooler. The following equations
will deal specifically with the plate intercooler, although the
same general procedure may also be employed with the
charge-across-tube and the charge-through-tube intercoolers.

From equations (12) and (25) of reference 1 the heat-
transfer surface area and the operating conditions and core-
structure dimensions of the plate intercooler are related by

69 4 UA 715 (0—2/7+ 1)7/5 S
H o Mx,) (GarzbPrn)™® S,

where /S, is a function of the core-structure dimensions
and is given in reference 1 by equation (25) and figure 2.

In reference 3 the cooling effectiveness of a cross-flow
plate intercooler is given as approximately

(14)

UAd, M

(o
n=1—¢ (15)

The solution of equation (15) for % is
UAr__ _ﬂ_fl_.l EO 0(1_’7) :I
e, M, log, M, +1 (16)

For convenience, define

EEEOD

where p., f, By, and y are given the reference numerical
values of 173, 0.01, 1.2, and 2, respectively.

From equations (12), (13), (14), (16), and (17) the drag loss
expended in transporting the plate intercooler may be given
in terms of the flight and intercooler operating conditions as

st e e )

(L[D) = 17)

=217 1/5

[(%: @0as, 151 + (o0 v-‘-’APm)—m:I (18)

Solution for optimum A;/AM.,—From equations (9), (10),

(11), and (18) the drag loss can be expressed as a function of
the flight and intercooler operating conditions by

PR=Ki 1, [ \/K3(1+K2W>]

My 1 2 15
—K‘< l:(]p—[,a“'u AD1)  H(0as A2 | (Qog.X)' P

(19)
where va
- 0

Ei=550g (20)

E=TT1 @1)

Nad
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1-—AP

Ky=n Mg (22)
3 d l_éﬂ.
Pa

24V,
K=550/D)., (23)

x=logl o (24)

The optimum value of M,/M; is evaluated by first letting

>(32)/>(52)-0 )

and by then solving for M;/M;. The solution for M,;/M; in
equation (25) has been obtained graphically for the following
range of conditions:

m, pereent . - eeoa-. 30-86
Tas3APy,a, inches of water_ - _ ___ __ . _.__ 2-12
Altitude, feet_ - __ . 20,000~50,000
g, inches of water___ ______________ . ___ 12.5-256
(L D) g g oo oo 5-20
T o o e o o e e ercamcm————————— 1-3
Nad, POTCONG . i icmcmccao- 656-100

The duct efficiency 5; was taken as 90 percent.
The results of the foregoing procedure can be given as

zt_4_1> _bett
M, opt APl (26)

where
b=¢s ( Kz, Ks; M_— ) @0gy, IAPI, Gasy 30Dy, )

and
m=g¢,(b)

Inasmuch as the terms b and m vary only slightly when
minimum drag loss is the basis of design, they may for
general intercooler design purposes be assumed constant at
an average value for the range of flight and intercooler
operating conditions covered in this report. Thus, =0.49
and m=0.36, approximately.

Solution for optimum Ap;—If equation (26) is substituted
in equation (19)

P be 2%
i e 1 (4725 |

g (%

08y
B 0 a0 stspi 1+ (oun s |

{log‘ [Jog.(l ) Ap,™ 1]}” @7)

[ ]
The optimum value of Ap, when M,/M; is also optimum
will be defined when

0 (Pp/M;)[0 (Apy)=0 (28)

In this differentiation the terms b and m were considered as
independent of Ap,. This assumption was investigated over



INTERCOOLER COOLING-ATR WEIGHT FLOW AND PRESSURE DROP FOR MINIMUM DRAG LOSS

the range of values of Ap, between 1 and 10 inches of water
and was found to be substantially true.

Graphical solutions of equation (28) for (Ap;).,: over the
range of conditions investigated in this report show that
(Ap1) op: Varies between 1 and 3 inches of water.

The approximations in the foregoing analysis have been
made for the purpose of simplifying the mathematics in-
volved. The optimum cooling-air weight flow and pressure-
drop values obtained through the use of these approxima-
tions have been checked against the values obtained by a
more laborious method as illustrated by figures 1 and 2.

843110 —50——15
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The errors introduced by these approximations were found
to be small and unimportant.
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