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NACA ATRCRAFT ENGINE RESEARCH LABORATORY

MEMORANDUM. REPORT

for the
Alr Technical Service Command, Army Aif Forces
ALTITUDE-WIND-TUNNEL TESTS OF
POWER~PLANT INSTALLATION IN JET-PROPELLED FIGHTER

By G. Merritt Preston, Fred O. Black, Jr.
and James M. Jagger

SUMMARY

Means for improving the power-plant installation in a fighter
airplane have been investigated in the NACA Cleveland altitude
wind tunnel. Revisions to the installation included: (1) a
revised boundary-layer removal duct, which reduced the thickness
of the fuselage boundary layer approximately 60 percent; (2) a
redesigned nacelle inlet, which eliminated the high negative
Pressures that occurred on the lips of the original inlet and, when
used in conjunction with the revised boundary-layer removal duct,
increased the average pressure recovery at the compressor inlets
approximately 16 percent; and (3) revised cooling-air-seals, which
reduced the amount of cooling air flowing through the nacelle
approximately 75 percent without causing excessive nacelle
temperatures. The replacement of one of the original nacelles
by the revised nacelle reduced the uncorrected airplane drag
coefficient approximately 0.0026 at a Mach number of 0.45.

INTRODUCTION

An investigation of the characteristics of a fighter
airplane has been conducted by the NACA at the request of the
Air Technical Service Command, Army Air Forces. The research
program included clean-up tests (unpublished data) and stabil-
ity and control tests (reference 1) made in the NACA Langley
full-scale tunnel. An investigation of the aerodynamic charac-
teristics of the power-plant installation in the Cleveland
altitude wind tunnel is discussed in this report. The
results are of general interest for installations that have
double side fuselage inlets.
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The original powsr-plant installation was togted and the results
of these tests indicated several possible causes of unnccessary dreg
end low pressurc recovery at the compresgor inlets. The following
revisions wore therefore made and tested: (1) The fuselage boundary-
layer removal duct was revised to reduce the internal duct losses;
(2) the nacelle-inlet lips werc redesigned to reduce the high nega-
tive pressure peaks that occurred over the original inlets; and
(3) the engine cooling-alr seal was revised to reduce the amount of
cooling air flowing past the engine.

SYMBOLS
The following symbols are used in the investigation;

speed of sound in free-stream air, feet per gecond

o}
C wing root chord, 10.67 feet
: il L D '
“Cp Bagiot . cloed i lelenty,l s
, . a3
ACp - increment of. drag coefficlent
D drag, pounds
FC compressibility factor
H total pressure, pounds per sguare fobt absolute
M, . free-stream Mach number (Vo/aq)
1) local static pressure, pounds per sguare foot ‘absolute .
P, : free—streém'statib pressure; pounds per square foot
N abgolute” '
Qb boundary-layer air flow, cubic feet per gecond
Q. cooling-air flow, cubic feet per second
o} free-gtream impact pressure (F lp Vv d\, pounds per square
c . : el o oy
foot, ; : ‘
¢ S , 1D 2\ )
3R -free-strecem dynamic pressure 'QEPOVO ), pounds per square
: foot : . _ ;
st B fPeVC
By free-stream Reynolds number. { -—-
] o]
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S) wing area, 385 square feet
Vs velocity of air entering nacelleg, feet per second
Vo free-stream velocity, feet per second

V;/V, nacelle-inlet velocity ratio

E%:-EQ total-pressure coefficient
(o]

2g!-é-;gg"static~pressure coefficient

Qp/V, air-flow coefficient

o angle of attack of thrust axis relative to free-stream flow
direction, degrees

¥ absolute viscosity, pound-second per sguare foot

P mass density of air, slugs per cubic foot

CONFIGURATIONS AND INSTRUMENTATTION

The YP-59A fighter airplane is powered by two Jet-propulsion
engines, each having a rating at sea level of 1650 pounds static
thrust at an engine speed of 16,500 rpm and an air consumption
of 34 pounds per second. The installation of the full-scale
test airplane in the altitude wind tumnel is shown in figure 1
with the tail surfaces removed and the engine nacelles faired.
Tests were conducted using the original configuration and a
revised configuration, which includes: (1) a revised boundary-
layer removel duct, (2) redesigned nacelle inlets, and (3) revised
engine cooling-alr seals.

Boundary-Layer Removal Duct

Preliminary tests indicated that the original boundary-layer
removel duct (fig. 2 (a)) did not remove a sufficient quantity of
the low energy air in the boundary layer because of high energy
losses caused by approximately 270° of bends and flow restrictions
in the duct. The revised boundary-layer removal duct (fig. 2 (b))
extends directly back from the inlet following the lower contour
of the nacelle and discharges behind the engine baffle.
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A jet augmenter included in the revised design (fig. 3) pumped
air from the rear nacelle compartment intc the tail pipe, thus
acting as a pump for the reviged boundary-layer removal duct.

Total-pressure rakes were ingtalled at the entrance to the
boundary-layer removal duct. These rakes were used in conjunction
with the nacelle-inlet rakes to measure the thickness of the fuse-
lage boundary layer. Instrumentation was provided at the duct exit
to measure the quantity of air flowing through the duct.

Nacelle Inlets

A comparison of the original and revised nacelle inlets is pre-
gented in figure 4. Stutions and ordinates of the revised lip con-
tours for the sections shown in figure 4 are given in table I. In
order to improve the flow characteristics of the nacelle inlets, the
inlet velocity ratio was Increased by reducing the area of the Ilnlet
from 2.7 square feet to 1.8 square feet; in order to improve the
pregsure recovery at high angles of attack, the plane of the inlet
wes tilted at an angle of g.5° with respect to the thrust axis as
compared with 5° for the original inlet.

Instrumentetion was provided at the left nacelle inlet to
messure the static-pressure and total-pressure digtributions and
the temperature of the éntering air. Tlush orifices were installed
on the lips of the right nacelle jnlet to measure the surface-
pressure distribution at scctions & to E (fig. 4).

Engine Cooling-Air Seals

A seal restricting the flow of cooling air for the tail pive
and the rear of the nacelle 1g located just behind the rear compres-
gor inlet. The original geal extended only to the perimeter of the
engine, thereby leaving an annulus between the engine and the nacelle
through which an excessive amount of cooling air flowed. As 2 means
of reducing this air flow and its consequent internal drag, the
revised seal was extended to the inner surface of the nacelle and
engine cooling was provided by air leaving the boundary-layer duct
exit and two ducts of 5 squere inches each placed in the seal at the
top of the engine between combustion chambers 2 and 3 and 8 and 9.
Tnetrumentation was provided in thege ducts to measure the quantity
of cooling alr.

.
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TESTS

Power-off tests were made with the engine nacelles faired to
determine a reference drag value for drag measurements obtained for
the two nacelle configurations.

Power-on tests were made for the original and revised config-
urations. The tests were made at pressure altitudes from 5000 to
30,000 feet, velocities from 100 to 390 miles per hour, engine speeds
from 13,675 to 16,410 rpm, and angles of attack of 0°, 29, and 8°.

Because the wind-tunnel refrigeration equipment was not com-
pleted when these tests were ccnducted, altitude temperatures could
not be simulated.

RESULTS AND DISCUSSION
Internal Air Flow

The inlet velocity ratios of the original and revised nacelles
at various free-stream velocities are shown in figure 5. The com~
bined effect of the decrease in nacelle-inlet area and the decrease
in the flow of engine cooling air with the revised configuration was
to increase the nacelle-inlet velocity ratio at the high speed of
the airplane (595:ft/sec) from 0.53 for the original configuration
to 0.58 for the revised configuration. The inlet velocity ratio at
the high-speed condition of the revised nacelle is close to the
optimum value of inlet velocity ratio given in reference 2 as 0.60
for this type of inlet.

Typical total-pressure profiles at the inlet to the original
nacelle are shown in figure 6 for various inlet velocity ratios,
Mach nurmbers, and Reynoids numbers. It is apnarent from these sur-
veys that at the low inlet velocity ratios, the boundary-layer
removal duct was not removing all of the fuselage boundary layer
with the result that some low energy air entersd the engine air
inlet. Tuft surveys made at conditions corresponcing to high-speed
flight showed separation and reversal of flow in the boundary layer
ahead of the inlet. Total-pressure profiles at the inlet to the
revised nacelle (fig. 7) show that at inlet velocity ratios as low
as 0.50 practically all of the boundary layer is removed by the
boundary-layer removal duct.

. The average total-pressure coefficients obtained for the orig-
inal and revised engine air inlets are presented in figure 8 for
various inlet velocity ratios. High losses were encountered at the
inlet of the original nacelle for inlet velocity ratios below 0.60
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(fig. 8(a)). Sufficient removel of the boundery layer at the inlet
to the revised nacelle decreased the total-pressure losses o approx-
imately 0.0l q_ over the entire rangec of inlet velocity ratios
tested (fig. 8(b)).

The effect of inlet velocity ratio on the thickness of the
boundary layer in the plane of the inlet may be seen in figure 9.
Boundary-layer thickness is defined as the distance from the fuse-
lage to a point at which the totul pressure is equal to free-stream
total pressure. The increase in boundary-layer thickness at inlet
velocity rotios of less than 0.8 for the original configuration is
attributed to seperation of the flow shead of the inlet. These
curves show that the bouvndary-layer thickuess has been reduced from
approximately 8 inches for the original configuration to approximately
3 inches for the revised configuration at the high-speed condition
of the airplane.

Total-pressure profiles at the exits of the original and revised
“boundary-layer removal ducts are shown in figure 10. The total pres-
sure of the air leaving the original duct was appreciably less than

that of the air leaving the revised duct.

A comparison of the efficiencies of the original and reviged
boundary-layer removal ducts is shown in figure 11, in which the
total-preasure drop coefficient is plotted against air-flow coeffi-
cient. For a given total-pressure drop coefficient, the air-flow
coefficient of the revised duct was approximately four times that of
- the originel duct.

The variation of the static-pressure coefficient at the exit
of the revised boundary-layer duct with necelle-inlet velocity ratio
is ghown in figure 12. For inlet velccity ratios corresponding to
high-speed flight, these curves show that the static pressure at the
exit of the duct was approximately equal to free-strcam static
pressure . :

The variation of cooling-air flow with inlet velocity ratio is
shown in figure 13. The cooling-air flow with the original config-
‘uration incrcased very rapidly as inlet velocity ratios correspond-
ing to high-speed flight were approached. The cooling-air flow was
reduced to approximately one-fourth of the original quantity when
the revised cooling-air seals were installed without causing exces-
give nacelle temperatures. ;

The average total-pressure coefflcients at the front and recr
inlets of the compressor are plotted against nacelle-inlet velocity
ratio in figure 14. At the high-speed conditiocn, the average total-
pressure coefficient of the front and rear compressor inlets was
approximately 16 percent higher for the reviged configuration than
for the original configuraticn. '
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Typicel total-pressure distributions around the front and rear
compregaor inlets for the original and revised conf'igurations are
shown in figures 15 and 186, regspectively. The pressure recovery at
the inboard side of the engines is low because the eccentric loca-
tion of the engines in the nacelles cauged greater pregsure losses
in the path through which the air passed to reach the inboard side
of the engine intakes.

External Air Flow

Surface-pressure distributions over the five sections of the
original and revised nacelle inlets shown in figure 4 are presented
in figure 17 for various inlet velocity ratios at angles of attack
of 0° and 2°, These surface pressures, which extend to 9 percent
of the length of the nacelle, have been corrected for wind-tumnel
congtriction effect,

The data in figures 17(a) and 17(b) show that high negative
pressure peaks occugred on all sections of the original nacelle lips
and that the adverse pressure gradients behind these peaks were very
high In most cases. At the high-speed inlet velocity ratio (0,53)

" the maximum negative pressure coefficient is approximately -1,13
at an angle of attack of 0° and approximately -1.82 at 2°,

The modifications to the Ilnlet e¢liminated the pressure peaks
that occurred over the lips of the original inlet (figs, 17(c) and
17(d)). The maximum negative progsure coefficionts measured over a
range of inlet velocity ratios tested was -0.29 at an angle of
attack of 0° and -0.22 at 2°. The large reduction in the negative
pressures resulted from the improved contour of the revised nacelle-
inlet lips,

Nacelle Prag

The drag of the airplane is consldered the difference between
the calculated net engine thrust and the resultant force on the
airplane as measured by the wind-tunnel scales. The variation of
drag coefficient with Reynolds number for geveral conf'igurations is
shown in figure 18. The drag coefficients are based on uncorrected
wind-tunnel data, These data, cross-plotted in figure 19 for a
Reynolds number of 10,000,000, show that removing the fairings from
one of the original nacelles increased the drag coefficient 0,0052
at a Mach number of 0.45. When the original nacelle was replaced
with the revised nacelle, the drag coefficient reduced 0,0026,
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SUMMARY OF RESULTS

From altitude-wind-tunnel tests of the power-plant installatlion
of the fighter airplane conducted to investigate the aerodynamics
of the.original configuration and a revised nacelle configuration,
the following results were obtained:

1. The revised boundary-layer removal duct reduced the thickness
of the fuselage boundary layer in the plane of the nacelle inlets
approximately 60 percent at the high speed of the airplane.

2. Use of the revised nacelle inlet and boundary-layer removal
duct increased the average total-pressure recovery at the compressor
inlets approximately 16 percent over the pressure recovery with the
original configuration.

3. The revisions to the nacelle inlets eliminated the high
negative pressure peaks that occurred over the lips of the original
inlets.

4, The revised cooling-air seal reduced the quantity of cooling
air approximately 75 percent without causing excessive nacelle
temperatures. '

5. When one of the original nacelles was replaced with the
revised nacelle, the uncorrected airplane drag coefficient reduced
approximately 0.0026 at a Mach number of 0.45.

Aircreft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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TABLE I - REVISED NACELLE-INLET LIP ORDINATES

[x, inside ordinate; Y, outside ordinate]

7/

Station section A|Section B|Section C|Section D|Section E
(in. from :

leading X Y X by X X X Y X Y
edge)

(o} o} 0 0 0 0 0 0 0 0 0
.10 ‘062 .50 -.31 «45 ".27 o7 ‘.31 039 -.60 062
.20 "091 073 -.44 .68 -.37 053 ".44 058 . .90
«00 o e 093 | =653 «80|='.44 €6 |- .53 073 |====11,10
.40 S 1.10 -.60 099 -.49 077 -.58 084 . 1029
050 Sy - 1.24 -066 1.11 -.55 -88 -063 094 - 1.45
062 e, 1040 -.72 1.25 -056 .99 -068 1006 -l 1.60
75 -===11.54({-.78/1.38|-.59|1.09|=.72|1.16|==--]|1.75
088 (o i 1.68 S 1.49 ".61 1.19 -.74 1.24 o - 1.87

1.00 -===11.83|=-==|1.59(~.62|1.27|=.77|1.34|----|1.98

1025 Sy 200” S~ 1080 '.65 1.44 -080 1.50 - 2018

175 ----|2.44(--~--| 2.14|-.68|1.73(-.84({1.77|----|2.49

2.50 ---=-12.98|~----2,58|-.69(2.07|-.85/2.15|--~--|2.85

3.25 o gt 3038 Rl 2.98 -069 2038 -083 2.48 Ry 3.14

4.00 ====[3.75| ===~ 3.34|-.65(2.65|-,81|2.80|~-=--=|3.39

4,75 «===-14,08|==-~-| 3.70|-.62|2.88|-.78|3.08|====|3.59

5.50 -===14,39|---=-4.02|=.58(3.10(=:74[|3.34 |====|3.77

6.50 ----14.76|---- 4.40|-.51|3.36 |- .66|3.65|-=--=|3.97

7.50 c===15.13|=~-=| 4,76 |~-.43|3.60|-.56|3.92|---=-|4.17

8.50 ====(5,50(~=~-~| 5.10(|-.32|3.83|-.44|4.16|----]4.35

9.50 ~===15.85(----] 5.40(-.22(4.05(-.32|4.38|---=|4.51

10.50 ~==-=-16.,19|-=---| 5.70|~-.11|4.24|~-.18|4.58|----|4.65
12 e 6.65 b2 6.10 007 4053 005 4.86 e 4.87
14 el 7.25 = et 6064 052 4087 -35 5.20 —ser 5-12
16 --==|7.82|==-=[ 7.15| .60(5.19| .69|5.50|==-~15.36
18 -===18,35|---~-| 7.63| .87|5.44(1.06|5.80|=-=--[5.57
20 -==--/8,85|----| 8.08(1.17(5.68({1.42|6.06 |=-===[5,75
22 ===]19,33|~----/ 8.52]|1.45|/5.88(|1.80(6.30|----|5,.91
24 S e 9078 SRS, o8 8095 1055 6'07 2.19 6053 e e | (el b e
26 ceee|-aoc|----| 9.36|2.05|6.27 |2.59|6.76 |--=- | ----
28 ceeefo-ec|---<| 9.77|2.35|6.44 |2.98]6.97 |----|--~-
30 cmen|aeea|----l10.18]2 80 IELEG IS NGED T s o0 oo
32 ceme|ecec|----|10.59|2.96|6.75|3.81|7.35|-=== |--~-
34 cmee|ee--|----|10.98|3.29|7.91 [¢.22]|7.51 |[---- |----
36 ceme|e-ee|----[11.36|3.62|8.05 |4.65|7.68 |---- |----

b g

ggrerence liqg

0 X
L

L —

Reference lines parallel to thrust axis
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and mounted in altitude wind tunnel.
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Figure |I. — Front view of fighter airplane with engine nacelles enclosed in fairings
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e (a) Original boundary-layer removal duct.

Figure 2. - Cutaway view of boundary-layer removal duct and nacelle inlet of fighter
airplane showing air-flow path through boundary-layer removal duct.
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Figure 2. - Concluded.
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Thrust axis

Nacelle )
inlet
Original
——-—Revised NATIONAL ADVISORY
COMMI TTEE FOR AERONAUTICS E
Figure 4. - Comparison of original and revised nacelle inlets of fighter airplane

showing sections at which surface pressures were measured. (Ordinates for sections
shown are presented in table I.)
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Confflguraftion [ Englhe
speef
1.8 (rpm)

O Repised 16,4p0
N3 D Repised 1:355615
e'\\, > Orfigina 16,4010
¢ Orfiginall 13,605
Y 1.6 o i ’

=]
.
(Y

[
-
N

e
=
1

Inlet velocity ratio, V¢/V,

b
-
~

/
7/

.6

e
.

g

P
i

w»

. 100 200 300 400 500
| Free-stream velocity, V,, ft/sec

600

Figure 5.- Variation of nacelle-inlet velocity ratio with

free-stream velocity of fighter alrplane at
angle of attack of 29°.
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(a) Inlet velocity ratio, (b) i1nlet velocity ratio, (c) Inlet velocity ratiio,
0.45; Mach number, 0.46; 6 0.54; Mach number, 0.42; 0.74%; Mach number, 0.27;
Reynolds number, 8.6 x 10°. Reynolds number, 13.7 x 105, Reynolds number, 14,5 x 108.
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Figure 6. - Total-pressure distribution at original nacelle inlet of fighter air-
plane at angle of attack of 22,
R 44357 ‘ #LZ -7
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(a) Inlet velocity ratio, (b) iInTet velocity ratio, (¢) Inlet velocity ratio,
0.50; Mach numper, 0.49; 6 0.65; Mach number, 0.42:; 6 0.80; Mach number, 0.30:;
. Reynolds number, 9.5 x 10°. Reynolds number, (5.3 x 10 Reynolds number, 6.1 x 105,
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Figure 7. - Total-pressure distribution at revised nacelle inlet of fighter air-
plane at angle of attack of 2°.
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(b) Revised configuration.

Figure 8.- Variation of average total-pressure coefficlent

at nacelle inlet with nacelle-inlet velocity ratio of
fighter airplane.
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Configuration [Angle¢ of [Reyndlds

attack number
(deg)

© Orjiginal 0 159 ix 10

O Orjginal 2 13.5

K Orjginal 8 7.0

I Revised 2 5.9

> Reyised 2 9.8

¥V Revised 2 15.3

.16

-4

[
N
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o,

»

s A ndi

Fuselage boundary-layer thickness,

o

.4 .8 b I 1.6
Inlet velocity ratio, V4/V,

Figure 9.- Variation of fuselage boundary-layer thickness
with nacelle-inlet velocity ratio of fighter airplane.
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(a) Original boundary~-layer duct exit; nacelle-
inlet velocity ratio, 0.53; free-stream Mach
number, 0.30; free-stream Reynolds number,

11.25 x 106,

.5
H = pg
Qc

(b) Revised boundary-layer duct exit; nacelle-inlet
velocity ratio, 0.50; free-stream Mach number,

0.49: free-stream Reynolds number, 9.5 x 106.

‘ e = V 0 -.®

— -\

! Figure 10. - Total-pressure distribution at exits of original
and revised boundary-layer ducts of fighter airplane at
angle of attack of 29,
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Air-flow coefficient, Q,/V,

Figure 1l.- Variation of total-pressure drop coefficient

with air-flow coefficient for nacelle-inlet boundary-

layer removal ducts of fighter airplane.
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Pigure 12.- Variation of static-pressure coefficient with

nacelle-inlet velocity ratio at exit of revised boundary-

layer removal duct of fighter

airplane.
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Cooling-air flow, Qg, cu ft/sec
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Figure 13.- Variation of cooling-air flow with nacelle-

Inlet velocity ratio, Vy/V,

inlet velocity ratio of fighter

airplane.
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| Figure 15.- Total-pressure coefficient of air entering front and rear inlets of left engine
compressors. Fighter airplane; original configuration; angle of attack, 2°.
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Figure 17. - Surface pressure distributions at nacelle-inlet

lips of fighter airplane. Free-stream Mach number,

0.25; length of section shown, 9 percent of nacelle length.
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Figure 18.- Variation of drag coefficient with Reynolds number for various free-stream
Mach numbers and test configurations of fighter alrplane. Engine speed, 16,410 rpm.
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Figure 19.- Variation of drag coefficient with free-stream
Mach number for various configupations of fighter air-
plane. Reynolds number, 10 x 10°; engine speed, 16,410 rpm.



