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PERFORMANCE OF A TRANSLATING-DOUBLE-CONE AXISYMMETRIC INLET
WITH COWL BYPASS AT MACH NUMBERS FROM 2.0 TO 3.5

By James F. Connors and George A. Wise

SUMMARY

An experimental investigation to determine the performance charac-
teristics of a translating-double-cone inlet (max. diam. = 16.62 in.)
with four variable bypass doors mounted at a forward station on the cowl
was conducted in the Lewis 10- by 10-foot unitary wind tunnel at Mach
numbers from 2.0 to 3.5. The test Reynolds number based on inlet capture
_ diameter was constant at 3.07x106.

At Mach 3.48, a critical pressure recovery of 0.45 was obtained with
a mass-flow ratio of unity and an external drag coefficient of 0.10 '
based on the maximum frontal area. Over the entire Mach number range,
stable reduced-mass-flow operation was achieved by varying the bypass
discharge area. The attendant drag rise was far below that for compara-
ble bow-shock spillage and somewhat less than that calculated for spill-
age behind an oblique shock generated by a 30° half-angle cone. As the
bypass doors were opened, moderate decreases in recovery were observed
at the higher Mach numbers.  Correspondingly, at Mach 2.54 there was no
effect, and with detached-shock operation at Mach 1.97 there was even an
increase in recovery with increased bypass flow. Effects of angle of _
attack on internal performance (pressure recovery and exit flow distor-

tion) were typical of axisymmetric inlets.

INTRODUCTION

When a ramjet or turbojet engine is required to operate over a wide
Mach number range, matching requirements generally specify that, with
fixed-capture-area inlets, large amounts of excess air must be diverted
from the engine at off-design Mach numbers. There are three principal
methods of handling such excess air: (1) spilling behind a bow shock at
the cowl lip, (2) spilling behind an oblique shock, or (3) putting the
_air through some type.of bypass system. Investigation at speeds around
Mach 2.0 with a 25° half-angle cone (ref. 1) has shown that a low-angle<
discharge bypass has a distinct advantage, drag-wise, over the other two

N
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methods of spilling. This advantage probably persisfs at épeeds above
a Mach number of 2.0; however, little experimerital data exist on inlet-
bypass combinations at these higher speeds. '

The present study evalustes a specific inlet-bypass configuration
designed to operate at Mach numbers up to 3.5. The inlet was a 259-350
double-cone translating-spike inlet, and the bypass consisted of four
variable doors, 90° apart, located at a forward station on the cowl. At
all Mach numbers, the second oblique shock was positioned at the cowl
lip. Internal and external performance was determined for various by-
pass door openings, and a comparison was made between the bypass drag
and the drag incurred by spilling behind either an oblique or a bow
shock.

The test was conducted in the 10- by 10-foot supersonic wind tunnel

at Mach numbers of 3.48, 3.01, 2.54, and 1.97, at angles of attack to
129, and at a Reynolds number of 2.5x10® per foot.

SYMBOLS

A o " area
1 inlet capture area, 1.13 sq ft
Amak. . mékimum projected frontal arealof_model,vls507 sq ft
A, area normal to the flow direction in the duct
As . area at diffuser exit (sta. 66.0), 0.961 sq Tt
Cp ' " drag coefficient, —2 .
: " ' Anax
o : ' Tmax >
CD,c cowl pressurg drag coefficient, - 5 . Cp dr
Tmax 1ip
'CD e “external drag. coefficient
2
C : - _ statié-pressure cbefficient, ELLLJ%Q
D ' B drag, 1b
M Mach number
’ Pz Vz A
mg/my ~ mass-flow ratio, 5353
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: Subscripts:
max

min

0

3

total pressure, lb/sq ft

area-weighted average total pressure at station 3,
lb/sq ft :

total-pressure recovery

distortion parameter

4

static pressure, 1b/sq ft

dynemic pressure, 1b/sq ft

- radial distance from axis of symmetry, in.

velocity, ft/sec

axial distance, in.

annular distance across duct, in.

raaial distance out from centerbody, in.

angle of attack, deg |

spike half—angle, deg

cowl-1lip pérameter; i.é., fhe.angle between the axis
of symmetry and.a line from the spike tip to the

-cowl 1lip

density of air, 1lb/cu ft

maximum

© minimum

free-stream conditions

conditions at diffuser exit, model station 66 in.
from cowl lip o '
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APPARATUS AND PROCEDURE

A schematic drawing of the model is presented in figure 1(a), and
photographs of the inlet  and bypass-door arrangement are presented in
figure 1(b). The model was sting-mounted in the tunnel through-a three-
component strain-gage balance. In order to vary the inlet back pressure,
a movable exit plug was mounted on the sting, independent of the model.
Besides the exit plug, the positions of the bypass doors and the spike
were varied by remote control.

The inlet was a translating-double-cone inlet designed so that the
oblique shocks coalesced at the cowl lip at a Mach number of 3.5. At
lower Mach numbers, the spike was translated to malntaln the second ob-
lique shock on the lip. The cone half- angles were 25° and 35° , and the
initial external cowl lip angle was 23°. - Bypassing was accomplished by
means of four doors located at a forward statlon on the cowl (figs. 1(a)
and (b)). Each door subtended -approximately 25° of the cowl arc and .
could be rotated about a hinge 4.43 inches aft of the cowl lip. Coordi-
nates for the centerbody, cowl, and bypass doors are given in tables I,
II, ‘and III, respectlvely

Internal area distributions at the design cowl-lip parameter for
each Mach number are presented in figure 1(c). With the spike in the
Mach 3.01 p031t10n, the over-all diffusion rate was about that of an
equivalent 5° conical area expansion. The maximum rate of area expan-
sion occurred between 19 and 22 inches from the cowl lip, where the ex-
pansion was equivalent to that of about a 30° cone.

’ Instrumentatlon was included in the model to determine pressure-
Tecovery, mass-flow ratio, external drag, and cowl pressure drag. Com-
putation of these parameters was performed in the following manner:

(1). Total-pressure recovery at the diffuser exit (station 3) was
based on the area-weighted average of pressures measured by 48 tubes on
six radial rakes. An additional tube was placed on each rake to define
- the flow profile near the stlng surface.

(2) Mass-flow ratlo was determined from an average of eight static
pressures at station 66 and the assumption of isentropic flow from sta-
tion 66 to a measured sonic discharge area at station 100. A flow co-
efficient was determined from a calibration inlet which captured a known
free-stream tube of air. .

(3) Total external drag was obtained by subtractlng the internal
thrust (total momentum change from free stream to exit) from the axial .
force measured by the strain-gage balance. The base forces were deter-
mined by means of static-pressure orifices on the base areas. These
forces were not included in the total external drag.
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(4) Cowl pressure drags were determined by an investigation of the
measured static-pressure distribution on the cowl.

An additional total-pressure rake was installed in the annulus at
the cowl lip. The entrance flow was surveyed along a line from the cowl
1lip perpendicular to the second cone surface.

The investigation was conducted in the 10- by 10-foot supersonié ;
wind tunnel at Mach numbers of 3.48, 3.01, 2.54, and 1.97 andaat angles
of attack t0-12°.  The Reynolds number of the test was 2.5%10" per foot.

-RESULTS AND DISCUSSION

The internal and external performances of the inlet and bypass com-
bination are presented in figure 2 for the four Mach numbers investiga-
ted. At Mach 3.48, the inlet total-pressure recovery at critical was
0.45 with the bypass full closed and the spike at a 6; of 32.82°. The
corresponding mass-flow ratio was unity with an external drag coefficient
of 0.10 based on the maximum frontal area of the inlet. A mass-flow
ratio of 0.94 was obtained by extending the spike to a 6, of 32.42°,
The total-pressure recovery at this.condition was essentially the same
as at the design condition, but the drag coefficient was markedly in-
creased from 0.10 to 0.145 because of the increased spillage. All data
presented in these figures represent stable operating conditions. For
each door setting, the last point on the left indicates the minimum sta-
ble condition, just prior to the onset of buzz.

With the bypass doors in an open position, the pressure-recovery
curves of figure 2 generally show a definite shift in engine mass-flow
ratio, while the inlet forward of the bypass station was still operating
in the supercritical region. These shifts or steps in the pressure re-
covery against mass-flow-ratio curves were caused by the terminal shock
passing over the bypass doors. As this shock passed across the doors,
the pressure ratio between the internal stream and the free stream in-
creased markedly, and the bypass mass flow increased correspondingly.

A cross plot (fig. 3) summarizes the critical inlet performance st
zero angle of attack for the range of bypass settings and Mach numbers
studied. At Mach 3.48 and 3.01, moderate decreases occurred in total-
pressure recovery with increasing bypass mass flows. At My = 2.54, the
pressure recovery was relatively insensitive to changes in bypass door '
position. At the My = 1.97 condition where a bow shock stood ahead of
the cowl lip, the pressure recovery increased with increasing bypass
mass flow. This increasing recovery at’ My = 1.97 was the result of the -
bypass relieving the internal choking in the duct and thereby allowing
-the.terminal.shock to be located nearer to the cowl lip.

“»
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The upper portion of figure 3 shows the total external drag coeffi-
cient at approximately the critical operating condition. Along with
these critical values are shown the drag rise due to bow-shock spillage
(as determined experimentally during subcritical operation of the inlet)
and also the calculated drag rise due to spillage behind an oblique
shock generated by a 30° half- -angle cone (ref. 2). . At Mach 2.54 and
above, flow spillage through this bypass system resulted in less drag
rise than splllage behind the reference (9 =.30°) oblique shock and much
less than spillage behind a bow shock. On the other hand, translation
of the 25°-35° double-cone spike ‘would result in a drag rise somewhat
- intermediate between bow-shock and (9 = 30°) oblique-shock spillage.

This is indicated by the dotted line through the two points, correspond-
ing to Mach 3.48 and the full-closed door position. Typically, the ex-
perimental curves of external drag against mass-flow ratio show increas-
ingly steeper silopes with increased.bypaSS mass flow or, correspondingly,
with increased door opening. This is, of course, the result of the in-
creased door drag; as it presents a progre331ve1y greater angle to the
free stream and also to the "cosine" effect on bypass-flow momentum as

it discharges at higher and higher angles. For Mach numbers of 2.0 to
3.5, a bypass technique has thus been demonstrated to provide stable in-
let operation over a wide range of mass-flow ratios and Mach numbers
with no or moderate decrease in recovery and with small associated spill-
age drags. Such a technique appears quite feasible from an engine- 1nlet
matching v1ewp01nt

The static-pressure distribution along the external cowl surface at
a Mach number of 3.48 and a mass-flow ratio of unity is presented in fig-
‘ure 4. The distribution computed on the basis of two- dimensional shock-
expansion theory is also included. Agreement between the two distribu-
tions is reasonably good, and the integrated drag coefficients agree
within 2 percent. This cowl drag coefficient (CD,C 0. 083) plus a fric-
tion drag coefficient (computed from the von K4rmin skin friction coef-
ficient for a turbulent boundary layer) agreed well with the total ex-
ternal drag coeffiC1ent derived from the balance and internal pressure
measurements.

Radial flow surveys taken at the inlet and exit stations at zero
angle of attack for near-critical operation are presented in figure 5.
The local total pressures measured near the centerbody were considerably
higher than theoretical, particularly at the higher Mach numbers. ' This
additional compression was probably obtained through an extra oblique
shock generated by a separation of the spike boundary layer which, in
turn, was caused by pressure feedback from the terminal-shock system.

-~ A similar flow was observed in the series of tests reported in reference

3. In that investigation, a higher diffuser-exit recovery was obtained

through removal of the separated low-energy air with a throat boundary-

layer bleed. The similarity of inlet total-pressure profiles here would
indicate that the use of a throat bleed in the present case would like-

wise be promiging. ‘
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Schlieren photographs that illustrate the supercritical inlet flow
" patterns at zero angle of attack are presented in figure 6. The first
photograph indicates the unity mass-flow-ratio condition at Mach 35.48,
while the remaining photographs show the spike at design 91 for the
other Mach numbers. Patterns of the bypass discharge flow are also
shown for various door openings. "

The angle-of-attack performance of the inlet at near-critical oper-
ation and design 61 is shown in figure 7. The usual decrease in pres-
sure recovery and mass-flow ratio occurred in addition to an increase in
external drag coefficient with increasing angle of attack. Opening the
bypass doors changed the absolute level of these parameters but had
little, if any, effect on their rate of change with angle of attack.

_Variation of diffuser-exit flow distortion with angle of attack is
presented in figure 8 for near-critical inlet operation. For comparison,
the data for the 20°-35° double-cone inlet of reference 4 are also in-
cluded in the figure. Although the distortion value does increase with
angle of attack, the level remains relatively low. Also, opening the
bypass doors apparently improves the distortion level over the angle of
attack range at Mg = 3.48. This improvement does not occur at
MO = 3,01 except at zero angle of attack. '

SUMMARY OF RESULTS

An axisymmetric translating-double-cone inlet (max. diam. = 16.62
in.) with four variable bypass doors mounted at a forward station on the
cowl was evaluated in the Lewis 10- by 10-foot unitary wind tunnel over
‘a’ Mach number range from 2.0 to 3.5. The following results were
obtained: ' ‘

1. At a Mach number of 3.48, a criticalvpressure recovery of 0.45
was realized with a mass-flow ratio of unity and an external drag coef-
ficient of 0.10 based on the maximum frontal area of the inlet.

" 2. At all Mach numbers, a wide range of stable reduced-mass-flow

- operation was achieved by varying the exit area of the low-angle sonic-
discharge bypass. The attendant drag rise was far below that for com-
parable spillage behind a bow shock and somewhat less than that calcu-
lated for spillage behind an oblique shock generated by a 30° half-angle
cone. As the bypass doors were opened, moderate decreases in recovery .
were observed at the -higher Mach numbers. Correspondingly, at the lower
‘Mach numbers, recovery was maintained and, in some cases, increased with
increased bypass mass flow. ' L :
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3. Effects of angle of attack on internal pefformance (bressure re-
covery and exit flow distortion) were generally typical of axisymmetric
inlets. :

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
_Cleveland, Ohio, August 12, 1957
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TABLE I. - CENTERBODY COORDINATES

[A11 aimensions in inches |

X r

o |o

9.086 | 4.237

9.287 | 4.376
11.189 | 5.696
11.743 | 5.978
12.297 | 6.172
12.851 | 6.334
13.406 | 6.456
13.959 | 6.522
'14.514 | 6.538
15.067 | 6.538 -
15.622 | 6.525 .
16.176 | 6.483)
20.054 | 6.095} (07 a0,
24.189 | 6.095{ 7 =
24.989 | 6.015
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TABLE IT. - COWL COORDINATES

[All dimensions in inches.]

r————'x'4——’1."

NACA RM ESTHOTb

(Ll 77 z=
ry. rg
X Arl r2
0 7.197 7.242 .
.554 | 7.425 7.481
1.108 | 7.602 7.691
1.662 | 7.763 7.879
2.217 | 7.907 - 8.040
. 2.770 | 8.023 8.172
3.325 [ 8.111 8.273
3.878 | 8.156 8.312 ~
4.433 | 8.156 8.312
4.98718.134 8.312
5.540 | 8.062 8.312
. 6.095 | 7.979 8.312
6.649 | 7.896 8.312
7.203 | 7.802 8.312 .
7.757 | 7.729 8.312 YCylinder
8.312 | 7.646 8.312
8.865 | 7.591 8.312
9.365 | 7.563 , : 8.312.
9.918 7.563} Cylinder 8.312
15.820 7'563}00ne 8.312
18.285 | 7.347 8.312 .
21.056 7'347}00ne - 8.312
22.500 | 7.840 : 8.312}Cone
24.000 | 7.840 8.230




NACA RM ESTHOTb

.. - BYPASS DOOR COORDINATES ( CLOSED POSITION)

TABLE IIT
[All dimensions in inches:_l;.
/Cowl station 4.433
X .»r]_ I'2 .
o] 8.156 8.312
.073 | 8.156 | 8.312
| .627 |8.134" 8.294
1.180 | 8.062 8.273
1.735 | 7.979 - 8.259
2.289 | 7.89 8.239
2.843 | 7.802 8.239
3.397 | 7.729 8.239
3.952 | 7.646 | 8.239 }Cone
4.505 | 7.591 | 8.239
5.005 | 7.563 8.239
5.558 | 7.563 _ 8.239
7.165 7.563‘Cone 7.86&‘Radius
7.290 | 7.800) ~ | 7.868

11
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External drag coefficient, CD,e

Total-pressure recovery, §3/P0

15

Mass-flow ratio, mz/m

(a) Free-stream Mach number, 3.48.

Door position, Cowl-position
4 percent of parameter,
. full open 615
2 deg
1 o O
] 15.8
v 47.4 e %
3 O 79.0
n ° 0 32.8
e
e S
t e T
.2 i
~T s
0 :
9
it .
D
.25 ¥ 7 3 8 9 1.0

Figure 2. - Performance characteristics at zero angle of attack.
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External drag coefficient, CD,e

Total-pressure recovery, Pz/Pq

NACA RM ESTHOTD

Door position,
percent of
'4: full open
o 0
o 158
v 47.4
O 79.0
~{
1‘*“E
i HH
‘1
7
: SEEERN i a8
i
-4 ::11— H- = 1§
3 5 * T T .8 9
Mass-flow ratio, mz/mg

(b) Free-stream Mach number, 3.0l; cowl-position parameter,

22,19,

Figure 2. - Continued.

angle of attack.

Performance characteristics at zero
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External drag coefficient, CD,e

Total-pressure recovery, Pz/Pq

Mass-flow ratio, m3/mo

(¢) Free-stream Mach number, 2.54; cowl-position parameter,

34.00.

Figure 2. - Continued.
angle of attack.

Performance characteristics at zero

: Door position,
! percent of
: full open
! o 158
v 47.4
: o 79.0
1 F:
ik
~ll{} joa JJ_LJrIl
ol |
.6 ‘
N
s,
by
*S .4 5 6 el .8

17
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External drag coefficient, Cp,e

Total-pressure recovery, ?s/Po

. NACA RM ESTHOTD

it Door position,
7 percent of
full open
v 47.4
- < 79.0
: N 100.0
6!
DI Y
-4 EN N
.S
.r' TTIT T T TITIT
H - H 5 :"i.ﬁ'
saman \!
ol
.6
S
.1 2 4 -5 .6

3 .
Mass-flow ratio, mz/mg

(d) Free-stream Mach number, 1.97; cowl-position parameter,

35.4°.

Figure 2. - Concluded.
angle of attack.

Performance characteristics at zero
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External drag coefficient, CD,e

Total-pressure recovery, Pz/Pg

Doer position,
percent of
full open

0
15.8
47.4
79.0

100.0

O<00

Bypass spillage
~— —— Bow-shock spillage
——-— Single-cone oblique-
shock spillage
(cone half-angle
6, 30°)
——==—Double-cone-spike
translation
Tailed symbols
denote Mg = 3.48

as
w
.

o
—

>
nj

W

-

Free-stream HHHHHIHHHITHHIH

Mach number,i%owl-positior
parameter,
TS -
L
y 35. 4f
34.0
2 .54
ol
« O
3.01
304G = 32.820%
4
3.48
.3 4 % 8 . 1.0

-0 -
Mass-flow ratio, mz/mg

Figure 3. - Critical performance at zero angle of attack for range of Mach numbers.
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949

P'PO

Cowl pressure coefficient, Cp =

0N

CONFIDENTTAL NACA RM ES5THOTD

.6

: — — O — — Experiment

a3 Two-dimensional

shock-expansion
— theory
Cowl drag
coefficient,
i CD’ ¢
0.083 (experiment)
i 0.085 (theory)

0 R A 2 5 4

Distance from cowl lip, x, in.

Figure 4. - Static-pressure distribution along cowl.
Free-stream Mach number, 3.48; unity mass-flow ratio.
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Mass-flow ratio,
m3/mg

5! Ty,
F3/Po

ressure recove

Total-p

External drag coefficient,
cD,e

Door position, percent of
full open
o 0
o 15.8
Free-stream Cowl-position
Mach number, parameter,
Mo 6y
deg
3 3.48 32.42
a7 e e 3.01 55.15
11 = illHﬂ:
2 =
=, s

= 3
1.0F

9F

.7

-6

.6

.5

L
.4
3> 0

Figure 7. - Effect of angle of attack on performance at approximately critical

inlet operation.

Angle of attack, a, deg
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Pz ,max P3 ,min

Distortion parameter at near-critical operation,

NACA RM ESTHOTD

.36 T T
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NOTES: (1) Reynolds number is based on the diameter
of a circle with the same area as that
of the capture area of the inlet.
(2) T™e symbol * denotes the occurrence of
buzz.
Description Test parameters Test data Performance
Report Angl. Angle Maximum
and Nm;?er bmga:;- ‘S;Z;m Reynolds o | of Inlet- [Discharge-| py., | total- Mass -T1low Remarks
facility Configuration oblique| layer Mach numbsr attack, |vav, Drag flg;lle flgvirle picture | pressure ratio
shocks | control |number| X 10 deg deg pro pro; recovery
Four variable 2 None 3.48 3.07 0 to 12 5} 7 v % v 0.45 1.00 to 0.53 |At Mach 3.48 the drag coeffi-
[RM ESTHO7b X"VP““ doors 3.01 3.07 Y v Y v .60 .88 to .41 |jcient was 0.10 based on maxi-
Lewis 10- = 2.54 3.07 v / v v/ .76 .73 to .39 |mum frontal area with bypass
jby 10-foot 1.97 3.07 v Y v v .86 .50 to .13 |closed. With bypass spillage,
junitary 359 the attendant drag rise was
wind 2t @ : less than bow-shock and
tunnel g oblique-shock (30° half-angle
Translating-double-cone axisymmetric cone) splllage
inlet with cowl bypess *
Four variable 2 None 3.48 3.07 0 to 12 0 v v v 7 0.45 1.00 to 0.53 [At Mach 3.48 the drag coeffi-
RM ES7HO7b bepass doors 3.01 3.07 - v " v v/ .60 .88 to .41 |cilent was 0.10 based on maxi-
Tewis 10- = 2.54 3.07 v v/ v v/ .76 .73 to .39 |mum frontal area with bypass
by 10-foot 1.97 3.07 v v / 7 .86 .50 to .13 |closed. With bypass spilleage,
jni tary : the attendant drag rise was
Wind less than bow-shock and
© * Translating-d bf‘ axi tri oblique-shock (30° half-angle
ting-double-cone symeetric .
inlet with cowl bypass cone) spillage
Four variable 2 None 3.48 3.07 0 to 12 0 v v v 7 0.45 1.00 to 0.53 |At Mach 3.48 the drag coeffi-
RM ES7HOTb \bmse doors 3.01 3.07 v v v v .60 .88 to .41 |cient was 0.10 based on maxi-
lewls 10- - 2.54 3.07 v v v " .76 .73 to .39 |[mum frontal area with bypass
by 10-foot 1.97 3.07 v v Y v .86 .50 to .13 |closed. With bypass spillage,
uni tary 35° : the attendant drag rise was
wiod 2t g, N less than bow-ghock and
[t 1 - -
unne Translating-double-cone axisymmetric obligue ihOCk (300 half-angle
inlet with cowl bypass cone) spillage.
Four variable 2 None 3.48 3.07 0 to 12 o | ¥ v v / 0.45 1.00 to 0.53 |At Mach 3.48 the drag coeffi-
RM ES7HOTb KWP“B doors 3.0L 3.07 ' Y v " .60 .88 to .41 |clent was 0.10 based on maxi-
Lewis 10- - 2.54 3.07 v v ! v .76 .73 to .39 |mum frontal area with bypass
by 10-foot 1.97 3.07 v/ / / v .86 .50 to .13 |closed. With bypass spillage,
initary the attendant drag rise was
od : 3 less than bow-shock and
o
unnel Translating-double-cone axisymmetric obligue~shock (30° half-angle
inlet with cowl bypass cone) spillage.
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These strips are provided for the convenience of the reader and can be removed from this report to
compile a bibliography of NACA inlet reports.
added only to inlet reports and is on a trial basis.
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