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USE OF SHOCK-TRAP BLEED TO IMPROVE PRESSURE RECOVERY
OF FIXED- AND VARIABLE-CAPTURE-AREA TNTERNAL-
'CONTRACTTON INLETS; MACE NUMBER 2.0 TO 3.0 %

By Roger W. Luidens and Richard J. Flsherty

SUMMARY

Two internal-contraction inlets were investigated in the NACA Lewls
lsboratory 1- by l-foot block tunnel. The fixed inlet was tested at Mach
2.94 with a conventionel ram-scoop bleed and with a "shock-trap"” bleed.
The shock-trap bleed is a scoop bleed with an ares expansion starting up-
stream of the leading edge of the scoop. This bleed system improved the
inlet pressure recovery 0.09 at a constant 28-percent bleed flow.

At & free-stream Mach number of 2.94, the variable-cepture-sres in-
let gave a peak pressure recovery of 0.91 at a diffuser Mach number of
0.47 and 29-percent bleed. The pressure recovery in the bleed was 0.62;
thus the bleed drag was estimated, as being 3.5 percent of engine thrust,
under favoreble assumptions. This inlet gave pressure recoveries of 0.89
at Mach numbers of 1.98 and 2.43.

INTRODUCTION

The all~-external-compression iniet is theoretically limited in its
DPressure~recovery potentlal, as 1s discussed in reference 1. This limit-
ing pressure recovery decreases as the £light Mach number increases.

Also, inlets designed for this potential recovery have large cowl-pressure
drags. The internal-contraction inlet on the other hand has a pressure-
recovery potential of 100 percent with zero cowl-pressure drag. Reference
2 reports an lnvestigatlon of an all-internal-contraction inlet which had
the contraction divided between a centerbody and the outer walls of the
duct. The inlets of the present report have all lnternal contractlon but

no centerbody.

A fixed- and a varigble-capture-area inlet each with a design Mach
number of 3.0 are reported herein. The compression surface for the fixed-
capture-area inlet was a right circular truncated cone. This inlet was
tested with a ram scoop and a "shock-trasp" bleed. The shock-trap bleed
is a scoop bleed with an ares expansion starting upstream of the leading

* Title, Unclassified.
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edge of the scoop. The function of this bleed is to reduce the relatively
high pressure losses resulting from terminel-shock - boundery-layer inter-

action in an all-internal-compression inlet.

The varliable-capture-aresa Inlet had spproximately the same geometry
as the fixed-capture-area inlet at Mach 3.0. The sirflow characterlistics
of this inlet over the range of flight Mach numbers from O to 3.0 would
be expected to match closely those of a turbolet engine operating at
nearly constant corrected rotational speed (or constant compressor-inlet
Mach number). A study of an inlet that is similar but has a supersonic
diffuser of rectangular cross section is reported 1in reference 3.

APPARATUS AND PROCEDURE

The investigation was conducted in the NACA Lewls laborstory 1l- by
1l-foot block tunnel at the following conditions:

Mach Total Total
number |pressure, | temper-
1b ature,
sq in. abs oF
1.98 16 100
2.45 25
2.94 25

The specific humidity was malntained sufficiently low to avoid condensa-
tlion effects.

A general sketch of the fixed-capture-area inlet and instrumentation
is shown 1n filgure 1. Further details of the throat bleed systems are
glven in figure 2. The shock-trap bleed is distinguished from the ram-
scoop bleeds by the area expansion that starts ahead of the leading edge
of the scoop. A shim could be inserted st the throat sectlon of the
supersonic diffuser, as shown in figure 2. This increased the contraction
of the inlet and decreassed the height of the bleed gap.

In conducting the tests the lnlet was started by opening and then clos-
ing the "starting door™ which controlled the ailrflow through a longitudinal
slot in the supersonic dlffuser. After the lnlet was started the mass-
flow plug was closed until meximum pressure recovery weas obtained. The
mass flow passing through the subsonic diffuser was compubted from the to-
tal head rakes asnd the assumption of a choked exit area. The capture mass
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flow was determined from the free-stream conditions and the inlet capture
arca. The engine mass-flow ratioc is the ratio of the mass passing through
the subsonic diffuser to the capture mass flow. The bleed mass-flow ratio
is 1 minus the englne mass-flow ratio.

A sketch of the variablie-capture-area inlet and instrumentation is
shown in figure 3. One Jaw of the inlet could be fixed at a given angle
to the subsonic diffuser. The angle of the other Jjaw could be remotely
controlled. At each test Mach number trial runs were masde to determine
the angle of the fixed Jjaw which resulted in the axis of the supersonic
and subsonic diffuser being coincident and alined with the free stream at
the maximum contraction ratio. This procedure was found necessary to
achieve the highest pressure recovery. A shim similar to that of the
first model could also be used wilith this model. The throat bleed was sl-
ways operated as a shock-trap bleed. In conducting this test the inlet
capture area was reduced until the inlet started (supersonic flow was
established in the supersonic diffuser), and then was increased until the
inlet unstarted. The inlet was then restesrted and the capture area in-
creased to Jjust less than that which unstarted the inlet. The exit plug
was then closed to determine maximum pressure recovery.

Pressure recovery was measured on two rakes. The front and back rakes
were 2 and 17 throat diameters downstream of the throat, respectively (see
figs. 1 and 3). The bleed-duct rake was 0.75 of a throat dismeter down-

stream of the throat (see fig. 3).

RESULTS AND DISCUSSION
Fixed-Capture-Area Inlet

The longitudinal distribution of the local stdtic pressure as a frac-
tion of free-stream total pressure for the supersonic and subsonic diffuser
is shown in figure 4 for the fixed-capture-area inlet at peak pressure re-
covery with two types of bleed. The estimated soniec static-pressure ratio
is 8lso shown on the figure. The dats indicste that the terminsl shock
for the rem-scoop bleed was a shock train located in the subsonic diffuser.
The marked increase in static pressure st the entrance to the subsonic 4if-
fuser for the shock-trap bleed, on the other hand, shows that the terminal
shock train was collected into a single shock and trapped in the bleed gap
with this type bleed. Adding the shim shown in figure 2 covered some sta-
tic orifices in the 8~ to 10-inch axial distance region and prevented the
collection of these pressures for two of the inlet configurations.

The inlet total-pressure recoveries for the flxed-capture-area inlet
are shown in figure 5. These recoveries were measured on the back rskes
where the profiles were in all cases flat. For all three bleed geometries
the capture mass flow was the same; thus a decrease in engine mass flow
results from a corresponding increase in bleed flow.
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The inlets with ram-scoop bleeds would operate only supercritically,
that is, only at constant englne flow corresponding to movement of—the
terminal shock within the subsonic diffuser. The decressing mass flow
at the higher pressure recoveries for the shock-trap bleed resulted from
increased spillage through the bleed associated with movement of the ter-
minal shock upstream of the entrance to the subsonic diffuser but within
the bleed gap. At the identical mass-flow ratios of 0.72 (hence also
identical bleed flows of 28 percent), the pressure recovery for the shock-
trap bleed was 0.85 compared with O.76- for the ram-scoop bleed, & 0.09 im-
provement. This improvement in pressure recovery and the slight regulas-
tion of the mass flow at high recovery sppear charscteristic of the shock-
trap bleed.

Several schlieren photographs of the throat bleed gap are presented
in figure 6. The parts of the flgure correspond to the letters lgbeling
the data points in flgure 5. The terminal shock moves from the down-
stream end to the upstream end of the bleed gap with decreasing engine
mass flow.

The followling eXplanation is offered for the favorable effect of the
shock-trap bleed type on inlet pressure recovery. For the inlet with the
shock-trap bleed the step in the bleed formed & repidly diverging area in
which the terminal shock train could collect and stand without unstarting
the inlet. Expansion waves sufficiently weakéned the terminal shock so
that the boundary layer entered the bleed duct against little or no ad-
verse pressure gradient and without the terminal-shock loss in total pres-
sure. When the inlet with the ram-scoop bleed i1s at peak pressure re-
covery, there is a shock traln in the diverging subsonic diffuser with a
concomitant total-preéssure loss. Closing the exit plug farther causes the
first leg of the shock train to move into the converging supersonic dif-
fuser where it 1s unstseble and causes the inlet to unstart.

Variable-Capture-Ares Inlet

The pressure recoveries of the Inlet at Mach 2.94 for two variations
in the bleed system are shown in figure 7, The peak pressure recovery was
0.91 with a diffuser Miach number of 0.47. The back-rake pressure recovery
for this model was Q.88 compared to 0.85 for the fixed-area model at a
mass-flow ratio of 0.71 (29-percent bleed flowi " There was a marked de-
crease in pressure recovery as the bleed flow was reduced.

The front-rake total-pressure profiles for the points labeled on flg-
ure 7 sre shown in figure 8 with corresponding letters. The data points
at the wells on figure 8 are wall static pressures. The mass-flow ratio,
average total-pressure ratio, and approx1mate locsl Mach number are shown

on the figure.

Profile A is for supersonic flow through the entire subsonic diffuser.

The data show that the boundary layer is very thin. This indicates
L

LSB%
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complete or nearly complete removel of the boundary layer developed in
the supersonic diffuser. The dip in the profile at the center could be
due to the coalescence of oblique shocks in the supersonic diffuser into
& normal shock. This condition can be shown to exist by the method of

characteristics (ref. 4).

Profile B is the maximum-distortion profile. The tubes next to the
wall have large pressure defects. This indicates that the boundary layer
has thickened because of the adverse pressure gradient caused by throt-
tling the subsonic diffuser exit. It is hypothesized that this profile
1s strongly influenced by the terminsgl-shock train. The shock train is
made up of a series of "lambda" shocks; each of which has a pair of oblique
shocks near the wells snd a normal shock near the center of the duet. The
high-pressure-recovery annulus is asssociated in part with the higher ef-
ficiency of the oblique shocks.

Profile C shows that further throttling increased the recovery and
also the boundary-layer thickness. If all the boundary layer in the super-
sonic diffuser has been removed, this could only be due to the boundary
layer that has developed in the subsonic diffuser intersascting with the
termingl-shock train. The terminal-shock tralin in this case occurs far-
ther upstream in the subsonic diffuser, at a lower supersonic Mach number,

and is probgbly of shorter length.

With further throttling the shock train coalesces in the shock-trap
bleed. Under this circumstence shock - boundary-layer interaction is
avoided and the boundary layer is thinner (profiles D and E). Based on
the experimentally determined maximum-contraction ratio and an estimation
of the boundary-layer displacement thickness and pressure recovery, the
Mach number at the end of the supersonlic diffuser is gbout 1.45. The
total-pressure recovery scross & normal shock at Mach 1.45 is 0.95. For
a messured average maximum reccovery of 0.91, this leaves 0.04 for oblique-
shock losses and subsonic frilction losses.

Bleed=-duct profiles of static to free-stream total pressure, pitot-
pressure ratio, and the corresponding calculated values of totel-pressure
recovery are presented in figure 9. The flow in the bleed duct was super-
sonic. The bleed pressure recoverles should be regarded with caution be-
cause they depend on statlic-pressure measurements that were difficult to
meke accurately. The high pressure recoverles are located toward the in-
ner side of the duct, as would be expected from the consideration of the
main-duct boundery-layer profile that enters the bleed. The peak total-
pressure recovery in the bleed duct at supercritical main-duct flow is
0.92, & value consistent with the high recoveries observed in the main

duct. The aversge bleed recovery is 0.62.

From the bleed-duct mass flow and total-pressure recovery a bleed
drag coefficient may be calculated. The bleed flow was assumed to be
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expanded to ambient pressure and discharged in the free-sgtream direction.
For the inlet and the data of profile E (fig. 8) the drag coefficlent
based on the cross-sectional area of the free-stresm tube of air that en-
ters the subsonic diffuser (or engine) had s value of 0.035. The thrust
coefficient of a turbojet engine at an afterburner tempersture of 3000° R,
based on the same area as the drag coefficient just mentioned, 1s sbout
1.0. The bleed drag was thus sbout 3.5 percent of the engine thrust.
Hence, the drag of the large bleeds need not be excessive under the most
favorable conditions. (A discharge angle, or over- or underexpansion,
would incresse the drag.) This type of inlet could be designed for zero-
cowl-pressure drag st the design Mach number.

The performence of the varisble-capture-area inlet at other Mach
numbers is given in figure 10 for peak pressure recovery. Alsoc presented
are the average bleed-duct pressure recovery, the linlet mass-flow ratio,
and a calculated bleed drag coefficient, which is previously defined. It
was found that to get maximum pressure recovery it was necessary to keep
the axes of the supersonlic and subsonic diffusers coincldent and alined
with the free stream. The bleed-duct geometry ratios were s/r = h/r =
1/r = 0.2 (see fig. 2). The inlet gave peak pressure recoveries of 0.89
at Mach numbers of 1.98 and 2.43, compared with the value of 0.91 at Mach

2.94,

A schematic drawing of the inlet geometrles at all Mach numbers is
shown In figure 11. It is evident that for the lower Mach numbers the
inlet—has more internal wetted area than an optimum inlet design. Also
shown in figure 11 are the experimental maximum geometric inlet contrac-
tion ratio and the isentropic contraction at each Mach number. The geo-
metric contraction ratio is defined a&s the ratlo of the capture area of-
the supersonic diffuser to its dlacharge ares. The geometric value 1s
about 82 percent of the isentropic value at each Mach number. The aero-
dynamic contraction ratlo is greater than the geometric contraction ratio

by the boundary-lsyer dlsplacement area.

SUMMARY OF RESULTS

The experiments on internal-contraction inlets with several types of
bleed may be summarized as follows:

1. The use of a bleed, termed a shock-trap bleed, which eliminates
terminel-shock - boundary-layer interaction improved the recovery of an
internal-contraction inlet from 0.76 with & throat ram-scoop bleed to
0.85 at Mach 2.94. The shock-trap bleed also permitted some regulation
of the engine mass flow at high pressure recovery.

LG87 .
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2. A peak pressure recovery of 0.91 with a diffuser Mach number of
0.47 was obtalned at & free-stream Mach number of 2.94 on & variasble-
capture-area inlet with a shock-trap bleed duct diverting 29 percent of
the eir entering the supersonic inlet. This inlet gave pressure re-
coveries of 0.89 at Mach 1.98 and 2.43.

3. Although the bleed flow with the shock-trap bleed was large, the
total-pressure recovery in the bleed duct was high (0.62); this resulted
in an estimated drag of 3.5 percent of the engine thrust at Mach 2.94.

4. To achieve meximum pressure recoveries it was found necessary to
keep the axes of the subsonic and supersonic diffusers coincident and

alined with the free streanm.

Lewis Flight Propulsion Lsborsatory _
National Advisory Committee for Aeronautics
Cleveland, Ohio, May 8, 1958
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station 45.5

5 _ 11 V4 4,25 , 8.75

Station O

Ten static taps spaced 1.0 inch part gtarting at station 1.5 (in supersonic diffuser)
Flve static taps spaced 1.0 inch apart starting 0.75 inch downstream of leading edge of

subsonic diffueer

Figure 1. - Drawing of fixed-capture-area-inlet model and ingtrumentation.
in inches.)
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(a) Ram-scoop bleed; t/r, O; h/r, 0.2; s/r, O.
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(b) Rem-scoop bleed; /r, 0; h/r, 0.1; s/r, 0.1.
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r (Redius of subsonic-diffuser
inlet)

(¢) Shock-trsp bleed; l/r, ©0.2; h/r, 0.1; s/r, 0.3.

Figure 2. - Details of the bleed system for fixed-capture-srea-~inlet model
and definition of terms for bleed geometry.
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Flgure 3. ~ Drawipg of variable-cepturs-sres-inlet modal and fnsteimentstion. (All dimensions in inches.)
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Figura 4. - Longitudinal static-pressure distribubion in fixed-capture-sres inlet. Mach munber,

2.94; data are for peak-pressure-recovery points.
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Total-pressure recovery

NACA RM E58D24

' Bleed-systém Bleed Eype
geometry
(fig. 2) —
i/r h/r s/r
9 o 0 0.2 0 }R ]
O o 1 .1 Beoop
(e) & .2 .1 .3 Shock trap
AN
(%'(C)
(b)=40
&
(a)
J
T
.6
0
.5
.4
.8 .7 .8 .9

Engine mass-flow ratio -

Figure 5. - Back-rake total-pressure recovery
for fixed-cepture-area inlet.

2.94.

Mach number,

(Letters refer to parts of figure 6.)
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il C-40859

(a) Inlet
throat

Adrflow

_ C-40865 o
(v) (e}~ (a) (e)

Figure 8. - Schlieren photographs showing terminal shock in bleed gap of
fixed-capture~area-inlet. Mach mumber, 2.54.
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Total-pressure recovery

1.0
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Q. geometry
-9 (fig. 2)
c i/r nfr s/r
O 0.2 0.2 0.2
(0] .4 .1 .3
.8
5o
7 r
.6
7 .8
Fngine mass-
flow ratlc
Figure 7. - Pressure recovery for

varisble-capture-area inlet
with shock-trap bleed. Mach
number, 2.94. (Letters refer
to profiles of fig. 8.)
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Plgure 8. - Front-rake profiles for variable-capture-area inlet. Mach number, 2.94;

1/r = h/r = s/r = 0.2

{see fig. 2).
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Bleed passage height, in.
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Pressure divided by free-stream total pressure
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Figure 9. - Typical bleed-duct profiles for varigble-cgpture-
srea inlet. Mach number, 2.94; 1/r = h/r = s/r = 0.2 (see
fig. 2).
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Engine mags-

Bleed drag coefficient

Total-pressure recovery
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HO

Figure 10. - Sunimary of performance of variseble-
capture-area inlet at maximum pressure recovery
for seversl test Mech numbers.
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(a) Mach number, 1.98; inlet contraction ratios: experimental, 1.35;
isentropic, 1l.66.

Supersonic diffuser
Capture-ares perimeter
Discharge-area perimeter

Bubsonic-diffuser inlet-
area perimeter

(b) Mach number, 2.43; inlet contraction ratios: experimental, 2.08;
lsentroplc, 2.47. ) )

-

(¢} Mech number, 2.94; inlet contraction ratioe: experimental, 3.26;
isentropic, 4.00.

Figure 11. - Schematic drawings of varilable-capture-ares-inlet model at

several test Mach numbers. (Contraction retio = Capture area/Supersonic-
diffuser-discharge area.)

NACA - Langley Fleld, Va.
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