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Tangential Mass Addition for Shock/Boundary-Layer Interaction
Control in Scramjet Inlets
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and
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A series of tests are being performed to investigate and characterize shock-wave/boundary-layer interactions
typical of hypersonic inlets and to develop methods of controlling, through the use of tangential mass addition,
regions of shock-induced separation. The major objectives are being accomplished in a multiphase experimental
test program with complementary application of computational techniques. Presented herein are results from
the proof-of-concept phase of testing. The feasibility of using Mach 3 tangential air injection to eliminate sepa-
ration associated with the cowl-shock/innerbody boundary-layer interaction in a scramjet inlet model has been
demonstrated. The experimental test program was complemented by a computational investigation that demon-
strated the importance of mass addition injector location relative to the shock/boundary-layer interaction
region.

Introduction

THE effect of shock-wave/boundary-layer interactions on
the inlet performance of hypersonic air-breathing vehicles

is of great importance. Inlet compression on typical
hypersonic vehicles is accomplished with a very long external
compression forebody followed by an inlet cowl that generates
an internally reflective wave field. As a result, the highly vis-
cous layer developed on the forebody and ingested into the in-
let will be subject to strong adverse pressure gradients and may
be prone to separation. The existing data base for such in-
teractions is limited to relatively low Mach numbers and to
geometries not typical of hypersonic inlets. It is the objective
of this effort to perform a series of experiments to signifi-
cantly extend the data base with which to characterize shock-
wave/boundary-layer interactions typical of hypersonic inlets.
A multiphase test program has been undertaken to
characterize the onset and extent of shock-induced separations
near expansion corners and to develop techniques for controll-
ing the separation using tangential mass addition (TMA).
Candidate injectant gases include air, steam, He, and H2.
Detailed surface and instream flow properties are being ob-
tained to provide a data base for validation of computational
fluid dynamics (CFD) codes. The results presented herein are
from the proof-of-concept (POC) test phase of this program.
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The model used in the POC test series was a planar scramjet
inlet model consistent with the inward-turning scoop inlet
concept.1 Modifications to the inlet model included fabrica-
tion of two new throat blocks capable of tangentially injecting
air at Mach 3 on the forebody ramp just upstream of the theo-
retical cowl-shock impingement point. Tests were conducted
in the Naval Surface Warfare Center, White Oak, supersonic
wind tunnel no. 2 at Mach numbers from 3.0 to 5.0.

An initial Mach 4 tunnel entry was conducted in which the
ability to control shock-induced separation and the resulting
unsteady inlet flowfield with the use of tangential mass addi-
tion was demonstrated. In a much more extensive test, entry
data were obtained for Mach 3, 4, and 5 tunnel conditions
with the model at zero angle of attack and for Mach 4 condi-
tions with the model pitched to a 5 deg windward angle of at-
tack essentially simulating conditions at the inlet cowl lip
plane for Mach 3.5 tunnel conditions.

The effectiveness of tangential mass addition for control of
the cowl-shock-induced boundary-layer separation was dem-
onstrated at Mach 4 and 5. At the Mach 4, 5-deg angle-of-
attack test condition the mass addition had only limited effec-
tiveness. At Mach 3 the inlet flowfield was very unsteady, and
mass addition was ineffective.

Previous Work
A significant amount of previous work has been done on the

investigation and control of shock-wave/boundary-layer in-
teractions over a wide range of conditions. A comprehensive
review of such material is beyond the scope of this paper, but
the reader is referred to two excellent review articles, one by
Delery and Marvin2 discussing work on shock-wave/bound-
ary-layer interactions in general, and one by Delery3 reviewing
the state of the art in control of shock-wave/boundary-layer
interactions. The most common technique for control of
shock/boundary-layer interactions has been the use of
boundary-layer bleed; however, the difficulties in ducting the
bleed flow due to the extreme temperatures typical of hyper-
sonic boundary layers and the large system volume require-
ments have resulted in the choice of boundary-layer energiza-
tion with tangential mass addition as the principal controlling
mechanism being investigated in this effort. Figure 1 shows
some typical types of shock/boundary-layer interactions and a
schematic representation of the use of tangential mass addi-
tion to energize the incoming boundary layer.
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a) Strong shock interaction
c) Compression corner interaction

b) Incident shock interaction d) Incident shock/expansion corner interaction

Fig. 1 Use of tangential mass addition to control various types of shock/boundary-layer interactions.

The strong-shock interaction shown in Fig. la is typical of
the type of interaction that occurs when an external compres-
sion inlet is operating subcritically. Failure to control the in-
teraction region in this instance can cause boundary-layer sep-
aration far upstream on the inlet ramp and often results in
inlet "buzz." Work by Wong and Hall4 and by Schwen-
demann5 demonstrated the effective use of upstream mass ad-
dition for control of the strong-shock/boundary-layer interac-
tions in a Mach 2 inlet.

The interaction of an incident oblique shock with a flat-
plate boundary layer is shown in Fig. Ib. A significant amount
of work has been done previously or is currently under way
regarding this type of interaction. The main emphasis in that
work has been to investigate the effect of the shock wave on
wall film cooling effectiveness6 or on shear layer growth.7'9

The use of tangential mass addition to control the
shock/boundary-layer interaction at a supersonic compression
corner, Fig. Ic, has received significant attention in past work
by Grin10 and Grin and Zakharov11 in the Soviet Union and
by several investigators12"18 at the Indian Institute of Science.

The use of tangential mass addition to control the interac-
tion of an incident shock with a boundary layer in the vicinity
of an expansion corner, Fig. Id, is typical of the phenomena
of interest for hypersonic inlets and has received relatively lit-
tle attention, an exception being the work by Ogorodnikov et
al.19 and Chernyy et al.20 in the Soviet Union. It is this interac-
tion in the vicinity of an expansion corner that is the main area
of interest for the work being done under this effort.

Another type of shock/boundary-layer interaction noticea-
bly lacking from the figures is the three-dimensional glancing
shock interaction. These interactions occur in hypersonic in-
lets, either on the side walls due to shocks from forebody
ramps and the cowl, or on the ramp and cowl if there exists a
side-wall compression shock system. Peake21 demonstrated
that the use of slot injection along a line between the compres-
sion wedge angle and the resulting shock angle is effective for
control of the three-dimensional glancing-shock interaction.
Additional work on the use of tangential mass addition for
control of shock/boundary-layer interactions has been pub-
lished,22'28 but, in general, the work has been done at low
supersonic Mach numbers and for geometries not typical of
hypersonic inlets.

Fig. 2 Baseline proof-of-concept inlet model.

Discussion
Proof-of-Concept Inlet Model

POC test objectives were accomplished using a two-
dimensional inward-turning scoop scram jet inlet model that
consists of a 10-deg ramp followed by a cowl that turns the
flow back along the inlet centerline (Fig. 2). The internal con-
tour provides additional "isentropic" compression with both
the cowl shock and the isentropic compression waves focused
at a point inside the innerbody such that the inner surface
becomes a streamline. The inlet is designed so that the fore-
body ramp shock falls on the cowl Up at a freestream Mach
number (M0) of 5 and the internal compression field is
designed to be canceled by the innerbody contour upstream of
the throat at a freestream Mach number of 3. The inlet model
was equipped with transparent side walls to permit flow
visualization of the internal flowfield.

Pitot and static pressure surveys were conducted at two sta-
tions downstream of the throat with access through model in-
strumentation ports located in the cowl surface. A pitot
pressure survey was conducted on the inlet forebody ramp to
characterize the incoming boundary layer at all test condi-
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tions. Both external and internal flow visualization, ac-
complished using shadowgraph and oil flow, were recorded
with video and 70-mm still photography. Real-time video
monitoring of the inlet flow structure was accomplished using
closed-circuit television.

The inlet model was modified to include Mach 3 tangential
mass addition on the 10-deg innerbody ramp just upstream of
the shoulder. The objective was to place the injection
upstream of where the cowl shock/innerbody boundary-layer
interaction takes place; however, the actual flexibility in place-
ment of the nozzle was limited by the existing model geometry.
Modification of the inlet model was accomplished by the fab-
rication of two new replaceable throat blocks, one of which is
shown in Fig. 3, each with a nozzle that spans the 4-in. inlet
duct. The nozzles have exit heights of 0.050 and 0.10 in.,
which are 5 and 10% of the baseline inlet throat height. The
Mach 3 flow is achieved through a centered isentropic expan-
sion. The nozzle was designed to be aligned with the forebody
ramp, and the internal inlet contour downstream of the injec-
tion point was adjusted (opened by 0.050 or 0.10 in. as appro-
priate) to account for the injectant mass flow.

The throat blocks were easily interchangeable and were con-
nected to a high-pressure air supply with regulation based on
measured nozzle mass flow. Note the location of the static
pressure taps on the block in Fig. 3. The seven center line taps
will be the first data points plotted on subsequent pressure dis-
tributions. In addition to the taps shown, centerline static
pressures were measured on the innerbody at 1-in. increments
throught the length of the isolator duct. A photograph of the
0.050-in. throat block installed in the POC inlet model, with
the near inlet side wall removed, is shown in Fig. 4.

Fig. 3 Tangential mass addition throat block for the POC inlet
model.

It should be noted that there were no high response static
pressure measurements made in this test entry. Therefore,
pressure oscillations due to the unsteady inlet flowfields
observed with no mass addition are not resolved in the data
presented.

Wind-Tunnel Test Results
For the initial tunnel entry the inlet model was tested at

Mach 4 using both the 0.050- and the 0.10-in. nozzles. During
this test entry an experience base was gained on the operation
of the inlet with various amounts of mass addition, and the in-
jector nozzle flow was calibrated using a pitot survey in con-
junction with wall static pressures. As evidenced from the sha-
dowgraph pictures, it was determined that the cowl-
shock-induced separation and resulting unsteady inlet
flowfield that occurred for the baseline inlet could be con-
trolled with both injector nozzles.

The second test entry included a 40-run test matrix at tunnel
freestream Mach numbers of 3.0, 4.0, and 5.0 with the model
at zero angle of attack (a). In addition, tests were conducted at
Mach 4.0 with the model pitched to a. = 5 deg windward to
simulate the cowl lip conditions f o r a M = 3.5,a = 0 deg test
condition. All tests were run with the tunnel in a continuous
operating mode and for a supply total pressure and tempera-
ture of 1 atm and 560°R, respectively.

For all tests the tunnel flow was established with no mass
addition, and the injection mass flow rate was gradually in-
creased to its maximum level of 0.05 Ibm/s. If the inlet separa-
tion was controlled, based on observation of either shadow-
graph or oil flow video, then the controlling mass flow rate
was noted and compared against the rate at which the separa-
tion reoccurred when the mass flow rate was decreased. In
general, very little hysteresis was observed, and, in all cases,
once the injectant mass flow was turned off the shock-induced
separation and the resultant unsteady inlet flowfield re-
established.

Figure 5 shows a shadowgraph picture of the Mach 4 inlet
flowfield with no mass addition. No appreciable shock struc-
ture is evident in the internal inlet duct, and a forebody sepa-
ration and resulting shock are evident just below the swept-
back side plate. Furthermore, this is a still photograph of a
very unsteady inlet flowfield resulting from the shock-induced
separation of the forebody boundary layer. Although oil flow
gives only an indication of the near wall flow direction, some
indication of the extent of the separated region can be seen in
the oil flow photograph of Fig. 6.

The mass addition flow rate was gradually increased until
the inlet flowfield, rather dramatically and suddenly, became
very steady. The effectiveness of the mass addition in controll-
ing the separation and creating a steady inlet flowfield is
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Fig. 4 H = 0.05 in. mass addition throat block installed in the POC
inlet model.

Fig. 5 Shadowgraph photograph of the Mach 4 inlet flowfield for
the POC inlet model with no mass addition.
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Fig. 6 Oil flow photograph of the Mach 4 inlet flowfield for the
POC inlet model with no mass addition.

Fig. 7 Shadowgraph photograph of the Mach 4 inlet flowfield for
the POC inlet model with mass addition.

shown in the shadowgraph photograph of Fig. 7. Clearly evi-
dent in the inlet "isolator" duct, the constant-area section
downstream of the inlet throat designed to isolate the terminal
shock system, is a well-defined shock structure, and there is no
longer evidence of the forebody boundary-layer separation.
Control of the inlet flowfield occurred at a mass flow rate of
0.017 and 0.022 Ibm/s for the 0.05- and 0.10-in. injectors, re-
spectively. The mass addition flow rates for control of the sep-
aration correspond to approximately 4 and 5%, respectively,
of the captured inlet mass flow.

The centerline static pressure distribution along the inlet iri-
nerbody has been plotted in Fig. 8 at Mach 4 for the inlet con-
figured both with and without mass addition. Again, the loca-
tions of the first seven data points are as shown in Fig. 3.
Recall from the shadowgraph that the case with no mass addi-
tion shewed a shock-induced boundary-layer separation
upstream of the injector. The resulting shock from this separa-
tion is evident in the elevated static pressure. When mass addi-
tion was used at or beyond the controlling flow rate, elimina-
tion of the separated region is evidenced by the reduced static
pressure level upstream of the injector. For this configuration
the measured static pressure is equivalent to the expected static
pressure for a 10-deg wedge at Mach 4. Also consistent with
the shadowgraph, the shock system in the inlet isolator section
is well defined, compared to the case with no mass addition,
when the boundary-layer separation was eliminated.

A similar test sequence was performed at Mach 5. Again the
inlet flowfield with no mass addition was very unsteady as a
result of the forebody boundary-layer separation. The video
and still shadowgraph pictures again showed evidence of the

20.00

15.00

10.00

5.00

0.00

M0=4.0
a =0°
Hj =0.1 in
Re/ft =1.47 x106

—— With Mass Addition
mj = 0.02lbm/sec

- - Without Mass Addition

-5.00 0.00 5.00 10.00 15.00 20.00 25.00
Distance From Injector (inches)

Fig. 8 Centerline static pressure distribution along the inlet inner-
body at Mach 4 with and without mass addition.
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Fig. 9 Centerline static pressure distribution along the inlet inner-
body at Mach 5 with and without mass addition.

boundary-layer separation and the absence of a clearly defined
inlet shock structure. Increasing the mass addition flow rate to
a level of approximately 0.007 Ibm/s (4-5% of the inlet cap-
tured mass flow) resulted in control of the separation and a
very steady inlet flowfield with a well-defined inlet shock
structure.

The centerline static pressure distributions at Mach 5,
shown in Fig. 9, again indicate that the forebody pressure rise
caused by the shock-induced separation is eliminated by use of
tangential mass addition. For this case the separated region
without mass addition was significantly smaller than it was at
Mach 4. Although the video schlieren shows an unsteady inlet
flowfield with no mass addition, the measured pressure disti-
bution shows a distinct shock system in the isolator. Control
of the separated region reduced the forebody pressure
upstream of the injector and caused a slight shift in the inlet
shock structure.

During the Mach 4 test series the mass addition flow rate
was increased beyond the point at which the unsteady separa-
tion region was controlled while the model was at zero angle-
of-attack. The model was then pitched 5 deg windward, and
the inlet flowfield remained steady. The mass addition flow
rate was gradually decreased until, at approximately the point
at which the interaction was controlled at a = 0 deg, the inlet
flowfield became unsteady due to the cowl-shock/innerbody
boundary-layer interaction. The mass addition flow rate was
then increased to the maximum, and a steady inlet flowfield
could not be re-established.
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At Mach 3 test conditions the inlet flowfield was extremely
unsteady with no mass addition. Increasing the mass addition
flow rate to the limit of the supply system provided no control
over the inlet flowfield.

The reason for the ineffectiveness of the mass addition at
the lower Mach numbers was thought to be attributed to one
of two factors. As the Mach number decreases, the cowl-
generated shock becomes more steep and impinges on the
forebody farther upstream. This results in the boundary-layer
separation point being moved upstream relative to the injector
location, thereby reducing the injector effectiveness. Also, the
tunnel supply conditions were held constant at Pt = 15 psia
and Tt = 560°R for all Mach numbers; therefore, the maxi-
mum available mass flow in the injector relative to the capture
mass flow is reduced at the lower Mach numbers.

To identify mass addition ineffectiveness at the lower Mach
numbers, computational flowfield solutions were generated in
which the point of injection and the mass addition flow rates
were varied for the low-Mach-number conditions. The results
of this qualitative computational investigation are discussed in
subsequent sections.

Computational Results
CFD flowfield solutions have been generated for the Mach 4

and 5 test conditions using a two-dimensional Navier-Stokes
code, PARCH.29 Because of the difficulties with the turbu-
lence model in the vicinity of the mass addition nozzle, these
calculations were run laminar downstream of the cowl lip;
however, the inflow boundary-layer profiles were generated
assuming turbulent flow up to the cowl lip. Flowfield conver-
gence was based on mass conservation throughout the inlet.

Figure 10 shows the Mach 4 velocity vector diagram for the
baseline inlet with no mass addition. The region of forebody
boundary-layer separation is evident upstream of the inlet

Cowl
Compression

Surface

Shock
Induced

Separation

Fig. 10 Velocity vector diagram from a two-dimensional Navier-
Stokes flowfield solution for the baseline POC inlet model at Mach 4.

throat. The inlet geometry was modified to include the 0.10-
in. injector geometry with a Mach 3 injector flow. Solutions
were generated for several mass addition flow rates consistent
with those tested in the experiment. When the injection rate
was set at 0.01 Ibm/s the separation, although reduced in size,
was still evident. The injector mass flow was then set at 0.020
Ibm/s and the forebody boundary-layer separation was con-
pletely eliminated as evidenced in the velocity vector diagram
in Fig. 11. This compares favorably with the mass flow rate re-
quired to control the separation in the POC experiment, 0.022
Ibm/s for the 0.10-in. injector.

For the Mach 5 flowfield solution of the baseline inlet with
no mass addition, the extent of the separated region was less
than that for the Mach 4 solution but still clearly evident in the
velocity vector diagram. A computational solution for a mass
addition flow rate of 0.01 Ibm/s showed a complete elimina-
tion of the separated region. This again compared well with
the experiment for which the boundary-layer separation was
controlled at an injector mass flow rate of 0.007 Ibm/s.

The results at Mach 4 and 5 provide sufficient confidence in
the qualitative accuracy of the CFD solutions to permit use of
the PARCH code for a numerical experiment to determine the
effect of injector flow rate and injector location on the low-
Mach-number effectiveness of tangential mass addition. In
particular, CFD solutions were generated at the conditions for
which the TMA was not effective in the test program to deter-
mine the effect of increasing the injector mass flow rate
beyond the maximum tested and to determine the effect of
moving the injection station upstream to the cowl lip.

A series of Navier Stokes solutions were run for the inlet
model operating at Mach 3.5 and a. - 0 deg, which is equiva-
lent to the Mach 4, a. = 5 deg condition tested for the baseline
inlet model with no mass addition. For these conditions a
stable converged inlet flowfield could not be obtained. Fur-
thermore, investigation of the flowfield solution after several
thousand interations indicated that the lack of convergence
was due to inlet unstart and the fact that the upstream bound-
ary conditions were ill-posed for subsonic inflow. The mass
addition flow rate was set to 0.10 Ibm/s, twice that achieved in
the wind-tunnel tests, in the next attempt at a solution. Again,
the inlet did not start, and a steady converged solution could
not be obtained. A similar series of solutions were generated
for Mach 3, a = 0 deg conditions. The velocity vector dia-
grams again indicated that, even with injection at a rate twice
that achieved during the test, a stable and started inlet
flowfield could not be achieved. These results seem to indicate
that the maximum injection rate achievable during the ex-
perimental program was not the limiting factor in the inability
to control the shock-induced separation and resulting
unsteady inlet flowfield for the low-Mach-number test condi-
tions.

A second numerical experiment was carried out to in-
vestigate the effect of injector location on the ability to control
the shock/boundary-layer interaction. For this investigation

Cowl
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Surface

M0 = 4.0

Fully
Attached

Flow

0.02 lbm /sec

Fig. 11 Velocity vector diagram from a two-dimensional Navier-
Stokes flowfield solution for the modified POC inlet model at Mach 4
with a mass addition flow rate of 0.02 Ibm/s.
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Fig. 12 Velocity vector diagram from a two-dimensional Navier-
Stokes flowfield solution of the POC inlet model at Mach 3.5 with a
forward injector but with no mass addition.
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Cowl Cowl
Lip Shock Cowl

Compression
Surface

M0 = 3.5

Mass Injector Fully
Attached

Flow

Fig. 13 Velocity vector diagram from a two-dimensional Navier-
Stokes flowfield solution of the POC inlet model at Mach 3.5 with a
forward injector at a mass addition flow rate of 0.05 Ibm/s.

the injector was moved upstream to the cowl lip station. A
Mach 3.5, a = 0 deg solution was generated with no mass ad-
dition to determine if the additional internal area relief would
allow the inlet to operate started. As indicated in the velocity
vector diagram of Fig. 12, a steady converged solution for a
started inlet could not be achieved. A solution was then gener-
ated with a mass addition flow rate of 0.05 Ibm/s, consistent
with the maximum injector flow rate run during the experi-
ment and half of the maximum rate run computationally with
the injector located downstream. As indicated in the velocity
vector diagram of Fig. 13, the mass addition was sufficient to
eliminate the shock-induced separation of the forebody
boundary layer, allowing the inlet to start.

This demonstrates, within the accuracy of the computa-
tional tools applied, that the inability to re-establish control of
the interaction region during the inlet tests at Mach 4, o: = 5
deg was due to the location of the injector relative to the in-
teraction region. This highlights the criticality of placing the
tangential mass addition upstream of the interaction region to
energize the incoming boundary layer.

Similar solutions generated for Mach 3, a = 0 deg condi-
tions show that, even with the mass addition at the cowl lip
and an injection rate as high as 0.10 Ibm/s, the inlet did not
start. Although the geometric internal contraction ratio of the
baseline inlet is slightly below the theoretical starting limit, it
seems that the mass addition was not sufficiently effective in
controlling the forebody boundary-layer separation and pre-
vent the resulting aerodynamic overcontraction.

Conclusions
The use of tangential mass addition as a boundary-layer en-

ergizing mechanism for control of shock/boundary-layer in-
teractions occurring in scramjet inlets has been demonstrated
for Mach numbers between 3.5 and 5.0. An experimental test
program complemented by numerical investigations indicates
that the position of the injector with respect to the boundary-
layer separation point is an important factor in the effec-
tiveness of the mass addition. Tests at Mach 4 and a = 5 deg
indicate that, at the position of the injector for this POC test,
the mass addition was effective as long as the started inlet
flowfield was established; however, once the boundary-layer
separation was allowed to take place, the injector was not suf-
ficiently far upstream to effectively re-establish control. At
Mach 3.0, the inlet appears to be too close to the theoretical
internal contraction starting limit to enable the mass addition
to be effective even when placed as far upstream as the cowl
lip.
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