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A collaborative experimental and theoretical study of the asymmetric crossing-shock-wave/turbulent-boundary-
layer interaction is presented. The shock waves are generated by a pair of asymmetric fins that are mounted normal
to a flat plate and form a converging channel. The focus of the study is the interaction of the shock waves with the
turbulent boundary layer on the flat plate. Two configurations with fin angles 7 X 11 and 15 X 11 deg have been
examined at Mach 3.9. Experimental data include surface pressure and heat transfer, adiabatic wall temperature,
surface flow visualization, and planar laser scattering images. The computations solve the three-dimensional
Reynolds-averaged compressible Navier-Stokes equations incorporating the two equation Chien k—e turbulence
model. The computed surface pressure displays good agreement with experiment. The computed and experimental
surface pressure and flowfield flow visualization are in general agreement. The computed surface heat transfer
displays significant disagreement with expenment. The flowfield manifests a complex shock wave system and a

pair of counter-rotating vortices.

I. Introduction

HOCK-wave/turbulent-boundary-layer interactions occur in a

wide range of aeronautical and aerospace systems. Examples
include high-speed inlets, nozzles, transonic compressors, rotor-
craft, wing-fuselage junctures, and deflection of control surfaces.
A full understanding of shock-wave/turbulent-boundary-layer in-
teractions is essential for effective design. Significant progress
has been achieved in the understanding of the flow structure
for a family of two- and three-dimensional shock-wave/turbulent-
boundary-layer interactions, and several flows can now be consid-
ered well understood (e.g., the single fin!?). Recent research efforts
have .concentrated on more complex three-dimensional shock-
wave/turbulent-boundary-layer interactions, in particular, the cross-
ing shock (double fin) interaction (Fig. 1) due to applications to
high-speed inlets.>*

A detailed compilation of experimental and theoretical (compu-
tational) studies of the crossing-shock interaction is presented in
Knight et al.* Nearly all experimental research has focused on the
symmetric crossing-shock interaction. Surface pressure has been
obtained in nearly all studies of the symmetric and asymmetric in-
teraction. Surface flow visualization (e.g., kerosene lampblack) was
performed in all experiments. Flowfield visualization [e.g., planar
laser scattering (PL.S)] was conducted in three studies (including one
study- of the asymmetric crossing shock). Additional quantitative
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experimental data (e.g., surface skin friction and heat transfer, and
flowfield profiles of pitot: pressure and static pressure) have been
obtained in several cases. There is a significant need for additional
experimental data, however, particularly for the asymmetric inter-
action, including measurements of surface skin friction and heat
transfer; flowfield profiles of pitot pressure, yaw angle, and pitch
angle; and flowfield visualization.

Previous theoretical (computational) research has focused on the
symmetric crossing-shock interaction. The computed flows have
shown generally good agreement with experimental data for sur-
face pressure, shock structure, and boundary-layer profiles of pitot
pressure and yaw angle, although the level of agreement lessens
with increasing shock strength and distance downstream in the in-
teraction. The computed flows have not accurately predicted surface
heat transfer or skin friction, however.6’

Collaborative experimental and theoretical research has been cru-
cial to the development of understanding of the flowfield structure of
the symmetric crossing-shock interaction. The streamline structure
is dominated by a pair of counter-rotating vortices (generated by the.
individual single fin interactions) that merge at the centerline to form
a low total pressure region.®¥-19 The wave structure encompasses
a complex set of multiple shock reflections, expansions, and slip
lines.53~1* A complete understanding of the structure of the sym-
metric crossing-shock interaction has not been achieved, however,
and additional research is needed. No flow structure model has been

Fig.1 Crossing shock (double fin).
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proposed for the asymmetric crossing-shock interaction, though it
may be expected to be somewhat similar to the symmetric model
for cases wherein the asymmetry is small.

The objective of this paper is to report on results from a collabo-
rative experimental and theoretical investigation of an asymmetric
crossing-shock interaction. This represents the first investigation of
an asymmetric crossing-shock interaction. Two configurations were
considered at M,, = 3.9, namely 7 x 11 and 11 x 15 deg, corre-
sponding to the experiments of Zheltovodov et al.'> and Garrison
and Settles. !

II. Experiments

Experiments were conducted at the Institute of Theoretical and
Applied Mechanics (ITAM), Siberian Division of the Russian
Academy of Sciences by Zheltovodov et al., and at the Penn State
Gas Dynamics Laboratory by Garrison and Settles. The facilities
are described in Refs. 16 and 11, respectively. The experimental
configurations for Zheltovodov et al. and Garrison and Settles are
presented in Figs. 2 and 3. The location of the inviscid shocks and
slip line are indicated. Zheltovodov et al. employed chamfered fins
of length 192 mm and height 100 mm, separated by 73.5 mm at
the entrance and a minimum throat width of 32 mm. Garrison and

Inviscid shock

73.5 mm

112 mm

192 mm
Fig.2 7 x 11 deg (Ref. 15),

}—-141.1mm

Inviscid Shock

96 mm

Settles employed two straight fins of length 146.1 mm and height
82.5 mm; separated by 96 mm at the entrance.

Zheltovodov et al. obtained surface flow visualization, measured
surface pressure and heat transfer, adiabatic and heated wall tem-
peratures (using the electric-calorimetry method!3) at four locations
[the throat middle line (TML), and x = 46, 79, and 112 mm]}, and
obtained panoramic surface (adiabatic and heated wall) tempera-
tures (using a high-resolution thermovision system'*). Garrison and
Settles obtained surface flow visualization on the flat plate and PLS
visualization of the flowfield. The experimental conditions are pre-
sented in Table 1. The flat plate and fin surfaces were approximately
adiabatic for the experiments of Garrison and Settles.'* Zheltovodov
et al. performed experiments for both adiabatic and nonadiabatic
walls.

III. Computations

The theoretical model is the three-dimensional Reynolds-
averaged compressible Navier—Stokes equations. Turbulence is
represented by the two-equation Jones—Launder (k—¢) turbulence
model'’ incorporating the low-Reynolds-number modifications of
Chien'® and standard values of the turbulence model constants.'
The NPARC code® was used for 7 x 11 deg (case 1) and the
CRAFT code?! for 11 x 15 deg (case 2). Both codes solve the full
three-dimensional Reynolds-averaged compressible Navier—Stokes
equations, including the turbulence model equations. The NPARC
code employs the Beam—Warming algorithm with explicit and im-
plicit damping. The CRAFT code utilizes Roe’s method for the in-
viscid fluxes and central differencing for the viscous and turbulence
source terms. Both methods employ an approximate factorization
of the Jacobian.

Two separate computations were performed for case 1 to de-
termine the heat transfer coefficient C, = ¢g,(x,2)/{PUs
cplTy(x, 2) — Touw(x, 2)]} where g, (x,2) = —x,8T/dy is the
wall heat transfer. For case la, the wall temperature was fixed
T, = 1.037T, and the local heat transfer g,, (x, z) determined. For
case 1b the wall was assumed adiabatic and the local adiabatic wall
temperature T, (x, z) was determined. This approach has been em-
ployed previously for comparison with experimental heat transfer.??

Details of the computations are presented in Table 2. The numeri-
cal grid accurately resolves the boundary layer (on the flat plate) and
inviscid regions based on comparison with previous computations
of symmetric crossing-shock interactions wherein grid refinement
studies were performed.® The thin boundary layers on the fin sur-
faces were not resolved, and slip boundary conditions were applied
at the fin surfaces. Previous studies of the single fin interactions?
have demonstrated that the shock-wave/turbulent-boundary-layer
interaction is essentially unaffected by the boundary layer on the
fin. Of course, sufficiently far downstream of the intersection of
the crossing shocks, the shocks will interact with the turbulent
boundary layers on the sidewall fin surfaces. However, in the present
study, nearly all of the experimental data are obtained upstream of
the sidewall shock-wave/turbulent-boundary-layer interactions, and
consequently the omission of the fin boundary layers does not af-
fect comparison with experiment in this regard. Also, Bardina and

11 deg Coakley® observed that the treatment of the fin boundary layers
I— 99.8 mm as laminar or laminar/turbulent affected the flowfield only in the
immediate vicinity of the fin/plate junction for a Mach 8.3 crossing-
Fig.3 15 x 11 deg (Ref. 13). shock interaction. However, in the present study, experimental data
Table1 Experimental and computational conditions for asymmetric crossing shock?®
oy, w2, Ptoos Tioo» 8005 5;1‘0, B0,
Reference Moo deg deg Resoo MPa K mm mm mm
Experiment :
Zheltovodov et al. 13 3.95 7 11 3.0 x 10° L5 260 35 1.1 0.13
Garrison and Settles!®>  3.85 15 11 2.6 x 10° L5 295 35 1.1 0.13
Computation
Cases laand 1b 3.85 7 11 3.0 x 10° 1.5 270 35 1.1 0.13
Case 2 3.85 15 11 2.6 x 10° 1.5 295 35 1.1 0.15

M, = freestream Mach number; &, o3 = fin angles, deg; Resoo = Reynolds number based on 8uo; proo = freestream total pressure;
Tioo = freestream total temperature; doo = upstream boundary-layer thickness; 8%, = upstream displacement thickness; and o =

upstream momentum thickness.
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Table 2 Details of computations®
Reference oy, deg a,deg Tw Ny Ny N,
Case la 7 11 1 101 68 49
Case 1b 7 11 A 101 68 49
Case 2 15 11 A 97 59 59
Ax /o0 AYmin/oo Aymax /80 Azmin /300 Azmax /800 A)’;— |rms
Case la 0.50 7.64 x 1075 0.51 0.20 0.48 0.16
Case 1b 0.50 7.64 x 1075 0.51 0.20 0.48 0.19
Case 2 0.50 529 x 1074 0.51 0.20 0.50 0.77

2N, = number of points in x; Ny = number of points in y; N; = number of points in z; Ay;' lrms = rms grid spacing at

wall in wall units; / = isothermal wall; and A = adiabatic wall.
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Fig. 4 Computed skin-friction lines for 7 x 11 deg: 1—left incident
separation line, 2—right incident separation line, 3—left downstream
coalescence line, 4—right downstream coalescence line, and 5 and 6—
line of divergence.

are available only in the central portion of the flow, and thus our
comparison with experiment is expected to be unaffected by the use
of slip boundary conditions on the fins.

The inflow profiles for the three-dimensional Navier—Stokes com-
putations, obtained by a separate boundary-layer calculation using
the EDDYBL code,'® matched the experiment.

IV. Results
A. Crossing Shock 7 X 11 deg

The computed surface skin-friction lines and experimental sur-
face flow visualization are displayed in Figs. 4 and 5, respectively.
In comparing these results here (and in the 15 x 11 deg case), two
points are noted. First, the computed surface skin-friction lines are
typically sensitive to the turbulence model employed,? especially
in the vicinity of singular points (e.g., nodal and saddle points).
Second, the experimental surface flow visualization technique has
not been calibrated to the actual mean surface shear stress direction,
although Squire?® provides substantial theoretical basis for conclud-
ing the method to be accurate. Notwithstanding these cautionary
remarks, the comparison of the computed skin-friction lines and
experimental surface flow visualization is helpful in understanding
the flowfield streamline structure.

The incident separation lines (lines of coalescence”) emanating
from the fin leading edges (1 and 2) are clearly evident in the com-
putation and experiment. These separation lines are associated with
the incident single fin interactions. The computed and experimental
separation line angles, measured relative to the x axis, agree within
10%. The incident separation lines coalesce near the center of the
region to form a narrow band of skin-friction lines (3) that is offset
to the left side of the channel and is denoted the left downstream

Fig.5 Experimental surface flow for 7 X 11 deg.
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Fig. 6 Crossflow velocity vectors at x = 112 mm for 7 X 11 deg.
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coalescence line. This line represents approximately the surface im-
age of the boundary between the left and right vortices generated by
the incident single fin interactions. The vortices are evident in the
crossflow velocity vectors (Fig. 6) at x = 112 mm. The crossflow
velocity vectors near the surface change direction at 3. A second
line of coalescence, denoted the right downstream coalescence line
(4), forms alongside on the right and farther downstream. It is as-
sociated with a secondary separation underneath the left side of the
right vortex (see Ref. 5) caused by the spanwise adverse pressure
gradient as described later. Lines of divergence are also apparent
near the right fin (5) and left fin (6) associated with the incident
single fin interaction.

The computed and experimental surface pressure, normalized by
the freestream static pressure p, are displayed in Figs. 7 and 8.
The uncertainty in the experimental surface pressure measurements
is +0.5%. The four locations (see Fig. 2) are the TML (1) and three
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Fig. 8 Wall pressure at x = 46,79, and 112 mm for 7 X 11 deg.

streamwise locations (2, 3, and 4). The inviscid surface pressure is
shown on the TML (uptox = 160 mm) and at streamwise location 2.
There is an intermediate plateau in the inviscid pressure for 87.7 mm
< x < 103.0 mm since the inviscid shock intersection point does
not coincide with the TML. The computed and expetimental surface
pressure on TML are in good agreement for x < 135 mm, although
the computation underestimates the extent of the upstream influence,
as observed in previous studies (e.g., Ref. 8). The computed pressure
does not accurately predict the pressure rise (beginning at x = 145
mm) associated with the shock reflection from the 7-deg fin, since the
computation omits the boundary layers on the fin surfaces. In Fig. 8,
the abscissa z — zmL represents the spanwise distance measured
from the TML. At x = 46 mm, the computed and experimental
surface pressure show close agreement. The surface pressure profile
corresponds to the individual A-shock structures generated by the left
and right fins.2®? At this location, the A shocks have not intersected.
At x = 79 mm, the computed and experimental surface pressures
exhibit similar close agreement. Although the inviscid shocks have
not yet intersected at this location, the forward segments of the

individual A shocks (denoted the separation shock?®) have reflected
from one another as evidenced by the high pressure in the vicinity
of the TML. At x = 112 mm, the computed and experimental
surface pressures are in general agreement. The right downstream
coalescenceline (4 in Fig. 4) atx = 112 mmislocated at z—zmr =
—7 mm, coinciding with the adverse spanwise pressure gradient that
has caused the secondary separation. Further detail is presented in
Ref. 5. (By comparison with Fig. 4, the flow near the surface at
x = 112 mm and z — zpme & 0 to —7 mm is moving towards the
left fin. Thus, the spanwise pressure gradient in the region —7 mm
< z—zmmL < 0 mm at x = 112 mm is adverse.)

The computed and experimental surface heat transfer coefficient
C; is presented in Figs. 9 and 10. The uncertainty in the exper-
imental heat transfer measurements is +:10-15%. The computed
T,.,, required for the computation of Cy, is within 5% of the exper-
imental measurement (see Ref. 5) obtained using the thermovision
technique as well as the thermocouple measurements. Downstream
of the intersection of the fin-generated A-shock structures (i.e., for
x > 90 mm on the TML) the computations overpredict the heat
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Fig. 10 Heat transfer at x = 46, 79, and 112 mm for 7 X 11 deg.

transfer by approximately a factor of 2. This discrepancy is at-
tributable to the limitations of the turbulence model and is consistent
with previous results for the symmetric crossing shock at Mach 8.3
using a similar k—e model.5 The computed and experimental heat
transfer are in close agreement at x = 46 and 79 mm (Fig. 10). How-
ever, all of the experimental data at x = 46 mm and nearly all of the
experimental data at x = 79 mm are within the undisturbed incom-
ing boundary layer. Comparison of the computed and experimental
heat transfer at x = 112 mm, located downstream of the intersection
of the A-shock structures, shows significant disagreement. In sum-
mary, the computed C,, displays qualitatively the trends observed in
the experiment but does not provide reliable values downstream of
the interaction of the A shocks.

The computed mean streamline structure is shown in Fig. 11
together with computed total pressure p;/p:. contours. The first
p: contour shows the initial formation of the individual counter-
rotating vortices, as evidenced by the bulge inlow p, contours. These
vortices collide to form a counter-rotating vortex pair characterized

by low total pressure and low Mach number. The right vortex (as
viewed looking downstream) is significantly larger due to the larger
initial pressure rise associated with the right (11-deg) fin compared
with the left (7-deg) fin. The vortex pair moves towards the left fin
consistent with the direction of the inviscid flow downstream of the
inviscid shock intersection. The vortex pair entrains the low energy
fluid in the incoming boundary layer into a concentrated region. The
principal difference between the asymmetric and symmetric mean
streamline pattern®®? is the asymmetric location of the counter-
rotating pair.

B. Crossing Shock 15 x 11 deg

The computed skin-friction lines and experimental surface flow
visualization for the 15 x 11 deg configuration are presented in
Figs. 12-14, respectively. The separation lines originating from the
fin leading edges are apparent in the computation and experiment.
The computed and experimental separation line angles agree within
7%. The computed skin-friction lines show a node-saddle pattern in
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Fig. 11 Flowfield structure for 7 X 11 deg.
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Fig. 12 Computed skin-friction lines for 15 X 11 deg (see Fig. 4 for

legend).
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Fig.13 Computed skin-friction lines for 15 x 11 deg near nodal point.

the vicinity of the intersection of the separation lines (Fig. 13). Two
lines of coalescence form downstream in qualitative agreement with
experiment and the 7 x 11 deg case. The role of 3 and 4 is opposite
to the 7 x 11 deg configuration, of course, since the larger fin is on
the left.

Experimental PLS images are displayed in Figs. 15-17 at x =
85.1, 102.9, and 120.7 mm. Figure 15 corresponds to a location

Fig. 14 Experimental surface flow for 15 X 11 deg.

upstream of the inviscid shock intersection (see Fig. 3), although
it is downstream of the intersection of the separation shocks asso-
ciated with the A shocks generated by the fins. Figure 16 is imme-
diately downstream of the inviscid shock intersection, and Fig. 17
is further downstream. The PLS images were obtained by a minia-
ture videocamera, located downstream of the crossing-shock in-
teraction, which imaged the interaction in the upstream direction.
Consequently, the 15-deg fin is on the right side in the PLS images.
Computed static pressure contours, normalized by p, are presented
in Figs. 18-20, at the same three locations as the PLS images. The
static pressure contours have been reversed (i.e., the 15-deg fin is on
the right side) to conform with the orientation of the PLS images.
The inviscid shocks are evident in the vertical clustering of the con-
tour lines. The principal features of the shock structure at the same
three locations, deduced from the experiment and computation, are
presented in Figs. 21-23 and are discussed next.

At x = 85.1 mm, the PLS image and pressure contours (Figs. 15
and 18) display the shock structure associated with the initial reflec-
tion of the separation shock wave segments. The principal features
are shown in Fig. 21 and include the separation shock (2), rear shock
(3), reflected separation shock (4), and centerline shock (5). These
features are physically the same as described by Garrison et al.*?
and Garrison and Settles!! for the symmetric crossing-shock inter-
action. The asymmetry of the incident shocks affects an expected
asymmetry in the interaction shock structure. The cross sections of
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Fig. 15 Experimental PLS at x = 85.1 mm for 15 x 11 deg.

Fig. 16 Experimental PLS at x 102.9 mm for 15 x 11 deg.

Fig. 17 Experimental PLS at x = 120.7 mm for 15 x 11 deg.

the small (6) and large (7) vortices are shown schematically. Note
that the larger vortex is on the right, corresponding to the 15-deg
fin. The vortices are counter-rotating. In this view, the large vortex
rotates clockwise, and the small vortex counterclockwise.

Atx = 102.9 mm, the PLS image and pressure contours (Figs. 16
and 19) display a strong asymmetric shock structure. In Fig. 22,
the reflected separation shock on the left side (4) is significantly
stronger than its counterpart on the right, as may be anticipated
based upon the asymmetry of the inviscid flow (i.e., the reflected
inviscid shock on the left in Fig. 19 is stronger than its counterpart on
the right). Neither the computation nor the experiment has sufficient
resolution to distinguish the reflected separation shock on the right
from the rear shocks (8). An imbedded shock appears within the

Level P/R,
A 350
9 325
8 3.00
7 275
6 2.50
5 2.25
4 2.00
3 1.75
2 1.50
1 1.25

Fig. 18 Computed pressure at x = 85.1 mm for 15 x 11 deg. The 15-

deg fin is on the right.
Level P/R,
9 8.00
8 7.00
7 6.00
6 5.00
5 4.50
4 4.00
3 3.50
2 3.00
1 2.50

Fig. 19 Computed pressure at x = 102.9 mm for 15 X 11 deg. The
15-deg fin is on the right.
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Fig. 20 Computed pressure at x = 120.7 mm for 15 X 11 deg. The
15-deg fin is on the right.

Fig. 21 Wave structure at x = 85 mm for 15 X 11 deg: 1—incident
inviscid shock, 2—separation shock, 3—rear shock, 4—reflected sepa-
ration shock, S—centerline shock, 6—small vortex, and 7T—large vortex.
The 15-deg fin is on the right.
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10*|

Fig.22 Wave structure at x = 102.9 mm for 15 X 11 deg: 4—reflected
separation shock, 6—small vortex, 7—large vortex, 8—reflected sepa-
ration shock [or possibly rear shock(s)], 9—reflected inviscid shock, and
10—embedded shock. The 15-deg fin is on the right.

Fig. 23 Wave structure at x = 120.7 mm for 15 X 11 deg: 4—reflected
separation shock, 6—small vortex, 7—large vortex, 9—reflected inviscid
shock, 10—embedded shock, 11—reflected rear shock, 12—expansion
fan, and 13—centerline shock. The 15-deg fin is on the right.

N

17

L

boundary layer (10) in the computations, similar to observations at
Mach 8.3 (see Refs. 6 and 9). The experimental PLS images do not
provide any detail in the region of the computed embedded shock
due to the absence of scattering particles. The cross section of the
counterrotating vortex pair (6, 7) has increased due to entrainment
from the boundary layer.

Atx = 120.7 mm, the PLS image and pressure contours (Figs. 17
and 20) display the continued evolution of the shock structure. In
Fig. 23, the reflected separation shocks (4) have moved further to-
wards the fins. The reflected rear shocks (11) are evident in the PLS
images; however, they are evidently too weak and small to be re-
solved accurately by the computations. The imbedded shock wave
(10) is again evident in the computations, as indicated in the closeup,
Fig. 24, which also displays the numerical grid. An expansion region
(12), observed in previous computations®*° from Mach 3 to 8.3, is
evident within the boundary layer. A weak centerline shock (13) is
also evident. The counterrotating vortex pair (6, 7) has continued to
grow in size. .

The basic shock structure described previously is applicable to
the 7 x 11 deg configuration also, with due consideration for the
orientation of the fins (i.e.; the larger fin angle is on the right).
However, there does not appear to be an imbedded shock in the
7 x 11 deg case, likely due to the weaker shock strengths. Both the
experimental technique (PLS) and computation have limitations on
resolution of the flowfield structure, and the preceding description
should not be considered complete.

V. Conclusions

A collaborative experimental and theoretical (computational)
study of the asymmetric crossing-shock-wave/turbulent-boundary-
layer interaction has been performed. Two configurations, 7 x 11
and 15 x 11 deg, have been examined at Mach 3.9. Experimental
data include surface pressure and heat transfer, adiabatic wall tem-
perature, surface flow visualization, and PLS images of the flow-
field. The computations employ the three-dimensional Reynolds-
averaged compressible Navier—Stokes equations with turbulence
represented by the two-equation k— model.

The principal conclusions are as follows.

The computed surface pressure displays good agreement with
experiment.

The computed surface skin-friction lines and experimental sur-
face flow visualization display close agreement in the location of
the initial separation lines and are in qualitative agreement within
the crossing-shock interaction region.
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Fig. 24 Computed pressure at x = 120.7 mm for 15 x 11 deg.
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The computed heat transfer is in error by approximately a fac-
tor of 2 within the region downstream of the intersection of the A
shocks generated by the fins. The disagreement may be attributable
to limitations in the k—e turbulence model.

The experimental flowfield visualization and computed flowfields
define the principal features of the flowfield structure. These include
a complex reflected shock structure (qualitatively similar to that
of the symmetric crossing-shock interaction), an embedded shock
within the boundary layer observed in the computations for the
15 x 11 deg configuration, and a counter-rotating vortex pair re-
sponsible for significant distortion in the total pressure at the out-
flow. Additionally, the relation of the vortex pair to the surface flow
visualization is described.
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