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High Velocity and Real-Gas Effects on Weak
Two-Dimensional Shock-Interaction Patterns
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Numerical solutions have been generated to study the two-dimensional flow-field which results when super-
sonic flow encounters double-wedge configurations whose angles are such that the flow includes only weak
shock waves. Two numerical codes were developed: one which used the perfect-gas relations (including the
a ility to vary gamma to ‘‘simulate’ real-gas effects) and a second which incorporated a Mollier table to define
equilibrium air properties. Theoretical surface-pressure and heat-transfer distributions in the interaction-
perturbed region along the second wedge were obtained for velocities from 1167 m/sec to 7610 m/sec. At the
highest velocity, the weak shock-interaction pattern existed when the sweep angle of the second wedge was as low
as 27°. Although no locally severe heating rates were obtained, the dimensionless heat-transfer at a given
position increased significantly with velocity. Thus, wind tunnel data for weak shock interactions should not be
extrapolated directly to entry flight conditions but should be used to construct a realistic model for the flowfield,
which can be used to generate the required aerothermodynamic environment.

Nomenclature
M = Mach number
P = static pressure
q = local heat-transfer rate
q.,r = heat-transfer rate at the stagnation point of a

reference sphere
= radius of the reference sphere
wetted distance along the second wedge
= static temperature
streamwise velocity
initial turning angle (see Fig. 1)
sweep angle (see Fig. 1)
deflection angle of second wedge, complement of
sweep angle (see Fig. 1)
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Introduction

O determine the complete convective heat-transfer dis-

tribution for shuttle entry-configurations flying at
hypersonic speeds, one must fully understand and properly
model the viscous: inviscid interactions associated with the
complex three-dimensional flowfields. Because of the com-
plexity of the viscous: inviscid interaction phenomena, many
investigators have studied the locally perturbed flowfields
using models consisting of basic elemental patterns. Based on
the models of Edney,! three types of shock-interference pat-
terns are possible for the wing leading-edge of the shuttle. For
small angles of sweep, a Type-IV interaction occurs; for in-
termediate angles of sweep, a Type-V interaction occurs; and
for a highly swept leading-edge, a Type-VI interaction occurs.
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Hains and Keyes? have categorized shock-interaction pat-
terns obtained for a variety of space-shuttle configurations in
terms of the models by Edney. Bertin, et al.,? examined sur-
face-pressure and heat-transfer-rate data for a variety of shut-
tle-orbiter configurations over an angle-of-attack range from
0° to 60.° It was found that the ‘‘type’” of shock-interaction
pattern was dominated by the effective sweep angle of the
leading edge. For the relatively low sweep angles of the
straight-wing-orbiters, the interaction between the bow-
generated shock-wave and the wing-generated shock-wave
exhibited the characteristics of a Type-V shock-interference
pattern. For the delta-wing orbiters, the shock:shock in-
teraction exhibited the characteristics of a Type-VI pattern for
all angles of attack.

The preceding data were obtained in facilities where real-
gas effects would not be expected to significantly affect the
shock-interaction phenomena. By comparing data from
facilities using helium, air, nitrogen, and tetrafluoromethane
as the test gases, Hunt and Creel 4 studied the effect of shock-
density ratio on the body-shock:wing-shock interaciion
phenomena. For straight-winged orbiters, the observed
movement of the intersection location was found to be
strongly dependent on the shock density, or specific-heat
ratio. Hunt and Creel concluded that, because the delta-wing
configuration ‘‘re-enters at lower angles of attack and is
essentially free of imbedded shocks, real-gas shock-density-
ratio effects will be less significant’’ than those for the
straight-wing orbiter.

The present paper discusses numerical codes which were
developed to calculate the two-dimensional flowfield which
results when supersonic flow encounters double-wedge con-
figurations whose angles are such that a Type VI pattern oc-
curs. The flowfield models for the numerical codes include the
shock-interaction phenomena observed for three-dimensional
flows in Ref. 3. However, the three-dimensional shock-
interaction pattern for the wing leading-edge of the entry con-
figuration at angle of attack may be substantially different
than the two-dimensional flowfield. The present investigation
was undertaken to determine the effect of the gas-property
model and of the freestream velocity on the surface-pressure
and on the heat-transfer distributions on the second wedge for
a Type-VI shock-interaction pattern. Two numerical codes
were developed: one which used the perfect gas relations (in-
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cluding the ability to vary gamma to “simulate”'real-gas ef-

“fects) and a second which incorporated a Molher. table to
define equilibrium air properties. Theoretical solutlons' were
obtained for velocities from 1167 m/sec (3821 fps), i.e., a
wid-tunnel condition, to 7610 m/sec (25,000 fps), i.e., an en-
try condition.

Theoretical Analysis

The complex flowfield, which is established when a high-
speed flow encounters a double-wedge configuration, is
dominated by a shock-interaction region which imposes a
highly non-uniform flowfield adjacent to the wedge boundary
layer. The shock-interference patterns which are relevant to
the wing leading-edge of the shuttle entry-configurations are
Type V and Type VI. The Type-V shock-interference pattern
causes a shock wave to impinge on the boundary layer, while
the Type-VI shock-interference pattern produces an im-
pinging expansion wave.

The numerical code for the Type-V interaction uses a
flowfield model (Fig. 1a) which includes: 1) the undisturbed
freestream flow; 2) the flow turned through the angle é by a
single shock wave; 3) the flow turned through the angle A by
two shock waves; 4) the flow which has been processed by
three shock waves, such that the flow direction and the
pressure in region 4 match the corresponding values in region
5; 5) the flow which has been processed by two shock waves,
with the second shock wave being a strong shock (with the
pressure and flow direction matching those in region 4);
6) the flow which has passes through a curve shock wave,
such that the downstream flow is subsonic and parallel to the
second wedge; and 7) the flow turned by a reflected shock
wave or by a Mach reflection, depending on the flow con-
dition in region 4 and the shock-wave angle.

The numerical code for the Type VI interaction uses a
flowfield model (Fig. 1b) which includes: 1) the undisturbed
freestream flow; 2) the flow turned through the angle by a
single wave; 3) the flow turned through the angle A by two
shock waves; 4) the flow processed by the right-running
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Fig. 1 Flow models of the shock-interaction pattern for a double
wedge.
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waves of the expansion fan which are centered at the in-
tersection of the two shock waves; 5) the flow which passes
through the left running waves produced by the reflection of
the waves of the expansion fan; and 6) the flow turned
through the angle A by a single shock wave. The flow in
region 3 has passed through two shock waves, while further
downstream in region 6 the flow has passed through a single
shock wave and is, therefore, at a lower pressure than that in
region 3. Thus, although the flow directions are the same, the
gas must undergo an expansion from the wedge juncture to
equalize the pressure. The flow accelerates isentropically
through the expansion region so that the pressure and the flow
direction in region 5E are identical to the values for region 6.

Mechanisms of the Limits of the Shock-Interference Pattern

Characteristics of the shock-interference patterns for a
double-wedge configuration depend on the deflection angle of
the first wedge, the sweep of the second wedge of the model,
the freestream flow condition, and the gas-property model.
The minimum sweep angle for which a Type-V pattern is
possible is that for which a linear, oblique shock wave divides
region 2 from region 3. The Type-VI shock interference
characteristics no longer exist when the sweep angle becomes
so small that the required outboard flow (i.e., that in region 6)
can not be generated by a single, weak shock wave. Over a
range of geometry both the Type-V and the Type-VI shock-
interference patterns can exist numerically for a given
geometry subject to a given flow condition. Using the
numerical codes developed for the Type-V and Type-VI pat-
terns, the range of sweep angles for which both shock-
interference patterns could exist was determined. The range of
sweep angles for this overlapping is represented in Fig. 2 for
different velocities and for different first wedge deflection-
angles. It can be seen that the extent of the overlap increases
as the velocity increases.

Schlieren photographs, which were obtained in the Mach §,
University of Texas Supersonic Wind Tunnel, 3 indicate that a
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Fig. 2 Range of sweep angles for which Type-V and Type-VI pat-
terns are theoretically possible (based on solutions with the real-gas
code).
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Type-V pattern exists for sweep angles from 40° to 46°, while
a Type-VI pattern exists for higher sweep angles. Thus, in the
region where either pattern exists theoretically, the weaker
solution exists experimentally. These results are consistent
with the observation? that the shock:shock interaction pat-
terns for the highly swept delta-wing orbiters exhibited the
characteristics of a Type-VI pattern as noted previously.
Thus, the present study concentrated on the analysis of the
Type-VI pattern.

Description of the Numerical Codes for the Type VI Shock-
Interaction Pattern

A) Perfect-Gas Code

The first steps were the calculations of the flow conditions
downstream of an oblique shock wave for a given flow-
deflection angle and for a given gamma, i.e., in regions 2, 3,
and 6. The flow conditions in region 5E could then be
calculated, since the static pressure in region SE is equal to the
static pressure in region 6 and, under the isentropic-expansion
assumption, the stagnation pressure in region 5E is equal to
the stagnation pressure in region 3. The expansion process by
which the gas accelerates from region 3 to region SE was
divided into ten equal steps. To satisfy the physical boundary
condition that the flow in region SE be parallel to the wall, the
total change in the Prandtl-Meyer angle was divided into ten
equal parts: the five right-running waves of region 4 and the
five reflected waves constituting region 5. Since the current
study is concerned with the shock-interaction flowfield
phenomena which directly influence the surface (.e.,
pressure, shear, and heat transfer), the flowfield properties
along the wall were calculated including the interactions be-
tween the right-running and the left-running waves in the
numerical code. The governing equations for these
calculations are summarized in Ref. 6.

Having defined the inviscid flowfield and, hence, the con-
ditions at the edge of the boundary layer, the heat-transfer
distribution along the downstream wedge was calculated using
the Eckert-reference-temperature technique.’ For the wind-
tunnel flow-condition, where the perfect-gas relations ac-
curately describe the gas behavior, the Eckert-reference-
temperature heating rates compared favorably with the values
using the nonsimilar boundary-layer code described below.
Due to the simplicity of the Eckert method, it was used with
the perfect-gas calculations. The boundary layer of the down-
stream wedge was assumed to originate at the intersection of
the two wedges.

One way of approximating the high-temperature, or real-
gas, properties of air is to use lower values of gamma in the
perfect-gas relations. Therefore, the equations for the perfect-
gas code have been written so that one can input one value of
gamma for regions 1 and 2, another gamma for regions 3
through 5E, and a third value for region 6. Thus, one can ap-
proximate real-gas effects for the varying shock strengths.
The perfect-gas code was used to generate three ‘‘different”’
types of solution. For the present paper, these types of
solution are referred to as: 1) ‘‘perfect-gas’’ solution for
which y=1.40 throughout the flowfield, 2) ‘‘constant-
gamma’’ solution for which y=1.20 throughout the
flowfield, and 3) ‘‘variable-gamma’’ solution for which dif-
ferent values of gamma were assigned to the three input gam-
ma parameters. (The required values were obtained from the
real-gas solutions).

To be consistent in these perfect-gas-code solutions, the
specific heat of air was held constant both for the constant-
gamma and the variable-gamma solution. Sutherland’s
relation® was used to calculate the viscosity. The Prandtl
number was assumed to be 0.7. Thus, the thermal con-
ductivity was uniquely determined.

B) Real-gas code

Philosophically, the calculation procedure for the shock-
interaction pattern using the real-gas code was similar to that
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described for the perfect-gas code. However, to account for
the high-temperature, or ‘‘real-gas,”” effects all ther-
modynamic properties are evaluated using numerical charts
for air in chemical equilibrium.® Reference 9 was used to
define the temperature dependence of the transport properties
of equilibrium air, i.e., viscosity, thermal conductivity, and
specific heat. Once the shock relations have been used to
define the static pressure and the entropy for the two end
regions, the expansion from region 3 to region SE is divided
into ten equal steps. The flow conditions in the intermediate
regions of the isentropic expansion are calculated using the
relations of Ref. 10. The relations require the static enthalpy
and the local speed of sound for the intermediate regions,
which are evaluated using the tables for equilibrium air. 8

The heat-transfer distribution along the downstream wedge
is calculated using a nonsimilar boundary-layer code, !! which
was modified so that the thermodynamic properties for the
viscous flow would also be calculated using Ref. 8. In ad-
dition to accounting for the ‘‘real-gas’’ effects, the effect of
the acceleration of the inviscid flow is included in the non-
similar code. As before, the boundary layer is assumed to
originate at the junction of the two wedges.

Discussion of Results

Numerical solutions were generated to determine the effect
of freestream flow-conditions and gas properties on the
flowfield and of the wall temperature on the heat transfer in
the region where the Type-VI shock-interaction influenced the
second wedge. Flowfield solutions were generated for three
freestream conditions: 1) a wind tunnel condition where:

U, =1167 m/sec, P, =2.98 mmHg, T, =53°K
(U, =3821 fps, P, =0.057 psia, T. =95°R

2) an orbiter entry condition where:
U. =4330 m/sec, P, =0.333 mmHg, 7. =273K

(U. =14,200 fps, P, =0.0064 psia, T. =491°R
3) anorbiter entry condition where:
U. =7610 m/sec, P, =0.0268 mmHg, 7. =195K

(U. -25,000 fps, P, =0.00052 psia, T. =352°R)

Solutions were obtained using both the perfect-gas code and
the real-gas code at all flow conditions. The variable-gamma
option of the perfect-gas code was used to generate solutions
only for flow conditions 2 and 3. Heat-transfer distributions
along the downstream wedge were obtained for all three
freestream conditions for a wall temperature 7, of 394K
(710°R) and for the two entry conditions for a 7, of 1640K
(2960°R).

The shock-interference geometry in Fig. 1 was intentionally
drawn out of scale so that the various regions could be clearly
identified. Presented in Fig. 3 is a typical computed geometry;
specifically, a perfect-gas solution for condition 3 with a
sweep angle of 60°.

The location and the extent of the interaction-perturbed
region are presented in Fig. 4 as a function of the freestream
velocity. The limits of the band represent the intersections of
the limits of the centered expansion fan, i.e., region 4 of Fig.
1b, with the second wedge. The locations are presented as the
distance from the junction of the two wedges (S) divided by
the radius of a reference sphere (R, which is equal to
0.0027m). The ‘‘constant-gamma’’ solution represents those
wind tunnels (e.g., Ref. 4) for which the test gas has a
relatively low value of gamma, which is to simulate the large
density changes associated with hypersonic flight. With the
exception of the constant-gamma solution, the various
solutions provide similar locations of the interaction-
perturbed region over the velocity range considered. At the
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U =76I0M/seC
Pe =0.0268 mmHg
Te=195°K

A =60°

Fig. 3 Calculated geometry of Type-VI shock-interaction pattern for
a perfect-gas solution.
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Fig. 4 Location of the interaction-perturbed region on the down-

stream wedge (which was swept 60°) as a function of velocity and of
gas-property assumption.

higher velocities, the interaction-perturbed region is relatively
inboard for the constant-gamma solution, because the shock
angle for v+=1.20 is nearer the surface than is the shock angle
for v=1.40. However, because the actual ~is essentially un-
changed for the first deflection angle for the two flight con-
ditions, the real-gas solution and the perfect-gas solution yield
essentially identical results for the shock-interaction location.
At the low (wind-tunnel) velocity, the constant-gamma
solution for the interaction region correlates with the other
solutions because both the bow shock angle and the
“‘simulated leading-edge’’ shock angle are relatively small,
producing compensating effects.

Surface-pressure distributions along the second wedge are
presented in Fig. 5. For the wind-tunnel condition, i.e., con-
dition 1, the perfect-gas solution (y=1.40 everywhere) and
the real-gas solution are in essential agreement. The dif-
ferences between these solutions were attributed to the dif-
ficulty of using the Mollier Tables at these low temperatures
and were relatively small. Thus, the perfect-gas solution of
Fig. 5a also represents the real-gas solution. The constant-
gamma solution yields pressures which are significantly lower
than the other two solutions. As noted previously, both the
angles for the bow shock and for the ““‘leading-edge’” shock
are relatively small for y = 1.20 and, therefore, the interaction

region for v=1.20 nearly coincides with those of the other
two solutions.
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Fig. 5 Surface-pressure distribution along the second wedge.

For the middle velocity condition (Fig. 5b), the shock-
interaction region for the constant-gamma solution is inboard
relative to the other solutions. It has been noted that the dif-
ference is due to the fact that the initial shock wave is weak
and, therefore, does not significantly alter gamma from its ac-
tual freestream value of 1.40. When comparing the pressure
from a given region, the constant-gamma value is lower than
the real-gas value by approximately the same amount that the
perfect-gas value is higher than the real-gas output to define
the gamma variation, are significantly below the real-gas
values. However, as might be expected, the location of the in-
teraction-perturbed region provided by the variable-solution
corresponds to the location provided by the real-gas solution.

For condition 3 (Fig. 5¢), the constant-gamma pressures in
corresponding regions of the expansion fan are in very good
agreement with the perfect-gas pressure for that region, both
being somewhat higher than the real-gas values. Again,
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ig. 6 Effect of surface temperature on heat-transfer distribution
llong the second wedge.

however, because the bow shock-wave generated by the initial
turning of the flow is much closer to the body when 1.20
than it is for the real-gas solution or for the perfect-gas
solution, the constant-gamma interaction region is markedly
inboard. Again, the variable-gamma solution locates the in-
teraction-perturbed region but underpredicts the pressure
relative to the real-gas solution.

The local heat-transfer rates have been normalized by
‘g rer» the stagnation point heating rate!? for a reference
sphere whose radius was chosen to be 0.0027 m and which is
at the same temperature as the wedge surface. The dimen-
sionaless heat-transfer parameter q/q , s (or, since the wall
temperatures are equal, the approximately equivalent ratio of
heat-transfer coefficients) is commonly used in shuttle ap-
plications. Heat-transfer distributions were calculated for
wall temperatures of 394K and of 1640K. As can be seen in
Fig. 6, the wall-temperature variation had no significant ef-
fect on the theoretical heat-transfer distributions. The dif-
ferences between the perfect-gas heat-transfer and the real-gas
heating are greatest in regions 3 and 4A, i.e., near the junction
of the two wedges and in region 5E, i.e., downstream of the
interaction.

The local increases in the real-gas heat-transfer
distributions which are evident at the beginning of each flow
region are due to the local acceleration of the inviscid flow. In
the computer codes, the waves of the expansion fan define a
step-function decrease in pressure and a corresponding step-
increase in the local velocity at the edge of the boundary layer.
Thus, the nonsimilar boundary-layer solutions yield local in-
creases in heating due to the local velocity gradient. There are
no locally severe heating rates (which could cause design
problems), indicated either in the real-gas solutions or in the
perfect-gas solutions. However, the flow model for the
present calculations does not include imbedded shock waves
or other three-dimensional flow phenomena, which might oc-
cur near the actual wing-root fairing. Such flow phenomena
caused local increases in heating to delta-wing orbiter con-
figurations.3

The heat-transfer distributions for the second wedge with
60° sweep are compared in Fig. 7 for perfect-gas, constant-
gamma, variable-gamma, and real-gas solutions. For the
wind-tunnel flow condition, i.e., condition 1, the non-
dimensionalized heat-transfer rates are significantly lower for
the perfect-gas solution (y=1.40) than for the constant-
gamma solution (y=1.20). Recall that the perfect-gas
pressures were significantly higher than the constant-gamma
values. Since the gas constant and the Prandtl number were
assumed to be constant for the various solutions using the per-
fect-gas code, the heat-transfer differences reflect the effect of
gamma on the local Mach number and on the other
parameters of the Eckert-reference-temperature technique. As
noted previously, the surface affected by the shock interaction
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Fig. 7 Heat-transfer-rate distribution along the second wedge.

was approximately the same for the two gas models for this
particular flow condition.

The solutions obtained using the real-gas code are com-
pared with solutions obtained using the various options of the
perfect-gas code for the two flight conditions in Figs. 7b and
7c. The nondimensionalized values of the heat-transfer rates
depend on the gas model used. The differences are most
pronounced for the highest velocity condition considered. The
differences in the local nondimensionalized heat-transfer-
rates near the junction of the two wedges are accentuated by
variations in the location of the interaction-perturbed region.

The location and the extent of the interaction perturbed
region of the second wedge for the real-gas solutions are
presented in Fig. 8 as a function of sweep. The limits of the
band represent the intersections of the limits of the centered
expansion fan, i.e., region 4 of Fig. 1b, with the second
wedge. Calculated locations from the real-gas solutions are
presented for sweep angles from 60° down to the minimum
sweep angle for which a Type VI pattern exists. The minimum
sweep angle decreases as the freestream velocity increases. For
the higher velocity entry-condition, the Type-VI pattern is
possible for sweep angles as low as 27.° The perturbed region
moves inboard toward the wedge junction as the velocity in-
creases.
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Fig. 8 Location and extent of the interaction-perturbed region for
real-gas solutions with 6=5° as a function of sweep angle of the
second wedge.
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Fig. 9 Pressure inboard of the interaction region as a function of 6
and of A

The pressure near the junction of the wedges, which is the
maximum value, is presented in Fig. 9 as a function of é and
of leading-edge sweep. The flow conditions in region 3 are at-
tained by two linear, oblique shock waves. As would be ex-
pected, the pressure increases as the freestream velocity in-
creases and as the sweep angle decreases. Increasing the initial
deflection angle from 5° to 15° produces as much as a twenty-
five per cent increase in the pressure in region 3.

The pressure ratio across the interaction region is presented
in Fig. 10 as a function of § and of sweep. The pressure ratio
across the expansion fan decreases as the velocity increases.
An initial deflection of 5° produces only a weak shock wave,
and correspondingly a small change in flow conditions.
Therefore, for & of 5,° the ratio P¢ =P, is essentially in-
dependent of sweep angle for the sweep angle range studied.
Recall that the pressure in region 6 depends only on the
freestream flow condition and the deflection angle of the
second wedge. Therefore, the variation of P,/P; with the
initial deflection-angle is due to the dependence of P; on 3, as
indicated in Fig. 9.

The nondimensionalized heat-transfer rate is presented in
Fig. 11 as a function of the sweep angle for the second wedge
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Fig. 12 Effect of freestream velocity and wall temperature on the
heat transfer to the second wedge for 6= 15.°

for a point in region 3, which is inboard of the interaction,
and for a point in region 5E, which is outboard of the in-
teraction. Since the interaction-perturbed region moves in-
board as the velocity increases, the point in region 3 is near the
inboard edge of the interaction region for the highest velocity.
Correspondingly, the point of region 5E is near the outboard
edge for the lowest velocity. Outboard of the interaction
region, the dimensionless heat-transfer rates are essentially in-
dependent of the flow condition and of the sweep angle.
However, inboard of the interaction region, the non-
dimensionalized heat transfer increases significantly as the
velocity increases and as the sweep angle decreases.

The magnitude of the variation in heat transfer with
velocity is a function of location relative to the expansion fan
(see Fig. 11). For both the perfect-gas solutions and the real-
gas solutions and for both wall temperatures, the non-
dimensionalized heat-transfer rate increases significantly with
velocity inboard of the interaction region (see Fig. 12a). The
dimensionless heating for the higher entry velocity is roughly
twice that for the wind-tunnel condition for region 3. Out-
board of the interaction region, the heat-transfer ratio is
much less sensitive to velocity (see Fig. 12b). This implies that
one should not extrapolate wind-tunnel data directly to flight
conditions. Instead the wind-tunnel data should be used to
construct a viable model of the flowfield. The flowfield model
can then be used to generate the required aerothermodynamic
environment at the conditions of interest.
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Conclusions

Based on the calculations of the present study, the
following conclusions are made:

1) At the higher entry velocity, the Type-VI interaction
pattern existed for ““wing leading-edge’’ sweep angles as low
as27°.

2) For the deflection angles ( &) considered, gamma
was not appreciably changed by the weak, first shock wave in
the real-gas solution. Thus, perfect-gas (gamma of 1.4)
solutions for the flow geometry were in reasonable agreement
with the real-gas solutions. The use of the effective gamma
did not adequately represent real-gas effects in the surface-
pressure distribution.

3) The correlation between the perfect-gas solution and
the real-gas solution for the heat-transfer distribution was
essentially independent of the wall temperature but depended
on the freestream velocity. The heat-transfer distributions for
the variable-gamma solution correlated closely with the real-
gas heat-transfer distributions.

4) The local, dimensionless heat-transfer rates increased
significantly with velocity. The increase occurred both for the
perfect-gas solutions and for the real-gas solutions and for
both wall temperatures. Thus, one should not extrapolate
wind-tunnel data directly to flight conditions. Instead the
wind-tunnel data should be used to construct a realistic model
for the flowfield, which can be used to generate the required
aerothermodynamic environment,
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