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Abstract. Shock waves generated at different parts of vehicle interact with the boundary layer over the surface at high Mach
flows. The adverse pressure gradient across strong shock wave causes the flow to separate and peak loads are generated at
separation and reattachment points. The size of separation bubble in the shock boundary layer interaction flows depends on
various parameters. Reynolds-averaged Navier-Stokes equations using the standard two-equation k- turbulence model is used
in simulations for hypersonic flows over compression corner. Different deflection angles, including 0 ranging from 15°to 38°,
are simulated at Mach 9.22 to study its effect on separated flow. This is followed by a variation in the Reynolds number based
on the boundary layer thickness, Res from 1x10° to 4x10°. Simulations at different constant wall conditions Ty, of cool,
adiabatic, and hot are also performed. Finally, the effect of free stream Mach numbers M.,, ranging from 5 to 9, on interaction
region is studied. It is observed that an increase in parameters, 6, Res, and T, results in an increase in the separation bubble
length, Ls, and an increase in M, results in the decrease in L.

Keywords: High speed flows, Shock/boundary-layer interaction, Hypersonic flows, Shock-waves, Boundary-layer,
Compression corner, Computational fluid dynamics.

1. Introduction

Shock wave/boundary layer interactions can induce separation, which causes loss of control surface effectiveness, drop of
air intake efficiency and may be at the origin of large scale fluctuations such as air-intake buzz, buffeting or fluctuating side
loads in separated propulsive nozzles and reentry vehicles. In high enthalpy flows, the subsequent reattachment on a nearby
surface of the separated shear layer gives rise to the local peak wall pressure, the skin friction and heat transfer rates which can
be far in excess as compared to the attached boundary layer [1].

During its flight, a hypersonic vehicle covers a wide range of conditions (at different angles of attack) from low to high
Mach numbers at different Reynolds flows and wall temperatures [2]. The flow separation, often associated with shock
wave/boundary layer interactions, generally leads to increased energy losses in the system and degrades the performance of the
aerodynamic device [3]. The flow unsteadiness, often a result of separation, can cause additional problems which is
undesirable in practice [4-8]. The effect of parameters like deflection angle, Reynolds number, wall temperature, and Mach
number on the flow separation is beneficial to improve the design of the device under consideration [1, 9-12].

The flow separation resulting from shock boundary layer interactions not only cause localized loads but also influence
aerodynamics of the vehicle. Predicting shock wave/boundary layer interactions and understanding how to control them is a
critical technology area to develop propulsion systems for supersonic and hypersonic vehicles [13]. A large number of
experimental and numerical results on shock wave/boundary layer interactions in two-dimensional flows have allowed a clear
identification of the role played by the main parameters involved in the interaction process [14-16]. Moreover, correlation laws
have been deduced giving the upstream interaction length, the limit for shock induced separation for high-speed flows [17-19].
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CFD studies have been performed experimentally to observe the wall temperature and the leading edge nose radius on
shock boundary layer interactions in double compression corner flows. It is observed that these parameters have a remarkable
influence on the size of separation bubble [20-22]. Besides, as the constant wall temperature is increased from 300 to 760 K,
the separation bubble size increases and peak values of the heat transfer rate is observed in the reattachment region for larger
flow separation. It is also demonstrated that high Reynolds flows (turbulent case) do not exhibit boundary layer separation due
to the higher momentum within the boundary layer as compared to low Reynolds flows laminar cases which show flow
separation [22]. Moreover, it is observed that higher deflection angles lead to a larger separation bubble size due to the
increased pressure rise across shock waves [11-12].

The large eddy simulation (LES) and direct numerical simulation (DNS) require large computational time and resources;
they are still difficult to be applied in engineering practically, especially for high Reynolds and high Mach flows [23]. As a
practical approach, Reynolds-averaged Navier-Stokes (RANS) equations along with turbulence models are used to compute
hypersonic flows which are used in the design of aerospace vehicles [24-32].
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Fig. 1. Geometry details of compression corner.

A supersonic and hypersonic flow over a compression corner occurs in a super/hypersonic aircraft, scramjets and re-entry
vehicles. The aim is to numerically simulate hypersonic flows for Elstrom [33] compression corner configurations as indicated
in Fig. 1. The geometry consists of a flat plate of length = 43 cm followed by a ramp of length = 25.4 cm, inclined to it at a
certain deflection angle. The perfect gas assumption is applicable due to the low stagnation enthalpy. Nitrogen gas is taken as a
working fluid. Various ramp deflection angles, Reynolds numbers, wall temperatures, and Mach numbers are employed to
simulate and gather data from incipient separation to separated flows as shown in Tables 1-4. This study focuses on the use of
computational fluid dynamics (CFD) as a tool to study the effect of these parameters on the separation bubble size and its
effect on the flow field and the peak loads generated at separation and reattachment regions.

This paper is organized as follows: First, the simulation methodology and test cases are described. Next, the CFD results
for different cases are discussed in terms of mean flow field variables, property profiles, surface pressure, skin friction, and
separation bubble length. Finally, conclusions are discussed briefly.

2. Simulation Methodology

We solve the two-dimensional Favre-averaged Navier-Stokes equations for the mean flow, as presented by Wilcox [34].
The code of Sinha et al. [35] is used in the simulations which is capable of running on parallel machines. The standard two-
equation k-o model [36] is used in the simulations without any compressibility corrections. The governing equations are
discretized in a finite volume formulation where the inviscid fluxes are computed using a modified low-dissipation form of the
Steger-Warming flux splitting approach [37]. The turbulence model equations are fully coupled to the mean flow equations.
The method is second order accurate both in stream-wise and wall normal directions. The implicit method of Wright et al. [38]
is used to integrate in time and to reach a steady-state solution. The code has been used in several supersonic and hypersonic
applications [39-41].

A structured Cartesian mesh with exponential stretching normal to the wall is used to span the computational domain. The
grid points are clustered at the corner. Following Menter [42], the free stream conditions for standard k-@ models used in the
simulations are ®. = U / L and ke, = 0.01 v, ®w, Where v is the kinematic viscosity, U is the free stream velocity, and L=1m
is a characteristic length. No-slip and zero normal pressure gradients are applied at the wall. An extrapolation boundary
condition is assigned at top and exit planes. For the turbulence quantities, the boundary conditions at the wall [42] are taken as
k=0 and ® = 60vy / Bi/Ay,?, where B = 3/40 and Ay, is the normal distance to the grid point nearest to the wall. Based on the
grid convergence study, a grid size of 500 x 400 is used in the simulations. The wall normal spacing of one micron is used in
the simulations and the wall unit of y?>+ < 1.8 is obtained in the whole domain. Moreover, CFL numbers up to 50 are used in
the computations.

Table 1. Variation of defection angles 6

Case-1
Deflection angles 38°, 34°, 30°, 15°
Free stream Mach number M« 9.22
Free stream temperature 7w (K) 59.4
Free stream pressure P« (kPa) 2.3
Reynolds number Res, x 10° 4

Ratio of wall to recovery temperature, Tw/T: 0.3
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Table 2. Variation of Reynolds number based on upstream boundary layer thickness, Res

Case-2
Deflection angle 38°
Free stream Mach number M« 9.22
Free stream temperature 7w (K) 59.4
Free stream pressure Pe (kPa) 23
Reynolds number Res, x 103 4,2,1

Ratio of wall to recovery temperature, Tw/T: 0.3

Table 3. Variation of constant wall temperature, Tw

Case-3
Deflection angle 38°
Free stream Mach number M. 9.22
Free stream temperature 7%, (K) 59.4
Free stream pressure P, (kPa) 2.3
Unit Reynolds number Rejw, x 10, m’! 47

Ratio of wall to recovery temperature, Tw/T: 0.3, 0.5,0.7, 1.0, 1.2

Table 4. Variation of Mach number, M

Case-4
Deflection angle 38°
Free stream Mach numbers M« 9.22,82,7.3,5
Free stream temperature 7%, (K) 59.4
Free stream pressure Pe (kPa) 2.3

Unit Reynolds number Rejw, x 10°(m™) 47
Ratio of wall to recovery temperature, Tw/T: 0.3

3. CFD Results
3.1 Case-1: Effect of deflection angles

CFD results of case-1 are shown in Fig. 2 for compression corner configuration in terms of normalized pressure contours
(Table 1). Different deflection angles ranging from 15° to 38° at Mach 9.22 are simulated and the cool wall (Tw/T=0.3)
temperature is taken with a constant surface temperature of 295 K. The boundary layer separates to a larger extent for the
strongest interaction case with deflection angle of 38° due to a higher adverse pressure gradient developed across the oblique
shock wave at the corner. The inviscid structure of the inclined oblique shock wave at the corner is modified due to viscous
effects. The flow separates at separation point, S, and reattaches at reattachment point, R. The flow field comprises of
separation shock, separation bubble, weak compression waves and reattachment shock. The weakest interaction case with a
deflection angle of 15° shows incipient flow separation at the corner.
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Fig. 2. Distribution of computed normalized pressure at different deflection angles of 38°, 34°,30°, and 15° for the compression ramp flow at

Mach 9.22, Res = 4x10°, and Tw/Tr=0.3.
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Fig. 3. Computed (a) wall pressure (b) skin-friction with deflection angles of 38°, 34°, 30°, and 15° at Mach 9.22, Res = 4x10°,
and Tw/T:r = 0.3.
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Fig. 4. Computed separation bubble size, Ls, separation point, S and reattachment point, R locations with deflection angles, 6 = 38°, 34°, 30°,
and 15° normalized with inviscid pressure ratio, (p2/p1) across shock.

The normalized wall pressure variation in Fig. 3a shows that as the inviscid pressure rise increases across the oblique shock
wave for higher angles, the separation point shifts upstream. The origin is located at the junction of the plate and ramp of the
compression corner. The wall pressure rises at separation region, S, develops a plateau in the separation region, and shoots to
large values in the reattachment region, R. The pressure downstream of the corner is higher than the inviscid pressure due to
the flow passing through multiple compression waves. The separation bubble size, Ls = (R — S) cm, is calculated based on the
distance between the separation point location, S cm, and the reattachment point location, R cm. The skin friction, Cr, becomes
zero for two-dimensional flows at these points and is marked in skin friction plot, Cr, as shown in Fig. 3b. A peak value of skin
friction is observed in the reattachment region. Figure 4 shows that Ls varies nonlinearly with parameter (p2/p1)/6. Here, 1 and
2 correspond to upstream and downstream conditions and 6 is the deflection angle in radians. Besides, Lsincreases by 50%
from 0 = 34° to 38°.

3.2 Case-2: Effect of Reynolds number

In this case study, the compression corner flow is simulated at Mach 9.22 with the deflection angle of 38° and T,/T: = 0.3
(Table 2). The Reynolds number is decreased successively by 50% from Res = 4x10° to 1x10°. This is achieved by reducing the
plate length to half, successively upstream of compression corner. For the same Mach flow, as the length is reduced, the
boundary layer thickness reduces upstream of the shock boundary layer interaction as shown in Fig. 5. The separation point
shifts downstream from higher to lower Res, thereby reducing the separation bubble length, Ls, as shown in Fig. 6. A peak
value of the wall pressure is observed for low values of Res = 1x10° at the reattachment region, R. Moreover, the skin friction
predicts peak values at R due to higher velocity gradients. Thus, we conclude that the boundary layer thickness affects the
shock boundary layer interaction region. A reduction in the boundary layer, therefore, results in a reduction of the separation
bubble length, L, as shown in Fig. 7. The variation of L with Res is almost linear and more computations are required to
simulate flows for a wide range of Res to predict the actual profile.
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Fig. 5. Computed velocity profiles upstream of shock boundary layer interaction region, with deflection angle of 38° at Mach 9.22, Tw/T: =
0.3, and different Res = 4x10°, 2x10° and 1x10°.
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Fig. 6. Computed (a) wall pressure (b) skin-friction with deflection angle of 38° at Mach 9.22, Tw/T: = 0.3, and different Res of 4x10°, 2x10°
and 1x10°.
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Fig. 7. Computed separation bubble size, Ls, separation point, S, and reattachment point, R locations with deflection angle of 38° at Mach
9.22, Tw/Tr = 0.3, and different Res of 4x10°, 2x10° and 1x10°.

3.3 Case-3: Effect of wall temperature

In this case study, the flow is simulated for Mach 9.22 flow over the compression corner flow with a ramp angle of 38°, Res
= 4x10, and different Ty/T; of 1.2, 1.0, 0.7, 0.5, and 0.3 (see Table 3). The wall temperature is varied from 1200 K to 295 K
for these values of Tw/T: from 1.2 to 0.3. The Fig.8 shows normalized temperature contours for different values of wall
temperatures where the extent of separation bubble resulting from shock boundary layer interactions is depicted by separation,
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S, and the reattachment point, R. In high speed flows, cool and hot walls are defined with respect to the recovery wall
temperature. When the wall temperature is less than the recovery wall temperature (Tw< Ty), it is called a cool wall, when it is
greater than the recovery wall temperature (Tw> T;), it is called a hot wall and when they both are equal (Tw=T)), it is called an
adiabatic wall. As the wall becomes cool from T./T; = 1.2 to 0.3, the extent of separation bubble size becomes smaller. This
trend is clearly observed in the shifting of separation point, S, downstream in wall pressure variation and skin friction plots as
depicted in Fig. 9. It is observed that the peak value of the wall pressure and the skin friction at the reattachment point, R,
increases as the wall becomes hotter.
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Fig. 8. Distribution of computed normalized temperature at deflection angle of 38° at Mach 9.22, Res = 4x10°, and Tw/Tr = 1.2, 1.0, 0.7, 0.5,
and 0.3.
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Fig. 9. Computed (a) wall pressure (b) skin-friction with deflection angle of 38° at Mach 9.22, Res = 4x105, and different Tw/T: 0of 1.2, 1.0,
0.7,0.5,and 0.3.

When the wall temperature is reduced from 1200 K to 295 K (corresponding to Tw/Tr = 1.2 to 0.3), the temperature near the wall
decreases. This results in an increase in the density near the wall to maintain the constant pressure condition across the boundary layer. As
shown in Fig.10a, the increase in density results in an increase in the local Reynolds number making the flow more turbulent, hence, making
the velocity profiles fuller for cooler walls (see Fig. 10b). These higher velocities for cooler walls in the boundary layer results in a higher
momentum, hence, can overcome the pressure gradient across the shock wave and shifts the separation point, S, downstream as shown in Fig.
and thereby results in smaller separation bubble length, Ls. Figure 11 shows that the separation bubble length, Ls, and the separation point
location varies linearly for a range of Tw/T: from 1.2 to 0.3, whereas the reattachment point location varies nonlinearly. Ls increases by 4
times when the wall temperature is increased by 4 times from 295 K to 1200 K.
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Fig. 10. Computed (a) density and (b) velocity profiles, upstream of shock boundary layer interaction region at location x =-4 cm for
Mach 9.22 flow over ramp with deflection angle 38° at Tw/T: 0of 1.2, 1.0, 0.7, 0.5, and 0.3.
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Fig. 11. Computed separation bubble size, Ls, separation point, S, and reattachment point, R, locations with deflection angle of 38° at Mach
9.22, Res = 4x10°, and different Tw/Tr 0of 1.2, 0.7, 0.5, 1.0, and 0.3.
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Fig. 12. Distribution of computed Mach number at deflection angle of 38°, Res = 4x10°, Tw/T: = 0.3 and different free stream Mach numbers
0f9.22,8.2,7.3, and 5.
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3.4 Case-4: Effect of Mach number

Figure 12 shows CFD results for the flow over the compression ramp with deflection angle 38°, Res = 4x105, Ty/T; = 0.3
and varying Mach numbers (see Table 4). The shock strength measured as a ratio of inviscid pressure rise across the oblique
shock wave increases from Mach 5 to 9.22. Though the adverse pressure gradient increases across the shock wave and across
the upstream boundary layer, it has a little effect on the separation bubble size. The separation point, S, shifts upstream and
increases the separation shock length as the Mach number is decreased from 9.22 to 5. It is because lower Mach numbers
generate lower values of turbulent kinetic energies, k, hence, lower turbulent Mach numbers, M;, upstream of the shock
boundary layer interaction region as shown in Fig. 13. Lower levels of turbulence cause the flow to separate earlier across the
oblique shock for lower Mach numbers. This causes shifting of the initial pressure rise location upstream when Mach number
is decreased from 9.22 to 5 as shown in Fig. 14a. At the same time, the reattachment point, R, shifts downstream as shown in
Fig. 14b, thereby, increases the length of the separation bubble. The wall pressure at the reattachment region is found to
increase as the Mach number decreases. The peak value of the skin friction at the reattachment region increases from Mach
9.22 to 8.2 and then decreases to Mach 5. More investigations are required to understand this behavior. Fig. 15 shows a
nonlinear decrease in the separation bubble length with a decrease in the Mach number. The separation and reattachment points
also show a nonlinear variation.

1
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Fig. 13. Computed (a) turbulent kinetic energy, k, and (b) turbulent Mach number, My, profiles, upstream of shock boundary layer
interaction region with 0 = 38°, Res = 4x10°, Tw/T: = 0.3 and different free stream Mach numbers M., = 9.22, 8.2, 7.3, and 5.
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Fig. 14. Computed (a) wall pressure (b) skin-friction with 0 = 38°, Res = 4x10°, Tw/T: = 0.3 and different M=9.22, 8.2, 7.3, and 5.

4. Conclusion

In this study, CFD is used as a tool to study the effect of the deflection angle, the Reynolds number, the wall temperature,
and the Mach number on the separation bubble size in hypersonic shock-wave/turbulent boundary-layer interaction flows.
RANS equations using the standard k- model is applied in simulations. The flow field in the interaction region, upstream
property profiles, surface properties and variation of the separation bubble length are discussed in detail. The results are
summarized as follows:

1. For the same free stream Mach number, wall temperature, and Reynolds number, an increase in deflection angle increase
the length of the separation bubble nonlinearly. A larger separation bubble results in a peak skin friction at the reattachment
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Fig. 15. Computed separation bubble size, Ls, separation point, S, and reattachment point, R, locations with deflection angle of 38°, Res =
4x10°, Tw/Tr = 0.3 for different free stream Mach numbers of 9.22, 8.2, 7.3, and 5.

2. For the same free stream Mach number, wall temperature, and deflection angle, a decrease in Reynolds numbers give the
smaller length of the separation bubble. Peak values of the wall pressure and the skin friction are observed at the reattachment
region for low Reynolds flows in the turbulent regime.

3. For the same free stream Mach number, deflection angle, and Reynolds number, an increase in the wall temperature
results in a larger length of the separation bubble. This variation is linear. Peak values of the wall pressure and the skin friction
are observed at the reattachment region for hotter walls.

4. For the same deflection angle, wall temperature, and Reynolds number, a decrease in the free stream Mach number
results in a larger length of the separation bubble. This variation is nonlinear. Peak values of the skin friction are observed at
the reattachment region for lower Mach numbers.
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Nomenclature
C;  Skin-friction coefficient p Pressure [N/m’]
k Turbulent kinetic energy [m?/s?] ) Boundary-layer thickness upstream of interaction [m]
Ly Length of separation bubble [m] 0 Compression corner deflection angle [°]
R Reattachment point location P Density [kg/m?]
S Separation point location ® Turbulent specific dissipation rate [s™]
T, Recovery temperature [K] w Wall condition
T,  Constant wall temperature [K] 00 Freestream condition
M Mach number crp  Computational fluid dynamics
M;  Turbulent Mach number
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