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Direct numerical simulations are employed to investigate a shock wave impinging on
a turbulent boundary layer at free-stream Mach number M., = 2.28 with different wall
thermal conditions, including adiabatic, cooled, and heated, for a wide range of deflection
angles. It is found that the thermal boundary condition at the wall has a large effect on the
size of the interaction region and on the level of pressure fluctuations. The distribution of
the Stanton number shows a good agreement with prior experimental studies and confirms
the strong heat transfer and complex pattern within the interaction region. An effort was
also made to describe the unsteady features of the flow by means of wall pressure and heat
flux spectra. Numerical results indicate that the changes in the interaction length due to
the wall thermal condition are mainly linked to the incoming boundary layer, which is in
agreement with previous experimental studies.

DOLI: 10.1103/PhysRevFluids.3.083401

I. INTRODUCTION

Shock/boundary-layer interactions (SBLI) appear in many external and internal flow problems in
the aeronautical and aerospace industry, most commonly with a negative impact on the performance
of the aircraft. They can increase the aerodynamic drag and modify the heat exchange near the wall
considerably. Moreover, if the interaction is strong, low-frequency unsteadiness associated with the
separation bubble may occur with resulting strong pressure load variations, yielding structural failure
and compromising the maneuverability of the aircraft.

The majority of the research dealing with supersonic shock/boundary-layer interactions considers
two canonical geometries: the compression ramp and the flat plate with an impinging shock [1-5].
Many experimental [6—12] and numerical [13-23] studies have contributed to a better understanding
of the general topology of this type of flow. Many experimental studies have featured nonadiabatic
walls, particularly those in short-duration, high-enthalpy facilities; however, only a few experiments
have systematically studied the effect of the wall thermal condition on the SBLI flow field [24-29].
On the numerical side, the number of works that investigated the effect of the wall thermal condition
for turbulent SBLI is even more scarce [30].

Spaid and Frishett [24] investigated the effect of heat transfer in SBLI over a compression ramp at
free-stream Mach number M, = 2.9 for two types of wall conditions: a cold wall (wall-to-recovery-
temperature ratio 7,,/ 7T, = 0.47) and quasiadiabatic wall (T,,/ T, = 1.05). Back and Cuffel [25]
analyzed an oblique shock wave impinging on a turbulent boundary layer at M, = 3.5 and surface
cooling of T,/ T, = 0.44. Both studies found that the effect of wall cooling was to increase the
incipient separation angle and reduce the separation distance.

Hayashi et al. [26] carried out detailed measurements of the heat transfer in the interaction
of incident shock waves and a M., = 4 boundary layer developing over an isothermal cold wall
(T,/ T, =~ 0.6). They reported a complex behavior of the heat transfer coefficient in the interaction
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region, characterized by a sharp increase at the point where the pressure begins to increase, a reduction
within the separation bubble, followed by a further increase in the proximity of the reattachment point.

Nonintrusive techniques were used by Schiilein [27] to measure the skin-friction coefficient and
the heat transfer rate in a SBLI of an impinging shock at M, = 5. They found a strong increase of
the heat flux in the separation zone, characterized by a complex nonequilibrium behavior.

Surface heat transfer was also assessed by Sandham et al. [28] in a transitional SBLI at M, =6,
allowing the peak Stanton number in the reattachment regime to be mapped over a range of
intermittency states of the approaching boundary layer. They showed that the highest levels of wall
heat transfer were consistently obtained for transitional rather than fully turbulent interactions.

More recently, Jaunet et al. [29] investigated experimentally the impact of changing the wall
temperature on a M., = 2.3 shock-induced boundary-layer separation. They varied the shock
deflection angle from 3.5° to 9.5° and the wall-to-recovery-temperature ratio from 7,/ 7, = 1
(adiabatic) to T,/ T, = 1.9 (heated condition). They used Schlieren visualizations, particle image
velocimetry (PIV), and time-resolved hot-wire measurements to describe how the wall temperature
influences the interaction. Their study resulted in three mean observations about the effects of
increasing the wall temperature: (i) a significant increase in the interaction length; (ii) a shift to
smaller flow deflections of the onset of separation; and (iii) increased low-frequency activity of
the separated flow. They proposed a scaling relationship that was found to accurately describe the
changes in the interaction length.

Only recently, the influence of the wall temperature on the behavior of oblique shock waves
turbulent boundary layer interactions was investigated using numerical simulations. Bernardini ez al.
[30] carried out direct numerical simulations (DNS, with a numerically captured shock wave) of SBLI
at My, = 2.28 and a flow deflection of ¢ = 8° for five values of the wall-to-recovery-temperature
ratio (T, /T,): 0.5, 0.75, 1.0 (adiabatic), 1.4, and 1.9. One of the conclusions of this work was that
wall cooling could be considered for flow control since it reduces considerably the interaction scales
and sizes of the separation bubble. The opposite holds for wall heating. Nevertheless, this study also
showed that the maximum thermal and dynamic loads are found for the case of cold wall.

In this paper, we replicate the experiment by Jaunet ez al. [29] using DNS at a reduced Reynolds
number in order to save computational cost. While the experiments were performed at a Reynolds
number based on the momentum thickness of Rep, &~ 5 x 103, most of our DNS were performed at
Rey ~ 1 x 10°. We compute the flow at the two wall temperatures in the experiment (7,/ T, of 1.0
and 1.9) and also at an additional cooled case with T,/ T, = 0.5. This study extends the previous
work by Bernardini et al. [30] and presents a much larger DNS database, with the main aim of
discussing not only the effect of wall temperature but also the effect of the shock strength on the
SBLI flow field. The SBLI length scales are discussed and compared with experimental data. The
low-frequency unsteadiness is investigated for a subset of the cases which are run for longer times.

II. NUMERICAL APPROACH
The three-dimensional compressible Navier-Stokes equations for an ideal gas are solved in
conservative form in a Cartesian coordinate frame:

3,Q+ 0;F; — 0;F, = 0.

The state vector Q = [p, pu;, pE]” consists of density p, momentum pu;, and total energy pE =
p/ly — 1)+ ,oul.2 /2, where p is the pressure and u; is the velocity component in direction i. The
ratio of specific heats is constant y = 1.4. The inviscid and viscous fluxes are, respectively,

F; = [pu;, puiu; + péij, (0E + pu;l, F, =[0,7;, u;t; +q;l.
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The fluid is assumed to be Newtonian, and according to the Stokes hypothesis, the viscous stress

tensor is given by
ou; . ou;j 28uk5
Tij = D — — ——0jj |-
A ¥ TP TR W P

The heat flux is modeled by Fourier’s law as

Cou
Pr

q j=— 0 j T.
The viscosity is assumed to follow the power law © = s (T'/ Tres)>/*, and the Prandtl number is
taken as Pr = 0.7.

The system of equations are nondimensionalized by the free-stream values of velocity, tempera-
ture, and density and the boundary layer thickness. The fluid is assumed to behave as an ideal gas
with equation of state p = RpT, where the nondimensional gas constant is R = 1/(y M2.). The
specific heatis C, = yR/(y — 1).

The governing equations are solved using an in-house finite-difference code based on a hybrid
numerical scheme. Near shocks, a fifth-order-accurate weighted essentially nonoscillatory (WENO)
scheme with Roe flux splitting is used to approximate the inviscid fluxes, whereas a sixth-order-
accurate central difference scheme in the split form by Ducros et al. [31] is used in the remainder
of the domain. The sensor s = —&/(|§| 4+ (w;w;)"/?) is used to identify regions of shock waves at
every time step, where £ = d;u; is the dilatation, w; = €;;30;uy is the vorticity, and (-) is a local
average. The WENO scheme is applied in regions where s > 0.7. The viscous terms are treated by a
conservative scheme that has the resolution characteristics of a sixth-order scheme, and the system is
integrated in time using a fourth-order-accurate Runge-Kutta method. The code has been thoroughly
verified on several benchmark problems [32].

The computational domain for all cases has an overall extent L, x Ly x L, = 658, x 188;, X
568in, where 8y, is the boundary layer thickness at the inlet. Grid nodes are uniformly distributed in the
spanwise (z) and streamwise (x) directions. For the wall-normal direction (y), a stretching function
based on a hyperbolic cosine mapping is used, in order to gather points closer to the wall.

Periodicity is imposed in the spanwise direction. The oblique shock is generated at the top
boundary by imposing the inviscid oblique shock solution corresponding to each flow deflection
angle. The inflow turbulence is generated using the digital filtering technique by Klein ez al. [33] and
Touber and Sandham [17]. Digital filtering avoids the introduction of any spurious low frequencies
(that are unavoidable in recycling-type methods, though they can be made very small). In this study,
filtering length scales of 0.6 and 0.2 §;, are used in the streamwise and spanwise directions. The
length scale in the wall-normal direction is taken as 0.04 §;, near the wall and 0.2 §;, in the free
stream, with a smooth transition in between. The mean velocity and Reynolds stress profiles are
taken from auxiliary boundary layer simulations at each 7,,/ 7, and Reynolds number, in order to
ensure realistic profiles at each wall temperature condition. The mean temperature and density are
assumed to follow Walz’s relation [Eq. (4), to be discussed below], and the fluctuating quantities are
assumed to follow the strong Reynolds analogy (cf. Ref. [2]).

III. SUPERSONIC BOUNDARY LAYER SIMULATIONS

We first consider simulations without the impinging shock to assess and validate the inflow
condition and the state of the turbulent boundary layer. Three wall-to-recovery-temperature ratios
T, /T, are considered in this study: 1.0 (adiabatic), 1.9 (heated), and 0.5 (cooled). The recovery
temperature 7, is computed as (cf. Ref. [2])

r

-1
=1+ry

- 5 M2, (1
o0
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TABLE I. Mesh configuration for the DNS of supersonic boundary layers. The table presents the wall-to-
recovery-temperature ratio 7,,/7,, the number of points, and the grid spacing in terms of wall units in each
directions.

Simulation T,/T, N, N, N, Axt Ayt Az*
BL-1.0 1.0 1536 384 128 6.0 0.6 5.6
BL-1.9 1.9 1536 320 128 2.4 0.6 2.4
BL-0.5 0.5 1800 480 256 11 0.6 6.4
BL-1.0-hRe 1.0 1800 480 256 9.6 0.8 5.3

where the subscript oo denotes conditions at the edge of the boundary layer, that is, in the local
free strle/gm, so that the edge Mach number M, = U /+/¥ RTw. The recovery factor is taken as
r=Pr/-°.

Details of the mesh are given in Table I. Note that wall cooling leads to a drastic reduction in
the viscous length scale, which leads to much more demanding grid requirements for the cold wall
case. Note also that the strictest grid requirements for the heated case come from the outer part of
the boundary layer, leading to this case having an excessively fine grid spacing in viscous units near
the wall.

There are many Reynolds numbers for compressible boundary layers, and they all scale differently
with Mach number and the wall thermal boundary condition. In this study, we want to vary the T,,/ 7,
ratio while keeping other factors fixed. So, a valuable question is which Reynolds number we should
keep fixed in order to keep the turbulence similar between cases. The traditional choice ever since
Fernholz and Finley [34] has been Res, = pooltoo8/ Ly, Where 0 is the momentum thickness. More
recent work on the scaling of the mean velocity profile under nonadiabatic conditions [35] suggests
that the Reynolds number Re? (the friction Re of the transformed, supposedly universal, state) should
be held constant. However, the latter study only analyzed compressible channel flows in detail, and
hence the question of which Reynolds number is the most relevant for boundary layers is a partially
open question. For SBLI flows, there is no data on whether Re? is a meaningful Reynolds number.
Given all this, the decision in this study was to compute all three T,/ 7, cases at fixed Re} ~ 500,
and then to consider an additional case BL-1.0-hRe which matches the Re;, of the cooled case.

Figure 1(a) shows the Van Driest-transformed mean velocity profile for the simulation with an
adiabatic wall at the location xo = 358;,, which will later be the inviscid impingement point for
the shock. The Reynolds numbers at this station are listed in Table II. The density-scaled Reynolds
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FIG. 1. Comparison of the adiabatic (7,,/7, = 1) boundary layer at station xo = 358, (lines) with the
incompressible DNS results of Schlatter and Orlii [36] at Rey, = 670 (triangles). (a) Van Driest—transformed
mean velocity profile (solid line). The linear ut = y* and log-law ut = 5.2 + 2.441n y™ are also represented
(dotted lines). (b) Density-scaled Reynolds stress components: longitudinal (solid), wall-normal (dashed),
transverse (dot-dashed), and shear stress (dotted line).
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TABLE II. Global characteristics of the turbulent boundary layers at xo = 356;,. The Reynolds numbers
are defined as Re; = PoollooB0/ oo Reg = Poolhoo/ thoos Reaz = Poolthool /> Rer = pyu.8/11,, and Rej =
Poo(Tw/ Poo)/?8/ 100, Where 6 is the momentum thickness and u. is the friction velocity.

Simulation Re; Rey Res, Re, Re}
BL-1.0 12 628 1047 642 224 500
BL-1.9 13 440 868 328 100 498
BL-0.5 12 000 1250 1287 511 488
BL-1.0-hRe 24 327 1990 1220 395 885

stresses are shown in Fig. 1(b). The incompressible DNS results of Schlatter and Orlii [36] at a
similar Reynolds number (Reyg = Re;, = 670 and Re,; = 250) is also shown in Fig. 1 and compare
well with the present mean velocity and rms profiles. This provides confidence that the present inflow
boundary condition and the development length of 355;, are sufficient to produce realistic turbulence.
For reference, §y/8in &~ 1.6 with slight variations among the different cases.

Figure 2(a) shows the mean velocity profiles from all three wall temperatures. The profiles are
transformed using the Van Driest transformation

+

u 5 1/2
ut = / (—) du®, ()
0 Pw

which is meant to be used with the standard y™ scaled wall-normal coordinate (y© = y./0w Tw /lw)-
The profiles are also shown after applying the more recent transformation by Trettel and Larsson
[35], where

S
y = —,/ = (Sa)
TL I D

“ N2 1ldp ldm T\ dyf
= (i) [1+—:— _Ldm ]du*:/ (—)Jdu# (3b)
0y \pw 2pdy’ " mdy® o \tw/ dyt

Note that this transformation affects both the velocity and the wall-normal coordinate; i.e., u7,
must be plotted vs y;f .- This “coupling” between the velocity and the coordinate is explicit in the
second form of the velocity transformation (3b). Also note that y;, is more commonly referred to

100 10" 102 10°
(a) ?/+~, yth

FIG. 2. Assessment of the boundary layer at station xo = 3568;,. (a) Van Driest—transformed mean velocity
u™ plotted vs yt = Y/PwTw/ My (solid lines), compared to the velocity transformed according to Ref. [35],
u}, plotted vs the semilocally scaled y;, (dashed lines, shifted vertically). (b) Density-scaled Reynolds stress
components: longitudinal (solid), wall-normal (dashed), transverse (dot-dashed), and shear stress (dotted line).
Black lines refer to the adiabatic case BL-1.0, red lines refer to the heated case BL-1.9, and blue lines refer to
the cooled case BL-0.5.
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FIG. 3. The temperature-velocity relationship at station x, = 356;, for BL-1.0 (solid), BL-1.9 (dotted), and
BL-0.5 (dashed line). The circles (o) indicate the Walz solution and the stars (3 ) denote the solution given by
Zhang et al. [39].

as the semilocal scaling y*; we use the present notation here to avoid confusion with the interaction
coordinates x* and y* to be introduced below.

The results in Fig. 2(a) show a much better collapse in the buffer layer with the transformation in
Eq. (3). The profiles do not collapse perfectly in the log layer, either with each other or with the log
law, which stands in contrast to the results on channel flows in Ref. [35].

The density-scaled Reynolds stresses are shown for the three simulations in Fig. 2(b). The profiles
collapse in the outer part of the boundary layer, but the peak in the inner layer is higher for the cooled
case. The reason is probably linked to the relatively low Reynolds numbers here, since prior work
[35,37] suggests that the Reynolds stresses should collapse when the transformed Reynolds number
Re? is fixed (as done here). Having said that, both of those prior studies considered channel flows, so
it is possible that the lack of collapse of the peak stress points to some difference between boundary
layers and channels (with respect to transformations to a supposedly universal state).

It is worth noting that Bernardini ez al. [30] used a recycling/rescaling inflow boundary condition
over an adiabatic wall and then changed the wall temperature at a distance of 546;, from the inlet.
The shock impingement point was then placed an additional distance of 15.58i, from that point.
This distance was found to be almost long enough for the mean temperature profile to reach a
new equilibrium state but not quite. As discussed above, the present study uses the digital filtering
technique at the inflow. More important, we impose the wall temperature throughout the domain and
take the inflow profiles from auxiliary simulations at the same wall temperature, which implies that
the mean and Reynolds stress profiles at the inlet are near “equilibrium” with respect to the thermal
wall condition. This can be seen in Fig. 3, which shows the temperature-velocity relationship. The
present DNS agrees relatively well with the classic Walz solution [38] and even better with the
generalized Reynolds analogy recently proposed by Zhang et al. [39]. These temperature-velocity
relations can be written as

T T, T.—-T,u u T — T, [ 7 \°
e B (B e (L) 4)
To T Too Uoo® \ oo Too \ioo

where f(i//u~) = 1 for the Walz solution and

— — — 2 _ —
u _ _ qLUMOO L qw“oo L
f(ﬁ) N [l Tpr(Tw - Tr)]Pr(um> * |:fwcp(Tw - Tr)]Pr<um) (5)

for the relation developed by Zhang et al. [39]. Note that both are identical for the adiabatic case.
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TABLE III. Flow parameters for the SBLI simulations at free-stream Mach number M, = 2.28. T,/ T, is
the wall-to-recovery-temperature ratio, ¢ is the incidence angle of the shock generator, L, is the length of the
recirculation bubble, and T is the overall simulation time.

Simulation T,/ T, o(°) T,/ T Grid points Tuso/8in Spectra CPUh
SBLI-1.0-11.0 1.0 11.0° 1.92 76M 1100 No 40k
SBLI-1.0-9.5 1.0 9.5° 1.92 76 M 2100 Yes 80k
SBLI-1.0-8.0 1.0 8.0° 1.92 76 M 1100 No 40k
SBLI-1.0-6.5 1.0 6.5° 1.92 76M 1100 No 40k
SBLI-1.0-5.0 1.0 5.0° 1.92 76 M 1100 No 40k
SBLI-1.9-9.5 1.9 9.5° 3.66 63 M 2100 Yes 80k
SBLI-1.9-8.0 1.9 8.0° 3.66 63 M 1100 No 40k
SBLI-1.9-6.5 1.9 6.5° 3.66 63 M 1100 No 40k
SBLI-1.9-5.0 1.9 5.0° 3.66 63 M 1100 No 40k
SBLI-1.9-3.5 1.9 5.0° 3.66 63 M 1100 No 40k
SBLI-0.5-9.5 0.5 9.5° 0.96 221 M 2100 Yes 400k
SBLI-0.5-8.0 0.5 8.0° 0.96 221 M 1100 No 200k
SBLI-adia2heat-9.5 1.0/1.9 9.5° 1.92/3.66 76 M 1100 No 40k
SBLI-heat2adia-9.5 1.9/1.0 9.5° 3.66/1.92 76 M 1100 No 40k
SBLI-1.0-9.5-fine 1.0 9.5° 1.92 171 M 800 No 100k
SBLI-1.0-9.5-hRe 1.0 9.5° 1.92 220 M 1100 No 250k

IV. SBLI SIMULATIONS

In this section, the effect of the flow deflection angle and the wall temperature on the SBLI flow
field is analyzed. Discussions about the pressure spectra and the length scale of the interaction are
also presented.

The same grid used to run the previous boundary layer cases are employed in the SBLI simulations.
The shock impingement point is set at Ximp = X9 = 358;, for all cases. In the following, the origin
is placed at x;y,p and lengths are made nondimensional with respect to the boundary layer thickness
8o at the nondisturbed reference station Ximp = xo = 356;,. Thus, the nondimensional interaction
coordinates are written as x* = (X — Ximp)/80 and y* = y /8. All SBLI simulations are summarized
in Table III.

A. Mesh convergence

A grid refinement study is done by increasing the number of grid points in all directions for the
interaction characterized by adiabatic walls and ¢ = 9.5°. The standard mesh contains 1536 x 384 x
128 points, while the refined one contains 2048 x 490 x 170 points. The skin friction coefficient is
used to identify a grid-independent solution. This quantity is shown in Fig. 4 for both simulations
and the agreement is excellent. Note that the simulation using the finer mesh is run for a shorter time
to save computational cost. Still, the difference between the separation length is less than 1%. With
respect to the cooled case, Trettel and Larsson [35] found grid-converged results for a similar grid
resolution but a more strongly cooled case using the same code.

The spanwise domain size is about 33, for all cases, while the size of the separation bubble varies
up to 83y in this study. Pasquariello et al. [23] performed a careful assessment of the influence of
the domain width on the results for a strong SBLI with a separation bubble of size 15y and found
virtually unchanged results for domain width down to 2.258. For this reason, the present domain
width is believed to be sufficient.
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FIG. 4. Grid convergence test. Mean skin friction coefficient for cases SBLI-1.0-9.5 (1536 x 384 x 128
grid points, solid) and SBLI-1.0-9.5-fine (2048 x 490 x 170 grid points, dashed line).

B. Instantaneous flow fields

If the strength of the shock is sufficiently large, the boundary layer detaches and the mean pressure
profile through the interaction region exhibits a plateau in the separation zone. At the leading edge
of the separation bubble, compression waves form the reflected shock. Mixing is enhanced at the
shear layer across the interacting shock. The flow deflection at the top of the bubble generates an
expansion fan followed by compression waves. Further downstream, the boundary layer recovers an
equilibrium state after passing by a relaxation process. The shock motion can exhibit a large-scale
streamwise oscillation with a frequency that is two to three orders of magnitude lower than the
characteristic frequency of the turbulence in the incoming boundary layer.

To provide an overview of the typical topology of shock-wave turbulent boundary layer
interactions, we report in Fig. 5 snapshots of density and its wall-normal derivative (numerical
schlieren). These visualizations highlight the turbulent structures of the boundary layer and the
complex waves that are originated by the interaction. A three-dimensional snapshot of the SBLI
is shown in Fig. 6. The incident and reflecting shocks are identified by plotting an isosurface of

=

-100 -75 =50 =25 0.0 2.5 5.0 7.5 10.0
x*

FIG. 5. Contours of the instantaneous density p (top) and wall-normal density gradient p, (bottom) fields
for the simulation with adiabatic wall condition and ¢ = 9.5° SBLI-1.0-9.5.
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FIG. 6. Isosurface of the Q criterion colored by the streamwise velocity and dilatation isosurface (gray) for
the simulation with adiabatic wall condition and ¢ = 9.5° SBLI-1.0-9.5.

dilatation. The turbulence activity is clearly modified after the reflecting shock foot and along the
shear layer, in agreement with other numerical studies [18,20].

C. Effect of deflection angle on the SBLI flow field

In this section, simulations with heated wall condition and different deflection angles are analyzed.
As expected, the size of the recirculating bubble increases when ¢ increases. This behavior is
confirmed when analyzing the average skin friction coefficient Cy = 21,/ ,ooougo, shown in Fig. 7(a).

FIG. 7. Distribution of the (a) mean skin friction coefficient, (b) mean wall pressure, and (c) Stanton number
across the interaction zone at various incidence angle of the shock generator: ¢ = 9.5° (case SBLI-1.9-9.5,
dotted), ¢ = 8.0° (case SBLI-1.9-8.0, solid), ¢ = 6.5° (case SBLI-1.9-6.5, dashed), ¢ = 5.0° (case SBLI-1.9-
5.0, dash-dotted), and ¢ = 3.5° (case SBLI-1.9-6.5, dash-double-dotted line). Triangles indicate separation and
reattachment position.
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—~—

FIG. 8. Mean streamwise velocity field # (left) and mean turbulence kinetic energy k = uu! /2 (right) at
various wall-to-recovery-temperature ratios: cases SBLI-1.9-9.5, SBLI-1.0-9.5, and SBLI-0.5-9.5 from top to
bottom. Contour levels are shown in the range 0 < #/us < 1 and 0 < k/u2, < 0.04. The black line denotes

the sonic line and the white line denotes the zero level.

The mean separation location [also labeled in Fig. 7(b)] is highly dependent on the flow condition
and moves upstream for higher deflection angles. The reattachment point is much less affected by the
change in the deflection angle and remains practically constant for the majority of the simulated cases.
Only for the strong interaction (case SBLI-1.9-9.5) does the reattachment point move downstream.
The mean wall pressure normalized by the free-stream pressure is displayed in Fig. 7(b). For all
presented cases, the pressure jump predicted by the inviscid theory is well recovered by the direct
numerical simulations.

The effect of heating or cooling on the heat transfer rate can be characterized by the spatial
distribution of the Stanton number, which is defined as

Gu dT
= ) quw = _k_ .
poouoocp(Tw -T) dy w

St (6)

This quantity is plotted in Fig. 7(c). Note that a similar normalization has been employed by
Hayashi et al. [26], who measured the heat transfer coefficient in experiments with a cooled wall. The
complex pattern observed experimentally is confirmed in the present study. The Stanton distribution
reaches its minimum value close to the separation point (Hayashi et al. associated this point with
where the pressure started to increase) and then it sharply increases within the interaction zone. If the
interaction is strong enough (high deflection angle in Hayashi et al. or case SBLI-1.9-9.5 presented
herein), after reaching a local maximum, the Stanton number exhibits a curvature change with a
second minimum around the reattachment point and then increases again, attaining a second broad
maximum in the downstream relaxation region. Note that the Stanton distribution for cases with
¢ < 8° are typical of weak interactions.

D. Effect of wall temperature on the SBLI flow field

The mean streamwise velocity fields in the xy plane are reported in Fig. 8(a) for different wall-to-
recovery-temperature ratio and same deflection angle ¢ = 9.5°. The influence of the wall temperature
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FIG. 9. Distribution of the (a) mean skin friction coefficient, (b) mean wall pressure, (c) root-mean-square
wall pressure, and (d) mean wall heat flux across the interaction zone at various wall-to-recovery-temperature
ratios and deflection angle 9.5°. Cases SBLI-1.9-9.5 (dotted), SBLI-1.0-9.5 (solid), and SBLI-0.5-9.5 (dashed
lines).

on the size of the recirculation bubble is evident, with higher wall temperature inducing a larger
recirculation zone. When the wall temperature is increased, the density is lowered close to the wall,
decreasing the average momentum flux in the boundary layer. As a result, separation is more likely to
occur. The interaction length scale, Li,, defined as the distance between the nominal incoming shock
impingement point (x;np) and the apparent origin of the reflected shock (xrr), is also affected by the
wall-to-recovery-temperature ratio. As already mentioned by Bernardini et al. [30], the interaction
length scale increases (decreases) with wall heating (cooling).

In order to measure qualitatively the turbulence activity within the interaction, the turbulence

"1

kinetic energy k = uu; /2 is displayed in Fig. 8(b). Compared to the adiabatic case, the turbulence
kinetic energy k increases (decreases) when wall heating (cooling) is employed. We emphasize the
fact that the turbulence activity is primarily present in the first part of the interaction zone. This
behavior is associated with the development of a shear layer at the separation shock and is consistent
with other numerical [30] and experimental [9] studies.

The spatial distribution of the mean skin friction coefficient Cy, shown in Fig. 9(a), proves
the existence of a separation bubble. After the friction coefficient plateau, a slow recovery toward
boundary layer equilibrium is observed. If compared to the adiabatic case SBLI-1.0-9.5, the size of
the separation length L, in simulation SBLI-1.9-9.5 is increased by a factor of ~2.3. On the other
hand, a reduction of a factor &2 is observed in simulation with cooled walls SBLI-0.5-9.5.

The spatial distribution of the mean wall pressure p,, for the same cases, as well as the pressure
jump predicted by the inviscid theory are plotted in Fig. 9(b). Heating the wall induces a shift upstream
of the beginning of the interaction, engendering a smoother pressure rise. The reverse behavior is
observed when cooling is present: the beginning of the interaction is shifted downstream, leading
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FIG. 10. Instantaneous contours of skin friction (top) and normalized heat flux (bottom) for heated SBLI-
1.9-9.5 (left) and cooled SBLI-0.5-9.5 (right) cases. Dashed lines indicate the mean separation and reattachment
positions.

to a steeper variation of p,, within the interaction zone. The same pattern is noticed when vortex
generators are used in order to control separation [40]. In the heated case, it is possible to note
two bumps in the pressure signal, which are a characteristic of strong interactions. As explained in
Ref. [3], the first pressure rise occurs near the separation point. Then a plateau typical of separated
flows can be observed. Finally, a more progressive pressure rise takes place during reattachment.

The root mean square of the wall pressure fluctuations, shown in Fig. 9(c), is amplified near
the reflected shock foot. Moreover, wall cooling increases the root-mean-square wall pressure pyps.
The heated case produces the lowest p.,,s among the studied situations. So, even if surface cooling
reduces the flow separation, the dynamic loads can be significantly increased.

Figure 9(d) displays the wall heat flux g,, normalized by the constant factor (0o Cp T} ), allowing
a direct comparison between the studied cases. The direction and amount of wall heat flux is better
described in this figure rather than the Stanton distribution. Note that because of the imposed wall
temperature, the adiabatic condition is not perfectly satisfied in the recirculation region. Still, the
heat exchange remains insignificant.

Figure 10 shows contours of the instantaneous skin friction and normalized heat flux for heated
SBLI-1.9-9.5 and cooled SBLI-0.5-9.5 wall conditions. We note that regions of reverse flow appears
sooner in the heated case. The heat transfer is clearly amplified after the flow separation. The fact
that the cooled case has a much smaller viscous length scale is evident in this figure, with clearly
smaller flow structures than in the heated case.

E. Pressure spectra

The computation of temporal spectra requires long simulation times, which becomes particularly
expensive under cooled wall conditions due to the increased resolution requirements. The premul-
tiplied wall pressure and heat flux spectra f E(f) are displayed in Fig. 11 as a function of the
Strouhal number Sr = f§y/u~ and the scaled coordinate x*. The spectra are normalized by the
local value of the the root-mean-square quantity, in such a way that their integral over frequency is
unity at each streamwise station. The premultiplied power spectral density (PSD) are obtained using
Welch’s method by splitting the signal in three segments with 50% overlap, which are individually
Fourier-transformed. Then, the frequency spectra are obtained by averaging the periodograms of
the various segments, minimizing the variance of the PSD estimator. Finally, the PSD is filtered by
applying a Konno-Ohmachi smoothing [41] ensuring a constant bandwidth on a logarithmic scale.

The map of the wall pressure signal shows the typical features of this type of flow [22,30].
Upstream of the interaction zone the broadband energy in the premultiplied spectra is typical of a
canonical wall-bounded flow, with a peak at Sr & 1, associated with the energetic turbulent structures
of the boundary layer. Downstream of the interaction, the spectral density is broadened, and the peak
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FIG. 11. Contours of premultiplied pressure spectra (top) and heat flux spectra (bottom) f E(f) for flow
case assuming heated SBLI-1.9-9.5 (left) and cooled wall SBLI-0.5-9.5 (right). The spectra are normalized in
such a way that their integral over frequency is unity, at each streamwise station.

is shifted to lower frequencies due to the thickening of the boundary layer. Note that a limited part
of the broadband energy in the premultiplied spectra is found close to the foot of the reflected shock
at frequencies two to three orders of magnitude lower than the turbulent structures of the incoming
boundary layer. For the heated case, Sr & 0.005, while for the cooled case, Sr =~ 0.05.

When analyzing the premultiplied heat flux spectra, there is no evidence of low-frequency
dynamics and most of the energy is contained at intermediate to high frequencies. However, the
heat flux spectra display quite different behaviors between the heated and cooled cases because the
former is a strong interaction while the latter is a weak interaction, as already shown. For the heated
case, a strong amplification of the heat transfer fluctuations is observed close to the separation and
reattachment points, with a shift toward intermediate frequencies, associated with the separated shear
layer [20]. For the cooled case, this is not observed.

F. Similarity of the length of the interaction

The extent of the separation region Ly, is plotted in Fig. 12(a) as a function of the deflection angle
. If the angle of the shock generator is kept constant, the separation length is maximum (minimum),
when wall heating (cooling) is employed. Similar conclusions are found for the interaction length
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FIG. 12. (a) Separation and (b) interaction length as a function of the deflection angle. (A) heated, ()
adiabatic, and ([J) cooled wall. (x) refers to the the adiabatic wall simulation at moderate Reynolds number.
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FIG. 13. Normalized interaction length as a function of separation criterions. (A) heated, () adiabatic,
and ([J) cooled wall. (x) refers to the the adiabatic wall simulation at moderate Reynolds number. Compilation
of results discussed in Ref. [42] is also reported: (») heated walls [43] and () adiabatic walls [9,11,12,44].
Experimental data from IUSTI in Marseille at Mach (M., = 2.3) and Reynolds (Re; = 5 x 10*) numbers are
also reported. (Q) adiabatic walls [29] and (#) heated walls [29].

Lin, shown in Fig. 12(b). Interestingly, for the heated case with ¢ = 9.5°, the separation length is
larger than the interaction length.

Using mass conservation properties along the interaction, Souverein et al. [42] carried out a
scaling analysis, where the length of the interaction is normalized by the displacement thickness of
the upstream boundary layer §* and a function g3 that takes into account the imposed flow deflection
and the Mach number. From their scaling approach, the dimensionless length of interaction is given
by

o L . sin(B — @)
Lin= 52—~ > h Q)= ————,
S g3(B, @) with £5(5.¢) sin(8) sin(g)

where ¢ and S stand for the deflection and shock angle respectively.

Souverein et al. then combined the normalized length of interaction L{, with a separation
criterion S, and showed that the compilation data obtained from several SBLI studies, spanning
different Reynolds and Mach numbers, follows a general trend with limited scatter. They defined
the separation criterion as S, = AP /APy, in which AP is the shock strength and A Py, is the
shock intensity needed to make the boundary layer separate. The separation pressure A Py, was
estimated based on the inviscid properties of the upstream boundary layer as A Pep ~ (1/k{)qoo,
where goo = (1/2)poott2, is the dynamic pressure and k; is a constant that slightly depends on the
Reynolds number. Quantities p, and u, are the density and velocity at the free stream, respectively.
For large Reynolds numbers (1 x 10* < Rey < 3 x 10°), k; = 2.5, while for low Reynolds numbers
(Rep &~ 5 x 10°), a value of k; = 3 was derived. They showed that this constant was independent
on the Mach number. In the present analysis, this parameter is set to k; = 3 and the displacement
thickness of the upstream boundary layer 6* is computed at 205;, (or about 128y upstream of the
impingement location Xiyp).

This criterion was validated on a large number of SBLI (most of them using adiabatic walls) by
Souverein et al. [42] and it has been recently shown to be valid also for transitional interactions [45].
Surprisingly, results incorporating the effect of heated walls [43] also showed good agreement with the
proposed model. As we are dealing with a constant Mach number flow, the deflection angle is a valid
representation of the separation criterion S, [29]. The normalized interaction length is plotted against
the separation criterion S, in Fig. 13(a) together with compilation of data found in the literature. It is
clear that most of the heating effects on the interaction length are taken into account by the scaling (7).
However, Jaunet et al. [29] stated that in order to capture correctly the influence of the heating
effects, the computation of A Py, should take into account the Mach number M, and the friction

)
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FIG. 14. Mean turbulence kinetic energy k = W/Z. Cases with ¢ = 9.5°: heated (SBLI-1.9-9.5), adiabatic
(SBLI-1.0-9.5), and cooled (SBLI-0.5-9.5) wall from top to bottom. Contour levels are shown in the range
0 < k/u?, < 0.04. Coordinates are now scaled as Y* = ygs/L and X* = (X — Ximp)/L.

coefficient upstream of the boundary layer C . Their resulting modified separation criterion S,
instead uses AP/ = kzqg\/ 2Cf0/(M2, — 1)1/ with k, = 7.14. The normalized interaction length

S€]
L, as a function gf AP /AP, is plotted in Fig. 13(b) together with the experiments of Jaunet et al.
for heated and adiabatic walls. The agreement between numerical and experimental results is very
good and validates the scaling laws proposed previously [29,42].
Moreover, if the wall-normal coordinate is now scaled as Y* = yg;/L and the streamwise
coordinate as X* = (x — ximp)/L, as suggested by Souverein et al. [42], we note that the vertical
extent of the turbulent region developing downstream of the reflecting shock foot is close to unity

(Fig. 14). This finding is verified not only for the adiabatic cases but also for the nonadiabatic ones.

G. Influence of a variable wall temperature

The results in the previous section suggest that the change in the interaction length is mainly a
consequence of changes in the incoming conditions, in agreement with the findings of Souverein
et al. [42] and Jaunet ef al. [29]. This is further investigated here by performing simulations where
the wall is taken as adiabatic in the incoming boundary layer and heated in the interaction region,
and vice versa. The idea is that these cases with a streamwise varying wall temperature can help
separate the effects of the incoming boundary layer and the local conditions in the interaction region.
The wall temperature is taken as

T,,,(x):T,{1+u|:1+tanh M“ ®)
2 Sin
where f is the ratio between the wall temperatures and x7 is the streamwisee coordinate where
the transition occurs. This value chosen as the mean location where the interaction starts for the
cases with constant wall temperatures, without any attempts at finding the “optimal” values. For the
adiabatic-to-heated wall, f = 1.9, and for the heated-to-adiabatic wall, f = 1/1.9.
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FIG. 15. Mean streamwise velocity field u. Cases with ¢ = 9.5°: heated (SBLI-1.9-9.5), adiabatic (SBLI-
1.0-9.5), and variable (adiabatic to heated) wall from top to bottom.

Figure 15 shows that the mean velocity field for the simulation SBLI-adia2heat-9.5 is closer to
the simulation with adiabatic walls, at least in terms of interaction length and height scales. A more
quantitative analysis is done by plotting the mean friction coefficient distribution for cases with
heated, adiabatic, and variable wall temperatures in Fig. 16. The length of the separation zone for the
simulation with adiabatic walls in the preinteraction region is closer to the one assuming adiabatic
walls everywhere, which supports previous conclusions that the size of the interaction region is
linked to the state of the incoming boundary layer. Note that for simulation SBLI-heat2adia-9.5, the
boundary layer tries to recover the adiabatic state, but the friction coefficient remains between both

FIG. 16. Distribution of the mean skin friction coefficient across the interaction zone for simulations with
adiabatic (SBLI-1.0-9.5, solid), heated (SBLI-1.9-9.5, dashed), variable (SBLI-heat2adia-9.5, dash-dotted line),
and variable (SBLI-adia2heat-9.5, dash-double dotted line) wall temperatures.
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FIG. 17. Distribution of the mean skin friction coefficient across the interaction zone for the adiabatic case
at low (solid) and moderate (dash-dotted line) Reynolds number flows.

references. Therefore, if the primary objective is to reduce flow separation, it is clear that one must
modify the wall temperature in a sufficiently large region around the shock impingement zone.

H. Influence of the Reynolds number

A simulation assuming adiabatic walls at higher Reynolds number (Rel = 885) was also
performed to investigate the influence of this parameter on the size of the mean separation bubble.
Details about the grid spacing and characteristics of the boundary layer at the station where the
shock impinges are found in Tables I and II. For the boundary layer simulation, a good agreement
was found with recently published data [36] in terms of statistical quantities. Results are omitted for
brevity.

For the SBLI case, the size of the interaction length does not appear to be significantly affected by
the Reynolds number (at least for the ones considered here), in agreement with the findings of Morgan
et al. [46]. Figure 17 plots the skin friction across the interaction for simulation at low (Rey =~ 1000)
and moderate (Rey =~ 2000) Reynolds numbers. As expected, we see that increasing the Reynolds
number decreases the friction coefficient of the incoming boundary layer. Second, the magnitude of
the first negative skin friction peak decreases. Moreover, as the Reynolds number is increased, it is
possible to obtain a region where two distinct separation bubbles coexist. We also notice that the size
of the interaction does not appear to be significantly affected by Reynolds number (see also Fig. 12).
Therefore, over the limited range considered, it appears that the impact of the shock strength or wall
cooling is more important than the Reynolds number in determining the size of the interaction length
scales.

Interestingly, the difference in the Reynolds number explains the discrepancy observed between
numerical results and experimental data in Fig. 13. Even if changing the Reynolds number does not
affect significantly the size of the interaction Ly, it does affect the incoming boundary layer and
thus the scaling quantities. As a consequence, the DNS results move toward the experimental points
at higher Reynolds numbers.

This analysis confirms that the reduced Reynolds number database generated in the present work
is suitable to study and measure the influence of wall cooling on the SBLI flow field.

1. Weak vs strong interactions

Defining whether a SBLI flow is separated or not can be ambiguous, especially when comparing
experimental and numerical results. Practically all simulations performed in this study show a
recirculation region (with the exception of SBLI-1.9-3.5). However, it is straightforward to classify
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refer to the separation point and empty symbols to the reattachment point.

them by the strength of the interaction. One way to distinguish them is by the two bumps in the
wall pressure distribution [Fig. 7(b)]. Another way is by analyzing the heat release or the Stanton
number distribution [Fig. 7(c)]. A third way is through the separation and reattachment location of the
mean bubble [Fig. 18(a)]. It is interesting to note that for separated cases with weak interactions, the
flow conditions (shock strength and wall condition) have a larger impact on the separation position
Xgp than the reattachment point xg,; i.e., the reattachment location remains practically unchanged
for weak interactions. This may explain why all curves cross the same point (x* ~ —1), before
gradually relaxing toward the inviscid value (Fig. 19). When the interaction is strong, both locations
are affected (see cases SBLI-1.9-9.5 and SBLI-1.0-11.0). Therefore, as explained in Ref. [3], there
is first a pressure rise at the separation location, followed by a pressure plateau inside the bubble and
a second pressure rise at the reattachment.

The normalization (7) is applied to the separation and reattachment positions and plotted as
a function of the modified separation criterion in Fig. 18(b). One notes that two distinct linear
regions are present for both separation and reattachment locations, in accordance with the analysis
carried out for the interaction region. While the reattachment point practically does not move until
AP/A PS’ep ~ 1.2, for larger values of pressures ratios there is notably a jump that makes the x5,
move downstream.

FIG. 19. Distribution of the mean wall pressure across the interaction zone at various wall-to-recovery-
temperature ratios and deflection angle 8.0°: cases SBLI-1.9-8.0 (dotted), SBLI-1.0-8.0 (solid), and SBLI-0.5-
8.0 (dashed lines). Separation and reattachment locations are also shown with symbols.
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V. SUMMARY

The influence of the wall thermal condition on the canonical case of an impinging shock wave
interacting with a turbulent supersonic boundary layer is a research topic that is underexplored. In
the present work, adiabatic (7,,/ T, = 1.0), heated (T,,/ T, = 1.9), and cooled (T},/ T, = 0.5) wall
conditions are considered for the SBLI at free-stream Mach number M., = 2.28 and several shock
angles. It is observed that wall heating increases the interaction scales and size of the separation
bubbles. On the contrary, wall cooling minimizes the flow separation but has the drawback of
increasing the wall pressure fluctuations, which could have an impact on structural integrity of
high-speed vehicles. The distribution of the Stanton number shows a good agreement with prior
experimental studies and confirms the strong heat transfer and complex pattern within the interaction
region. Numerical results indicate that the changes in the interaction length are mainly linked to the
incoming boundary layer through the displacement thickness §* and friction coefficient C g, as
suggested in previous studies [29,42]. The same normalization used for the scaling analysis were
applied to investigate the separation and reattachment positions. The reattachment location was less
impacted by the flow conditions, remaining practically unchanged for weak interactions. Simulations
performed with variable wall temperature confirmed the scaling analysis, and we conclude that if
the objective is to reduce the flow separation, cooling must be applied in a sufficiently large region
to modify the incoming boundary layer; it is not sufficient to merely modify the conditions exactly
at the interaction.
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