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High-fidelity numerical simulations of an impinging shock interacting with a turbulent
boundary layer at free-stream Mach number Ma∞ = 5.0 are performed for three shock
angles and a weakly cooled wall condition (wall-to-recovery temperature ratio of Tw/Tr =
0.8), matching the experimental conditions of Schülein [AIAA J. 44, 1732 (2006)].
Additional simulations are carried out with a heated wall (Tw/Tr = 1.9) to investigate
the impact of the wall thermal condition on shock/boundary-layer interactions in the
hypersonic regime. The free interaction theory is found to remain valid in the hypersonic
regime even at different wall thermal conditions. The interaction length scaling proposed
by Jaunet et al. [AIAA J. 52, 2524 (2014)] previously validated only at supersonic Mach
numbers, is found to remain viable at higher Mach numbers only if the model coefficient
is adjusted, thus showing that this coefficient is not universal.
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I. INTRODUCTION

Air frames and air breathing propulsion systems of hypersonic vehicles are often exposed to
large aerothermodynamic loads related to a complex interaction between shock waves and turbulent
boundary layers (referred to as SBLI in the following). This phenomenon has most of the time a
negative impact on the aerodynamic performance of the vehicle, through its influence on the global
force coefficients. For example, the flow over an activated control surface creates an oblique shock
which, for a sufficiently large deflection angle, will cause the boundary layer to separate due to
the local adverse pressure gradient. The flow separation resulting from the interaction can induce
instabilities, reducing the performance of the control surface and can generate significant thermal
loads, all of which are critical for vehicle design. The accurate prediction of the aerodynamic heating
in a hypersonic flight is an important step in the design process, which can reduce the weight of the
vehicle, increase the payload, and enhance the fuel efficiency.

The majority of the work on supersonic shock/boundary-layer interactions [1–14] has kept the
wall temperature fixed, most of time at the adiabatic condition, and has not systematically analyzed
the effect of the wall heat flux on the interaction. Only a few experiments have systematically studied
the effect of the wall thermal condition on the SBLI flow field specifically [15–17]. Jaunet et al. [17]
investigated experimentally the impact of changing the wall temperature on a Ma∞ = 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 Tw/Tr = 1 (adiabatic) to Tw/Tr = 1.9 (heated condition).
Three main conclusions emerged from their analysis: (i) the interaction length significantly increases
when the wall temperature is elevated, due to changes in the incoming boundary layer; (ii) the onset
of separation is shifted to smaller shock strengths in the heated case; and (iii) the lower frequencies
of the flow unsteadiness become more important by heating the wall. On the numerical side, only
recently the effect of the wall thermal condition for turbulent SBLI was investigated by means
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of direct numerical simulations (DNS) [18,19]. Bernardini et al. [18] performed simulations of
SBLI at Ma∞ = 2.3 at different wall conditions. Volpiani et al. [19] extended the database and
included several deflection angles. The numerical results indicate that wall cooling minimizes the
flow separation but increases the wall pressure fluctuations. It was shown 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.

As discussed by Settles and Dodson [20], the experimental database for turbulence at Mach
numbers greater than 5 is extremely limited, especially when the focus is the effect of the surface
temperature on the hypersonic SBLI. Elfstrom [21] and Holden [22] performed experiments at free-
stream Mach numbers up to 9.22 and 13, respectively, with different cooled wall conditions. Their
studies indicate that cooling increases the boundary layer resistance to separation at hypersonic
speeds. Schülein and co-workers [23,24] used nonintrusive techniques to measure the skin-friction
coefficient and the heat transfer rate in a SBLI of an impinging shock at Ma∞ = 5 and wall-to-
recovery temperature ratio of Tw/Tr = 0.8. They found a strong increase of the heat flux in the
separation zone. Surface heat transfer was also assessed by Sandham et al. [25] in a transitional
SBLI at Ma∞ = 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. Wagner et al. [26] investigated a Ma∞ = 7.4 SBLI at a compression corner and focused
on the effect of the leading-edge bluntness and the surface temperature. They confirmed that the state
of the incoming boundary layer plays an important role in the characteristics of the interaction, in
agreement with other studies carried out in the supersonic regime [17,19,27]. They showed that a
small change of the leading-edge bluntness or in the surface heating affected the boundary-layer
stability and consequently the SBLI. Despite the promising results, a well-defined boundary-layer
state was not fully determined, making it difficult to reproduce this experiment numerically.

This paper is an extension of our previous work [19] that investigated the effects of nonadiabatic
walls on supersonic shock/turbulent-boundary-layer interactions using direct numerical simula-
tions. The objectives of this study are to (i) analyze the impact of the wall thermal condition and
deflection angles on SBLI in the hypersonic regime by means of high-fidelity numerical simulations,
and (ii) compare our numerical data with the experiment performed by Schülein [23] at free-stream
Mach number Ma∞ = 5.

II. NUMERICAL APPROACH

The three-dimensional compressible Navier-Stokes equations for an ideal gas are solved in
conservative form in a Cartesian coordinate frame as

∂t Q + ∂ jFi − ∂ jFv = 0.

The state vector Q = [ρ, ρui, ρE ]T consists of density ρ, momentum ρui, and total energy ρE =
p/(γ − 1) + ρu2

i /2, where p is the pressure and ui the velocity component in direction i. The ratio
of specific heats is constant γ = 1.4. The inviscid and viscous fluxes are, respectively,

Fi = [ρu j, ρuiu j + pδi j, (ρE + p)u j]
T ,

Fv = [0, τi j, uiτi j + q j]
T .

The fluid is assumed to be Newtonian and according to the Stokes hypothesis, the viscous stress
tensor is given by

τi j = μ

(
∂ui

∂x j
+ ∂u j

∂xi
− 2

3

∂uk

∂xk
δi j

)
.
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The heat flux is modeled by Fourier’s law as

q j = −Cpμ

Pr
∂ jT .

The viscosity is assumed to follow the power law μ = μref (T/Tref )3/4, 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 = RρT , where the nondimensional gas constant is R = 1/(γ Ma2

∞). The
specific heat is Cp = γ R/(γ − 1).

The governing equations are solved using an in-house finite difference code based on a solution-
adaptive 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. [28] is used in
the remainder of the domain. The sensor s = −ξ/(|ξ | + 〈ω jω j〉1/2) is used to identify regions of
shock waves at every time step, where ξ = ∂ ju j is the dilatation, ωi = εi jk∂ juk 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 [29].

The inflow turbulence is generated using the digital filtering technique by Klein et al. [30] and
Touber and Sandham [10], which has been proven to not introduce any significant low frequencies
into the domain. This technique was validated in a previous study [19] and is employed herein.
In this study, filtering length scales of 0.6 and 0.2 δin are used in the streamwise and spanwise
directions. The length scale in the wall-normal direction is taken as 0.04 δin near the wall and 0.2
δin in the free stream, with a smooth transition in-between. The mean velocity and Reynolds stress
profiles are taken from incompressible databases [31,32]. The mean temperature and density are
assumed to follow Walz’s relation, and the fluctuating quantities are assumed to follow the strong
Reynolds analogy (cf. [33]). The shock is artificially generated at the top boundary by enforcing
the inviscid oblique shock solution corresponding to each flow deflection angle and the flow field is
then let to evolve until it reaches a statistically steady state. It is noteworthy mentioning that for the
14◦ wedge cases, the transient time is quite long (around 400δin/u∞), compared to 150δin/u∞ for
the other cases. Periodicity is imposed in the spanwise direction.

The computational domain for all cases has an overall extent Lx × Ly × Lz = 70δin × 10δin ×
5δin, where δin is the boundary-layer thickness at the inlet. Grid nodes are uniformly distributed
in the streamwise (x) and spanwise (z) 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.

The ensemble averages of the flow variables were obtained by considering a total of 200 samples
of the flow field for the boundary layer and 300 samples for the SBLI cases, taken at constant time
intervals 
t = δin/u∞ and averaging in the spanwise direction.

III. MACH 5 EXPERIMENT OVERVIEW

Schülein and co-workers [23,24] conducted a Mach 5 impinging SBLI experiment in the DLR
Göttingen wind tunnel. The nominal free-stream conditions are shown in Table I. The measured
quantities included wall pressure, skin friction, and wall heat transfer. Skin friction was measured
by an oil-flow technique and computed indirectly by the log-law from probe measurements.
Wall heat transfer was measured by infrared thermography technique. The quoted experimental
uncertainties are approximately 2% for pressures, 10% for skin friction, and 20% for heat flux.
The total enthalpy was sufficiently low to make high-temperature effects, including dissociation,
negligible. The upstream boundary layer was fully developed and the oblique shock impinged the
flat plate at ximp = 350 mm from the leading edge. Four configurations were tested, starting from
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TABLE I. Nominal test conditions for Schülein’s experiment. Ma∞: Mach number, P0: stagnation pressure,
H0,∞: stagnation enthalpy, T0: stagnation temperature, Tw: wall temperature, Rem: Reynolds number per meter,
U∞: free-stream velocity, ρ∞: free-stream density, Tw/Tr : wall-to-recovery temperature ratio.

Ma∞ P0 H0,∞ T0 Tw Rem U∞ ρ∞ Tw/Tr

5.0 2.2 MPa 0.41 MJ/kg 410 K 300 K 37 × 106 m−1 825 m/s 0.2159 kg/m3 0.8

a two-dimensional (2D) nominal zero-pressure gradient flat plate boundary layer and with three
different shock generator angles β of 6◦, 10◦, and 14◦. These flow deflection angles produced
attached, incipient, and separated SBLI cases, respectively.

IV. BOUNDARY-LAYER SIMULATIONS

Simulations without the impinging shock are carried out to validate the inflow condition and
assess the state of the turbulent boundary layer. Two wall-to-recovery-temperature ratios are
considered in this study: a weakly cooled wall with Tw/Tr = 0.8 (as in the experiment), and an
additional heated wall Tw/Tr = 1.9. This latter condition was chosen to be in the realistic range since
recent experiments carried out in the same facility achieved wall temperatures up to Tw = 800 K.
The recovery temperature Tr is computed as (cf. [33])

Tr

T∞
= 1 + r

γ − 1

2
Ma2

∞ , (1)

where the subscript ∞ denotes conditions at the edge of the boundary layer (local free-stream), so
that the edge Mach number Ma∞ = U∞/

√
γ RT∞. The recovery factor is taken as r = Pr1/3.

Details of the mesh are given in Table II. 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.

In order to compare simulations at different wall conditions, Volpiani et al. [19] matched the
Reynolds number Re∗

τ = ρ∞(τw/ρ∞)1/2δ/μ∞, following the work by Trettel and Larsson [34].
Since it is not known which specific Reynolds number best describes high-speed wall-bounded
flows across different conditions (Mach, Tw/Tr , shock strength, etc.), the decision in this study
was to compute both Tw/Tr cases at fixed Reθ ≈ 3800, and then to consider an additional case
BL-0.8-5400 at a higher Reynolds number (Reθ ≈ 5400) which matches the same Re∗

τ as in the
heated case. The Reynolds numbers at the shock impinging location (ximp = 40δin) are listed in
Table III together with the estimated experimental values.

Figure 1(a) shows the Van Driest transformed mean velocity profile at station ximp = 40δin

for simulations having weakly cooled walls (BL-0.8-3800 and BL-0.8-5400). The density-scaled

TABLE II. Mesh configuration for the DNS of hypersonic boundary layers. The table presents the wall-
to-recovery-temperature ratio Tw/Tr , the number of points, and the grid spacing in terms of wall units in each
direction.

Simulation Tw/Tr Nx Ny Nz 
x+ 
y+
w 
z+

BL-1.9-3800 1.9 1600 340 140 4.4 0.7 3.8
BL-0.8-3800 0.8 2400 400 200 6.7 1. 5.9
BL-0.8-5400 0.8 2400 440 300 9.7 1. 5.7
BL-0.8-7000 0.8 2600 460 340 11.5 1. 6.5
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TABLE III. Global characteristics of the turbulent boundary layers at ximp = 40δin. The Reynolds numbers
are defined as Reδ = ρ∞u∞δ/μ∞, Reθ = ρ∞u∞θ/μ∞, Reδ2 = ρ∞u∞θ/μw , Reτ = ρwuτ δ/μw , and Re∗

τ =
ρ∞(τw/ρ∞)1/2δ/μ∞, where θ is the momentum thickness and uτ the friction velocity. The experimental values
were estimated at station 356 mm.

Simulation Reδ Reθ Reδ2 Reτ Re∗
τ

BL-1.9-3800 138000 3890 675 175 3150
BL-0.8-3800 90800 3764 1250 390 2390
BL-0.8-5400 134000 5415 1800 552 3395
BL-0.8-7000 173000 6940 2300 687 4235
Expt. [23,24] 180000 7400 1900

(a)

(b)

FIG. 1. Comparison of boundary layers BL-0.8-3800 and BL-0.8-5400 at station ximp = 40δin (lines) with
the incompressible DNS results of Schlatter and Örlü [35] at Reτ = 359 (triangles) and Reτ = 492 (circles).
(a) Van Driest transformed mean velocity profile (solid line). Simulation BL-0.8-5400 is shifted vertically.
The linear u+ = y+ and log-law u+ = 5.2 + 2.44 ln y+ are also represented (dotted lines). (b) Density-scaled
Reynolds stress components: longitudinal (solid line), wall-normal (dashed line), transverse (dotted-dashed
line), and shear stress (dotted line).
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FIG. 2. Assessment of the boundary layer at station ximp = 40δin. Van Driest transformed mean velocity u+

plotted vs y+ = y
√

ρwτw/μw compared to the experiments of Schülein [23] (symbols). The vertically offset
lines are the velocity transformed according to Trettel and Larsson [34] (u+

TL) plotted vs the semilocally scaled
y+

TL. Cases BL-0.8-3800 (solid line), BL-1.9-3800 (dotted line), BL-0.8-5400 (dashed-dotted line), and BL-0.8-
7000 (dashed line).

Reynolds stresses are shown in Fig. 1(b). The incompressible DNS results of Schlatter and Örlü [35]
at similar Reynolds numbers, both (i) Reθ = Reδ2 = 1006 and Reτ = 359 and (ii) Reθ = Reδ2 =
1421 and Reτ = 492 are also shown in Fig. 1 and are in close agreement with the present mean
velocity and root mean square (rms) profiles. Note that the peak of the longitudinal stress occurs
at the same location as in the adiabatic data, but with a higher value due to the fact that the
wall is weakly cooled [19]. This comparison validates our numerical method and proves that the
inflow boundary condition and the development length of 40δin are sufficient to produce realistic
turbulence. For reference, δimp/δin ≈ 1.6 with slight variations among the different cases.

Figure 2 shows the mean velocity profiles from all cases together with the experimental data
from Schülein [23,24]. Curiously, the experimental results do not match with the simulation at the
highest Reynolds number and are instead closer to the intermediate BL-0.8-5400 case in the outer
layer. For this reason, the SBLI simulation corresponding to the boundary layer BL-0.8-7000 was
not performed.

In the same figure, results using the more recent transformation by Trettel and Larsson [34] are
also included, for which

y+
TL = yρ

μ

√
τw

ρ
, (2a)

u+
TL =

∫ u+

0

(
ρ

ρw

)1/2[
1 + 1

2

1

ρ

dρ

dy
y − 1

μ

dμ

dy
y

]
du+

=
∫ u+

0

(
μ

μw

)
dy+

TL

dy+ du+. (2b)

Note that this transformation affects both the velocity and the wall-normal coordinate, i.e., u+
TL must

be plotted vs y+
TL. This “coupling” between the velocity and the coordinate is explicit in the second

form of the velocity transformation (2b). Also note that y+
TL is more commonly referred to as the

semilocal scaling y∗.
While the Van Driest transformation is known to be accurate for adiabatic surfaces, the second

transformation was developed for flows with significant wall heating/cooling. The results in Fig. 2
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TABLE IV. Flow parameters for the SBLI simulations at free-stream Mach number Ma∞ = 5. Tw/Tr : wall-
to-recovery-temperature ratio, ϕ is the incidence angle of the shock generator. H stands for the simulation
performed at higher Reynolds number.

Simulation Tw/Tr ϕ (deg) Tw/T∞ Grid points

SBLI-0.8-06 0.8 6.0◦ 4.36 192 M

SBLI-0.8-10 0.8 10.0◦ 4.36 192 M

SBLI-0.8-14 0.8 14.0◦ 4.36 192 M

SBLI-0.8-14-H 0.8 14.0◦ 4.36 317 M

SBLI-1.9-06 1.9 6.0◦ 10.36 76 M

SBLI-1.9-10 1.9 10.0◦ 10.36 76 M

SBLI-1.9-14 1.9 14.0◦ 10.36 76 M

show that the newer transformation in Eq. (2) better captures the thickness of the viscous buffer
layer. However, we also note that this transformation produces an upward shift in the log-layer,
which stands in contrast to the results on channel flows in Trettel and Larsson [34]. These results
suggest that the newer transformation needs a correction at higher Mach numbers, especially at the
heated condition. This issue is discussed in a separate paper [36].

V. SBLI SIMULATIONS

In this section, the effects of the deviation angle and the wall temperature on the Ma∞ = 5 SBLI
flow field are analyzed. This is followed by solution verification, primarily an assessment of the
effect of the computational grid. Finally, the pressure spectra and similarity scaling are discussed.

The same grid used to run the previous boundary-layer cases is employed in the SBLI simula-
tions. The shock impingement point is set at ximp = 40δin for all cases. In the following, the origin
is placed at ximp, and lengths are made nondimensional with respect to the boundary-layer thickness
δimp at the nondisturbed reference station ximp = 40δin. Thus, the nondimensional interaction
coordinates are written as (x − ximp)/δimp and y/δimp. All SBLI simulations are summarized in
Table IV.

A. Effect of deflection angle and comparison with experiments

As described by Délery and Dussauge [37], there are two shock waves in a weak SBLI: the
impinging shock and the reflected shock formed by the compression waves coming from the front
and rear portion of the expanded boundary-layer subsonic region. In this case, the pressure rises
smoothly through the interaction region attaining the inviscid pressure jump. In a strong interaction,
on the other hand, 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. The flow deflection at the top of the bubble generates
an expansion fan followed by compression waves that may or may not gather with the compression
wave generated at the leading edge of the separation bubble (see Figs. 3 and 4).

Here, we study configurations characteristic of weak, incipient, and strong interactions. Differ-
ently from supersonic SBLI studies, the strong interaction (ϕ = 14◦) presents two strong reflected
waves as illustrated in Fig. 3, which shows the three-dimensional field of the Q-criterion isosurface
colored by the streamwise velocity and dilatation isosurface to illustrate incident and reflecting
shocks. This 3D visualization highlights the turbulent structures of the boundary layer and the
complex waves that are originated by the interaction.
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FIG. 3. Isosurface of the Q criterion colored by the streamwise velocity and dilatation isosurface (gray) for
the simulation SBLI-0.8-14: Tw/Tr = 0.8 and ϕ = 14◦.

We report in Fig. 4 the instantaneous and mean streamwise velocity fields in the xy plane for
cases with ϕ = 6◦, 10◦, and 14◦. It is clear that the size of the recirculation bubble increases when
ϕ increases.

Simulations with Tw/Tr = 0.8 are now analyzed and compared with experimental data. The
average skin friction coefficient Cf = 2τw/ρ∞u2

∞ is displayed in Fig. 5(a) for the three deflection
angles considered. The friction coefficient is qualitatively different from the Ma∞ = 2.3 results of
Volpiani et al. [19], where Cf became distinctly negative immediately at separation; in the present
Ma∞ = 5 results, Cf instead becomes only slightly negative at first, followed by a later dip.

The experiments by Schülein [23] have qualitatively similar Cf profiles (a weakly negative region
followed by a more pronounced dip) but with much earlier separation: the boundary layer separates
about 2 δimp earlier for ϕ = 14◦ and about 1 δimp earlier for ϕ = 10◦. For the ϕ = 6◦ case, the
experiment (data not shown in the figure) indicates attached flow without any separation while the
simulation has a very small separated region.

The reason for this disagreement is not known. One possible explanation is the boundary layer on
the wedge that creates the impinging shock, which would increase the shock strength and also cause

FIG. 4. Instantaneous (left) and mean (right) streamwise velocity field u at various incidence angle of the
shock generator and Tw/Tr = 0.8: ϕ = 6◦ (a), (b), ϕ = 10◦ (c), (d) and ϕ = 14◦ (e), (f). Contour levels are
shown in the range 0 < u/u∞ < 1. The white line denotes the zero level and the black one the sonic line.
Isocontour of the mean dilatation is also shown in dark purple.
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(a)Distribution of the mean skin friction
coefficient

(b)Distribution of the mean wall pressure

(c)Distribution of the mean Stanton number

FIG. 5. Mean flow properties across the interaction zone at various deflection angles and Tw/Tr = 0.8: case
SBLI-0.8-14 (dashed line), SBLI-0.8-10 (solid line), and SBLI-0.8-06 (dashed-dotted line). Symbols indicate
experimental data from Schülein [23]. (a) Distribution of the mean skin friction coefficient. (b) Distribution of
the mean wall pressure. (c) Distribution of the mean Stanton number.

an upstream shift of the shock impingement location. However, this hypothesis is rejected here since
the mean pressure jumps agree very well between the experiment and the simulation [Fig. 5(b)].
Another hypothesis is that the disagreement is a Reynolds number effect. However, the difference
between the high and nominal Reynolds number cases in Fig. 7 is very small, and we therefore reject
this hypothesis as well. The next possibility is that the disagreement stems from differences in the
incoming boundary layer. The skin friction coefficient Cf is slightly smaller in the experiment than
in the simulation, but the Stanton number is smaller by almost a factor of 2 in the experiment. The
temperature in the simulation closely follows the Walz relation (not shown) and is fully developed
at the shock impingement location. The simulation does not have an entropy layer since we do not
include the leading edge in the computation, but this difference should cause a larger wall heat flux
in the experiment, opposite of what is observed; in addition, the experiment was conducted with a
very sharp leading edge which should not cause a large entropy layer. The last hypothesis is that the
discrepancy is caused by three-dimensional (3D) effects, i.e., by the finite span of the plate in the
experiment. Bruce et al. [38] studied the effect of confinement from tunnel walls (and the associated
corner flows) on planar SBLI, and found that the effect could be parametrized by the ratio of the
displacement thickness δ∗ to the width of the test section. In very approximate terms, they found
the effect of confinement to be significant for δ∗/Lz � 0.002–0.004. The equivalent parameter for
the experiment by Schülein [23] is δ∗/Lz ≈ 0.005. While the confinement characteristics of the
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(a)Distribution of the mean skin friction
coefficient

(b)Distribution of the mean Stanton number

FIG. 6. Mean flow properties across the interaction zone at Tw/Tr = 0.8 and deflection angle ϕ = 14◦: base
grid (dashed line), fine grid (squares), and fine grid using Rome’s code (dashed-dotted line). Circles indicate
experimental measurements from Schülein [23]. In (a), the open circles are from oil film interferometry while
the closed circles are from the measured velocity profile. (a) Distribution of the mean skin friction coefficient.
(b) Distribution of the mean Stanton number.

latter is entirely different (a flat plate without sides immersed in a free stream), it nevertheless seems
plausible that the experiment has significant 3D effects. Of particular note is that Bruce et al. [38]
found a rather strong effect on the size and location of the separation bubble. To conclude, while the
reason for the discrepancy between the simulation and the experiment is not known at this point, the
most plausible explanation is that the discrepancy is caused by 3D effects, specifically related to the
effect of the finite width of the flat plate in the experiment. We note that inclusion of the full width
of the plate would increase the computational cost by at the very least a factor of 30.

The mean wall pressure normalized by the free-stream pressure is shown in Fig. 5(b). The
pressure jump predicted by the inviscid theory is well recovered in both cases. As discussed in
Volpiani et al. [19], the mean wall pressure distribution is typical of a weak interaction for ϕ = 6◦
and 10◦ and typical of strong interaction for ϕ = 14◦. In the first case, the pressure rise is smooth,
while in the latter, a pressure plateau is observed.

The heat transfer rate can be characterized by the spatial distribution of the Stanton number

St = qw

ρ∞u∞Cp(Tw − Tr )
, qw = −k

dT

dy

∣∣∣∣
w

(3)

which is plotted in Fig. 5(c). Note that Schülein [23] used the stagnation temperature T0 instead of
the recovery temperature Tr in the definition of the Stanton number; this was rescaled to use Tr in
all plots here. A strong amplification of the heat transfer rate is found in the interaction region with
respect to the reference boundary layer and is higher for large shock strengths. For case ϕ = 14◦,
the heat transfer rate is around seven times higher than the reference boundary-layer case before
the interaction. The Stanton number distribution has a minimum at the mean separation point and
increases nonmonotonically for strong interactions (see also Hayashi et al. [14]).

B. Solution verification

The adequacy of the synthetic inflow turbulence and the chosen inflow development length to
produce realistic fully developed turbulence was assessed above for the boundary-layer simulations.
The focus here is thus mainly on the adequacy of the computational grid in capturing the SBLI
flow physics. This was assessed by computing the SBLI-0.8-14 case (strongest shock, coldest wall;
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(a)Distribution of the mean skin friction
coefficient

(b)Distribution of the mean wall pressure

(c)Distribution of the root-mean-square wall
pressure

(d)Distribution of the mean wall heat flux

(e)Distribution of the mean Stanton number

FIG. 7. Mean flow properties across the interaction zone at ϕ = 14◦ flow deflection: cases SBLI-1.9-14
(dotted line), SBLI-0.8-14 (dashed line), and SBLI-0.8-14-H (solid line). The symbols indicate experimental
measurements from Schülein [23]. In (a), the open circles are from oil film interferometry while the closed
circles are from the measured velocity profile. The plateau pressure prediction according to Zukoski [41] is
also shown in (b). (a) Distribution of the mean skin friction coefficient. (b) Distribution of the mean wall
pressure. (c) Distribution of the root-mean-square wall pressure. (d) Distribution of the mean wall heat flux. (e)
Distribution of the mean Stanton number.
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thus, the most challenging in terms of resolution requirements) on a finer grid using both the base
code developed at the University of Maryland and a different solver developed at the University of
Rome. Both simulations used the same refined grid with 3400 × 460 × 280 points, leading to a grid
resolution of 
x+ = 4.7, 
y+ = 0.5, and 
z+ = 4.2 in the incoming boundary layer. A similar
setup was employed for both simulations, considering the same viscosity-temperature relationship
(power law) and the digital filtering technique for the generation of the turbulent inflow. The two
codes use different numerical methods, including different treatments of the viscous term (sixth-
order finite difference vs finite-volume-like) and splitting of the convective term (Ducros et al. [28]
vs Kennedy and Gruber [39]). The UMD code also employs a gentle sixth-order artificial dissipation
which the Rome code does not.

The skin friction and Stanton number distributions are shown in Fig. 6 for all three cases. There
is very little difference in the distributions between the three cases, verifying that the base grid
is sufficiently fine. It is worth noting that the grid resolution requirements increase dramatically
downstream of the interaction, the viscous length scale decreasing by a factor of ≈7. So, in
a rigorous way, the simulations presented herein are true DNS only up to (x − ximp)/δimp ≈ 4,
and large eddy simulations (LES) from that point on. This is nevertheless deemed sufficient
for this study, due to the small differences between the results from the two different grids.
We also emphasize that this study is focused on the interaction region, which shows very good
agreement between the two grids. The same observation is valid when analyzing the Stanton number
distribution.

It is worth noting that the spanwise domain size is about 3δimp for all cases, while the size of
the separation bubble varies up to 10δimp. Pasquariello et al. [40] performed a careful assessment of
the influence of the domain width on the results for a strong SBLI with a separation bubble of size
15δimp and found virtually unchanged results for domain width down to 2.25δimp. For this reason,
the present domain width is believed to be sufficient.

C. Effect of wall temperature on the SBLI flow field

The spatial distribution of the mean skin friction coefficient Cf is shown in Fig. 7(a). The heated
case separates first and reattaches practically in the same location as the cooled case. The agreement
between numerical and wind-tunnel results is relatively good in the undisturbed boundary layer.
In the interaction, curiously, it seems that the heated case compares better with the experiment at
the beginning of the interaction. For (x − ximp)/δimp > 0, the agreement is better for the cooled
simulation. The skin friction distribution gradually relaxes to that of an equilibrium boundary layer,
but in this region the experimental uncertainty is quite large. Note that the simulation at higher
Reynolds number SBLI-0.8-14-H does not show a big discrepancy if compared to the one performed
at lower Reynolds number. Thus, 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.

The spatial distribution of the mean wall pressure pw for the same cases, as well as the pressure
jump predicted by the inviscid theory, are plotted in Fig. 7(b). Both simulations are typical of strong
interactions, but the pressure plateau for the cooled case is smaller than the heated one. The final
pressure is equal to the inviscid value in both cases. In Fig. 7(b) the plateau pressure prediction by
Zukoski [41] is also plotted as reference.

It was found in supersonic SBLI that the peak root-mean-square wall pressure prms was stronger
in cooled cases [18,19]. At Ma∞ = 2.28, for example, the peak value for a case with wall conditions
Tw/Tr = 0.5 was found to be ∼1.6 times higher than for a case with Tw/Tr = 1.9. Figure 7(c)
shows that for the present configurations, the maximum values of the wall pressure fluctuation are
practically the same in both situations. The wall-pressure fluctuations for simulations with ϕ = 6◦
(not shown) show only one local maximum, similar to the supersonic SBLI results from the previous
study [19]. If the shock strength is very strong, it is possible to obtain two local peaks [40], as in
SBLI-0.8-14. This is related to the shock foot location, specifically that the second reflected shock
bifurcates (see Fig. 8), generating the middle peak. The mean turbulence kinetic energy k = ũ′′

i u′′
i /2
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FIG. 8. Instantaneous dilatation field ξ = ∂ ju j for simulation with Tw/Tr = 1.9 and ϕ = 14◦ (case SBLI-
1.9-14). Contour levels are shown in the range −1 < ξ < 1.

is amplified in the shear layer and also in the reflected shock location as clearly visualized in Fig. 9.
Interestingly, the heated ϕ = 14◦ case (SBLI-1.9-14) shows a further qualitative change with an
extended region of elevated prms between the point of separation and the first prms peak.

Figure 7(d) characterizes the heat transfer behavior across the interaction. Here, the heat transfer
is normalized by ρ∞u∞CpTr to allow a direct comparison between the heated and cooled cases. A
strong amplification of the heat transfer rate is found in the interaction region with respect to the
reference cooled or heated boundary layers, with a maximum increase of approximately a factor of
7 for the cooled wall and 9 for the heated wall. Note that these values are much higher than in the
supersonic cases. The spatial distribution of the Stanton number is displayed in Fig. 7(e).

A useful correlation of heating variation with pressure for shock/turbulent boundary-layer
interaction was found by Back and Cuffel [42]. They stated that the heat flux (or Stanton number)
should scale as

qw,max

qw,0
=

(
pmax

p∞

)n

, (4)

where pmax/p∞ is the inviscid surface pressure ratio across the shock wave, qw,0 is the wall heat
flux value calculated in the incoming boundary layer, here taken at x0 = 21δin. Back and Cuffel [42]
and Holden [22] found n = 0.85 experimentally, while Hung and Barnett [43] obtained n = 0.80.
Figure 10 shows the correlation of maximum heating with shock strength. Also plotted in the graphic
are the laws that best describe the trend. While n = 0.85 describes precisely the trend for SBLI
with a heated wall, for SBLI with cooled walls n is found to be relatively lower at the present
conditions. We also note that the peak Stanton number occurs in the region where we found the
largest uncertainties in the present results during the solution verification, and thus these results
should be taken as approximate.

FIG. 9. Mean turbulence kinetic energy k = ũ′′
i u′′

i /2. Contour levels are shown in the range 0 < k/u2
∞ <

0.04 with Tw/Tr = 1.9 and ϕ = 14◦ (case SBLI-1.9-14). The black line denotes the sonic line. Isocontour of
the mean dilatation is shown in dark purple.
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FIG. 10. Correlation of maximum heating with shock strength. Heated walls (red circles), cooled walls
(blue triangles), and SBLI-0.8-14-H (green squares).

D. Pressure spectrum

The computation of temporal spectra requires long simulation times, which becomes particularly
expensive under cooled wall conditions due to the increased resolution requirements. For this
reason, only the spectrum for the heated case SBLI-1.9-14 was computed. The total simulation
time was 1500 δin/u∞.

The premultiplied wall pressure spectrum f E ( f ) is displayed in Fig. 11 as a function of the
Strouhal number Sr = f δ0/u∞ and the scaled coordinate (x − ximp)/δimp. The spectrum is normal-
ized, at each streamwise location, by the local value of the the root-mean-square quantity, in such
a way that the integral over frequency is unity at each streamwise station. The premultiplied power
spectral density (PSD) is obtained using Welch’s method by splitting the signal in two segments
with 50% overlapping which are individually Fourier transformed. Then, the frequency spectrum
is 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 [44] ensuring
a constant bandwidth in a logarithmic scale.

The map of the wall pressure signal shows that part of the broadband energy in the premultiplied
spectrum is found close to the foot of the first reflected shock, at (x − ximp)/δimp ≈ −9, at
frequencies 2–3 orders of magnitude lower than the turbulent structures of the incoming boundary

FIG. 11. Contours of premultiplied pressure spectrum f E ( f ) for the SBLI-1.9-14 case with a heated wall.
The spectrum is normalized in such a way that their integral over frequency is unity at each streamwise station.
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FIG. 12. Similarity function P [scaled pressure; Eq. (5)] plotted versus X [distance from separation point;
Eq. (6)] evaluated for all SBLI cases. Cases: SBLI-0.8-06 (blue dashed line), SBLI-0.8-10 (blue dashed-dotted
line), SBLI-0.8-14 (blue solid line), SBLI-1.9-06 (red dashed line), SBLI-1.9-10 (red dashed-dotted line),
SBLI-1.9-14 (red solid line).

layer. Note that there is no low frequency oscillation related to the second reflected shock [for
(x − ximp)/δimp from about 0 to 5, say; see Figs. 8 and 9]. Upstream of the interaction zone, the
broadband energy in the premultiplied spectrum 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 is shifted to lower frequencies due
to the thickening of the boundary layer.

E. Free interaction theory

Once a boundary layer separates, the flow field in the region near separation is dominated by the
equilibrium interaction between the boundary layer and the external flow. Although the location of
the point of separation is a function of the location and strength of the disturbance, the interacting
flow upstream of the separation depends neither on the source of separation nor on the downstream
geometry. This observation led Chapman et al. [45] to formulate the “free interaction” theory. A
detailed description of the free interaction theory can be found in Refs. [46–50].

It can be shown that the nondimensional similarity variables within the free interaction zone are
given by

P = p − p0

q0

[(
M2

0 − 1
)1/2

2Cf 0

]1/2

, (5)

X = x − xsep

δ∗
0

[(
M2

0 − 1
)1/2

Cf 0
]1/2

, (6)

where q0 = 0.5ρ0u2
0. The subscript 0 indicates a reference point near beginning of separation

interaction, taken as x0 = 21δin. The similarity function P (X ) is plotted in Fig. 12.
It is remarkable how the initial pressure rise is almost identical among all present cases, including

heated/cooled and different shock angles producing both weak and strong interactions. When
comparing with other studies, however, the P (X ) function does not appear to be universal. Defining
Ps to be the value at the point of separation (i.e., at X = 0), the present cases all have Ps ≈ 1. In
contrast, Grossman and Bruce [51] found values ranging from 3.37 to 5.07, while Matheis and
Hickel [52] found Ps = 1.6 for regular and irregular SBLI at different deflection angles. In a much
earlier study, Erdos and Pallone [46] proposed the specific value Ps = 4.22 for turbulent flow (and

014602-15



VOLPIANI, BERNARDINI, AND LARSSON

Ps = 0.81 for laminar flow). Clearly, the free interaction scaled pressure at separation does not seem
to have a universal value.

In what is presumably a coincidence, the Erdos and Pallone [46] value of Ps = 4.22 instead
corresponds very closely to where the similarity between the different cases breaks down in this
study. Erdos and Pallone [46] also proposed that Pp, the value at the pressure plateau, should be
6.0 in a turbulent flow and 1.47 in a laminar flow. Matheis and Hickel [52] found Pp = 7.4 in their
study, which agrees well with the present cases that display a strong interaction.

F. Interaction length scaling

The interaction length Lint is defined as the distance between the foot of the separation shock
and the extrapolated wall impact point of the incident shock. In this study, the interaction length is
well approximated by Lint = ximp − xsep. Note that the separation location has the same behavior as
the interaction length and that the reattachment position remains constant for weak interactions and
changes only for strong ones [19].

Using mass conservation properties along the interaction, Souverein et al. [27] carried out a
scaling analysis, where the interaction length Lint was normalized by the displacement thickness of
the incoming boundary layer δ∗

0 and the function g3(β, ϕ) = sin(β − ϕ)/[sin(β ) sin(ϕ)] that takes
into account the imposed flow deflection and the Mach number (ϕ and β are the deflection and shock
angles, respectively). They then argued that this normalized interaction length should depend on a
separation criterion defined as 
P/
Psep, where 
P is the pressure jump across the interaction and

Psep is the pressure jump required to make the boundary layer separate. The latter was estimated
as 
Psep ≈ q0/k1, where q0 is the dynamic pressure in the incoming boundary layer and k1 is a
coefficient for which they recommended the values of 3 for low Reynolds numbers (Reθ ≈ 5 × 103)
and 2.5 for higher Reynolds numbers (1 × 104 < Reθ < 3 × 105). The interaction length scaled
according to this scaling is shown in Fig. 13(a) together with a compilation of data found in the
literature. This scaling works well for weak interactions but shows a larger spread between heated
and cooled walls for stronger interactions.

Jaunet et al. [17] modified the scaling relationship through use of the free interaction theory
by Chapman et al. [45] to better account for the effects of wall temperature. Specifically, they
adjusted the estimation of the pressure jump required to make the boundary layer separate to

P′

sep = k2q0

√
2Cf 0/(M2

0 − 1)1/2, which now explicitly depends on the friction coefficient and the
Mach number of the incoming boundary layer. They computed the value of the k2 coefficient as
k2 = 7.14 based on an adiabatic case at Ma∞ = 2.28, and validated the scaling on a range of
cases at that Mach number but with different wall temperatures; this scaling was also found to be
very accurate at the same Ma∞ = 2.28 for heated/adiabatic/cooled walls and different Reynolds
numbers in the DNS of Volpiani et al. [19].

The Jaunet et al. [17] scaling is validated for the present Ma∞ = 5 in Fig. 13(b) together with
the experimental data from [17]. The higher Mach number cases do not collapse on the lower Mach
number ones. Adjusting the coefficient to k2 = 15 produces a much better agreement across the
Mach numbers, which shows that this coefficient is not a “constant”; it depends at least on the Mach
number. We note that the dependence on the interaction strength (or separation criterion) agrees
well after adjusting the k2 coefficient, which shows that the Jaunet et al. [17] scaling does capture
the correct dependence on 
P and Tw/Tr .

VI. SUMMARY

In this paper, high-fidelity numerical simulations of an impinging shock interacting with a
turbulent hypersonic boundary layer were performed and the effects of deviation angle and wall
temperature on SBLI flow field were investigated. The flow conditions match the Schülein [23]
experiments: free-stream Mach number Ma∞ = 5.0, flow deflection angles of ϕ = 6◦, 10◦, and
14◦ with wall-to-recovery temperature ratio of Tw/Tr = 0.8. Additional simulations were carried
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FIG. 13. Normalized interaction length Lint as a function of the separation criteria by Souverein et al. [27]
(top) and Jaunet et al. [17] (bottom). Simulations with cooled (blue triangles) and heated (red circles) wall; open
symbols scaled using the original constants (k1 = 3 in the left figure, k2 = 7.14 in the right), filled symbols
scaled using the modified constant k2 = 15. The compilation of results discussed in Souverein et al. [27]
is also reported: adiabatic walls (open right triangle [3–5,53]) and heated walls (filled right triangle [54]).
Experimental data from Jaunet et al. [17] at Mach (Ma∞ = 2.3) and Reynolds (Reθ = 5 × 103) numbers are
also reported: adiabatic walls (open green diamond) and heated walls (filled green diamond).

out with a heated wall (Tw/Tr = 1.9) to investigate the impact of the wall thermal condition on
shock/boundary-layer interactions in the hypersonic regime. It was shown that numerical results do
not match the experimental data, and it was argued that the most plausible cause of this discrepancy
is the presence of 3D effects in the experiment. Since experimental and numerical studies are used
to validate Reynolds-averaged Navier-Stokes (RANS) models, we highlight the importance of both
analyses to be carried out in parallel. We believe that simulations can provide more controlled
results, due to the possibility of validation with numerous boundary-layer data available in the
literature, as done in this study. It is observed that wall cooling decreases the interaction scales and
size of the separation bubbles in agreement with previous studies. The impact of the wall thermal
condition on the wall pressure fluctuations is less pronounced than in supersonic SBLI, where wall
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cooling increases prms. We show that the free interaction theory remains valid in the hypersonic
regime even at different wall thermal conditions. The similarity scaling of the interaction length
remains an open problem. The scaling by Souverein et al. [27] captures the effects of the shock
strength and the Mach number but misses the effect of the wall thermal condition, while the scaling
by Jaunet et al. [17] captures the effects of the shock strength and the wall thermal condition but
misses the effect of the Mach number.
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