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1 Introduction

Interactions of shock-waves with boundary layers are a common feature in high-
speed flight. Depending on the nature of the incoming boundary layer such interac-
tions may lead to large unsteady thermal and pressure loads which may reduce the
aerodynamic performance and the structural integrity of hypersonic vehicles. De-
spite numerous investigations our current knowledge of the fundamental physical
mechanisms involved in unsteady shock-wave/boundary-layer interactions (SBLI)
is far from complete and a number of aerospace applications would benefit from
a deeper understanding of the subject. Most of the research efforts in this field
have been directed to the analysis of shock-waves interacting with nominally two-
dimensional turbulent boundary layers [1]. Flows over high-speed vehicles and, in
particular, inside the intakes of their air-breathing propulsion systems are very com-
plex and include interactions of shock-waves with three-dimensional transitional
boundary layers. The transition process is very sensitive to flow conditions and ge-
ometric parameters. Experiments have shown that small roughness elements, less
than a millimetre in height, can lead to early breakdown to turbulence even in a
quiet environment [2]. In high-speed flows, transitional boundary layers can also
be affected by the interaction with shock-waves through mechanisms which are
largely unknown. A detailed study of three-dimensional transitional SBLI will help
understand how shock-waves affect the transition process at high-speeds. The lim-
ited number of studies available in the literature on transitional SBLI show that
for strong interactions (in the convective instability regime) small-amplitude distur-
bances experience strong amplification across the separation bubble due to the in-
stability of the separated shear layer [3]. In addition, transitional interactions induce
higher levels of unsteadiness and stronger thermal loads than in the fully turbulent
case [4, 5].
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The present work focuses on the interaction of a weak oblique shock-wave
with the transitional boundary layer developing behind an isolated sharp-edged
roughness element, complementing the previous work of [6]. The investigation is
conducted by performing direct numerical simulations (DNS) of the transition pro-
cess with and without SBLI, so that the effects of the shock interaction can be clearly
seen by comparing the two resulting flow fields.

2 Methodology

The present study focuses on DNS of the compressible Navier-Stokes equations.
The calculations were carried out using a parallel, multi-block code which uses
a fourth-order central spatial differencing scheme. Time integration is based on a
third-order compact Runge-Kutta method. An entropy splitting approach by Sand-
ham et al. [7] is used to split the inviscid flux derivatives into conservative and
non-conservative parts, thereby improving the stability of the non-dissipative cen-
tral scheme. Periodic boundary conditions are applied in the spanwise direction,
while the walls are considered no-slip and isothermal, with a temperature equal
to the laminar adiabatic wall temperature. The reflection of waves from the do-
main external boundaries is minimised by using integrated characteristic conditions
for the top and outflow boundaries. The inflow is initialised with the compress-
ible laminar similarity solution and a pressure extrapolation boundary condition
is then applied, whereby in the subsonic region of the boundary layer the inflow
conservative variables are calculated by extrapolating the pressure from the do-
main using a first order approximation.The code was made parallel using the MPI
library.

The impinging shock-wave was captured using the method of Yee et al. [8] cou-
pled with the Ducros sensor [9]. The presence of a sharp-edged roughness element
induces small spatial grid-to-grid-point oscillations in the density field due to an in-
herent discontinuity in the derivatives at the roughness edges. The computational
grid was substantially refined near the roughness element and the residual spu-
rious oscillations were treated using a sixth order filter by Visbal and Gaitonde
[10]. The filter is applied at each time step and the conservative variables array
(U = {ρ ,ρu,ρv,ρw,ρE}T ) is updated as follows

U = U−σ
(
U−U f iltered

)
, (1)

where σ = 0.05 so that only 5% of the filtered field was used.
The transition process is initiated by forcing a small broadband acoustic distur-

bance in the free-stream upstream of the roughness element. The forcing takes the
following form

ρ(x, t) = Aexp
(−r̃2)

M

∑
m=1

N

∑
n=1

cos(βmz+φm)sin(ωnt +φn) , (2)
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where M and N are the total number of spanwise wavenumbers and frequencies
respectively. The coordinate r̃ is defined as r̃2 =

[
(x− x f )

2 +(y− y f )
2
]
/Lf , where

Lf determines the radius of the forcing region and x f and y f its centre. Random
phases φ are introduced to avoid spurious high amplitude peaks in the forcing
signal which might trigger nonlinearities. The signal contains N = 18 non-
dimensional frequencies in the range 0.06− 0.4 with steps of 0.02. Here the non-
dimensional frequencies are expressed using the Strouhal number, defined in terms
of the roughness height h∗ and the reference velocity U∗

∞ as St = f ∗h∗/U∗
∞, where f ∗

is the dimensional frequency. The forcing contains M = 25 spanwise modulations.
The amplitude A = 6× 10−5 was selected to introduce disturbances in the linear
regime. Note that here asterisks denote dimensional quantities.

3 Results

As already mentioned the present study focuses on the analysis of DNS data from
two numerical simulations of transition induced by roughness with and without
SBLI at Mach 2.5 and Reδ ∗

in
= 3300. The flow configuration and computational grid

are shown in Table 1 and are the same for the two simulations analysed. The same
table also reports the grid resolution in the turbulent boundary layer and informa-
tion about the sample used to compute statistical data in the two cases. As can be
noticed the interaction studied is relatively weak but still strong enough to trigger
separation. Stronger interactions would induce big separation bubbles making the
simulations both prohibitively expensive and difficult to compare with the case of
no interaction. The grid spacings expressed in wall units are taken inside the tur-
bulent wedge at x/δ ∗

in ≈ 240. The spanwise grid spacing is expressed as an interval
and increases from the roughness centerline to the sides of the turbulent wedge (due
to the grid stretching applied). The grid resolution is typical of fully resolved DNS
studies [11] for both cases, although the grid requirements increase in the shock
interaction case.

Figure 1 shows instantaneous contours of the temperature field on the roughness
centerline plane for the two cases analysed. The main features of the transition pro-
cess can be inferred. The roughness induces a pair of counter-rotating streamwise
vortices (not shown) which lift up low velocity fluid from the wall at the centerline,
thereby creating a region of high shear detached from the wall. The small acoustic

Table 1 Simulation parameters, grid resolution and sampling information.

Wedge angle, degrees 0.0 1.93
Lx×Ly×Lz/δ ∗

in 250×20×60 250×20×60
Nx×Ny×Nz 1989×222×547 1989×222×547
Grid resolution, Δx+, Δy+min, Δ z+ 6.3, 0.73, [2.6,7.6] 7.5, 0.9, [3.1,9.3]
Observation period, TsU∞/δ ∗

in 1200 1600
Sampling frequency, fsδ ∗

in/U∞ 0.1 0.1
Time step, Δ tU∞/δ ∗

in 0.02 0.02
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Fig. 1 Instantaneous contours of the temperature field. The white lines show the shock system
and the balck lines indicate regions of separated flow.
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Fig. 2 Contours of time averaged streamwise velocity very close to the wall (y/δ ∗
in = 0.03).

The white line shows the time-averaged separation bubble.

disturbances enter the shear layer and grow exponentially (initially) leading to the
breakdown of the shear layer, which then quickly drives the transition of the entire
boundary layer. The oblique shock is set to impinge at ximp/δ ∗

in = 118 in a region of
three-dimensional transitional flow. The initial growth of disturbances in the shear
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layer is not affected by the interaction. The shock system, highlighted by the two
white lines in the figure, is weak and does not separate the transitional/turbulent
region of the boundary layer. On the other hand, a relatively large separation bub-
ble is formed in the laminar region, as can be seen in figure 2, which shows time-
averaged streamwise velocity contours near the wall. The white contour line shows
the time-averaged separation bubble. The length Lsep of the bubble ranges from
about 30 inflow displacement thicknesses at the sides of the domain to about 40
close to the transitional region. The figure also shows the foot-prints of a pair of co-
rotating horseshoe vortices immediately upstream of the roughness element and the
big streamwise vortices downstream of it. The latter seem to influence the boundary
layer up to the end of the computational domain.

Figure 3 gives the skin friction at two different locations along the span, namely
z/δ ∗

in = 30 (centerline) and z/δ ∗
in = 36. At the centerline the skin friction suddenly

rises and overshoots the turbulent value, as expected for a transitional boundary
layer. The shock displaces the skin friction peak slightly upstream and, more no-
tably, increases the skin friction in the turbulent region downstream. At z/δ ∗

in = 36
transition happens significantly earlier in the case with shock impingement, sug-
gesting an important effect of the interaction on the lateral spreading of turbulence.
Comparing the skin friction at the two spanwise positions one can notice that the
modifications induced by the roughness in the turbulent region of the boundary layer
are not negligible.
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Fig. 3 Streamwise evolution of skin friction coefficient at two spanwise locations. The grey
shaded area indicates the position of the roughness.

The lateral spreading of the turbulent wedge developing behind the roughness
element is compared in figure 4, where the distribution of turbulent kinetic energy
at y = 1.0 is plotted for the two cases. The effect of the impinging shock is to induce
a region of high turbulent energy. In particular, the streamwise normal stress (not
shown) accounts for the most energy. The region of amplified turbulent intensity is
located at the sides of the turbulent wedge right after the shear-layer breakdown.
Turbulence spreading is fast in these regions so that the wedge thickens rapidly.
Further downstream the turbulence seems to recover the same spreading rate of the
case without interaction.
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Fig. 4 Contours of turbulent kinetic energy at y/δ ∗
in = 1.0

4 Conclusion

The modifications induced by transitional SBLI in the roughness-induced transition
process were studied by direct numerical simulations. Despite the relatively weak
transitional interaction considered, the results show a big influence of the shock on
the transition process and on the state of the turbulent boundary layer downstream of
the interaction. The shock was found to enhance the lateral spreading of turbulence
locally leading to a thicker turbulent wedge.
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