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COMPUTATIONS OF INTERACTION OF

AN INCIDENT OBLIQUE SHOCK WAVE WITH

A TURBULENT BOUNDARY LAYER ON A FLAT PLATE

UDC 532.517.2:532.533.601.155N. N. Fedorova and I. A. Fedorchenko

Results of numerical simulation of interaction between an oblique shock wave and a turbulent bound-
ary layer formed in a supersonic (Mach number M = 5) flow past a flat plate are presented. The
computations are performed for three cases of interaction of different intensity, which result in an
attached or detached flow. Numerical results are compared with experimental data. The effect of flow
turbulence and shock-wave unsteadiness on flow parameters is studied.

Key words: shock wave, boundary layer, separated flow, turbulence, heat transfer.

Along with the physical experiment, mathematical simulation plays an important role in studying high-
velocity turbulent flows for design of supersonic and hypersonic flying vehicles and developing methods for flow
control. Shock wave–boundary layer interaction has been extensively studied [1–5]. It is known that dynamic and
thermal loads due to such an interaction are usually critical for the flying vehicle. At the same time, the structure
of the resultant flow is rather simple, which makes it possible to analyze its specific features and evaluate the
possibility of using the turbulence model and numerical algorithm for predicting the expected loads.

The flow structure in the interaction region significantly depends on the flow regime in the boundary layer and
shock-wave intensity and angle of incidence [1]. Depending on the interaction intensity and shock-wave incidence
angle, either regular or irregular reflection can occur. Irregular reflection is observed at moderate supersonic
velocities and high angles of shock incidence. A reflected shock with a straight-line segment arises near the boundary
layer. If the incident shock-wave intensity is small, reflection occurs without boundary-layer separation. An increase
in shock-wave intensity leads to a transonic configuration of interaction with a λ-structure formed at the base of the
incident shock wave [1]. In addition, several types of shock wave–boundary layer interaction are possible, leading
to different types of reflected waves [6].

If the incident shock intensity is rather high, a separation region can be formed; a laminar boundary layer
separates at a lower threshold pressure. In the case of a turbulent boundary layer, the separation-region length is
commensurable with the undisturbed boundary-layer thickness, and the separation-region thickness is much smaller
than the latter.

In considering turbulent separation, special attention is paid to mechanisms of flow separation and reattach-
ment in regions of shock wave–boundary layer interaction and to the effect of the Reynolds and Mach numbers on
parameters of these regions.

It was shown [7] that a particular angle of the incident shock wave that gives rise to flow separation corre-
sponds to each value of the Mach number. This is confirmed by studying shock wave–boundary layer interaction in
supersonic diffusers.

Interaction of a turbulent boundary layer with a compression wave was experimentally studied in [8, 9] for
a Mach number M = 2.9 and Reynolds numbers Re = (2.2–5.9) · 104.

Results of experimental studies of interaction of an incident oblique shock generated by an 8◦ wedge with
the boundary layer for M = 2.3 and Reδ = 6 · 104 are described in [10, 11].
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Interaction of a turbulent boundary layer with an incident shock wave generated by a flat wedge whose angle
could be varied was considered in the experiment of [12]. The dependences of the separation-region length on the
shock-wave incidence angle for M = 2.96 are given. As the shock-generator angle increases, the shock intensity also
increases, disturbances propagate to a greater distance, and the separation point is shifted upstream. The separation-
region size also depends on the Reynolds number. At high values of Reynolds number, the shock-generator angle
corresponding to incipient separation increases with increasing Reynolds number for all Mach numbers considered
[12], and the opposite tendency is observed for comparatively low values of Re [2].

The influence of the free-stream Mach number on the character of three-dimensional interaction of a shock
wave and a turbulent boundary layer was considered experimentally and theoretically in [13]. The angle of the
shock generator varied from 4 to 22◦, M = 2–4, and Re1 = (50–80) · 106 m−1. It was found [13] that the flow
parameters in the interaction region depend on the flow Mach number and shock-wave intensity. The agreement
between the computations and experiments worsens with increasing interaction intensity.

The parameters of the separation region on a flat wall of a rectangular-section nozzle for M = 2.9 and
Reδ = 9.73 · 105 under adiabatic wall conditions were experimentally studied in [14]. Data on static pressure
distributions on the plate surface for attached flows and for flows with separation are presented. The measurement
results are in agreement with experimental data of other authors.

Experimental results for M = 1.30–1.42 are described in [15]. For different shock intensities, events with
incipient separation, developed separation region, and large separation bubble are considered. The measurements
show that a high level of turbulence affecting flow parameters is generated in the first phase of interaction corre-
sponding to intense deceleration. Therefore, the neglect of normal components in impulse and turbulent energy
equations is invalid in the region of the shock-wave base, where the flow experiences significant deceleration. It was
found that the boundary layer is significantly nonequilibrium in the course of interaction. Since the lifetime of large
structures formed in the zone of intense turbulence is rather long, relaxation of a new state of equilibrium further
downstream is a long process.

The normal and tangential components of the Reynolds stresses for M = 2.9 in the case of an adiabatic
wall were measured in [16]. It was shown that the normal components of the Reynolds stresses are rather low in
the entire flow region, and the gradients of tangential components of stresses in the interaction region are small as
compared to the pressure gradient.

An important issue of shock wave–boundary layer interaction is heat transfer [17]. In the case of shock-
wave incidence onto the surface and separation incipience, the heat-flux distribution on the surface can become
significantly nonuniform. Heat-flux peaks are of significant danger for the vehicle structure, and it is important to
accurately predict them for practical applications.

Experimental results for M = 4, Re = (1.3–1.5) ·107, and Tw/T0 = 0.59–0.65 (Tw is the wall temperature and
T0 is the free-stream total temperature) are presented in [18]. The shock-wave angle to the surface of a sharp flat
plate where the measurements were performed varied from 17◦8′ to 22◦8′. The pressure and heat-flux distributions
on the plate surface were considered.

Heat transfer on a flat plate in two- and three-dimensional interaction of an oblique shock wave and a
boundary layer at M = 3 and 5 was considered in [19]. It was noted that the heat-flux peak increases with
increasing shock-wave intensity. Based on the maximum pressure value, one can evaluate the maximum heat flux in
the interaction region, using correlation analysis. Interaction of a streamwise oscillating shock wave with a laminar
and turbulent boundary layer on a flat plate was considered in [20]. The experimental work [21] involved the study
of typical features of the flow in the region of interaction of an oscillating shock wave with a boundary layer on the
body surface; the parameters varied in the experiments were the frequency and amplitude of oscillations and the
shock-wave intensity. The general features of the flow in the interaction region were revealed, and the dependences
between the maximum values of pressure and heat fluxes in the interaction region were found. An analysis of the
flow pattern in the region of unsteady interaction showed that the separation region for Re = 1.37 · 106 acquires
a clear stable three-dimensional wavy structure similar to Taylor–Görtler vortices formed in the region of flow
separation and reattachment in the turbulent regime. For an oscillation frequency of 10 Hz and an amplitude of
0.136x0 (x0 is the distance from the leading edge of the plate to the interaction region), an increase in the Reynolds
number from 1.37 · 106 to 2.11 · 106 decreases the scale of the structures being formed. A comparison of heat fluxes
in the region of flow reattachment upon steady and unsteady interaction shows that the greater the shock-wave
intensity, the greater the effect of its oscillations on heat-transfer intensity. This effect is particularly significant in
the case of a turbulent boundary layer.
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Fig. 1. Experimental flow pattern for α = 6◦ (a) and schematic of the computational domain (b): 1) shock-wave
generator; 2) expansion wave; 3) incident shock wave; 4) reflected shock wave; 5) boundary-layer edge; 6) upper
boundary; 7) plate; the arrows indicate cross sections 2–4 and 7–10, where the profiles of mean parameters in the
boundary layer were measured.

Results of numerical computations with the use of different mathematical models and semi-empirical models
of turbulence were described in [22–25]. The results obtained by large eddy simulation were presented in [26].
The main attention was paid to reliability of predicting the flow structure, separation-region size, and dynamic and
thermal loads that occur in such an interaction. It should be noted that the accuracy of computing the parameters of
turbulent separated flows decreases with increasing interaction intensity. Therefore, it seems reasonable to simulate
flows with sufficiently high Mach numbers.

The present paper describes computations for conditions of the experiment performed at the Institute of
Fluid Mechanics DLR (Göttingen, Germany) [27, 28] in the Lüdwig tube for the following parameters: stagnation
temperature T0 = 410 K, stagnation pressure P0 = 2.12 MPa, unit Reynolds number Re1 = 40 · 106 m−1, and
wall temperature Tw = (300 ± 5) K. The shock wave was generated by a plate (shock generator) whose angle of
inclination α determined the incident wave intensity. The free-stream Mach number was M = 5. The experiment
was conducted for shock-wave generator angles α = 6, 10, and 14◦ corresponding to an attached flow and to flows
with local and large-scale separation regions.

The experimental data of [27] have been already used as a test case for verification of numerical algorithms
within a European Space Agency/European Space Research and Technology Center project [29]. A comparison
of results obtained by various computational codes developed at the Computational Aerodynamics Department of
the Swedish Defence Research Agency (FFA, Sweden), Technical University in Munich (Germany), and Dassault
Aviation (France) and different turbulence models showed that the best agreement with the experiment for the
case of weak and moderate interaction is achieved by using the EARSM full explicit algebraic model of turbulence
proposed in [29] and based on the Wilcox turbulence model [30].

Figure 1a shows the flow pattern for the case α = 6◦, which was constructed on the basis of schlieren
pictures, measured total and static pressures, and velocity profiles in cross sections 2–10. A detailed description of
the experiment and results obtained can be found in [27, 31].

The computations were performed within the framework of the full Favre-averaged Navier–Stokes equations
supplemented by the Wilcox two-parameter turbulence model [30]. The model and computation methods were
described in [31, 32].

The computational domain was bounded by the upper, input, and output sections and by the plate and did
not include the shock generator (Fig. 1b). The velocity, density, and temperature profiles in the input section 1
were determined by boundary-layer computations under the condition of matching of experimental and numerical
values of integral boundary-layer characteristics and skin friction. Undisturbed flow conditions were imposed in the
input section 2. In section 3, the conditions were found by solving an inviscid problem on an oblique shock wave:

ū = 0.983, v̄ = −0.1, ρ̄ = 1.66, T̄ = 0.09 for α = 6◦;
ū = 0.95, v̄ = −0.17, ρ̄ = 2.1, T̄ = 0.105 for α = 10◦;
ū = 0.91, v̄ = −0.23, ρ̄ = 2.63, T̄ = 0.12 for α = 14◦.

Here, ū = u/U∞, v̄ = v/U∞, ρ̄ = ρ/ρ∞, T̄ = T/(cvU2
∞), p̄ = p/(ρ∞U2

∞), cv = 715 J/(kg ·K) is the air specific heat
at constant volume, and U∞ = 825 m/sec and ρ∞ = 0.215 kg/m3 are the free-stream velocity and density.
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Fig. 2. Distributions of the boundary-layer parameters (a–c) and skin friction (d): curve 1 and points 5 refer to the
undisturbed flow, curves 2 and 3 and points 4 refer to weak shock wave–boundary layer interaction (α = 6◦); the
computations were performed by the boundary-layer equations (curves 1 and 2) and full Navier–Stokes equations
(curve 3); points 4 and 5 refer to the experimental data.

The conditions of the “simple” wave and the so-called “soft” conditions were imposed on the upper and right
boundaries, respectively. The boundary conditions for velocity on the plate surface were the no-slip conditions. In
accordance with test conditions, the wall temperature was assumed to be constant: T = 300 K. A rectangular
regular grid refined toward the plate surface was used; in most cases, the grid had 200 nodes along the plate and
150 nodes in the direction normal to the plate surface.

The flow parameters in the input section were calculated by the boundary-layer equations. Within the
framework of the same model, the boundary layer subjected to an external pressure gradient was calculated for the
case of unseparated interaction (α = 6◦). The pressure distributions for these computations were taken from the
experiment. Figure 2 shows the experimental and computed distributions of boundary-layer parameters (δ, δ∗, and
δ∗∗) and skin friction Cf for the undisturbed flow and for the case α = 6◦. The turbulence model was identical in
computations by the boundary-layer equations and full Navier–Stokes equations. An analysis of Fig. 2 shows that
the integral thicknesses δ, δ∗, and δ∗∗ calculated by the boundary-layer equations are in good agreement with the
experimental values, but the skin friction behind the interaction point is significantly lower than the experimental
value.

Figure 3 shows the schlieren pictures and computed density fields for three cases of interaction. The numerical
and experimental data are in good agreement, namely, the positions of the incident and reflected shock waves and
the λ-structure formed owing to separation, and also the separation-region size.

Figure 4 shows the experimental and numerical distributions of pressure, skin friction, and Stanton number
for all cases of interaction. The open points in Fig. 4b refer to data obtained by velocity-profile measurements [27],
and the filled points show data that were obtained by an optical method for skin-friction measurement [28]. The
computed pressure distribution agrees with the experimental one in all cases of interaction. Reasonable agreement
of skin-friction distributions for α = 6 and 10◦ should also be noted.

A comparison of mean velocity, density, and temperature profiles for different wave intensities [31] shows
that the experimental and numerical data are in good agreement in the case of weak and moderate interaction.
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Fig. 3. Schlieren pictures of the flow (above) and computed density fields (below) for
α = 6 (a), 10 (b), and 14◦ (c).

362



1
2
3
4
5
6

à b

x, mm450400350300250
0

4

8

6

2

12

10

P/P1

c

x, mm450400350300250
0

2

1

3

5

4

6

St.103

x, mm450400350300250
_2

2

0

4

8

6

10

C . 103
f

Fig. 4. Distributions of pressure (a), skin friction (b), and Stanton number (c) on the wall: the curves and points
refer to the computations and experiment, respectively, for α = 6 (1 and 4), 10 (2 and 5), and 14◦ (3 and 6).
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Fig. 5. Skin-friction distribution for different values of external turbulence (α = 14◦): the curves
refer to the computations for ke = 10−3 (1), 2 · 10−3 (2), and 4 · 10−3 (3); points 4 and 5 show the
experimental data obtained by different techniques.

The greatest difference in data, especially in the near-wall region, is observed for the most intense interaction. For
α = 14◦, the computations underpredict the values of skin friction and boundary-layer thickness, which leads to
significant differences in the profiles of mean gas-dynamic parameters, and overpredict the heat-flux values at the
reattachment point.

A possible reason for this disagreement can be the failure of the turbulence model used to reliably predict
turbulence generation due to interaction with strong shock waves. The properties of turbulence models in separated
flows were considered in many papers (see, e.g., [22, 29, 30, 33]), where various modifications of existing models
for improving the predictions of flow parameters were suggested. Note, no parametric study of turbulence models
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Fig. 6. Effect of oscillation amplitude on the Stanton number distribution for an
oscillation frequency f = 1000 Hz: the curves show the computations for A = 0 (1),
0.5 (2), 1.1 (3), and 2.5 (4); the points show the experimental data.

was performed in the present work. Another possible reason for the difference in data can be the fact that the
computations ignore some factors inherent in a real physical process, in particular, unsteadiness of the separation
shock, external turbulence, and acoustic waves induced by the generator boundary layer in the zone of the laminar–
turbulent transition. For the case α = 14◦, a series of parametric computations was performed to study the effect
of external turbulence ke =

∑
i

〈u′iu′i〉/U2
∞ and separation-shock unsteadiness on flow parameters. Figure 5 shows

the skin-friction distributions for different ke. The computations show that this parameter has a significant effect
on the separation-region length and distribution of parameters in the interaction region. It follows from Fig. 5 that
the separation-region size decreases with increasing ke. The peak in the Stanton number distribution increases with
increasing ke, which can be attributed to enhanced heat transfer due to more intense turbulent mixing. The fullness
of velocity profiles increases with increasing ke. At the same time, variation of external turbulence does not produce
any significant effect on skin friction and level of heat fluxes behind the reattachment point.

To study the effect of unsteadiness on flow parameters, we simulated the unsteady position of the separation
shock by setting particular conditions in the input cross section of the computational domain. In the input sections 2
and 3 (see Fig. 1b), the shock position depended on time by the harmonic law

y = y0 + A sin (πft + π/2),

where y0 and y are the initial and current shock positions, A and f are the unsteadiness amplitude and frequency,
and t is the current time.

We consider the case of the most intense interaction (α = 14◦). The computations were performed for
different frequencies f and amplitudes A of shock oscillations. Figure 6 shows the period-averaged Stanton numbers
for a fixed frequency f = 1000 Hz and different amplitudes A normalized to the boundary-layer thickness δ ahead
of the interaction region. The peak in the heat-transfer distribution decreases with increasing amplitude. The effect
of the shock-oscillation frequency f for a fixed value A = 1.1 is very small (Fig. 7).

Thus, interaction of an oblique shock wave with a turbulent boundary layer was numerically simulated for
M = 5 for three cases of interaction of different intensity, including interaction with and without separation. The
computations were performed within the framework of the full averaged Navier–Stokes equations supplemented by
the Wilcox turbulence model. The flow without separation was also calculated by the boundary-layer equations.

The values calculated by the simplified boundary-layer model are in good agreement with the experimental
values of integral boundary-layer characteristics, but the skin friction behind the reattachment point is substantially
underpredicted in these computations.

The computations by the full model accurately predict the experimental flow pattern, separation-region
size, and pressure distribution in all three cases considered. For weak and moderate-intensity interaction, the
computations reliably predict the behavior of skin friction and heat fluxes, as well as mean velocity profiles. In the
case of strong interaction, a discrepancy in numerical and experimental values of skin friction and boundary-layer
thickness should be noted, which leads to significant differences in profiles of mean gas-dynamic parameters. In
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Fig. 7. Effect of oscillation frequency on the Stanton number distribution for an
oscillation amplitude A = 11: the curves show the computations for f = 0 (1), 1000
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addition, the computations significantly overpredict the heat fluxes at the reattachment point for moderate and
strong interaction.

Possible reasons for the disagreement between the numerical and experimental results are considered. The
effect of external turbulence and separation-shock unsteadiness on flow parameters is studied. If unsteadiness is
taken into account, the peak in the Stanton number distribution decreases, which ensures reasonable agreement of
the numerical and experimental data.
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