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Influence of Inflow Turbulence in Shock-Wave/
Turbulent-Boundary-Layer Interaction Computations

G. A. Gerolymos,* E. Sauret,” and 1. Vallet*
Université Pierre-et-Marie-Curie, 75252 Paris, France

The influence of inflow turbulence on the results of Favre-Reynolds-averaged Navier-Stokes computations of
supersonic oblique-shock-wave/turbulent-boundary-layer interactions (shock-wave Mach-number Mgy ~ 2.9),
using seven-equation Reynolds-stress model turbulence closures, is studied. The generation of inflow conditions
(and the initialization of the flowfield) for mean flow, Reynolds stresses, and turbulence length scale, based on
semi-analytic grid-independent boundary-layer profiles, is described in detail. Particular emphasis is given to
freestream turbulence intensity and length scale. The influence of external-flow turbulence intensity is studied in
detail both for flat-plate boundary-layer flow and for a compression-ramp interaction with large separation. It is
concluded that the Reynolds-stress model correctly reproduces the effects of external flow turbulence.

Introduction

HE boundary-layer state at the beginning of the interaction with
an oblique-shock wave has amajor influence on the flowfield. '
Various studies, both computational and experimental, have been
published on the effects of Mach number M, of Reynolds number
based on boundary-layer thickness Res,, and of the boundary-layer
kinematic shape factor Hy, on the interaction."* On the other hand,
the influence of freestream turbulence has not been extensively in-
vestigated, with the exception of the study by Raghunathan and
McAdam?* on the effects of turbulence intensity 7, in transonic
interactions (shock-wave Mach number Msw = 1.44), on a biconvex
airfoil in a confined subsonic flow (M., = 0.68-0.78).In 1985, these
authors* stated in their introduction that “although there are several
research reports on the effect of flow unsteadiness on boundary-layer
transition and attached turbulent boundary-layers, there is scant in-
formation available as to the effect of flow unsteadiness in general
and turbulence in particular on shock interactions.” Despite the re-
cent major advances in understanding the unsteadiness inherent in
the interaction, the preceding statement is largely valid today.>>°
The purpose of the present paper is to study the influence of inflow
freestream turbulence intensity T, and length scale £7_ in oblique-
shock-wave/turbulent-boundary-layer interactions. The investiga-
tion is based on the numerical integration of the Favre—Reynolds
averaged Navier—Stokes equations with near-wall, wall-normal-free
seven-equation Reynolds stress model (RSM) turbulence closures
(see Refs. 7 and 8). The RSM closures, computational grids, and
numerical procedure used are described in detail by Gerolymos
et al.” Computations presented in this paper were carefully checked
for grid convergence’ and were systematically run with two dif-
ferent RSM closures: 1) the Gerolymos—Vallet’” (GV RSM) and
2) a wall-normal, free version of the Launder—Shima geometric
normals model [(WNF-LSS RSM) see Refs. 8 and 9]. Systematic
assessment of these two RSM closures against experimental data
for oblique-shock-wave/turbulent-boundary-layer interactions’ has
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demonstrated the ability of these models to predict such flows, with
the WNF-LSS?? RSM slightly underpredicting separation and the
GV’ RSM slightly overpredicting separation.

Flowfield Initialization and Inflow Conditions

A review of relevant publications reveals that there are two ways
for generating initial and inflow conditions for the computations:
1) to run a preliminary flat-plate zero-pressure-gradient boundary-
layer computation'® and 2) the use of semi-analytic boundary-layer
profiles.!! The second approach is of course simpler, provided all
important inlet boundary-layer-profile features can be included with
reasonable accuracy, that is, giving a satisfactory fit of the measured
boundary-layer profile at the beginning of the interaction, which is of
course situated farther downstream of the computational domain in-
flow. If the preliminary computations approach is chosen, ' it is very
difficult to match both the external flow turbulence and the correct
boundary-layer integral parameters, that is, momentum thickness
Reynolds number Rey, and kinematic boundary-layer shape factor
H, at the beginning of the interaction, where Reg, =1ii.0 vl i, is
the mean-velocity at the boundary-layer edge,

§ ~
u
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is the momentum thickness, U, is the kinematic viscosity at the
boundary-layer edge, Hy, = &; 0, !is the kinematic boundary-layer

shape factor,
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is the kinematic displacement thickness,
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is the kinematic momentum thickness, and § is the boundary-layer
thickness, as well as the external-flow turbulence. The simple and
versatile procedure described in the present paper is able to generate
a boundary-layer profile for the mean velocity and for the turbu-
lence variables (Reynolds stresses and turbulence length scale) and
include arbitrary values for external flow turbulence (7,, and £7,,
where T, =/ (%ke)ﬁ;1 is the turbulence intensity at the boundary-
layer edge and {7, =k 28;1 is the turbulence length scale at the
boundary-layer edge).

This procedure defines the vector of nonconservative variables
describing the boundary-layer profile, in a local reference frame
(xBL, YBL, ZBL), Where xpp is the tangent-to-the-wall direction,
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ypL 1s the normal-to-the-wall coordinate, and zg; is the normal to
the (xpL, ysL) plane
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where p, = p.[1+ 3(y — l)Mz]V/(V =D is the total pressure at the
boundary-layer edge T, =T, +i? 2/ 2c 1,) is the total temperature at
the boundary-layer edge, i, and M =i,/ (YR, T,) are the veloc-
ity and the Mach number at the boundary-layer edge, respectively,
[upL, ver, wgr]” are the velocity components (parallel to the wall,
perpendicular to the wall, and perpendicular to the plane) " is
the modified turbulent kinetic energy dissipation rate,'> T,, is the
wall temperature, and 7 is the adiabatic-wall temperature-recovery
factor. For all of the applications considered in the present work
7 = 0.89 was taken.!* The procedure developed for computing vg;,
[Eq. (1)] can be summarized as follows. For notational simplicity
we drop the subscripts BL, with the assumption that in this section
x is the tangent-to-the-wall direction, y is the normal-to-the-wall
coordinate, and z is the normal-to-the (x, y) plane.

Compressibility Transformation

The Van Driest transformation'? (also see Ref. 14), invoking the
Morkovin hypothesis (see Ref. 15), is used to relate temperature and
velocity profiles, and to define a corresponding incompressible flow

(i)
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Incompressible Velocity Profile
The equivalent incompressible velocity profile is estimated using
Spalding’s velocity profile'® &g with an additional Coles!” wake-
parameter IT,
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where the implicit definition of i [Eq. (3)] is solved by a New-
ton iteration procedure, y* = (yii,)/V,, is the nondimensional wall
distance, it =u/u, is the nondimensional velocity expressed in
wall units, #, is the friction velocity, v,, is the cinematic viscos-
ity at the solid wall, xyx = 0.4 is the von Karman coefficient, and
B =5.5 (Ref. 16). It is straightforward (after some algebra) to com-
pute analytically
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where dy*/did is computed by straightforward differentiation of
Eq. 3):
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Eddy Viscosity

The preceding velocity profile corresponds approximately to an
eddy-viscosity distribution:

ditine vr,
in
—u'v' =g, I V. = Vrpy tanh | — (6)
y VTou

with an inner eddy viscosity obtained from Spalding’s law!¢ and a
Clauser'® outer eddy viscosity:
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Turbulence Profiles

Then a k—¢ formula'? eddy-viscosity model is used to compute the
turbulence Reynolds number by a Newton iteration procedure, and
then, when local equilibrium'! is assumed (P; = 5,,6*), to compute
&* and k,

- 2
du;
.o  _ inc
CU (ReTinc)ReTinc Vw = VT € =V <

k = \/Rer, Vy,e* 8)

Then a logarithmic-region turbulence structure (see Ref. 19 and for
detailed data compare Refs. 20 and 21), is used to determine normal
Reynolds stresses

wu' = 2k[1 + vV /uu + ww /uu]™!

Wi [v'v = 5.63, W' /w'w’ =3.15 9
External Flow Turbulence

When the external flow turbulence intensity 7,, and turbu-
lence length scale £7, are prescribed and isotropy is assumed
(wu']l, E V] E[ww'], = (TML,LL)Z, and [u'v'], =0), a simple
matching with the earlier determined profiles is applied using
Coles’s wake function!’

[u'u']s-) cos[(r/2)(1 — y/8)]]
(10)

W' (y)8) « |wu + ((wu'l, —

where [.]s- is the previously computed value at the last grid point
within the boundary layer and the absolute value is taken to avoid
small negative values very near the wall that may appear for high T,,,
on fine grids (y* « 1). Exactly analogous expressions are used for
v'v’ and w'w’. Then, k, £*, Reynolds number Rey, , vy, , and u'v’
are recomputed using an iterative procedure. Finally, e* is matched
by &7, by an expression analogous to Eq. (10), to conform with £7,.
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Final Profiles
The already obtained incompressible profiles are then trans-
formed to compressible ones using van Driest'? transformation:

~ Ue . Izinc . ﬁVD
U= _—5—qsinfayp—— —asinf —————
2o, Ue Vo + Byp

x v/4ayps + Byp + Bvp (11)
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(Reynolds stresses are simply multiplied by p[y]). The adjustment
to an external flow turbulence is of major importance, as had already
been suggested by Wang et al.!! in the context of an incompressible
flow boundary-layer method with k—¢ closure.

Streamwise Decay of Turbulence Intensity
Incoming flow turbulence is prescribed by two parameters, 7,

and ¢r_, to which it is easy to add anisotropy information, if avail-
able. Both these parameters are important because they define the
evolution of external flow turbulence, that is, of turbulence inten-
sity at the boundary-layer edge T,,. If external flow turbulence is
isotropic, then the streamwise evolution of turbulence intensity is
described by the following equations for k£ [obtained by taking one-
half of the trace of the Reynolds stress transport equations (see
Ref. 22)] and &, written with the asumptions?? that 1) the mean flow
velocity gradients outside the boundary layer are negligible, that
is, production P = %PN =0, 2) only x-wise gradients exist, and 3)
turbulent diffusion is negligible,

Dk, _ .k ok
= U, = —& = —&
Dt d d(_xﬁ;l)
De, . de, c &? N de, c &? (13)
, = Ue = —Lea— 7 o — L
Dt dx ke d(viir) ke

which is a system of coupled ordinary differential equations for
k. and ¢, with independent variable the Lagrangian time t, =
(x — x1)it; !, that is, the time needed for a fluid particle to go from x;
to x. It is well known?? that these equations can be easily integrated
analytically provided that C.,(Rer)=const. For the Launder—
Sharma'? dissipation equation used, Cy = 1.92(1 — O.3e7Re;2), )
that |C., — 1.92| < 1% if Rer > 1, that is, almost always except at
the final stage of decay. In that case, the following similarity solution

a)

is obtained by rewritting Eqs. (13) as
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where 7 is anondimensional Lagrangian time, which is the similarity
variable of the problem, and ki, &;, Reynolds number Rey,, T,,,
and {7, are values at an initial station x;. Figure la shows how
turbulence decays in the freestream while its length scale increases.
When the expression for the similarity variable n [Egs. (15)] is
used, it is straightforward to reproduce the evolution of external
flow turbulence intensity [Eqs. (16)] T, as afunction of (x — x;) /€7,
(Fig. 1b). Itis seen that, for T,,, = 1%, only 90% T, = 0.9% remains
at a distance of ~20¢7, and that this decay is much faster as T,
increases for example, for T, =5% only 70% T,, remains after
~20¢r,. It is significant that this evolution is independent of i, or
fL.. This means that if a very small £7, is applied, then, at a very small
distance downstream, almost no turbulence remains, until £z, (x)
becomes large enough to slow down axial decay.

Influence of 7, and ¢;_ on Boundary-Layer Turbulence

Before study is made of the influence of external flow turbulence
on shock-wave/boundary-layer interaction, it is necessary to vali-
date the turbulence model ability to predict the influence of T,,, on
boundary-layer velocity and velocity-fluctuation profiles. The ex-
perimental data obtained by Raghunathan and McAdam?® were used
for this purpose. These author§23 measured mean velocity i, and ve-
locity fluctuations u”u” for M, = 0.8 and Re, = 10* zero pressure
gradient turbulent boundary layers with varying T,, =0.34-6.3%,
where subscripts 0o, e, and ¢ indicate values corresponding to up-
stream infinity, outside the boundary layer, and at y = 8g9 5 Or y = 899,
respectively, so that iis =0.995i,, T,, =\/(§k5)/ﬁ3 =0.9957,,),
using a pitot tube and a constant-temperature hot-wire anemometer.
The computational domain L, x L, =0.5 x0.15 m was meshed

60 80 100

b)

Fig. 1 Evolution of decaying freestream turbulence in a uniform mean flow #.€,: a) similarity solution [Egs. (16)] of relative decay of turbulence
parameters €., T, , £1,, and Reynolds number Rer, as a function of the similarity variable (nondimensional Lagrangian time) = (x — xy) &, 1/(k1 e )
[Eqgs. (15)] and b) turbulence intensity T, as a function of the nondimensional axial distance (x — x1)/£y, for various initial values T, [Eqgs. (16)].
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Fig. 2 Influence of turbulence intensity at the boundary-layer edge T,,; on mean flow velocities (a, b) and on streamwise-velocity fluctuations (c, d),
computed on a 401 x 201 grid, using the GV’ RSM (a, c), and the WNF-LSS?® RSM (b, d), and compared with the experimental measurements of
Raghunathan and McAdam? for a zero pressure gradient compressible turbulent boundary layer (M, =0.8, Reg =10*, and Lr, =1 —176).

by a N; x N; =401 x 201 grid (with N; =161 points stretched
geometrically near the wall with progression ratio r; =1.05 and
nondimensional distance of the first grid node away from the
wall y! =0.5). At the inflow of the computational domain, a
boundary-layer profile was generated with I1; =0, and various §;,
T, and £7, were tried until the correct experimental boundary-
layer proﬁle (defined by the three parameters T,, = /(ujuy)/is,
H =§%/0, and Reynolds number Rey) was matched in the inte-
rior of the domain. This is in fact an iterative solution of a three-
parameter §;, T, , £r,, optimization problem. In all of the compu-
tations, £7, =24 i in agreement with the experimental estimations?’
Uy, =1 -179).

Comparison of /i, and \/(u”u”)/ue for T,, =/(u g’ug’)/ug =
0.34, 2.18, 3.14, 3.68, and 6.3%, using both the GV’ and WNF-
LSS%° RSMs (Fig. 2), shows satisfactory overall agreement. Pre-
dictions with both RSMs are quite similar (but not identical). The
agreement of mean-velocity profiles with measurements is quite
good (Fig. 2) correctly predicting the filling up of the velocity profile
near the wall (at constant Rey = 10*) as T, s increases. With regard
to the streamwise normal Reynolds stress u”u” (Fig. 2), the overall
agreement is satisfactory, but when locally /(u"u")/i, > 6%, the
prediction underestimates the turbulence intensity. This is true V T,
for example, near the wall for T,; =0.34% (Fig. 2). Despite this

underestimation, both RSMs predict reasonably well the overall in-
fluence of external flow turbulence on the turbulent boundary layer.

Influence of T, on Shock-Wave/
Boundary-Layer Interaction

The method was then used to analyze the effect of external flow
turbulence on an «. =24 deg compression ramp, My, =2.85 and
Res, = 1.33 x 10°, for which experimental data were obtained by
Settles and Dodson,’ Settles et al.,* and Dolling and Murphy?® at
an estimated”® external flow turbulence intensity 7, = 1%. Com-
putations were run on a 401 x 201 grid (grid_A in Ref. 9), which is
sufficient to obtain reasonably grid-converged results.’

Experimental®2+25 wall pressure (P, / Poc) and skin-friction dis-
tributions (Cr,, =7u/[5 ,OOQV2 1) vs the curvilinear coordinate s
along the ramp are compared with quasi-grid-converged results us-
ing both RSM closures for different turbulence intensities 7,,,, = 0.1,
0.3,0.5, 1, 3, and 5% (Fig. 3). It is seen that up to T, ,, = 1% the
influence is small, whereas for the higher turbulence intensities
Ty, =3% and 5%, the computed separation zone is substantially
reduced. On the other hand, the level of C s, downstream of the in-
teraction is strongly increased (Fig. 3) with increasing T, . Despite
the absence of experimental data for various 7, necessary for the
validation of the model predictions, results are quite plausible in
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o experiment (Dolling-Murphy, 1983), T',_~1%
o experiment (Settles et al., 1976), T, ~1%

a experiment (Settles-Dodson, 1994), T\, ~1% 285
........ v = 5% - s Ty = 5%
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T = 1 , = 1%
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o experiment (Dolling-Murphy, 1983), T', _~1%
o experiment (Settles et al., 1976), T, =~1%
a experiment (Settles-Dodson, 1994), T', _~1%
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Fig. 3 Influence of incoming flow turbulence intensity T, on s-wise distributions of wall pressure and skin friction for the o, =24 deg (Refs. 6, 24,
and 25) compression-ramp interaction, M, = 2.85, Res, =1.33 X 106, Hy, =1.19, and £7_, =0.025 m =1.26y, computed on a 401 x 201 grid (grid_A%),
using GV’ and WNF-LSS%° RSMs; experiment T, =1% and computations T, =0.1, 0.3, 0.5, 1, 3, and 5%.
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Fig. 4 Turbulence Mach number Mr levels, computed on a 401 x 201 grid (grid_A”), using GV’ RSM, for the o, = 24 deg (Refs. 6, 24, and 25) com-
pression ramp interaction, M = 2.85, Res, = 1.33 X 106, Hy, =1.19, and £r_, =0.025 m =1.24y, for three different levels of incoming flow turbulence
intensity 7, _ =1, 3, and 5%, and relative variations of upstream influence length! with respect to the extrapolated value Loy, _, for Ty, =0%.
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indicating a substantial reduction in upstream influence length! L,
and in separated region length. In the present work, the upstream
influence length L was measured as the distance from the corner of
the point where p,, = 1.01 p.. If the variation of upstream influence
length Lo relative to its T,,, =0 value Lo, _, (obtained by extrap-
olating the computed results at low 7, ) is examined, it is seen that
the relative effect predicted by both models is very similar (Fig. 4).
A reduction of nearly 70% in L, is observed for T, = 5%. The kink
on the curve observed for T, = 1% is also interesting and requires
further investigation. Note, considering the My = (/(2k))a™" level
plots for various T, (Fig. 4), how for the highest T,  =5% an
initial decay of external flow turbulence is visible, in accordance
with the earlier analysis (Fig. 1b), which predicts a faster decay for
higher T, at fixed £7,.

Conclusions

Two previously validated near-wall WNF RSMs were used
to investigate the influence of inflow conditions on supersonic
(Msw = 2.85) oblique-shock-wave/turbulent-boundary-layer inter-
actions with large separation, and the following conclusions were
obtained:

1) A simple semi-analytic procedure for generating inflow (and
initial) profiles for mean flow and turbulence variables that includes
arbitrarily prescribed external flow turbulence intensity and length
scale, wall temperature, and boundary-layer shape factor was de-
scribed in detail and validated.

2) The choice of the external flow turbulence length scale at inflow
£1,, should not be made arbitrarily because it defines the streamwise
rate of decay of turbulence intensity 7, and, as a consequence, the
turbulence intensity at the beginning of the interaction; this choice
has an increasing influence on decay as T, increases.

3) Turbulence intensity of the incoming flow has a small (but
not negligible) influence on upsteam interaction length at low 7,
(~7% difference between T, =0 and T, =1%) and a much
stronger one for higher 7, (~65% difference between T, =5%
and T, =0%); increasing T, diminishes upstream interaction
length, retards separation, and accelerates reattachment.
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