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Modeling of Controlled Shock-Wave/Boundary-Layer

Interactions in Transonic Channel Flow

Richard Benay,* Pascal Berthouze,” and Reynald Bur
ONERA, 92190 Meudon, France

The importance of systems aimed at controlling shock-wave/boundary-layer interactions appears for transport
aircraft in the domain of transonic external flows and for supersonic air intakes in the domain of internal flows. The
calibration of these systems requires powerful predictive calculation methods and therefore improvements in the
modeling of complex turbulent interactions. The need for validation of numerical methods and turbulence models
for this field of applications has motivated experiments aimed at producing exhaustive sets of experimental data
on two-dimensional configurations. These kinds of experimental cases are very useful for model testing because
they permit numerous parametrical numerical studies. This program has been completed in its experimental and
theoretical part for the case of a passive control device, which consists of a feedback of the external flow through a
cavity,covered by a perforated plate located ininteraction region. The main results are presented, and the legitimacy
of modeling injection by Poll’s law is confirmed. The recently defined k-o turbulence model is validated, and its
results are compared with those given by the Chien and Launder-Sharma versions of the k- model. The new
model, primarily tested in the case of supersonic backward-facing step separations, has given satisfactory results

too in simulating these transonic internal flows.

Nomenclature

constant for eddy viscosity

hole diameter of the perforated plate

energy per unit mass; instantaneous, Favre averaged,

generalized

i* = internal energy;instantaneous,Favre averaged,
generalized

= porous wall coefficient

turbulent kinetic energy

Mach number

porosity of the perforated plate

production term

laminar and turbulent Prandtl numbers

* mean and generalized static pressures

stagnation (reservoir) pressure

suction mass flow rate

laminar and turbulentheat fluxes

constant of perfect gases

static temperature

total tensor of molecular constraints

stagnation temperature

time, thickness of the perforated plate

; = mean velocity components

reference velocity, 384 m/s

theoretical Favre fluctuating velocity components

X-wise and Y-wise mean velocity components

X-wise and Y -wise velocity fluctuations

! cross correlation of velocity fluctuations

streamwise coordinate along the channel lower wall,

origin at the nozzle throat

Cartesian coordinates
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= coordinate normal to the channel lower wall
reduced distance from the wall

constant of the k-w model

ratio of specific heats

Laplace operator

constant of the k-0 model
boundary-layerdisplacement thickness
turbulent dissipation

laminar and eddy viscosities

molecular kinematic viscosity coefficient
density

mean free path of turbulenteddies
molecular and turbulent shear-stress tensors
= constants for diffusion terms
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Introduction

HE interest in various concepts of flow control is now well es-

tablished;theirresulting technicalapplicationsare widely used
for improving performance of aerospace vehicles. These techniques
concern both external and internal aerodynamics. Particularly im-
portant phenomena that have to be controlled are the interactions
between shock waves and the boundary layer occurring on the wing
of transonic transport aircraft. Techniques for achieving control of
this interaction can be roughly classified into two families, namely,
1) control by variations of the profile’s geometry and 2) control
by boundary-layermanipulation. This last family of techniquesim-
plies the addition of suction or blowing devices that can compro-
mise performance of the overall vehicle specifically by the weight
added by their presence. Boundary-layer manipulationis also used
for internal flows mainly in the case of supersonic inlets to reduce
or prevent separation at shock impingement location. Manipulation
techniques are expected to reduce the shock strength and to bleed
off the boundary layer, thus reducing separation and/or preventing
flow fluctuations.

Boundary-layer manipulation tools can themselves be classified
into two subfamilies: active control devices that suck a part of the
boundary layer through a slot and passive control devices. It is re-
called that the principle of passive control consists of establishing
a natural circulation between the high-pressure region downstream
of a shock and the upstream low-pressureregion. This circulationis
achieved through a cavity covered by a perforated plate and placed
underneaththe shock footregion."? Passive control vs active control
presents the advantage of not including the supplementary weight
and cost of an external suction device. It has been shown that, in
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very limited circumstances, passive control may produceareduction
of an airfoil drag, while postponing to higher incidences the limit
of buffet onset.> This control, when employed in supersonic mixed
compression inlets, appears to be more promising.*> In these cases
the suppressionof large separated flow resulting from the strong in-
teraction of the oblique shock avoids significant efficiency losses in
the air intake and flow distortion at the engine entry. Unsteady phe-
nomenacaused by oscillationsof the terminal normal shock are also
eliminated because of its stabilization by passive control. A tech-
nique derived from the two former ones is hybrid control, which is a
combination of a passive control cavity and a suction slot (or cavity)
located downstream of it.

The objective of the present study was to contribute to the un-
derstanding and modeling of the physical phenomena involved in
a shock-wave/boundary-layerinteraction under control conditions.
This work was first based on execution of basic experiments aim-
ing at detailed descriptions of the interacting flowfield in cases of
passive S active, and hybrid control.” These experiments furnished
a database for the second phase of the study, which was the im-
provement of the physical models implemented in methods used to
predict shock-waveboundary-layerinteractions under control con-
ditions. A major point of interestin the theoretical part of the study,
whose results will be presented here, was the ability of the two-
equation turbulence models to reproduce the evolution of mean and
fluctuating velocity fields.

The experiments were performed in a two-dimensional transonic
channel and examined the interaction between the shock crossing
the channeland the boundary layer developingon the channellower
wall. The mean and turbulent properties of the interaction domain
were determined by means of laser Doppler velocimetry (LDV)
measurements. Numerical simulations of the channel flow have
been carried out with a code solving the Reynolds-averagedNavier-
Stokes (RANS) equations. RANS calculations have become a tool
for obtaining finer predictions of profiles or inlet aerodynamic per-
formancein the industry. At a fundamentallevel, testing more direct
simulation tools such as large eddy simulation (LES) still demands,
for accurate predictions of such flows, computing capabilities that
will not be reached in the near future. Analytical laws were tested
as boundary conditionsto be prescribedat the wall in the control re-
gion. Comparisonsof experimentaland numericalresults were made
for the reference case (without control) and for a passive control
case.

Basic Equations and Presentation
of the Turbulence Models
In the present framework of RANS calculations, the basic
transport equations for the flow, as a consequence of the use of
Boussinesq’s hypothesis, take the following form:
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In these equations, - designates Reynolds averaging and ~ Favre
averaging. The starred variables are introduced in order to take into
account the turbulent kinetic energy. The various preceding terms
have the following definitions:
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is the production term and pe the dissipation term. This choice of
variables, considering k as a component of the pressure, keeps the
familiar form of the viscous gas dynamics equations with the only
exception of the two last terms of the right-hand side of the energy
equation. These two terms, small in comparison with the others in
this equation, are source terms approximated explicitly, the others
being treated implicitly.®

For the evaluation of the eddy viscosity used in this global for-
mulation as a function of two fundamental turbulent scales of the
flow, we will concentrate our attention on a newly introduced k-o
model’ derived from both k-»'® and k-& renormalized!' (RNG)
models. The results obtained with this model will be compared with
the Chien'? (Ch) and Launder-Sharma'® (LS) versions of the k-¢
model.

The transport equations of the turbulent kinetic energy k and its
dissipationrate ¢ in the k—& models are as follows.
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Both models use the following well-known definition for the eddy
viscosity:

Kr = Cufu(pkz/g) (5)

When the k-¢ model of Chien is used, we have the following:
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with Y* = (Y — Yy)[/(powTw)/1w], the subscript w designating
values at the wall.
In the case of the LS model:
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For the k-& model of Chien:
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For the LS model:

Xe =13, C. = 1.4, Co» = 1.92[1 — 0.3 exp(—R%)]

0(e) = —2(upr /p)(Au)* + (Av)*]

The k-0 turbulence model uses an evaluation of eddy viscosity as
an elementary function of the local mean velocity fluctuation and a
length scale o, which has been interpreted as a “mean free path for
the eddies.” The eddy viscosity is then defined to be’

r = pok (7

An expression of the dissipationas a functionof p and o is easily
obtained by equating the definitions given by Egs. (5) and (7) for
wur in the case of fully turbulent flows (f,, = 1), the resulting value
being ¢ = C,,k*/?/o. The transportequation for k in the k-0 model
is Eq. (4) with R(k) =0 and the use of the last evaluation for the
dissipation. Models have generally to be improved near the wall by
adding an intermittence factor f, to the eddy viscosity and various
damping factors on source terms for the transport of eddy viscosity
variables. General rules for establishing such damping functions are
still under study. For the k-0 model we justuse the following factor,
which has the well-known general form

fu.=1—exp(—At/7) (8)

Here ¢/t is the ratio of a turbulent and a laminar characteristic
time’; explicitly, we have t /t = (ur/u)(rT/k) - A is an empirical
constant aimed at calibrating the model to improve for noninter-
acting boundary layers the fitting with experiment of the predicted
Reynolds-stress tensor. This empirical constant is not universal be-
causeit has been noted in recent experimental studies that the influ-
ence of wall roughness on Reynolds-stress level is considerable.!
We determined in Ref. 9 that fixing the value of A around 1/4000
gavethe bestimprovementin the predictionof the supersonicbound-
ary layer developingalonga smooth cylindricalsting. This last value
appearedto be adequatetoo for the presentchannel flow with smooth
walls, where f, providesa fine tuning of the level of computed shear
stresses in the boundary layer before interaction.

The transport equation for the mean free path o has first been
established in the case of homogeneous turbulence without wall
effects. In this case this equation was deduced from that for the
characteristicfrequency w establishedin the k- model of Wilcox!®
and the transport equation for k by a change of variables. This was
done by equating Eq. (7) to the k-w definition for pr, which is in
fully turbulent flows'*:

wur = pk/w) ©

The transportequation for ¢ had to be modified to take into account
more general physical situations. The first essential modification

was the use of the common value 0.7179for the constantdividing ju7
in all of the turbulentdiffusion terms relative to the scalar quantities
transported in the flow. The effective constancy of this generalized
Prandtl number is established and used in the RNG analysis.> It
was necessary to introduce in the transport equation for o a source
term to account for large strainrate effects. By consideringthe RNG
model, this source term has been chosen to be a linear function of
the productionsource term for ¢ transportdefined in this last model.
(Detailed explanations and motivations for all of these choices can
be found in Ref. 9.)
The resulting second transport equation of the k-0 model is then
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turbulent kinetic energy production to the dissipation rate'l:
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Experimental Conditions and Tested Configurations

Experiments aimed at providing data for the validation of theo-
retical models were executed in a transonic-supersonc continuous
wind tunnel supplied with desiccated atmospheric air.® It consists
of a transonic channel having a test section with a height of 100 mm
and a span of 120 mm (Fig. 1). The lower wall is rectilinear and
equipped to receive the cavity for passive control (whose longitu-
dinal cut view can be seen in Fig. 1), whereas the upper wall is a
contoured profile designed to produce a uniform supersonic flow of
nominal Mach number equal to 1.4. The stagnation conditions are
Psio = 92,000+ 500 Pa and Ty =300 £ 3 K. A second throat of ad-
justable cross section is placed in the test-section outlet to produce
by choking effect a shock wave whose position can be monitored in
a continuous and precise manner.

The cavity for passive control is 70 mm long and 60 mm deep
and occupies the entire width of the test channel (Fig. 1). The cavity
is covered by a perforated plate, whose nominal characteristicsare
porosity P =5.67% (the porosity is the ratio between the sum of
the hole exit surfaces and the total surface of the plate), holes of
diameter d = 0.3 mm normal to the lower wall plane, and perforated
plate thickness t =1 mm. This cavity begins 130 mm downstream
of the first throat; the lower wall at the level of this throat in the

flow g )
e e - | N —t - ——
2nd throat
Eall
cavity i
perforated plate b

Fig.1 Passive control experimental setup (dimensions in millimeters).
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median longitudinal plane is taken to be the origin of coordinates.
The location of the shock wave in the outer part of the flow is
fixed at middistance between the origin and the end of the cavity,
this location being accurately obtained by considering the pressure
distributionon the channel upper wall. A reference case with a solid
lower wall was tested in order to allow comparisons with the control
configuration.

The flows under study are qualified by schlieren visualizations (a
schlieren of the controlled interaction is shown in Fig. 1) and mea-
surements of wall-pressure distributions and instantaneous velocity
fields. For the present nominally two-dimensional flow (confirmed
by probingin planeslocatedat 20 mm from the median plane of the
test section in the interaction region”’), the latter are obtained with
a two-component LDV system operated in the forward-scattering
mode.® The flow is seeded with submicronic (0.5-um-diam) droplets
of olive oil injected in the wind-tunnel settling chamber.

The field quantities are given with an accuracy mainly depend-
ing on uncertainties affecting the LDV system calibration and the
statisticaltreatment of the sample of the instantaneousvelocity com-
ponents. For the present experiments these uncertainties are 1) 1%
of the maximum velocity modulus (i.e., the velocity U, of the up-
stream external flow, equal to 384 m/s and taken as reference) for
the mean velocity components, 2) less than or equal to 8% of the
maximum normal stress for the normal stress components of the
Reynolds tensor, and 3) less than or equal to 10% of the maximum
shear stress for the turbulent shear-stress component.

The flowfields have been explored along lines normal to the wall
(Y direction) extending from the surface (Y =0) to an altitude
Y =22 mm and contained in the test-section median plane. This
extent is chosen to be sure to cover the entire dissipative layer and
a part of the outer inviscid flow. Their streamwise locations are in
the range 115 mm < X <260 mm including the control region. Re-
liable measurements with the LDV system, in this two-component
version, are limited to a minimum distance of 0.3 mm from the
wall.

Flow Modeling and Numerical Simulations

The numerical simulations were performed with the NASCA
code,® which solvesthe classicalRANS equations. The code, using a
finite volume technique and a Beam-Warming approachin time for
finding a stationary state,!” is totally implicit, including its modules
treating the turbulence transport equations. The convective fluxes,
for both mean flow and turbulent quantities, are approximated basi-
cally by the Osher and Chakravarthy scheme,'® which is total varia-
tion diminishing and precise up to third order in space following the
values of its parameters. In the NASCA code this scheme has been
extended to approximate the fluxes rigorously to the second order
in space in meshes where important shifts occur between the size of
two adjacentcells.® The approximationsof all of the diffusive fluxes
are also preciseto the second order for such kinds of meshes. To test
the ability of the code to accurately simulate separated flows while
eliminating the uncertainties coming from the turbulence model it-
self, the scheme was first validated for hypersonic laminar flow."”
The implicit mode of calculation has been extended to the transport
of k and of the second fluctuating quantity. The use in Egs. (1-3)
of the generalized pressure p*, in which the coupling variable k is
absorbed, allows, in particular, to calculate successively, at a given
time step, the group of mean flow variables and the two fluctuating
quantities, therefore to invert (4 x 4) rather than (6 x 6) matrices at
each point of the mesh.?

The calculation domain (Fig. 2) is a part of the experimental
channel extending from a far upstream section of the divergent ex-
panding zone (at X =60 mm), where experimental velocity and
turbulent shear-stress profiles are imposed to give well-defined su-
personic inflow conditions, to the end of the channel, where the
experimental pressure is imposed. The solution adopted here for
testing turbulence models accurately consists in calculating ¢ or o
on the inflow boundaryin such a way thatexperimentaland modeled
cross correlation of fluctuations be equal. The evaluation of k from
the experiment that is necessary for this purpose necessitates the
calculation of the third velocity fluctuation correlation component
from the two effectively measured longitudinalones u'? and v’. For
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Fig.2 Computationalgrid (178 X 361).

this we use the classical approximation w” ~ %(u’2 +v?), which is
questionablefor the totality of the flow, and so for the validations we
have focused our attention on comparisons with cross-correlation
values. The second fundamental point is to impose the experiment-
fitted values on the entire vertical width of the channel. The calcu-
lation domain thus includes both upper and lower walls. The tests
of the turbulence models are done by comparisons with represen-
tative experimental field values obtained in a window surrounding
the interaction zone of the lower wall. At the downstream boundary
coinciding with the end of the channel and situated at X =380 mm,
a numerical procedure, which is an adaptation of the characteristic
extrapolation method,® is developed for fixing the static pressure
level.

Passive control is simulated by prescribing the unit mass flow
pv at the wall, the conditions on the other variables remaining un-
changed.The pv value at the wallis obtained by relationsexpressing
a direct dependence of the wall vertical velocity to the pressure dif-
ference between the cavity and the external flow. The relation used
for the computationsis the calibration law of Poll et al.?! To estab-
lish this law, a flow model is developedfor an ideal hole. This means
that the hole has a cylindrical shape and the flow in it is laminar,
incompressible, and pipe like (the ratio of the plate thickness ¢ to
hole diameter d is large). For such a hole there exists a quadratic
relationshipbetween the pressure drop across the perforated surface
Ap and the mass flow rate m:

S = (1/K)(40.7Q +1.950%)
with
Q=m/ut
S = (Apd*/pv*)(d /1)’
The preceding law is valid (ideal hole case) if
t/d > 0.06R,

where R; = Vd /v, V being the bulk or average velocity that is as-
sumed constant (equal to the mean normal velocity component at
the wall, or “hole velocity” v, ).

In the preceding relation one notes that a coefficient K appears.
This coefficient is introduced to generalize the ideal hole case (for
which K =1) for practical situations. The laser-drilled sheets do
not have perfect holes, the holes being larger on the side closest to
the laser (plenum side) and so have an irregular conical shape. In
fact, the value of K is very difficult to obtain accurately because it
appears to strongly vary with the hole diameter. In this approach it
is assumed that each hole behaves as if it were alone, i.e., hole-on-
hole interference is likely to be small. So, the model for the entire
perforated plate is based on the summation of the characteristicsof
a large number of independentholes.
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To take these two remarks into account,one introducesthe poros-
ity P of the perforated plate. Before this let us make explicit the
(Q, S) relation in terms of (v,, p., p); one obtains the following
parabolic relation:

1.21pv], + (32tp/d*)v, — K(p — p.) =0
In the computationsthe preceding equation was solved for the ideal
hole case assumption, i.e., with K =1. Negative solutions corre-
spond to suction, positive solutions to injection. To obtain the ve-
locitydistributionalong the perforated plate, one multiplies this hole
velocity v,, by the porosity P of the perforated plate.

The cavity pressure is fixed to its measured experimental value:
561104500 Pa. The preceding wall vertical velocity law accounts
for a pure dependenceof the mass flow rate to the pressuredifference
between the cavity and the external flow. One can summarize this
fact by a relation: pv = f(p). With the streamwise velocity at the
wall being constant and equal to zero, the continuity equation takes
the form dpv/3dY =0, which implies dp/3dY = 0. The additional
hypothesis of thermal equilibrium at the wall implies the classi-
cally used relations: dp /0Y =0, pu =0, dpe/dY = 0, with the sim-
ple modification pv = f(p). The sign of the vertical velocity at the
wall, positive or negative following the case of blowing or suction, is
determined by the sign of the pressure difference (p, — p) between
the cavity and the outer flow. The mean value of pv being the same
at both ends of the hole, the formulas can be applied at one or the
other side of the perforated plate.

The (178 x 361) grid used (Fig. 2) has been retained after a study
of space convergence of the calculation. The LS model, which is
significantly more sensitive to the mesh than the two other ones, has
necessitated the use of this particularly fine grid. Major attention
has been paid to mesh refinement at the wall. The reduced distance
Y+, defined after Egs. (4) and (5), is equal to 0.57 for the upstream
cell close to the wall. The X distribution of the cell length in the
X direction is shown at the top of Fig. 2. The search for an opti-
mal grid has consisted in successive calculations with various re-
finements until the occurrence of space convergence in the viscous
zones. The two more sensitive zones are the shock impingement
and the near-wall flow. The best way for illustrating our final test
for space convergence is to show the coincidence between results
obtained with (178 x 381) and (355 x 361) grids. The differences
lie in the adjunction of 10 intermediate points between the ones
closer to the wall in the boundary layer and a global doubling of
the points in the main flow direction (X). The skin-friction coeffi-
cient was not measured but has been chosen as an example because
it is the more sensitive to variations of the mesh size (Fig. 3). It
appears first that the shock position does not change by doubling
the mesh longitudinally, no more than the stiffness of the gradi-
ents at its impingement. The plotted skin-friction levels are also
invariant by adding points in the boundary layer. None of the other
variable’s longitudinal or transverse profiles in the viscous zones
varies more than that shown in Fig. 3; their area of maximal rela-
tive variationis smaller than 1%. The results given here are relative
to the reference case, without control of the interaction. The qual-

0.004F T T 4
—— Mesh 178x381 - Chien
Mesh 355x361 - Chien
Mesh 178x381 - LS
0.003 Mesh 355x361 - LS
Mesh 178x381 - Sigma
Mesh 355x361 - Sigma
[T
o 0.002
0.001
0
1 ! ] 1 )
100 200 300
X(mm)

Fig. 3 Skin-friction coefficient evolution on the lower wall: reference
case.

ity of this mesh has been verified, with the same results, in the
case of a controlled interaction with the single LS model. A last
remark is that the test for space convergence has been performed
by looking to the viscous zones of the flow, in which the gradients
caused by the shock spread rapidly. A search for a good resolution
of the shock in the nonviscous zones, imposing considerable grid
refinements and costly calculations, was beyond the scope of this
study.

Comparisons with Experiment
Reference Case

The normalized wall-pressuredistributionsfor the reference case
are plotted in Fig. 4; the smaller than 1% error bar on the exper-
imental values is well represented by the width of the graphical
symbol used to mark them. The dip in calculated surface-pressure
distribution, which is visible close to the upstream boundary situ-
ated at X = 60 mm, is because of the fact that the experimental field
variables at this boundary were measured not closer than 0.1 mm
to the wall. The upstream boundary profile values situated between
0 and 0.1 mm had to be determined by linear interpolation. The
repercussion of this discrepancy on the calculated profile immedi-
ately downstream of the boundary is thus visible on Fig. 4, where
the zone of “reconstruction” of a correct near-wall evolution of the
fields is evidenced. The location where the shock takes place is de-
termined by the pressure levels in the subsonic downstream flow.
These pressure levels are themselves function of the effective walls
formed by the boundary-layerdisplacement thickness that delimit
the equivalent perfect fluid flow. The longitudinal evolution of this
thickness depends on the models. We see therefore that they will
influence strongly the location of the interaction zone. A correct
prediction of this location was obtained only with the k-0 model.
In the case of the k-¢ calculations, it was predicted more than 20 mm
upstream. Comparisons in the zone of interaction between the two
typesof models give,in these conditions, very large errorsin the case
of the k-¢. This does not give significant information on their true
global quality. So, we have preferred to force a downstream pres-
sure level lower than the measured one to adjust the shock position
calculated by the k-¢ models at the right place. The consequenceof
this choice, for a given model, is only a downstream translation of
the wall-pressure step of Fig. 4 without other modification. With the
velocity profiles upstream of interaction being practically invariant,
the fields in the interacting viscous zones stay the same too. The
price of this adjustmentof the shock is that the k-¢ models are sub-
mitted to a pressure step lower than the experimental one between
X =170 and 280 mm. This observation must be kept in mind for
the following comparison of results in the downstream part of the
interaction.

The evolution of the longitudinal velocity profiles is shown in
Fig. 5. We recall from the preceding section that the first boundary-
layer profile on the lower wall, at X =140 mm downstream of
the throat, is in fact the result of a calculation of the noninter-
acting channel flow on the entire width of the channel, because a
given experimental profile was employed at X = 60 mm. This result
proves that the models tested are well calibrated for the calculation

LI LI N N L B L B b

L I Ll i | I L il I | | I | I Ll
50 100 150 200 250
X(mm)

Fig.4 Surface-pressure distribution on the lower wall: reference case.
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Fig.5 Longitudinal velocity profiles: reference case.
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Fig. 6 Turbulent shear-stress profiles: reference case.
of two-dimensional channel flows without interaction. The second [TT T
profile is situated in the interaction region at X =180 mm. The 06 o Experiment
agreement of the three models with experimentis satisfactory. The | —— ko
k-o and LS models predict no negative longitudinal velocitycom- [ = = =~ t‘s (L:?]
I -

ponents in the interacting boundary layer; the Ch model predicts a
zone of such velocities of very small extension between X =157
and 172 mm, extending vertically up to ¥ =0.05 mm. Such a zone
of reversed flow, if it exists, is not reachable by our measurement
facilities. After the end of the interaction zone, at X =220 mm the
same observations can be done for the agreement of longitudinal
velocities with experiment. At X =260 mm, far downstream of the
interaction, the boundary layer has reached a new stable state. An
underestimation, whose amplitude attains 8% of U in the k-¢ cal-
culations, affects the computed profiles in the boundary layer.

The computed shear stresses (calculated in Favre means:
pu’v"/p) are compared to the measured Reynolds tensor compo-
nents u’v’. It has been established in Ref. 22 that the difference
between these two quantities is small for an adiabatic, flat-plate
boundary layer, when the Mach number varies from O to 5. In the
transonic cases the local relative discrepancyis not greater than 2%.
The same observation as for mean velocities can be done about the
good calibration of the models before interaction (at X = 140 mm;
Fig. 6). In the interaction region (X = 180 mm) the effect of the
strong pressure gradienton maximum cross-correlationlevel is am-
plified by the models with respect to experiment. The k-& models
give larger prediction of the maximum of cross-correlation levels,
which will be confirmed in the downstream profiles. The predic-
tion of the near-wall and external v’ evolutions by all models
is good. Downstream of the interaction region (X =220 mm), the
models fit grossly experimental evolutions, except for the near-wall
behavior of the Ch model. The shift observed between the lev-
els predicted by k-¢ models on one hand and by the k-0 model
on the other, at X =260 mm, could be partly explained by the
modification of the downstream pressure level, which implies that

B Passive control cavity |
L I L1 | I L1l I Lt ] I Ll Ll I Ll
50 100 150 200 250

X(mm)

Fig. 7 Surface-pressure distribution on the lower wall with passive
control.

the profiles for the k-¢ models have been submitted to lower
decelerations.

Case with Passive Control

Computed wall-pressuredistributions (Fig. 7) show the difficulty
of simulating injection through very small holes with a continuous
approximation made on a discrete mesh. An entirely rigorous cal-
culation of this problem should have been done by meshing each
hole, which is unrealistic with present computing capabilities. We
will see in the following results that the apparently rough approx-
imation made to treat this porous wall condition is almost correct.
At the beginning of the perforated plate (Fig. 7), the peak appearing
on the computed wall-pressure values at X =130 mm is a con-
sequence of the sudden change of boundary condition between the
two surroundingmesh points. The numerical approximationand the
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Fig.9 Transverse velocity profiles with passive control.

experimental resolution are not sufficient to give an account of the
true physical process. Downstream of the midcavity, the computed
pressure recovers more satisfactory levels. A modification from the
imposed experimental pressure levels on downstream boundary was
necessary for the k—¢ calculationsin order to adjust the shock to its
experimentally observed position. The amplitude of this shifting
can be seen on Fig. 7. The agreement with experiment of computed
wall pressure from the end of the cavity to the terminal downstream
section is satisfactory with the k-0 model.

Longitudinal velocity levels in the area of maximal wall-pressure
gradient (Fig. 8), at the beginning of the cavity (X = 140 mm) have
been submitted to the effect of the oblique thin compression fan
starting from the boundary between the solid and porous walls. The
crossing of this compression fan, which affects the experimental
longitudinal velocity profiles, can be seen in Fig. 8 between Y =15
and 20 mm. The first mesh point, at which the approximated porous
boundary condition is applied, corresponds to the beginning of the
porous plate (X = 130 mm). For the perforated plate the first row
of holes is located at 1.2 mm after the beginning of the plate, which
corresponds to the distance between each row of holes. The calcu-
lation evaluates a mean normal flux continuously distributed on the
plate’s surface. This approximation could affect weakly the main
features of the global interaction system, like the observed shift be-
tween the computed and experimentaltraces of the compression fan
crossing the external part of the velocity profiles. The evolution of
the longitudinalboundary-layervelocities in this area of interaction
is predicted satisfactorily by the models. An effect of passive con-
trol on the experimentallyobservedinteractionis the occurrenceof a
separated flow of small size at the level of the A-shock system, above
the perforatedplate (see schlierenpicturein Fig. 1). No recirculating
flow appears in the LS calculation; a little recirculating bubble ap-
pearsbetween X = 151 and 167 mm with the Ch model. The results
of the k-o calculationshow a bubblebetween X = 145 and 194 mm.
This last recirculating zone extends vertically up to ¥ =0.03 mm
and coincides partly with an area located between X =170 and
200 mm, where small negative values of the longitudinal velocity

have been measured at ¥ =0.04 mm. In any case the calculated
reverse longitudinal velocities are located too close to the wall to be
compared to experimental values; more measurement points should
beneededto correctlydefine the reversed flow region and thus to val-
idate turbulence models in this separated region. As a consequence
of this defective capture of the reversed flow, the response of the
boundary-layerflow to local compressionsis too roughly simulated
by the models. This fact can be observed in Fig. 8 at X =180 and
220 mm. At the end of the interaction area (X =220 mm) and in
the downstream boundary layer (X =260 mm), it can be noticed
that the velocity defects are more important when passive control is
applied. This result is the contrary of the expected boundary-layer
bleeding-off effect, which aimed at getting fuller velocity profiles
in air intakes.

An important test for the validity of injection modeling at the
wall is the prediction of near-wall vertical velocity profiles. As a
preliminary verification, the calculated residual mass flow rate per
unit span across the perforated plate, which must approach the null
experimental value, has been expressed as a ratio of the mass flow
ratedeficit oy Uyd; in the upstreamboundary layer. In all of the cases,
the value of this ratio has been found to be lower than 10~>. More
detailed information is presented in Fig. 9. Upstream of the com-
pression system (X = 140 mm), wall injection is predicted by all of
the models. Data at this station are compared with those obtained
without control; these last data make apparent the error bar on the
vertical velocity profiles. We verify indeed that these near-wall val-
ues without injection, which must clearly tend to zero, are affected
of the 1% of U, error defined before. When injectionis performed,
the main global effectis the occurrence of a strong vertical gradient
of normal velocity. This induces a supplementary decrease of the
longitudinalmomentum distributionjust before interaction with the
shock. In the external part of the boundary layer, global discrepan-
cies of the nonviscous flow have a more spectacular effect on these
small velocities; in particular, the location of the calculated cross-
ing expansion fan is about 5 mm higher than the experimental one.
Downstream of compression (X = 180 mm), a wall suction is found
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Fig. 10 Turbulent shear-stress profiles with passive control.

by all of the models, as imposed by physics and confirmed by exper-
iment. The effect of the upstream injection is stronger than that of
the boundary-layerbleeding-off applied locally in the suction area,
and the global result is a thickened downstream boundary layer.
To attempt to obtain more satisfactory outgoing velocity profiles,
holes situated upstream of the normal shock should be inclined in
the downstream direction* As for the upstream injection, the three
models predict close values for the small velocity flow sucked at the
wall (Fig. 9). Taking into account the experimental uncertainties,
this modeling of the passive control of an interaction gives a predic-
tion of the gross tendencies of the field’s evolution. The observation
of the following predicted profiles downstream of the interaction
area confirms the preceding comment.

At the interactionbeginning (X = 140 mm) the LS and k-0 mod-
els anticipate the growth of the maximum u'v’ level, which is not
the case with the Ch model (Fig. 10). The agreement between the
LS and k-0 models at X =180 mm is better for this controlled in-
teraction; the Ch model strongly overpredicts the maximum level
of u’v’. Downstream of the interaction area, the better agreement
between the LS and k-0 models is confirmed. The main reason for
this is that the interaction starting point is fixed precisely at the be-
ginning of the porous wall. In the preceding totally free interaction
models found slightly different positions of interaction beginning,
which induced an important part of the observed shift in the spatial
position between the respective computed interaction domains. The
problem of the too rapid near-wall variation of the cross-correlation
levelin the downstreamboundary layer remains with the Ch model.

Conclusions

Anexhaustiveset of experimentaldataon free and controlledtran-
sonic channelflow interactionshas been established with the aim of
testing both wall-injection and turbulence models used to simulate
such physicalsituations. A firstresultis the ability of Poll’s injection
law, which was established mainly with theoretical arguments, to
correctly evaluate the normal velocities at the porous wall when the
cavity pressure is known experimentally. Such an efficient evalua-
tion of mass injectionshould be useful for shorteningNavier-Stokes
computations aimed to predict the effect of passive control device.

The second resultis that the dependency of the models’ near-wall
behaviorwith respectto the occurrence of injection has not been ev-
idenced. The necessity of particular modifications of low Reynolds
corrections added to a given model for taking into account small
velocity injection does not appear clearly at this level of modeling.

The newly defined k-0 model, which was already validatedin the
caseof supersonicbackward-facingstep separation,” has been tested
on the present physical situation without modification. This test has
been performed by comparison with Chien and Launder-Sharma
versionsof the k- models, which are known to be well calibrated for
predictingboundary-layerflows when the gridis sufficiently refined.
In comparison with the others, k-0 model uses only a single low
turbulent Reynolds number correction, which is done by means of a
damping factorof the eddy viscosity. The models appearto represent
adequately the gross features of the flow, namely the longitudinal
velocity componentfor all of the models and the wall-pressurelevels

for the k-o . If we take into account the experimental uncertainties,
the prediction of suction/injection velocities by the models is rather
satisfactory. The prediction of the Reynolds stresses, like in any
interacting boundary layer, has still to be improved.
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