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Validation Procedure for the Analysis of Shock-Wave/Boundary-
Layer Interaction Problems
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The present work deals with the validation of hypersonic flow simulation in the presence of strong shock-wave/
boundary-layer interaction phenomena. In particular, we have discussed the meaning of validation from a
numerical and experimental point of view and have shown the consistency requirements that must always be sat-
isfied when performing a numerical simulation. The equations solved are the Reynolds-averaged Navier-Stokes
equations with an algebraic turbulence model. The method employs a Runge-Kutta finite-volume formulation
with symmetric discretization of both inviscid and viscous fluxes. The technique has been applied to analyze
shock-wave/boundary-layer interactions and their effects on heating rates, peak heating location, and separation

extent.

1. Introduction

HE development of high-speed maneuverable re-entry vehi-

cles has refocused attention on the problem of accurately pre-
dicting shock-wave/boundary-layer interaction phenomena. The
latter are often present in regions such as control surfaces, intakes,
etc., and the correct estimates of pressure distribution, heat loads,
etc. is a crucial matter for the design of high-speed vehicles. In-
deed, in hypersonic flows the shock-wave/boundary-layer interac-
tion often produces flow separation, a subsequent reattachment
(either laminar or turbulent, depending on the flight conditions),
a recirculation bubble with a consequent loss in acrodynamic per-
formance, etc.

In the present work we have studied the flow over compression
ramps and have addressed the problem of developing a validation
procedure for analyzing viscous-inviscid interaction phenomena.
This aspect of validation is receiving considerable attention due to
its importance in the development of computational fiuid dynam-
ics tools.! As pointed out by both Marvin! and Bogdonoff,> vali-
dation involves both numerical and physical aspects. The former
requires the assessment of the sensitivity of the solution to the nu-
merical algorithm, grid resolution, and its geometry. Moreover, to
address the numerical aspects of validation the sensitivity of the
solutions to the parameters that affect the accuracy of the scheme
must be investigated for an estimate of the error magnitude.

The physical aspect of validation implies that the experimental
and theoretical knowledge of the phenomena must be taken into
account when analyzing the computational solution. In particular,
in simulating shock-wave/boundary-layer interaction problems
one should always pose the question as to whether or not the com-
puted solution is physically correct. To answer such a question one
must guarantee that the computed results satisfy consistency con-
straints that have to come from theoretical and/or experimental
knowledge. For example, for the problem we have investigated a
few fundamental aspects are well-established (and should be re-
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covered by any computed solution): 1) in the near leading edge re-
gion, if one neglects high Knudsen number effects, the solution is
affected by the (strong) viscous interaction; 2) along the leading
edge flat plate the behavior of the solution should recover a bound-
ary-layer-type solution up to the extent of the upstream influence;
3) in the region where the interaction takes place the computed re-
sults should be consistent with well-established experimental cor-
relations; and 4) along the ramp the behavior of the flow, past the
reattachment if separation arises, can be characterized by the invis-
cid pressure jump.

In the present work we have developed a validation procedure in
light of the preceding considerations and have analyzed flows over
compression ramps (both from the experimental and numerical
point of view) for a variety of flow conditions differing in Mach
and Reynolds numbers, ramp angles, geometry, etc.

In the next section the numerical and experimental procedures,
as well as the validation approach and some applications, will be
described.

II. Numerical Procedure
The governing equations are the two-dimensional, Reynolds-av-
eraged Navier-Stokes equations. In vector form one has

d

= Vde+L [(F, -F,)- n] dS = 0

M

The vector unknown W, the inviscid (Fg) and the viscous (Fy)
fluxes are defined as

p pu pv
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where

o = p[grady + (gradv)7] — % w(divv)l

0 = - AgradT
E=e+ u2;v2
h=e+?2

p
H=E+2
p=pRT

and A, e, and R are, respectively, the enthalpy and the gas constant,
and [ is the unit tensor. The laminar viscosity is defined by Suther-
land’s law:

Ww T Trcf+S
Mg Trng T+S

with Tpee = 288 K, Wer=1.789 X 107, and S = 110 K.

The main objective of the present work is not development of a
turbulence model, but the validation aspects of a hypersonic flow
simulation. As a consequence, to account for turbulence, an alge-
braic model has been employed. In particular, the turbulent viscos-
ity is derived using a Baldwin-L.omax turbulence model,® and the
heat conduction coefficient is computed using the Prandtl number
definition.

The equations are discretized by using a cell-centered finite-vol-
ume formulation with symmetric discretization of both the inviscid
and viscous terms. Approximating surface and boundary integrals
by means of the mean value theorem and midpoint rule, the fol-
lowing system of ordinary differential equations is obtained for
each computational cell®’:

.
aw,
i, j . -
S, 7 + Y (Fy 1As), = 0
B=1

where [ stands for the generic cell face, n is the positive unit nor-
mal to the cell face whose length is As, S i is the cell area, and
Fy, is the numerical flux vector.

The numerical algorithm employs a symmetric discretization of
both the inviscid and viscous terms, and time integration is per-
formed by a five-stage Runge-Kutta scheme:

0) n

w = w!,
t

) _ (0) i j (k=1) (0) (k)
sz - Wl_/ —-akS (Rl RV _RAD)z_; (2)

LJ

(n+1) (5)

Wi,j =W, J

where R represents the inviscid (R)), viscous (Ry), and dissipation
(R4p) contributions. The coefficients of the Runge-Kutta scheme
are set equal to

=025, 0,=0.166, 05=0.375, 0,=0.50, o5=1.0

The numerical inviscid flux contribution is evaluated by means
of a consistent conservative cell-centered formulation which
yields:

Ri(W, ) = 3 (Fyopm- myAs

p=1.4

where B indicates the cell faces and the subscript num stands for
numerical. Fg ., at the midpoint of cell face (i +1/2, j) is:

(F,

E,num n)i+ 12,

= 12(Fg, +Fy, ) M

The pumerical viscous flux contribution is cast in the following
form ‘

RV(Wi,j) = 2 (FV,num' n)ﬁASﬁ
B=1,4

where the discretized viscous flux contribution at cell face (i + 1/2,
J) is obtained by means of the Gauss theorem.

Adaptive dissipation is usually added for inviscid flow compu-
tations to prevent oscillations and even/odd point' decoupling.®
Viscous high-speed flows are generally characterized by very
steep gradients that may enhance the nonlinear effects. Conse-
quently, the physical dissipation may not be sufficient to dampen
the oscillations, and adaptive dissipation is still added.” The latter
contribution is defined as:

Ripp(W, ) = z (Fup- ");3ASB

B=1,4
The adaptive dissipation flux Fyj, at cell face (i +1/2, j) is:

(F,p- nAs)iH/z’j

- @ At @ A AT
= 7‘;‘+1/2,j(8i+1ﬂ,inWi,j_£i+)1/2, AN AW, )

J
where A'; and A; represent, respectively, the forward and back-
ward difference operators in the logical i-direction. The variables
Mivip, 8}?1 n, j»and £ . are, Tespectively, the spectral radius
of the inviscid flux Jacobian, and the second- and fourth-order
pressure sensors, defined as:

) . @

&, = kT max(v;_, .V, Vit p Viea, j)
) — 4 (2)

& iip,; = max [0, (k7 —€il), )]

In the present work the classical shock sensor definition (v) has
been used rather than the one recently developed by Swanson and
Turkel.?

HI. Validation Procedure

To develop a validation procedure for analyzing viscous-invis-
cid interaction phenomena, both the numerical and physical as-
pects of validation have to be addressed. In particular, the numeri-
cal aspect amounts to assess the sensitivity of the solutions to the
numerical algorithm, grid resolution, and its geometry, as well as
the sensitivity to the parameters that affect the accuracy of the
scheme. This aspect has been investigated in detail and the meth-
odology followed is described in the application section.
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Fig.1 Ramp flow.
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The physical aspect of validation requires a careful analysis to
guarantee that the computed solution is consistent with experimen-
tally measured data, as well as theoretically well-established be-
haviors. Moreover, the flow conditions have to be carefully ana-
lyzed a priori for a proper modeling (i.e., laminar, turbulent,
transitional, nonequilibrium effects, etc.).

In particular, in simulating flows over compression ramps (char-
acterized by shock-wave/boundary-layer interactions) one can
identify different regions.

In the near leading edge region (region I of Fig. 1), neglecting
high Knudsen number effects, the flow is dominated by strong vis-
cous interactions. As a consequence, the pressure, the skin friction,
and the Stanton number distribution depend strongly on the vis-
cous interaction parameter % and should compare well with the
viscous interaction results. For example, for the test case analyzed
herein, the pressure can be estimated by the formula:

pﬂ =1+A% 3)

oo

where ¥ = (M3/JRe) J(p, 1)/ (p..1L..), and A depends on ¥
and the wall temperature.

The preceding formula is of great usefulness. Indeed, it can be
used to assess the quality of the near leading edge grid to obtain an
accurate resolution of the leading edge shock and its interaction
with the boundary layer.

Along the leading edge flat plate and up to the interaction (re-
gion II), the behavior of the flow is of a boundary-layer type, and
the Eckert reference enthalpy method can be employed to evaluate
the high Mach number effects on the skin friction (¢;) and Stanton
number (S7) yielding:

n #\-n(1-w) n
¢; =KRe] G—) (pﬂ) @)
St=1/2 Pr-2 )

where K = 0.664 and » = 0.5 for laminar conditions, and K
=0.0583 and n = 0.2 for turbulent conditions, and ® = 3/4 is the
exponent of the viscosity law. Observe that Egs. (3-5) show that
the skin friction and Stanton number are affected both by the Mach
number (through the temperature dependency) and the viscous in-
teraction parameter. The reference temperature 7*(a given temper-
ature within the boundary layer) can be evaluated by means of the
following formula!®:

T

T* 2 Tw
7 =1.+0.032 M, +0.58(——1) 6)
In the region where the interaction takes place (region III of
Fig. 1) the computed results should be consistent with the results
of the free interaction theory as described in Refs. 11 and 15. Ac-
cordingly, the separation can be characterized by the conditions of
the flow immediately upstream of the interaction, i.e.,

P—Py
99

= (2¢,)" (M- F().(;L’&) 7

where the subscript 0 indicates the conditions upstream of the in-
teraction. F is a function that correlates the pressure rise to the dis-
tance measured with respect to the beginning of the interaction
(normalized by the distance L from the origin of the interaction
where the pressure reaches a plateau).

Equation (7) can be used to obtain the values of the plateau and
the separation pressures for both laminar and turbulent flow condi-
tions. Indeed, at separation, F is equal to 0.79 and 4.2, respec-
tively, for laminar and turbulent conditions, while in the recircula-
tion region F is equal to 1.46 and 6, respectively, for laminar and
turbulent plateau values.

SHOCK-WAVE/BOUNDARY LAYER

Another parameter that characterizes the presence of separation
is the incipient separation angle that is defined as the (ramp) angle
at which the flow first separates. Such an angle can be correlated
to the Mach number and the interaction parameter ¥ (Refs. 11

and 12)
9, ~ (c* )B
B Re,, ®)

where C* = (p,W,) 7 (p..1,.) and Re,q is the Reynolds number,
using the interaction location as reference length. The experimen-
tally determined values of ¢ and B are, respectively, 80 and 0.25
for laminar flows, and 42 and 0.086 for turbulent flows.

Along the ramp (region IV of Fig. 1) the flow is mainly charac-
terized by the (strong) shock wave that arises at the wedge hinge,
and the peak heating correlates well with the inviscid pressure
jump as suggested by Hung and Barnett.! For fully laminar flows
(corresponding to Re; < 5 X 10°) we have:

5 1.13
Do _ 0.13(@) 9)
qref pl

and for transitional or turbulent flows:

5 L13
Iok _ 0.468(Re, X 10°6)185 - (’ﬁ) (10)
ref Py

The use of the preceding formula requires knowledge of the ref-
erence heating. Numerical experiments performed by two of the
present authors!® have shown that such a quantity can be defined
by means of Eckert’s formula, evaluated at the location immedi-
ately before the location where the interaction takes place, yield-

ing:
~ - T
Grp = St- (1 + Pr® Y——Z lMi-Tﬁ)peuehm an

where St is a reference Stanton number evaluated by means of Eq.
(5), and o = 1/2 for laminar flows, and oo = 1/3 for turbulent flows.

In the presence of a laminar-turbulent transition, a critical point
is the evaluation of the transition location. Experimental correla-
tions, mainly extrapolated from lower Mach number regimes and
based on the analysis of the boundary layer characteristics, can be
used to evaluate the transition onset. In particular, in the present
work the transition location has been estimated by extending an
experimentally developed criteria for hypersonic boundary layer
transitions on sharp cones.?

logo(Re,) = 6.421 exp[1.209 X 104 M2 ] a2)

Moreover, it must be pointed out that the preceding formula ac-
counts for neither the properties of the boundary layer, nor for the
viscous interaction effects. Therefore, a different correlation for-
mula, derived from flight data, that gives the transition position as
a function of the Mach number and the Reynolds number, based on
the momentum thickness (8,), has been used:

Reet

<K(M,Re,%, ) (13)

e

where Reg, = (p,U,.0,)/1L, and K = O(100 + 200), and the momen-
tum thickness can be evaluated from Eckert’s reference tempera-
ture method.

IV. Applications
The flow over compression ramps has been analyzed, and the

geometry and the conditions of the different test cases are given in
Table 1.
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Table 1 Geometry and test cases conditions

Test case A B.1 B.2
M, 10 10 10
Re.,/m 9x 108 1.68 X 10°  1.68 X 10°
T..K 50 525 52.5
Toas K 288 290 290
L, cm 25 17.9 17.9
L, cm 10 7.1 9

o, deg 15 15 25

Table 2 Characteristics of the grids used
for test case A

Grid  Mod. Xir AR Dymin/Ly
1 L — 1.6:26.8  0.790E-4
2 L/T 0.02 1.9:522  0.400E-4
3 L/T 0.02 3.0:229 0.920E-5
4 LT 0.02 3.4:155 1.30E-5
5 LT 0.02 2.1:333 0.630E-5
6 LT 0.02 1.5:782 0.270E-5
7 T 0.02 1.2:1962  0.110E-5
8 L/T 0.02 1.5:782 0.135E-5

Test Case A: Transitional Flow

For this test case the model consisted of a flat plate, with a sharp
leading edge set at zero incidence in a supersonic uniform flow of
Mach number 10. This plate, with a span equal to 200 mm, was
equipped with a ramp of angle o = 15 deg. The model had a total
length of 347 mm, with the distance L, between the leading edge
and the ramp hinge line being equal to 250 mm. The tests have
been executed in the hypersonic blow-down facility of the
ONERA Chalais-Meudon Establishment, with a stagnation pres-
sare of 125 X 10° Pa and a stagnation temperature of 1100 K, lead-
ing to a unit Reynolds number close to 9 X 108/m. In the present
experiments, the wall of the model was at ambient temperature
(T,, = 288 K) and the surface measurements were performed in the
model plane of symmetry. The pressure distribution was deter-
mined by means of PSI-type transducers placed as close to the ori-
fices as possible to minimize the response time, thus allowing a
correct stabilization of the transducers’ indication. The heat trans-
fer distribution was determined by the thick wall calorimetric
method with Chromel-Arcal-type thermocouples.!” The Reynolds
number level of this experiment was such that the first part of the
separation induced by the ramp was laminar, as demonstrated by
Schlieren photographs and the behavior of the wall heat transfer.
However, the amplitude of the heat transfer peak at the reattach-
ment tends to prove that transition began somewhere between sep-
aration and reattachment, taking into consideration the correlation
of Hung and Bamett.!4

This test case, corresponding to case II1.3 of the Hermes Work-
shop,? has been analyzed to assess the influence of the grid sensi-
tivity and to show the importance of a correct modeling of the
problem.

Several computations have been performed, differing in the total
number of cells. In particular, a 176 X 64 and a 352 X 128 points
mesh were selected for analyzing both the effects of grid refine-
ment and the influence of stretching and aspect ratio distribution
for a given grid. The assessment of the grid properties on the solu-
tion is useful when limited computing resources are available so as
to minimize the number of cells needed to obtain solutions as ac-
curate as possible. The characteristics of the grids are given in
Table 2, in which the minimum mesh spacing in the normal direc-
tion, the nondimensional transition location, the aspect ratios, and
the modeling (i.e. laminar or turbulent flow) are specified. The
computed pressure coefficient and Stanton number distribution ob-
tained using the grids labeled 6 and 8 in Table 2 are reported in
Figs. 2 and 3. For a given aspect ratio distribution, doubling the

number of the mesh points in the two directions affected mainly
the extent of the recirculation region and separation shock loca-
tion. The peak values of the pressure and heating rates were rather
insensitive. Computations were also performed on a grid with
88 X 32 points (not reported here) yielding a dramatic change in
the flow characteristics: no separation in the flow was observed.
The influence of the total number of mesh points (V) is summa-
rized in Fig. 4, which shows the separation and reattachment shock
locations, and the peak values of pressure and Stanton number vs
1/N.

Figures 5 and 6 compare of the computed pressure and Stanton
number distributions along the wall with the experimental values,
with the assumption of fully laminar flow. An increase in the as-
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Fig. 4 Influence of grid refinement.
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pect ratio affects the resolution of the leading edge shock (whose
effects, however, are limited to about 10% of the plate), the loca-
tion of the separation and reattachment shocks (and the extent of
the separation), and the inviscid pressure jump. Good resolution of
the flow up to the recirculation bubble can be obtained with a mesh
having an aspect ratio ranging between 1.5 and 700. The computed
and analytically evaluated [see Eq. (4)] skin friction distributions
are reported in Fig. 7. The figure shows that nearly all the grids
were able to recover the boundary-layer-type solution. However, it
must be pointed out that the peak heating cannot be well-predicted
if one assumes an entirely laminar flow. Indeed, applications of the
transition criteria given by Eqs. (12) and (13) indicated that the
flow was laminar up to the hinge line. This was mainly due to the
strong compression across the separation shock, which acted as a
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0.20 L EXPERIMENTS .o ;
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Fig.5 Test case A: pressure coefficient (laminar computation).
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Fig. 6 Test case A: Stanton number (Jaminar computation).
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Fig. 9 Test case A: pressure coefficient (turbulent computation).
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Fig. 10 Test case A: Stanton number (turbulent computation).

disturbance amplifying mechanism.* In particular, the transition
criteria given by Eq. (13) is reported in Fig. 8, which shows that,
for the present test case, the parameter Reg/M, < ©(10%) up to the
hinge line.

Therefore, several computations were performed by assuming
laminar flow up to the location where Reg/M, = ©(200), which cor-
responds to about 5 mm past the hinge, and by assuming fully tur-
bulent flow afterward. With these assumptions made we also used
a different grid having a maximum aspect ratio = 2000. The com-
puted pressure and Stanton number distributions are reported in
Figs. 9 and 10, which show a dramatic improvement of the resolu-
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0.08 : v ] deg and 0, = 25 deg, the total length of the models being equal to
235 mm for o/ = 15 deg and 269 mm for o0 = 25 deg. The length L,
K 0.04 was equal to 179 mm in the two cases, with a span of 150 mm. The
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Fig. 13 Test case B: skin friction coefficient.

tion with the correct physical modeling of the flow, and a deterio-
ration of the solution on the last grid due to its excessive stretch-
ing, which in turn yielded a poor resolution of the upper part of the
recirculation bubble.

The flow details are shown in Fig. 11, where the iso-Mach lines
for the fully laminar and the transitional test cases (corresponding
to grid 6) are reported. The reduction of the upstream influence
when the flow was transitional is clearly evident.

experiments were executed at Mach 10 in the hypersonic low-Rey-
nolds-number blow-down wind tunnel of the ONERA Chalais-
Meudon Establishment for the following stagnation conditions:
pressure of 2.5 X 10° Pa, temperature of 1100 K, yielding a unit
Reynolds number equal to 1.65 X 10°/m and a molecular mean
free path equal to 0.4 mm. These values were intended to insure a
laminar flow regime (except in the immediate vicinity of the lead-
ing edge). Surface measurements were executed in the model
plane of symmetry. Pressures were measured by means of high-
sensitivity Validyne transducers placed inside the testing chamber,
with care being taken to achieve stabilized conditions through the
tubing between the pressure orifices and the transducers. Heat
transfer was measured by the thick wall method, the surface tem-
perature being determined by platinum films deposited on a ther-
mally insulated insert.!® Due to the much lower value of the Rey-
nolds number, the flow over the 15-deg ramp did not separate,
with the possible exception of a tiny region at the hinge level. The
25-deg ramp, leading to the formation of an extended separation,
was equipped with fences to minimize finite span effects, which
otherwise were found to be important.
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Fig. 15 Test case B: iso-Mach lines (step 0.5).

For this test the Reynolds number was rather low, and the vis-
cous interaction parameter was ¥ = 5.4. As a consequence, the
viscous effects played an important role in the establishment of the
flow characteristics. Moreover, the application of the transition
criteria used before indicated that laminar flow conditions could be
assumed throughout as shown in Fig. 8. For the given conditions,
Eq. (8) yields an incipient separation angle o, = 18 deg. Indeed,
both the computed results and the measurements showed an ex-
tended separation only for the larger ramp angle. For this test case
computations were performed on a 220 X 64 mesh with a mini-
mum mesh spacing (in the normal direction) approximately equal
to 4.5 X 102 mm and an aspect ratio ranging between 0.90 and 12
for the 15 deg and 1.70 and 10 for the 25 deg case.

The computed pressure, skin friction, Stanton number distribu-
tions, and iso-Mach lines are reported in Figs. 12-15. From the fig-
ures we observe that the solutions corresponding to the two ramp
angles agreed very well up to the region of the upstream influence,
thus confirming the boundary-layer character of the solution along
most of the leading edge flat plate. In the case of o = 25 deg the
flow separated at x = 4.76 cm upstream of the corner with reattach-
ment at x = 7 cm downstream of the hinge line. The computed
pressure and Stanton number distributions show very good agree-
ment with the measured ones, even though some differences in the
separation region were observed. Moreover, the computed results
show a faster recompression for the 25 deg case. In the figures we
have also reported the values of the pressure and the peak heating,
evaluated by means of the previously described correlation formu-
las. The comparison shows that the discrepancies between the
computed and analytically evaluated values are of the order of
10 %.

V. Conclusions

In the present work we have developed a validation procedure
for the analysis of shock-wave/boundary-layer interaction phe-
nomena. However, it must be said that the approach presented here
is applicable to different kinds of problems. In'particular, we have
shown that validation implies both numerical and physical aspects.
The former amounts to an assessment of the sensitivity of the solu-
tion to the grid (geometry, smoothness, aspect ratio, total number
of mesh points, etc.) and to the numerical parameters affecting the
numerical solver.

From the computed results we have shown that the aspect ratio
of the mesh (primarily through the near wall mesh spacing) affects
the leading edge shock resolution and the interaction region. Grid
stretching improves the accuracy of the solution in terms of separa-
tion, plateau and reattachment pressures, peak heating, etc. How-
ever, in the presence of a recirculation bubble an excessive stretch-

ing may lead to a deterioration of the resolution in the upper
portion of the bubble with a consequent loss in the solution accu-
racy. Moreover, the streamwise resolution affects primarily the ex-
tent of the separation and the location of the separation shock.

The physical aspect of validation requires that experimental and
theoretical knowledge of the problem should always be verified to
assess the consistency of the computed and experimental solution.
In particular, for strong shock-wave/boundary layer interactions
we have shown that up to the region of upstream influence the
flow recovers the boundary-layer behavior. In the interaction re-
gion the flow structure is determined by the separation and reat-
tachment shocks, while the inviscid pressure jump determines the
evolution of the flow past reattachment. Hence, a successful simu-
lation requires a careful analysis of the physical problem. Indeed,
we have shown that even the use of a simple model may lead to
reasonably accurate results. For example, transitional flows can
successfully be simulated by using a simple algebraic turbulence
model if the latter is coupled with transition criteria.
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