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Numerical Prediction of Laminar Shock/Shock
Interactions in Hypersonic Flow

Domenic D’ Ambrosio*
Politecnico di Torino, 10129 Turin, Italy

Results are presented of a series of numerical simulations of experiments conducted at the ONERA Chalais-
Meudon Research Center and at the Calspan—University at Buffalo Research Center on shock/shock interactions.
The flowfield characteristics are described with the aid of the numerical predictions, and the computed values of
surface pressure and heat transfer are compared with the experimental measurements for purposes of verification
and validation.Issues related to boundary conditions, grid convergence, and time unsteadiness of the computational
fluid dynamics simulations are addressed, and the difficulties that characterize the validation of the computational

results are put in evidence.

Nomenclature
= flux vector
enthalpy, J/kg
Mach number
normal unit vector
pressure, Pa
radius, reference length, m
Reynolds number
surface, m?
temperature, K
time, s
primitive variables vector
velocity components in the x and y directions, m/s
velocity, m/s
volume, m?
conservative variables vector
axis oriented in the direction between two cells
Cartesian body axes, m
distance from the wall of the first cell center, m
angular measurement, deg
dynamic viscosity, kg/m - s
= density, kg/m?
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Subscripts

= cell

cylinder

inviscid

time derivative
viscous

wall conditions

space derivative

= freestream conditions

g=<s<~~gn°
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Superscript

0 = stagnation conditions

Introduction

HE correct evaluation of the heating loads produced by
shock/shock interactions represents a critical problem in the
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design of hypersonic vehicles. In case of airbreathing propulsion,
the phenomenon is typically located at the intake cowl lip, where
the shocks produced by the compression ramps intersect the bow
shock ahead of the cowl, but in general it may affect in a similar
manner the wing or the fin leading edge also.

In the past few years, some experimental campaigns have been
conducted with the aim of better understanding the phenomenon
and of providing data for code validation. In fact, even though the
computationalfluid dynamics (CFD) is widely used today in the pre-
diction of hypersonic flows for design purposes, noticeable efforts
are still necessary to assess the capability and the credibility of CFD
codesto deal with the complex physics and multiple lengthscales.!+?

The two most recent sets of experiments on shock/shock inter-
action were conducted at ONERA Chalais-Meudon, France, in the
wind-tunnel RSCh (Ref. 3) and at Calspan—University at Buffalo
Research Center, in the Large Energy National Shock (LENS)
tunnel.* Subsequently, various numerical simulationshave been car-
ried out for reproducing the experimental data, in particular those
obtained by ONERA. %> In addition, both the experimentshave been
selected for validating CFD capability in the framework of the ac-
tivities of the NATO Research Technology Organization Advanced
Vehicle Technology Working Group 10, Subgroup 3, CFD Valida-
tion for Hypersonic Flight.”8

In this paper, the results of numerical predictions of both the
French and the American experiments will be presented. The paper
is organized as follows. In the next section, the flow patterns that
characterize the most severe shock/shock interference types will be
briefly presented. Then, the model setup and the test conditions of
both the ONERA and the CALSPAN experiments will be described.
Subsequently, a section will be dedicated to introducing the numer-
ical method that was used to carry out the computations. Finally,
the obtained numerical results will be shown and compared with
the experimental data. Issues related to boundary conditions, grid
convergence,and time unsteadinessof the CFD simulations will be
addressed and the difficulties that characterize the validation of the
computationalresults will be put into evidence.

Edney-Type Interactions

Edney-type interactions’ typically occur when an oblique shock
meets a detached shock that forms ahead of a bluntbody. Depending
onthe strengthof both the impingingand the bow shocksand on their
relative position, various shock interference patterns can occur. In
his fundamental work for the study of shock-on-shockinteractions,
Edney’ classified six different types of interference. Among them,
the third and the fourth ones are the most severe cases, leading to
highly localized regions of surface pressure and heat transfer rates
on the body downstream of the interaction. Interference types II1
and IV (Fig. 1) are present when the impinging shock meets the
bow shock where it is strong, that is, between the upper and lower
sonic lines. Because the two interfering shocks have very different
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Fig. 1 Edney-type ITI and IV interactions.”

intensities, a shear line is generated that separates a region with
subsonic flow from aregion where the flow is supersonic.Depending
on the angle between the shear layer and the tangent to the body
surface and provided that the Mach number in the supersonicregion
is sufficiently high, it is possible that the shear layer reattaches on
the obstacle. This situation corresponds to a type III interference
(Fig.1a). Whenthe inclinationof the blunt-bodysurface with respect
to the shear layer is too large, a supersonic jet is formed that is
surroundedby a region of subsonic flow. Sometimes, the supersonic
jetis toocurvedand grazesthe body surface, but usuallyitis directed
toward the body. In such occasions, the flow experiences a final
strong compression across a normal shock at a short distance from
the wall (Fig. 1b). The situationis called a type IV interference,and
it produces the highest levels of pressure and heat transfer on the
body surface.

Model Setup and Test Conditions

ONERA Experiments

The experiments carried out at ONERA in the R5Ch blowdown
wind tunnel® were characterized by the nominal stagnation and
freestream conditions listed in Table 1. The experimental setup
that produced an Edney-type IV interaction’ is shown in Fig. 2.
The shock generator, a prism whose cross section is an isosce-
les triangle with the base 100 mm long and leading-edge angle
of 10 deg, has a spanwise dimension of 100 mm. In the present
experiments, it was rotated 10 deg with respect to the freestream,
so that a wedge/flat plate configuration with 20-deg-wedge angle
was obtained. The cylinder, which was placed with its axis perpen-
dicular to the freestream, has a radius of 8 mm. Because its span
is 100 mm wide, a two-dimensional flow can be assumed at the
middle of the model, where the measurement equipment was
mounted. The relative locationsof the cylinder and the wedge could
be varied to obtain different types of shock/shock interactions. In
particular, for the Edney-type IV interference, the distance between
the leading edge of the shock generator and the cylinder center
was 110 mm along the x axis and 53 mm along the y axis. Two
models of the cylinder were built and equipped with pressure taps
and thermocouples to measure surface pressure and heat transfer,
respectively. In addition, a dual-line coherent anti-Stokes Raman
scattering technique was used to perform instantaneous measure-
ments of temperature and density inside the flowfield.

Table1 Experimental conditions

at ONERA
Condition Value
70 1,050 K
p° 250,000 Pa
Too 525K
Poo 5.9 Pa
My 9.95
Reso 1.66 x 10° m™~!
Rey1 0.008 m

Yi

35.635

53

102

Fig. 2 Model used in ONERA experiments for Edney-type IV
interaction’; dimensions in millimeters.

Fig. 3 Model used in the CALSPAN experiments for the Edney type
IV interaction’ ; dimensions in millimeters, run 38.

CALSPAN Experiments

Experimental studies were conducted at Calspan in the Veridian
48-in. shock tunnel’ to obtain detailed heat transfer and pressure
measurements in regions of shock/shock interactionin laminar and
turbulentlow-density flows at Mach numbers from 10 to 16. Seven
runs were conductedin the laminarregime, two at Mach 15.7 using a
cylinder with radius of 9.525 mm and five at Mach 14 using a cylin-
der withradiusof 38.1 mm. Another sevenruns were in the turbulent
regime at Mach 10.8,usingacylinderwithradiusof 38.1 mm. Minia-
ture high-frequency instrumentation was used to resolve the large
heat transfer gradients and the flow unsteadiness observed in these
studies. To minimize errorsin the heat transfermeasurements, which
may arise from lateral heat conduction effects inside the model in
case of large peak heating values, it was preferred to use models
with nonconductingsurfaces. Then, in those experiments where the
resulting wall temperaturerises were important, the surface temper-
ature distribution was tabulated together with the heat transfer rate,
so that it could be used in future numerical predictions as a bound-
ary condition* The data obtained in the experimental studies have
been incorporatedin a database called CUBDAT,'*!! which can be
used by researchersinvolved in numerical predictionstudies. In this
paper, numerical results related to the conditions of runs 43 and 38
(Fig. 3 and Table 2) of the CUBDAT database will be presented.

Governing Equations

The computationalresults that will be presentedin this paperhave
been obtainedusing a numerical techniquethat integratesin time the
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Table2 Experimental conditions at
Calspan for runs 38 and 43

Condition Run 38 Run 43
T° K 3,211.1 3,355.6
p°, Pa 3,212,957 2,992,325
Teo, K 100.0 110.
Poo, Pa 3.66 3.51
Poo X 1074, kg/m® 1.273 1.108
Moo 14.15 13.94
Res x 10*/m 5.2165 42618
T,. K 296.67 300.
Reyl, m 0.0381 0.0381

Navier-Stokes equations for two-dimensional laminar flows. The
latter can be written in the following compact conservative form:

0
—/WdV+/F,~ndS+/FV~ndS=O 1)
ot Jy S S

where V represents an arbitrary volume enclosed in a surface S
with unit normal n. Vector W contains the conservative variables
and tensors F; and F, incorporate the convective (inviscid) fluxes
and the diffusive (viscous) fluxes, respectively. The explicit form of
W, F,, and Fy can be found in any fluid dynamics textbook.

The gas here consideredis air, and the hypothesisof perfectgas is
assumed. The dynamic viscosity is computed according to classical
Sutherland’s law, and the thermal conductivityis obtained using the
definition of the Prandtl number, whose value is fixed to 0.72.

Numerical Approach
Discretization and Integration in Time
The governing equations are discretized in space by using a cell-
centered finite volume approximation over structured meshes. The
discretized form of Eq. (1) is given by

Wf!+l_ij 2
TAV1_1+ Z F, j~njASj

j=1

4
+ Y (Fy), -n;AS; =0 )

j=1

where superscript K indicatesthe time level and subscript /, J iden-
tifies a cell. The fluxes summationis performed for the four j lateral
surfaces that surround the cell. Equation (2) is integrated in time
using a forward explicit method:

4 4
At
Wi =ij—m Z(Fl)/'”/AS/+Z(Fv)j'"jASj
| =

j=1

3)
where the time step At is limited by the Courant—Friedrichs-Lewy
condition.

A multiblock domain decomposition method is used to obtain an
effective and efficient distribution of grid points across the compu-
tational domain.

Evaluation of the Inviscid Fluxes

The inviscid fluxes (F); at cellinterfacesare evaluated using the
upwind flux-differencesplitting (FDS) Riemann solver proposedin
Ref. 12. Upwind methods present the appealing feature of intro-
ducing the elements of the wave propagationphenomenologyin the
integration of the conservationlaws. In particular, the adopted FDS
technique consists in defining and solving a special initial-value
problem, called the Riemann problem (see Ref. 13), at each lateral
surface. The Riemann problem, that is, the evolution in time of the
flow discontinuitiesthat are present at each lateral surface due to the
discretization, is solved here in an approximate way: shock waves
that could be generated by the collapse of the initial discontinuities
are approximated by compression waves. The conservative form of
the equations ensures that the correct jump and entropy conditions

X 1+112,] X

Fig. 4 Linear distribution of initial data.

are satisfied. The present FDS method!? is very similar to the popu-
lar Osher scheme (see Ref. 14). In fact, it is the mirror image of the
latter in the ordering of the partial integration paths.

Evaluation of the Viscous Fluxes

Velocity and temperature gradients needed to evaluate viscous
fluxes (Fy); in correspondence with lateral surfaces are com-
puted through a standard technique that uses central differences and
applies the Gauss divergence theorem.

Second-Order Accuracy

Second-order accuracy in space and time is achieved following
the guidelines of the essentially nonoscillatory schemes for shock-
capturing techniques,”® which are capable of avoiding spurious
oscillations at flow discontinuities.

In space, a piecewise linear distribution is assumed for the prim-
itive variables U ={p, u, v, h} to set the initial conditions for the
Riemann problem. The space derivatives of U, which are needed to
define the linear distribution,are obtained from the space derivatives
of the Riemann variables, limited earlier using a minmod operator.

Second-order accuracy in time is reached by computing time
derivatives U, = {p,, u,, v;, h,} through the complete quasi-linear
form of the Navier-Stokes equations. The necessary x and y deriva-
tives are obtained through proper rotation of the space derivatives
that have already been evaluated for spatial accuracy.

The described spatial and temporal second-order corrections are
finally used to update the initial data for the Riemann problem. For
instance, with reference to Fig. 4, the left and right initial values
across surface (I + %, J) can be computed according to the follow-
ing equations:

(UH%_,)L =U; s +Ux)r (AX,_5/2) + (Up)1y(A1/2)  (4a)

(U1+%_1)R=U1+1.J - (UX)I-H.J(AXA—B/z)

+ (U1 +10(A1/2) (4b)

where AX 4 _p is the distance between the cell centers A and B
along X.

Boundary Conditions

No-slip and fixed-temperatureconditions are applied at the wall,
where pressure is computed solving a half-Riemann problem.
Freestream conditions are enforced at the inlet. A zero-gradient
assumption is assumed at the exit boundaries for conservative
variables.

Numerical Results

Numerical Simulation of the ONERA Experiments

The experiment conducted at the ONERA that produced an
Edney-type IV interaction’ was replicated with a numerical sim-
ulation using the freestream conditionslisted in Table 3. In this test
case, the computation of the flowfield around the shock generator
is necessary and it requires particular care. In fact, because of the
model setup used (Fig. 2), an intense expansion is generated at the
corner between the upstream part of the shock generator, which
is a wedge, and the second part, which is a flat plate. The expan-
sion fan bends the oblique shock wave and makes the flow in the
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Table3 Numerical freestream conditions
for simulating the ONERA experiment

Condition Value

Poo 59Pa

My, 9.95

Uso 1450 m/s

Too 525K

Poo 3.910 x 10~* kg/m®
oo 3.405 x 107° Pa-s
Rego 1.66 x 10° m~!
Ryl 0.008 m

Numerical simulation of the ONERA experiment

Edney-type IV interaction

Shock generator:
150 longitudinal x 186 normal points

Cylinder:
0 586 tangential x 300 normal points
-1
s
2
-3
-4

LARS REARY LERNESARME LARASSRRAS LARRS LARAS LALEE LARRN LN
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Numerical simulation of the ONERA experiment

Edney-type IV interaction

Shock generator:
150 longitudinal x 186 normal points

Cylinder:
586 tangential x 300 normal points

yR
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6 Mach number contours
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b) Mach number contours

Fig. 5 Simulation of the complete flowfield for the ONERA experi-
ment.

high-pressure side not uniform. In addition, the small size of the
cylinder radius with respect to the shock generator characteristic
length implies that a slight variation of the inclination (or position)
of the impinging shock may produce a noticeable displacement in
the position of the stagnation point.

To obtainaccurateboundary conditionsfor the shock interference
simulation, the flow around the isolated shock generator was pre-
liminarily computed. The meshes used for such computations were
refined both in the normal direction close to the solid walls and also
around the oblique shock. In this way, the resolution obtained in
capturing the incoming shock was of the same order of magnitude
of that of the mesh that would have been subsequently used for
computing the shock/shock interaction region. Once the flowfield
around the shock generator was computed, the boundary conditions
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Fig. 6 Normal and tangential spacing of the grids used to simulate the
ONERA experiment.

upstream of the cylinder were specified in two different ways. The
first method consisted in using overlapping grids when computing
the flow around the shock generator and around the cylinder. The
two simulations were run uncoupled, and the results around the
shock generator were interpolated to the first line of cells of the
cylinder grid and used as boundary conditions. The second method
exploited the multiblock capability of the CFD code. Here, the shock
generatorand the cylinder grids were point-matchedblocks. Again,
the computations around the two objects were run uncoupled, but
now it was not necessary to interpolate one solution to another. The
simulation of the flowfield around the ONERA experimental setup
obtained using the multiblock method is shown in Fig. 5.

Globally, five different grids were used to carry out the numeri-
cal simulation of the ONERA experiment. The first four grids are
composed of 300 points in the direction normal to the body, and
they share the same normal spacing. The distance from the wall of
the first cell centers (An) reaches the minimum value of 2.68 um
incorrespondencewith 6 =0 (An/ R, =3.35 x 10~*) and remains
below 4 um along most of the cylinder (Fig. 6a). The minimum cell
Reynolds number at the body, Re, = po Voo AN/ s, 15 0.444. How-
ever, the tangential spacing varies from one grid to another. When
using the first described method for specifying the boundary condi-
tions, two different grids were considered. One grid is characterized
by a constant tangential spacing of amplitude A6 =0.57 deg (310
tangential points),and the otherone has a variabletangentialspacing
that reaches a minimum A =0.18 deg in correspondence with the
positiond = —22.62 deg (351 tangential points). When adopting the
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cylinder

Fig. 7 Wave pattern inside the jet.

multiblockapproach,two grids were also used. The coarsestone has
293 points in the tangential direction, with constant A@ =0.50 deg.
The finest one is composed of 586 pointsin the tangential direction,
with constant A8 = 0.25 deg (Fig. 6b). A fifth mesh was obtained
from the latter by eliminating every other grid line in the normal
direction (586 x 150 points). In Fig. 6, the mesh spacing data are
superimposedto the normalized pressure distributionto show which
surface regions require grid refinement.

Before the numerical results obtained using the already described
meshes are compared with one another and with the experimental
data, the salientfeatures of the computed flowfield will be described.
The numerical simulations show that, in the present test case, the
shock/shock interferenceoccurs where the bow shockis strong (sub-
sonic flow in the high pressure side). In particular, the interaction
belongs to the Edney-type IV family® that, as explained before, is
characterizedby the presence of a supersonicjet surrounded by sub-
sonic flow. In principle, a repeated pattern of expansions and com-
pressionsdevelopsinside the jet channel, but here, due to the vicinity
of the jet to the cylinder wall, only a few of them are present. From
the analysis of the obtainedresults, the flowfield inside the jet can be
interpreted as shown in Fig. 7. The shock wave at the “entrance” the
supersonic channel is irregularly reflected from the upper slip line
and forms a A shock. In correspondencewith the reflection point, an
expansionfan forms to permit parts of the streamlinesto flow slightly
upward. At the opposite side of the jet, the second leg of the A shock
interacts with the lower slip line and is reflected as an expansion fan,
which deviates part of the jet slightly downward. As it approaches
the body, the supersonic stream that flows inside the jet is suddenly
decelerated through a detached shock. The jet is finally divided in
two streams, which flow upward and downward from the stagnation
point. The earlier mentioned interpretation arises from the study
of Fig. 8, where log;, of the pressure plots are shown in Fig. 8a,
with the paths of the two streamlines superimposed. In Figs. 8b and
8c, the pressure distributions along these streamlines are shown.
Notice that, after the pressurerise due to the oblique Mach shock, a
second increasein pressure, due to the A shock at the entrance of the
channel, is present. This second pressurerise is stronger and unique
for the upper streamline, which crosses the A shock practically at
the triple point, while it is less intense, and is followed by a second
compression for the lower streamline, which crosses the two legs
of the A shock. Then, both streamlines experience a pressure drop
due to the expansion fans and finally a strong compression through
the detached shock in front of the body. At this point, particles flow
along streamlines 1 and 2 at subsonic speed. Another compression
occurs along the upper streamline, while the lower one immediately
deviates toward regions at lower pressure.

A larger scale view of the interaction is shown in Fig. 9. Notice
that the position of the cylinder bow shock is completely different
with respect to the undisturbed case, with the shock layer thickness
of the upper portion more than doubled.

Computed pressure and heat flux distributions at the wall are
showninFig. 10, where the numericalresults obtained using the five
differentgrids are compared with the experimentaldata measuredin
the ONERA R5Ch low-density wind tunnel > The grid-to-gridcom-
parison shows that a good tangential refinement is necessary to ob-
tain grid-convergedpeak levels. This canbe clearly observed when it
is considered that moving the tangential spacing from A6 = 0.5 deg
to A6 =0.25 deg still produces an increase of 7.7% in the pressure
peaklevel and of 14.3% in the heat flux peak. Also the peak location
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Fig. 8 Investigation of the wave pattern inside the supersonic jet.

is affected, shifting from about 28 deg with the 293 x 300 mesh to
29.5 deg with the 586 x 300 grid. On the other hand, the normal
refinement seems to be less critical. In fact, the pressure and the
heat flux peak levels increase just 1.7 and 0.6%, respectively, when
passing from the 586 x 150 mesh to the 586 x 300 mesh.

The comparison with the experimental data is rather puzzling. A
37.7% difference can be measured in the pressure peak and even
a 50% discrepancy is present in the heat flux peak value. Never-
theless, the measured and computed data are in very good agree-
ment away from the interaction region. With regard to the pres-
sure distribution, the disagreement between the peak levels in the
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Fig. 9 Interaction region.

numerical simulation and in the experimental measurements could
be partially explained with the bad spatial resolution of the exper-
iments, where the diameter of the pressure holes is rather large
(1.5 mm).

In the attempt to simulate the smoothing effect of the dimension
of the pressure taps on the experimental measurements in the peak
region, the numerical data have been averaged out around every
experimental measurement point. When the pressure taps with a
1.5 mm diameter are considered, each averaging process involved
the cells on the body surface included within an angular range of
£5.37 deg centered in the nominal measurement point. A weighted
average has been done to take into account the stretching of the
grid in the tangential direction. The results obtained for the surface
pressure distribution are very interesting (Fig. 11). In fact, one can
see that the peak level is the same when comparing experiments
and averaged numerical predictions. However, this result does not
explaineitherthe differencesthatare presentimmediately below and
above the pressure peak, or the different location of the peak itself.

With regard to the differences in the heat flux peak levels, it is
impossible to decide whether the isolated experimental point in the
peak region represents the maximum heat flux level or not. On the
other hand, away from the jet impingement region the experimental
and numerical data are in very good agreement.

A general impression that arises from the present comparison
between experimental and numerical data is that, for an Edney-type
IV interaction, the very narrow physical width of the pressure and
heat transfer peaks calls for high accuracy both in the numerical
simulation and in the experimental measurements. Thus, on the one
hand,itis necessarytouse very refined meshesnotonly in the normal
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Fig. 10 Pressure and heat flux distribution at the wall: experimental
values vs numerical predictions.
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Fig. 11 Pressure distribution at the wall: experimental values vs aver-
aged and not averaged numerical predictions.

directionand closeto the wall, butalso and especiallyin the direction
tangential to the body. On the other hand, an adequate refinement
level also should be mandatory for the experimental measurements,
both in terms of the spacing and of the dimension of the gauges.

Numerical Simulation of CALSPAN Experiments

In this section, numerical results related to the Calspan runs 43
and 38 will be shown and compared with the experimentaldata. The
conditions for the two test cases are listed in Table 2. For both cases,
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the correct incoming shock position to match with the experiments
was obtained by moving the shock until the wall pressure and heat
flux peaks were in the same tangential position of the experimental
data. The impinging shock strength was computed with the jump
conditions for an oblique shock, using the freestream Mach number
and the shock-generator angle as input data. This is considered to
be an acceptable procedure for simulating the LENS shock/shock
interaction experiment.

Because of the relatively high stagnation temperature of these
test cases, the choice of the perfect gas model for the computa-
tions may be not completely correct. In the experiments, the excited
vibrationalenergy in the reservoirmay quickly freeze during expan-
sionin the wind-tunnelnozzle,leadingto nonequilibriumfreestream
conditions. The occurrence of such a phenomenon was recently rec-
ognized in the LENS wind tunnel,'® but it is not accounted for in
the present computations.

The numerical simulation of the experimental conditions of run
43 was performed using three different grids. The coarsest grid is
composed of 150 points in the normal direction, with grid stretch-
ing close to the wall. The distance of the first cell center from the
wall, An, reaches the minimum value of 24 pm at 6 = 0 deg, with
An/Re =63 x 10~* and Re, = 1.025. In the tangential direction,
the grid spacing is 1 deg in the range —40 to +40 deg. Then, the
tangential grid spacing increases linearly up to a maximum value of
1.5 deg at the upper and lower boundaries, so that the grid dimen-
sionis 143 x 150 points. The second mesh still contains 150 points
in the normal direction, but the tangential spacing in the range —40
to +40 deg is now 0.5 deg, with maximum amplitude of 1 deg at
the ends of the computational domain (263 x 150 points). For the
finest grid, 300 points (with stretching) were used in the normal
direction, with a minimum An =12.6 um, An/R.; =331 x 107*
and Re.=0.538. The tangential spacing is 0.25 deg in the range
between —40 and +40 deg and then it varies up to the maximum
value of 0.5 deg (528 x 300 points) at § = £90 deg.

To reproducethe experimentalconditionsbest, the numerical sim-
ulations of run 43 were conducted using the wall temperature mea-
sured in the experiments as a boundary condition. In addition, to
test whether the wall heating has an important effect on the results,
two computations were performed using the coarsest grid, with and
without the variable wall temperature condition. The comparison
between the pressure and heat flux distributions obtained in the two
cases'’ showed that, at least in the presentconditions, such an effect
is definitely negligible.

Run 43 belongs to the family of the Edney-type IV interactions’ as
does the ONERA test case. The Mach number and log; of pressure
contours shown in Figs. 12a and 12b clearly reveal the presence of
a supersonic jet directed toward the cylinder wall and of a normal
shock that decelerates the flow before it reaches the body.

Unlike the ONERA test case, the computations carried out for
run 43 using the finest grid were unsteady. To investigate the phe-
nomenon, the simulation was restarted using global time stepping
instead of local time stepping. The time evolution of the pressure
peak positionand level are plotted for a short time intervalin Fig. 13.
In Fig. 13, time # = 0 does not correspond to the moment when the
computation was restarted, butit is sufficiently far from it (~0.1 ms)
to ensure that possible unphysical oscillationsrelated to the passage
from local to global time stepping are no longer present. Within
the available time range, it seems to be possible to estimate an
oscillation frequency of about 2.5 kHz for the present computa-
tion. The result of Fig. 13 is very similar to that obtained by Lind
and Lewis!'® in computing an analogous experiment with different
freestream conditions. In the present case, the temporal window is
definitely shorter than in Ref. 18 because an explicit methodis used
and because the cells dimensions, which affect the time-step size,
are definitely smaller.

Lind and Lewis'® put the jet unsteadiness in relation to the for-
mation and shedding of a strong vortex that is produced due to the
high-velocity gradient across the shear layer that bounds the upper
part of the supersonic jet. Nevertheless, such a mechanism was not
found in the present computation, where the reason for the unsteady
behavior remains unclear.

Wall pressure and heat flux distributions at different instants are
showninFig. 14 togetherwith the experimentalmeasurementstaken
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Fig. 13 Time history of the pressure peak position and level for run
43, computed using the 528 x 300 grid.

from the CUBDAT database.!! Figures 14a and 14b should be ob-
served with the aid of Fig. 13. The distribution curves are very
close to one another, and they may appear confusing, but in fact
they show that the peaks can shift of a not negligible distance in a
very short time. This raises a question about temporal averaging the
experimentaldata may have undergone. The importance of using in-
strumentation with high-frequencyresponse for measuring pressure
and heat transfer in this kind of flow is stressed in Ref. 4. There,
it is reported that instrumentation capable of following frequen-
cies at leastin the 30-kHz range must be used to measure accurately
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Fig. 14 Computed surface pressure and heat flux distributions at dif-
ferent moments; run 43, 528 x 300 grid.

surface distributions.Information about the temporal resolution and
history of the experimental measurements is fundamental for code
validation purposes. For instance, considering the heat flux distri-
butions of Fig. 14b, it is possible to see that, at least in one instant,
each experimental pointis close to one of the computed curves. Un-
fortunately, this does not prove that the numerical results are correct
becausethe temporal variation of the experimentaldata is not known
to the author.

Despite the not too bad agreement with the heat flux measure-
ments, the comparison between the experimental and the numerical
wall pressure distribution is not satisfactory at all. First, as well as
for the heat flux measurements, the spatial resolution of the exper-
imental data is too coarse to provide useful information about the
peak value. Second, the differences along the wings of the peak
value are too large and unaccountable, in particular on the left side
(Fig. 14a). In this connection, note that exactly the same results®
for the off-peak values were computed by Candler and Boyd (see
Ref. 8) the latter using a direct simulation Monte Carlo method.

A grid-to-grid comparison is shown in Figs. 15a and 15b. The
resultsrelated to the finest grid (528 x 300), which are unsteady, are
recorded at time  =(0.336 ms. Figures 15a and 15b confirm the that
the pressure and heat flux peaks thinnessrequiresa strong tangential
grid refinement before grid convergence is achieved. In the case
showninFig. 15, forinstance,the incrementsof the pressureand heat
flux peak values are, respectively,of 19 and 23% when passing from
the 143 x 150 grid to the 263 x 150 grid and of 19 and 40% when
passing from the 263 x 150 grid to the 528 x 300 grid. In the latter
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Fig. 15 Pressure and heat flux distribution at the wall for run 43:
experimental values vs numerical predictions.

case, the increase should be partially due to the normal refinement,
but, according to the lesson learned in simulating the ONERA test
case, the largest effect is to be attributed to the improved tangential
spacing.

The lasttestcase consideredhereis Calspanrun 38. The numerical
investigation was performed using two different grids. The coarsest
grid is composed of 75 points in the normal direction (minimum
An=38.7 um, An/R., =1.01 x 1073, and Re, =2.010), with a
constant spacing of 1 deg in the tangential direction. The finest
one has 250 points normal to the wall (minimum An =14.9 um,
An/Re =391 x 1074, and Re. =0.777) and the constant tangen-
tial spacing is 0.5 deg. The numerical results show that the shock
interaction occurring in run 38 is an Edney-type’ IV. No sign of
unsteadiness was detected in this case. Although acquired experi-
ence suggests that the normal refinement of the finest grid should be
sufficient, it also makes it clear that the tangential mesh refinement
is still inadequate to claim grid convergencein the peak region. The
reason for showing these computations here (Fig. 16), however, is
that they put in evidence again the strong discrepancy between nu-
merical results and experimental measurements that is also present
in the off-peak values. It is interesting that numerical data obtained
by Candler on run 38 and presented in Ref. 8 fully confirm the
present numerical results.

The inexplicable differences between experimental and numeri-
cal off-peak pressure and heat transfer values are an open question.
Because the flow around the shock generator was not computed
in both the present numerical simulations and in those included in
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Fig. 16 Pressure and heat flux distribution at the wall for run 38:
experimental values vs numerical predictions.

Ref. 8, areasonable suggestionfor a future investigationis to repli-
cate numerically the entire experimental setup, or at least to check
whether the hypersonic viscous interaction on the ramp noticeably
changes the post-impinging shock conditions with respect to those
obtained using the Rankine-Hugoniot relations. If the impinging
shock intensity does change, then the boundary conditions used by
the author and by Candler and Boyd in the results appearing in
Ref. 8 do not exactly replicate the experimental conditions and thus
a computation of the complete experimental setup is necessary. An-
other possible source of discrepancy could be that the impinging
shock was not completely steady during the experiment. In fact,
small fluctuations in the flow at the exit of the wind-tunnel nozzle
may produce not negligible oscillations both in the strength of the
impinging shock and in the position of the impinging point, which
is about 1 m away from the wedge leading edge.

Conclusions

The numerical investigation on shock/shock interactions has put
in evidence some of the major difficulties that can be encountered
in computational simulation of such kind of flows.

The firstissue concerns the strong tangential grid refinement that
is necessary to capture accurately the very narrow pressure and heat
flux peaks that are present where the jetimpingeson the wall. Such a
resolution problemis also common to experimental measurements.
Often, in fact, the physical width of the peaks is so narrow that it
can not be captured in an experimental setup.

The secondissue is related to the use of the correctboundary con-
ditions in the numerical simulation of the shock/shock interaction.
Sometimes, in fact, the experimental setup is such that imposing
the Rankine—-Hugoniot relations for evaluating the impinging shock
strength is an inadequate procedure. In this work, the Calspan ex-
periments were simulated using these relations, but the low density
of the freestream conditions leaves some doubt about the possi-
ble influence of hypersonic viscous interaction on the impinging
shock characteristics. Numerical simulations including the shock-
generator flowfield will be the object of future work.

A third problemis connected to the unsteady behavior that some-
times characterize the Edney-type IV interactions’ The unsteadi-
ness could be due both to an inherent time-dependent character of
the supersonic jet (fed by some kind of feedback mechanism in the
subsonic portion of the bow shock) and to the presence of distur-
bances in the wind-tunnel flow. In any case, the numerical simula-
tion must be time accurate, and the experimental instrumentation
must be characterized by a high-frequency response. For validation
purposes, detailed information about the time evolution of the ex-
perimental measurements and about the experiment startup should
be available.
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