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A procedure has been developed at Sandia National Laboratories to determine the contour of
an appropriate effective radius (R*(x)) to be used as an axisymmetric inviscid (slip-wall) bound-
ary to facilitate CFD simulations of the transonic, shock-induced separation experiment as defined
in Beresh et al. (2020) and Lynch et al. (2020). A RANS simulation of Sandia’s Trisonic Wind
Tunnel with the axisymmetric hump model installed (as defined in Lynch et al. (2020)) has been
conducted and compared against collected experimental data. This RANS simulation, which re-
solves the tunnel wall boundary layers, is referred to herein as the “tunnel-resolved” simulation. A
k-e turbulence model was used. The data from this simulation was used to derive the contour of
R*(x). The goal of this procedure was to define a contour that would produce nearly the same mass
flow rate, streamwise “free stream” Mach number distribution, wall surface pressure distribution
along the model, and wall shear stress magnitudes along the model as were produced with the
tunnel-resolved simulation.

The procedure for deriving R*(z) is summarized here for those who may wish to repeat this
procedure with their own code and preferred turbulence model. xz-normal planes of data for relevant
state variables were taken at a series of x locations down the length of the tunnel from the volumetric
field data produced by the tunnel-resolving simulation. These were then integrated to determine
the total integrated mass flow rate (1) at each plane. At locations upstream of any influence from
the axisymmetric model, the tunnel centerline velocity (Us) and density (po,) were then chosen
as the appropriate velocity and density values to define a uniform circular “plug-flow.” By simply
dividing m by psoUs, the appropriate plug-flow circular area was determined, from which R* was
calculated. This procedure does not work at any x location where any influence from the model
is present, because of both the occupation of the tunnel centerline by the model and flow non-
uniformity introduced by the presence of the model. At those locations, profiles of the azimuthal
average of the streamwise velocity were examined to identify the appropriate radial distance Ry(x)
from the tunnel centerline at which to define an approximate “free stream” state, Uy and pso. This
was taken as the locus of points furthest from the model centerline where a local minumum in the
absolute value of radial derivative of stream-wise velocity was observed. A uniform plug flow was
assumed within the annular region between Ry and R*, and the associated mass flow rate through
the annulus was set equal to the mass flow rate computed from the tunnel-resolved simulation for
the region r > Ry. The resulting R*(z) can be found in the Appendix.

Simulations using the R*(x) contour as a slip-wall boundary were then conducted and results
have been compared to the tunnel-resolved simulation. The comparisons showed the following
differences:
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Streamwise Mach Number Distribution

When comparing streamwise traces of the Mach number defined along the line y = z = 3.6 inches,
a maximum relative difference of 0.33% was observed between the two simulations. This occurred
upstream of the hump. At the reference location of /¢ = 0, the two simulations showed a difference
in Mach number of 0.0019 with both values landing within the target distribution (see Figure 5 of
Lynch et al., 2020).

Model Wall Surface Pressure

The maximum observed difference in the wall pressures was <500 Pa and occurred near the point at
which the flow reattached downstream of the hump. This difference equates to a relative difference
of =~ 0.6%.

Model Wall Shear Stress Magnitude

The maximum difference in the wall shear stress magnitude was observed to be ~ 40 Pa . This
difference is located near the trip location on the model, and is not believed to be directly related
to the use of the slip-wall boundary. It also occurred well upstream of the regions of interest of
the validation challenge. The largest observed difference that is believed to be attributable to the
use of the slip-wall boundary was ~ 8 Pa, and occurred exactly in the corner where the hump
meets the straight cylinder, within the recirculation region. Over all remaining locations along the
model body, an average difference of ~ 0.67 Pa was observed, while the average wall shear stress
magnitude was > 90 Pa. The two simulations show flow separation at the exact same streamwise
point while reattachment occurred at points which differed by ~ 0.01 inches.

Caveats

Our results suggest that the equivalent inviscid circular outer boundary defined by R*(x) provides
an acceptable match for RANS prediction of mean surface quantities on the model. However, note
that the validity of this approach for any simulation, using any particular turbulence model (RANS
or otherwise), depends also on the accuracy of the RANS turbulence model used to predict the
thickness of the tunnel wall boundary layer. We have only limited validation data for the tunnel wall
boundary layer, so we cannot make statements about the absolute accuracy of R*(x). Participants
may wish to define their own equivalent inviscid boundary, or otherwise verify the appropriateness
of the present definition using their own numerical experiments.
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Appendix: R* values

The R*(x) data. If the following data is copied and pasted into a Rstar.dat file, it can be imported
into Pointwise directly as a database connector and revolved to create a domain for the slip wall.
Alternatively, the Rstar.dat file will also be provided with this document.
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-8.687326667e+01 1.941266616e+01 0.000000000e+00
-8.562072429e+01 1.937170598e+01 0.000000000e+00
-8.436818192e+01 1.928337567e+01 0.000000000e+00
-8.311563955e+01 1.913462205e+01 0.000000000e+00
-8.186309718e+01 1.892802408e+01 0.000000000e+00
-8.061055480e+01 1.866239898e+01 0.000000000e+00
-7.935801243e+01 1.833845201e+01 0.000000000e+00
-7.810547006e+01 1.795943518e+01 0.000000000e+00
-7.685292768e+01 1.752661829e+01 0.000000000e+00
-7.560038531e+01 1.704319551e+01 0.000000000e+00
-7.434784294e+01 1.651655584e+01 0.000000000e+00
-7.309530056e+01 1.595178866e+01 0.000000000e+00
-7.184275819e+01 1.535840339e+01 0.000000000e+00
-7.059021582e+01 1.474634908e+01 0.000000000e+00
-6.933767345e+01 1.412498153e+01 0.000000000e+00
-6.808513107e+01 1.350454754e+01 0.000000000e+00
-6.683258870e+01 1.289503295e+01 0.000000000e+00
-6.558004633e+01 1.230462255e+01 0.000000000e+00
-6.432750395e+01 1.174142786e+01 0.000000000e+00
-6.307496158e+01 1.121261731e+01 0.000000000e+00
-6.182241921e+01 1.072253156e+01 0.000000000e+00
-6.056987684e+01 1.027588631e+01 0.000000000e+00
-5.931733446e+01 9.874939467e+00 0.000000000e+00
-5.806479209e+01 9.521039759e+00 0.000000000e+00
-5.681224972e+01 9.207919937e+00 0.000000000e+00
-5.555970734e+01 8.930982622e+00 0.000000000e+00
-5.430716497e+01 8.681231033e+00 0.000000000e+00
-5.305462260e+01 8.453210110e+00 0.000000000e+00
-5.180208023e+01 8.243752093e+00 0.000000000e+00
-5.054953785e+01 8.050486467e+00 0.000000000e+00
-4.929699548e+01 7.870983840e+00 0.000000000e+00
-4.804445311e+01 7.706872559e+00 0.000000000e+00
-4.679191073e+01 7.558594557e+00 0.000000000e+00
-4.553936836e+01 7.426309601e+00 0.000000000e+00
-4.428682599e+01 7.309569670e+00 0.000000000e+00
-4.303428362e+01 7.208034922e+00 0.000000000e+00
-4.178174124e+01 7.120859145e+00 0.000000000e+00
-4.052919887e+01 7.046865267e+00 0.000000000e+00
-3.927665650e+01 6.984557085e+00 0.000000000e+00
-3.802411412e+01 6.933581655e+00 0.000000000e+00
-3.677157175e+01 6.891714474e+00 0.000000000e+00
-3.551902938e+01 6.857864457e+00 0.000000000e+00
-3.426648701e+01 6.830723079e+00 0.000000000e+00
-3.301394463e+01 6.809891088e+00 0.000000000e+00
-3.176140226e+01 6.793610752e+00 0.000000000e+00
-3.050885989e+01 6.781301891e+00 0.000000000e+00
-2.925631751e+01 6.771866443e+00 0.000000000e+00
-2.800377514e+01 6.763481186e+00 0.000000000e+00
-2.675123277e+01 6.757388581e+00 0.000000000e+00
-2.549869040e+01 6.751625241e+00 0.000000000e+00
-2.424614802e+01 6.746374234e+00 0.000000000e+00
-2.299360565e+01 6.741860246e+00 0.000000000e+00
-2.174106328e+01 6.737589665e+00 0.000000000e+00
-2.048852090e+01 6.733741640e+00 0.000000000e+00
-1.923597853e+01 6.730005089e¢+00 0.000000000e+00
-1.798343616e+01 6.726382167e+00 0.000000000e+00
-1.673089379e+01 6.722853761e+00 0.000000000e+00
-1.547835141e+01 6.719472883e+00 0.000000000e+00
-1.422580904e+01 6.716294948e+00 0.000000000e+00
-1.297326667e+01 6.713514574e+00 0.000000000e+00
-1.197326667e+01 6.710934311e+00 0.000000000e+00
-1.129214626e+01 6.709615815e+00 0.000000000e+00
-1.061102585e+01 6.708464379e+00 0.000000000e+00
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-9.929905442e+00 6.707474744e+00 0.000000000e+00
-9.248785034e+00 6.706625222e+00 0.000000000e+00
-8.567664626e+00 6.705848527e+00 0.000000000e+00
-7.886544218e+00 6.704926915e+00 0.000000000e+00
-7.205423810e+00 6.704434036e+00 0.000000000e+00
-6.524303401e+00 6.703724265e+00 0.000000000e+00
-5.843182993e+00 6.703026079e+00 0.000000000e+00
-5.162062585e+00 6.702254048e+00 0.000000000e+00
-4.480942177e+00 6.701323548e+00 0.000000000e+00
-3.799821769e+00 6.700445580e+00 0.000000000e+00
-3.118701361e+00 6.699432073e+00 0.000000000e+00
-2.437580952e+00 6.698668896e+00 0.000000000e+00
-1.756460544e+00 6.697973100e+00 0.000000000e+00
-1.075340136e+00 6.697411478e+00 0.000000000e+00
-3.942197279e-01 6.696909734e+00 0.000000000e+00
2.869006803e-01 6.696130161e+00 0.000000000e+00
9.680210884e-01 6.695077610e+00 0.000000000e+00
1.649141497e+00 6.694037367e+00 0.000000000e+00
2.330261905e+00 6.692743371e+00 0.000000000e+00
3.011382313e+00 6.690687133e+00 0.000000000e+00
3.692502721e+00 6.688512943e+00 0.000000000e+00
4.373623129e+00 6.686414375e+00 0.000000000e+00
5.054743537e+00 6.684493166e+00 0.000000000e+00
5.735863946e+00 6.682920551e+00 0.000000000e+00
6.416984354e+00 6.681346986e+00 0.000000000e+00
7.098104762e+00 6.679973739e+00 0.000000000e+00
7.779225170e+00 6.678714195e+00 0.000000000e+00
8.460345578e+00 6.677371642e+00 0.000000000e+00
9.141465986e+00 6.676300839e+00 0.000000000e+00
9.822586395e+00 6.675123478e+00 0.000000000e+00
1.050370680e+01 6.674016068e+00 0.000000000e+00
1.118482721e+01 6.672786864e+00 0.000000000e+00
1.186594762e+01 6.671745610e+00 0.000000000e+00
1.254706803e+01 6.670651231e+00 0.000000000e+00
1.322818844e+01 6.669556333e+00 0.000000000e+00
1.390930884e+01 6.668461153e+00 0.000000000e+00
1.459042925e+01 6.667327533e+00 0.000000000e+00
1.527154966e+01 6.666245818e+00 0.000000000e+00
1.595267007e+01 6.665107977e+00 0.000000000e+00
1.663379048e+01 6.664101970e+00 0.000000000e+00
1.731491088e+01 6.663055894e+00 0.000000000e+00
1.799603129e+01 6.662015102e+00 0.000000000e+00
1.867715170e+01 6.660966467e+00 0.000000000e+00
1.9356827211e+01 6.660127023e+00 0.000000000e+00
2.003939252e+01 6.658971189e+00 0.000000000e+00
2.072051293e+01 6.657759013e+00 0.000000000e+00
2.140163333e+01 6.655860875e+00 0.000000000e+00
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