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Exploring the Langtry-Menter Transition Model for
High Speed Applications Using FUN3D

David J. Friedlander and Nicholas J. Georgiadis
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

A series of Reynolds-averaged Navier-Stokes (RANS) simulations were performed using the FUN3D
flow solver to explore the capabilities of the Langtry-Menter Shear-Stress Transport (LM-SST) transition
model for predicting transition for aircraft inlet applications. Two geometries were simulated: a zero-
pressure-gradient flat plate and an axisymmetric cone exposed to hypersonic flow. In addition to the
transition-sensitized LM-SST model investigations, simulations were run with the one-equation Spalart-
Allmaras (SA) and the two-equation Menter Shear-Stress Transport (SST-V) RANS models in fully
turbulent mode to identify the natural RANS model transition behavior as a function of Mach number
when executed in fully turbulent mode. The flat plate simulations showed that (1) the transition model
was able to predict rapid transition at a freestream Mach number of 0.2, which is expected but (2) the
predicted transition location moved downstream as the freestream Mach number was increased for the
simulations that used the SST-V turbulence model. The latter is significant as it is usually assumed that
one- and two-equation turbulence models will produce fully turbulent flow very near the boundary layer
origin. The flat plate simulation freestream Mach number trend was confirmed with simulations using the
Wind-US code, which also saw a similar trend when employing the SA turbulence model. For the
axisymmetric cone simulations, the transition location was highly sensitive to the inflow turbulence
levels. This is significant as the prediction of the transition location is crucial when trying to predict inlet
performance, especially for hypersonic vehicle applications. It was also noted that the predicted transition
location for the cone when using the SST-V turbulence model agreed well with the predicted transition
location from the equivalent zero-pressure-gradient cold wall flat plate case.

1.0 Nomenclature

cr skin friction coefficient

Cp specific heat at constant pressure
h enthalpy

1 turbulence intensity

k turbulent kinetic energy

L axial length

M Mach number

dw wall heat flux

Re, Reynolds number

St Stanton number

s distance from inflow plane to cone leading edge
To total temperature

u streamwise velocity

x, y,z  Cartesian coordinates
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v nondimensional wall distance
y turbulence intermittency

U dynamic viscosity

p density

) specific turbulent dissipation rate
Subscripts

edge boundary layer edge

in inflow

tip cone tip

t turbulent

w wall

o0 freestream

2.0 Introduction

There is an interest within the aviation community to incorporate more certification by analysis
(Refs. 1 and 2), with a motivation to reduce flight and wind tunnel testing requirements, which are very
costly for a new aircraft development program. More accurate simulation of the propulsion system was
emphasized within the CFD 2030 Vision Study report as one of the proposed grand challenges (Ref. 3) in
the field of computational aerodynamics. A major shortfall in the accuracy of all acrodynamic prediction
techniques remains the prediction of turbulent flows. This also includes flows having boundary layers that
transition from laminar to turbulent flow. In response to the report, the Transformational Tools and
Technologies (TTT) project of the NASA Aeronautics Research Mission Directorate has focused on the
development and validation of more accurate computational tools for simulating aerospace
vehicles/components and predicting their performance (Ref. 4). While Reynolds-averaged Navier-Stokes
(RANS) methods are still the practical state-of-the-art for most engineering-focused aerodynamic
calculations, the TTT project has focused on scale resolving techniques, employing some form of large
eddy simulation (LES) for turbulent flow predictions. For transitional flows, however, LES is not globally
applicable, because the transition process is frequently dominated by amplification of very small
disturbances which transition a laminar boundary layer to a turbulent state. A summary of transition
mechanisms at high speeds is provided in Reference 5. On one end of the spectrum in transition
mechanisms is modal growth (frequently referred to as “Tollmien-Schlichting mode growth”) which
occurs in small-disturbance environments. On the other end, in high freestream disturbance environments,
the pathway known as bypass transition usually occurs. By its very nature, LES does not typically capture
the small scales which are responsible for low disturbance transition processes.

Therefore, within the class of boundary layer transition prediction for aerodynamic applications,
RANS-based methods are still being investigated. For subsonic transport aircraft applications, transition
prediction is of particular interest on the wings. The propulsion system also experiences transition in the
inlet and frequently in the turbine stage within an engine core, although the modes of transition are
different. For supersonic and hypersonic vehicles, transition in the inlet is of particular importance.
Hypersonic vehicles typically have a forebody of the vehicle which serves as the initial part of the inlet
compression system, and knowledge of the boundary layer transition is of paramount importance in
predicting overall vehicle drag and inlet performance. To that goal, this paper investigates the ability of a
popular RANS-based transition-sensitized model, the Langtry-Menter Shear-Stress Transport (LM-SST)
formulation (Ref. 6) to determine its capability to predict transition for hypersonic aircraft inlet
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applications. The geometries explored in this paper begin with a zero-pressure-gradient flat plate to
benchmark the model. Next, an axisymmetric cone, representing the forebody of a hypersonic vehicle, is
considered. Results using the transition model are compared with computations made using the one-
equation Spalart-Allmaras (SA) (Ref. 7) and two-equation Menter Shear-Stress Transport (SST) (Ref. 8)
turbulence models. The particular form of the SST model used in fully turbulent mode in this paper is that
using the vorticity based turbulent production term, or SST-V. It is noted that traditional RANS models
operated in “fully turbulent” mode still experience a transition of sorts. Typically, the boundary layer has
a very short laminar region, and then turbulent production within the RANS models rapidly transitions the
flow to fully turbulent mode. Part of this study explores the performance of these RANS models in fully
turbulent mode to determine the “natural” transition behavior of these models as the freestream Mach
number is increased.

3.0 Flow Solver and Transition Model

Most simulations were performed with the NASA’s Fully Unstructured Navier-Stokes (FUN3D) code
(Ref. 9), with a subset of “fully turbulent” turbulence model simulations performed with the NASA’s
Wind-US code (Ref. 10). The motivation for doing so was to verify the FUN3D results. Wind-US is a
node-based, productional level code developed and maintained at the NASA Glenn Research Center. It
can solve the 2D/3D Euler and RANS equations for incompressible and compressible flows on structured
and unstructured grids. All Wind-US simulation results presented in this paper utilized the structured
solver within Wind-US.

Like Wind-US, FUN3D is a node-based production level code that can solve the 2D/3D Euler and
RANS equations for incompressible and compressible flows, however, it does so only on unstructured
grids. The FUN3D flow solver is developed and maintained at the NASA Langley Research Center and
was chosen for two primary reasons: (1) it can handle unstructured grids and (2) because it contains
advanced turbulence models, and more recently transition models (Ref. 11). The transition model in
FUN3D (Ref. 12) employs the SST k-o formulation of Langtry and Menter (Ref. 6). In addition to
solving the traditional RANS equations for the turbulent kinetic energy and specific turbulent dissipation
rate, two additional transport equations are modelled to enable the simulation of transition. The two
additional quantities that are solved are the turbulence intermittency, denoted by y, and the transition
Reynolds number based on momentum thickness denoted by Ree,. The model was originally developed
for problems characterized by bypass transition, i.e., when transition occurs where high freestream
turbulence levels are experienced. For free flight conditions, where freestream turbulence is typically low,
and where the transition process is typically due to the growth of Tollmien-Schlichting waves, it has been
noted that RANS-sensitized models are being applied outside their original intended purpose. However,
these models still have demonstrated some success, and in the absence of more generally applicable
physics-based techniques, have shown to provide value in terms of preliminary engineering prediction
tool capability.

For the specific class of hypersonic boundary layer prediction capability using RANS-sensitized
models, there have been other studies in recent years. In Papp and Dash (Ref. 13), a k-¢ based transition
model, having an extra transport equation for intermittency, was solved in addition to the two traditional
turbulent transport variable equations. The model was applied with success to several high Mach number
cone problems. This model was extended to be more applicable to general three-dimensional problems in
Papp and Dash (Ref. 14). Aliaga, et al. (Ref. 15) investigated the Langtry-Menter SST-based transition
model in Ansys Fluent for flows around cones at approximately Mach 7 and flat plate boundary layers up
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to Mach 11. References 16 to 19 also applied the Langtry-Menter SST-based transition model to
hypersonic forebody flows.

4.0 Geometry and Numerical Modeling
4.1 2D Flat Plate

The 2D zero-pressure-gradient flat plate from the 1% AIAA Transition Modeling and Prediction
Workshop (Ref. 20) was chosen for its simplicity as the starting point for testing the LM-SST transition
model. The flat plate was run at the freestream condition outlined in Table 1. As it will be discussed further
in the Section 5.0, two sets of freestream turbulence levels were specified corresponding to a reference set
of experimental data used extensively for transition model investigations. A family of 2D unstructured
grids that were provided by the workshop were used to model the flat plate, with grid dimensions noted in
Table I1. The viscous spacing was such that the nominal y* was 1.872 for the first point off the wall on the
workshop-denoted “tiny” grid level and 0.0486 on the extra extra fine grid level. The nominal y* values
were based on the run condition outlined in Table 1. A sample grid is shown in Figure 1. Boundary
conditions included subsonic inflow (which specified total pressure and total temperature), farfield (which
utilized Riemann invariants) on the upper boundary, and back pressure at the outflow. The lower boundary
was divided into two parts: the flat plate which used an adiabatic viscous wall boundary condition and the
portion upstream of the flat plate which used a z-plane symmetry boundary condition.

TABLE I.—2D FLAT PLATE MEAN
FLOW RUN CONDITION

Freestream Mach number............c.ccccccevninincnnn. 0.2
Reynolds number ...........cceeevvvveeveuerenane. 6.56x10°m™!

Total temperature

TABLE II.—NODE COUNTS FOR THE FLAT PLATE GRIDS

Nodes
j-Dim
Grid level Upstream? Total k-Dim Total (x103)
Tiny 13 45 25 1.13
Coarse 25 89 49 436
Medium 49 177 97 17.17
Fine 97 353 193 68.13
Extra fine 193 705 385 271.43
Extra extra fine 385 1,409 769 1,083.52

“Includes the flat plate leading edge

Figure 1.—Sample 2D flat plate grid (medium grid level).
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4.2  Axisymmetric Cone

The higher speed geometry of interest for investigating the LM-SST model was an axisymmetric cone
tested in the U.S. Air Force Arnold Engineering Development Center (AEDC) tunnel B by R. Kimmel
(Ref. 21). The cone is 1016 mm in length with a half angle of 7°. The tip of the cone was rounded with a
radius of 0.0381 mm. As reported in Reference 21, several versions of the cone were tested to vary the
pressure gradient. The zero-pressure gradient version was chosen for simulation in this work to best
compare against the zero-pressure gradient flat plate case.

A family of quarter-symmetry grids were generated using the Pointwise software (Ref. 22) to model
the axisymmetric cone. The grid geometry consisted of the cone with a cylindrical downstream extension
to turn the flow back to axial. To improve grid quality, the cone tip radius was increased to 2 mm.
Viscous spacing was such that the nominal y* was 0.194 at the run condition outlined in Table III on the
coarsest grid. The intent was to generate the grids using structured blocks, however the grid quality
around the rounded cone tip became problematic. To solve that issue, a hybrid approach was taken in that
region. This entailed creating structured blocks, with hexahedral shaped cells directly around the cone tip
for capturing the boundary layer. Those blocks were then surrounded by an unstructured block with
tetrahedral cells, which in turn was surrounded by structured-like blocks. A sample grid is shown in
Figure 2 and the node counts for the generated grids are listed in Table IV. Boundary conditions included
freestream at the inflow (which was specified via fluxes), farfield for the upper boundary, extrapolation at
the outflow, and y- and z-symmetry planes. The cone was modeled as a nonadiabatic viscous wall with a
wall temperature of 303.24 K. The wall temperature was set per the recommendation of Reference 21.

TABLE III.—AXISYMMETRIC CONE RUN CONDITION

Freestream Mach number...........ccccoceveviinininincnecne 7.93
Reynolds nUmMbET ...........cococveveveveriieererererenns 6.60x10° m™
Total temperature ..........cceceeveereereeneecieneneeneeiene 722.00 K
Wall temperature........cccueeeeeereereeneniieneneenennenne 303.24 K

—
-

Cone
Tip

Unstructured

T e e

Figure 2.—Sample axisymmetric cone grid (coarse grid level).
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5.0 Results

5.1 2D Flat Plate

A grid convergence study was performed that focused on the simulations that utilized the LM-SST
transition model. Those simulations used the Roe flux construction scheme (Ref. 23) in conjunction with
the Venkatakrishnan flux limiter (Ref. 24). The smooth limiter coefficient was set to one for the flux
limiter. The grid convergence study was performed at two different turbulent inflow conditions, T3A and
T3B (Ref. 25), which are outlined in Table V. From Figure 3 it can be seen that the skin friction
coefficient profiles achieve grid independence at the extra fine grid level. This is true for both the T3A
and T3B cases. It is also noted that the predicted transition location is in acceptable agreement with the
experimental data. Although results of the workshop findings were not yet published at the time of this
report, results obtained here for the LM-SST model were consistent with those submitted by workshop
participants. These findings provided confidence to examine the transition model for a more complicated
flow problem, the axisymmetric cone at nearly Mach 8 flow conditions.

TABLE IV.—NODE COUNTS FOR THE
AXISYMMETRIC CONE GRIDS

Grid level Nodes (x10°)
Coarse 1.13
Medium 9.30
Fine 75.37

TABLE V.—2D FLAT PLATE
TURBULENCE INFLOW CONDITIONS

i u I
%
T3A 11.9 5.855
T3B 99.0 7.216
0.008 0.008 Experiment
— — — — Blasius
[ ————— CFD - Tiny Grid
| ——— CFD - Medium Grid
| ~————— CFD - Extra Fine Grid
0.006 0.006 R — — — — CFD - 2xExtra Fine Grid

O 0.004 ¢ 0.004
\s
.
\
N
0.002 0.002 |- A
=~ -~
1 ! L ! | L L ] L 1 ! L 1 ! ! J
0-000; 200000 400000 600000 0.000, 200000 400000 600000
(a) Re, (b) Re,

Figure 3.—2D flat plate skin friction coefficient profiles at the T3A (a) and T3B (b) conditions.
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5.2  Axisymmetric Cone—Turbulence Parameter Study

A turbulence parameter study was performed on the coarsest grid level grid. This grid level was
chosen because it was the cheapest computational grid to verify that each set of turbulence parameters
would yield a converged solution. All simulations used the dissipative LDFSS flux construction scheme
(Ref. 26) in conjunction with the van Leer flux limiter (Ref. 27) with a heuristic pressure limiter.

Equation (1) to (3) show how the inflow and cone tip stations are related, as a function of distance
from the inflow domain to the leading edge of the cone, s.

ki = 1.5 X (Mo, X 0.01 X I;)? 1)
e -T=u @

pe/p |ubp - Weip

BXWiipXs _B*/B
kin = kup % |22 41 ©
where

S = Xin — Xtip 4)
Utip = Uoo (5)
B =0.0828 (6)
B* = 0.09 7

With regards to the turbulence parameters, the inflow turbulence intensity was set to 1.25 percent, based
on the recommendation from Reference 28 for the AETC tunnel B. These values were also used
successfully for investigations of a simpler transition-sensitized RANS model in Reference 29. A broad
range of inflow u/u, which effectively changes the turbulent length scale for a given turbulence intensity
setting, were examined to gauge the effect of freestream turbulence settings on the predicted transition
location. A wide range of turbulent viscosity ratios were selected, as shown in Table VI. It may be
observed that the broad range in u/u values results in a much smaller range in turbulence intensities at the
cone tip, which is due to the nonlinearity of Equation (2) and (3). For a given turbulence intensity, a larger
u/u corresponds to a smaller turbulent dissipation rate, such that the inflow turbulence intensity of 1.25
percent will decay more slowly with increasing u./u.

The turbulent kinetic energy at the cone tip was determined by iterating on the value of kip/ki, and
inserting into Equation (3) until the turbulence intensity at the cone tip was converged upon. The
turbulence intensity at the cone tip was then determined via Equation (8).

1 ’2

To aid in the convergence of the simulations, the flow was initialized as follows. A simulation was
performed with the SA turbulence model where the flow was initialized with uniform flow at the run
condition total pressure and total temperature. The converged SA turbulence model solution was then
used to initialize the mean flow for a simulation that used the SST-V turbulence model. In turn, the
converged SST-V turbulence model solution was then used to initialize the mean flow for a simulation
that used the LM-SST transition model with an inflow u/u of 5.0. The remaining LM-SST transition
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model simulations were performed in order with increasing u,/u with each simulation initialized from the
previous converged solution.

In the experiments, transition to turbulence was identified by measuring the surface heat transfer
along the cone surface. Figure 4 shows the resultant Stanton number profiles plotted as a function of the
boundary layer edge Reynolds number. The Stanton number was computed per Equation (9) and the
boundary layer edge Reynolds number was based on the conditions downstream of the oblique shock, or
in other words the local “freestream” conditions within the shock layer.

St = G/ (pen X tteo X (A(To) = h(T,,))) ©)

Figure 4 shows that the predicted transition location moves upstream as the inflow turbulence is
increased, a trend that has been shown in the previous section as well as in other zero-pressure-gradient
flat plate simulations (Ref. 30). This trend, however, is significant when considering the design of an inlet
for a hypersonic vehicle as the transition location has a direct effect on the inlet performance. The results
shown in Figure 4 demonstrates that by increasing the inflow u/¢ from 50.0 to 400.0 leads to a decrease
in the transition point Reynolds number based on the cone position and the boundary layer edge quantities
by ~3.53x10° (or equivalently a decrease in the nondimensional axial location dx/L by 0.382). The
transition point was defined as the Stanton number profile sharp increase midpoint. The finding of this
sensitivity is significant as hypersonic inlet design often assumes a transition point and does not consider
the sensitivity of that location to the incoming turbulence. It is also noted that the LM-SST transition
model seems to best predict the transition location relative to the experiment with an inflow u¢/u of 100.0
(corresponding to a turbulence intensity of 0.959 percent at the cone tip). By no means are these values
suggested as global settings for other problems, but only the set of freestream turbulence parameters that
enable closest replication of the experimentally observed transition location.

Aside from assessing the capability of the LM-SST transition model to predict transition, it is noted
from Figure 4 that the SA and SST-V turbulence models also predicted transition, although much earlier
than as predicted by the transition model and the experiment. One thing that caught the authors’ attention
was that the turbulence model simulations were predicting transition at a location corresponding to
higher-than-expected boundary layer edge Reynolds numbers (~1.92x10° for the SA turbulence model
simulation and ~1.54x10° for the SST-V turbulence model simulation). As discussed earlier, it is
generally expected that RANS models without any specifics for transition modeling will experience a
natural transition of sorts very near the origin of a boundary layer and usually at correspondingly very low
equivalent Reynolds numbers. This peculiarity will be further explored by revisiting the zero-pressure-
gradient flat plate at a range of Mach numbers later in this paper.

TABLE VI—STUDIED TURBULENCE PARAMETER
VALUES FOR THE AXISYMMETRIC CONE

Inflow Cone tip
wiu 1, 1,
% %
5.0 1.25 0.303
50.0 1.25 0.803
100.0 1.25 0.959
200.0 1.25 1.078
400.0 1.25 1.155
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0.003

F s+ Re/m=33E6
0.0025 | . Re/m = 3.9E6
5 . Re/m = 6.6E6
0.002}F . Re/m = 8.2E6
. LM-SST (u/1=400)
r ————— LM-SST (u,/n=200)
0.0015 LM-SST (u/u=100)
———— LM-SST (u/u=50)
————— LM-SST (u/u=5)
———— SST-V
0.001 SA
-
w
0.0005

] .
1E+06 1E+07
Re

Figure 4.—Axisymmetric cone Stanton number profiles for the turbulence
parameter study.

5.3 Axisymmetric Cone—Grid Convergence Study

For thoroughness, a grid convergence study was completed. The simulations used the same flux
construction scheme, flux limiter, and flow initialization as the turbulence parameter study. For brevity,
the grid convergence study was only performed for the SA turbulence model, SST-V turbulence model,
and the LM-SST transition model with an inflow u/u of 5.0 and 100.0. Figure 5 shows the Stanton
number profiles plotted as a function of the boundary layer edge Reynolds number for the turbulence
model simulations while Figure 6 shows the corresponding plots for the transition model simulations. It
can be seen that the Stanton number profiles show near grid convergence on the medium level grid for the
turbulence model simulations while extra refinement was required to reach grid convergence for the
transition model simulations. To save computational expense, the finest grid, denoted as fine-c, only had
refinement along the cone. Specifying the refinement in that region was based on the trend that the lack of
grid convergence on the coarser grids was concentrated around the predicted transition location. The fine-
¢ grid had 96.53x10° nodes (compared to the fine grid which had 75.37x10° nodes).

5.4 2D Flat Plate Revisited

As a result of the observation from the cone studies that the fully turbulent RANS simulations exhibited
a transition location further downstream than expected, a freestream Mach number study was performed to
gauge the sensitivity to the predicted transition location when using the SST model, using the vorticity-
based turbulence production term (or SST-V model), in “fully turbulent” RANS mode. The simulations
were performed on the extra fine grid level grid that was used for the low Mach number transition cases
discussed earlier in this report as this grid was shown to be grid converged. The freestream Mach numbers
explored included Mach 0.2, 1.0, 2.0, 4.0, 6.0, and 8.0, with nominal " values shown in Table VII. The
surface boundary conditions for the supersonic freestream Mach numbers were the same as the simulations
for the freestream Mach number of 0.2, while the inflow and outflow boundaries were modified. Those
boundary conditions were set to freestream at the inflow and extrapolated at the outflow. To compare
against the FUN3D simulation results, a set of equivalent simulations were performed with the Wind-US
code, also in fully turbulent RANS mode, but using a structured grid flow solver.
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Figure 5.—Axisymmetric cone Stanton number profiles for the SA (a) and SST-V (b) turbulence model simulations.
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Figure 6.—Axisymmetric cone Stanton number profiles for the LM-SST transition model simulations with an inflow
udpof 5.0 (a) and 100.0 (b).

Figure 7 shows the resulting skin friction coefficient profiles at the various freestream Mach numbers.
For all conditions, the SST-V model and essentially all two-equation RANS turbulence models
experience a transition of sorts, but this typically is expected early in the boundary layer development
such that the flow can still be considered “fully turbulent.” At low Mach numbers, as shown in Figure 7,
this is verified to be the case with the SST-V model. Up to Mach 2.0, predictions using the two codes are
nearly identical. It can be seen that the predicted transition location moves downstream as the freestream
Mach number increases. This matches the trend shown by Rumsey (Ref. 31) who performed CFL3D
simulations using the SST turbulence model. As the freestream Mach number is increased to four and
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above, the difference in the numerical transition becomes larger between the two codes. All the cases
considered here employed an adiabatic wall condition, except for one case at Mach 8.0 where an
additional case was set where the wall temperature was set to the same ratio as that for the hypersonic
cone of the previous section, in order to determine the effect of wall temperature state on the boundary
layer transition performance of RANS models in fully turbulent mode.

For the Mach 8.0 adiabatic wall cases, Figure 7 shows the predicted transition location begins for the
Wind-US simulation at approximately 8.0x10° while for the FUN3D simulation, the transition process
begins much further downstream at 1.4x10°. Fully turbulent mode is achieved for the Wind-US
simulation at approximately 1.4x10° and for the FUN3D simulation at approximately 2.7x10°. The Mach
8.0 case with the lower wall temperature that matches the cone case transitions significantly earlier that
the adiabatic wall case and, as expected, results in a fully turbulent skin friction that is higher than that for
the adiabatic wall case. It is only a coincidence that the skin friction for the Mach 8.0 case at the lower
wall temperature is very similar to the skin friction coefficient of the Mach 6.0 adiabatic wall case
downstream in the fully turbulent regime. Equating the Mach 8.0 cold wall flat plate case to a fully
turbulent Reynolds number based on the conditions downstream of the oblique shock yields a value of
1.41x10°, which is similar to the value predicted in the hypersonic cone simulations.

Briefly, the SA model was also investigated in fully RANS mode for these flat plate cases with
variation in freestream Mach number, as shown in Figure 8. These calculations were only performed with
Wind-US. It may be observed that there is a similar delay in boundary layer transition as the freestream
Mach number increases, but only at the highest Mach numbers investigated, 6.0 and 8.0. Relative to the
Wind-US solution with the SST-V turbulence model at Mach 8.0, the numerical transition with the SA
turbulence model begins at a lower Reynolds number and also achieves a fully turbulent state more
quickly. This matches the trend shown by Rumsey and Spalart (Ref. 32) who performed CFL3D
simulations with the SA and SST turbulence models. While the original and still primary objective of this
paper was to investigate a widely used transition-sensitized RANS model, these fully turbulent results
indicate that there is a numerical transition process at higher freestream Mach numbers which may not be
desired by an analyst when intending to run a RANS code in fully turbulent mode. A comprehensive
study of the effect of freestream turbulence levels for these fully turbulent RANS simulations was not in
the scope of this paper but would be worthwhile to be investigated to determine if the Mach number
sensitivity is reduced or eliminated with other freestream turbulence settings.

TABLE VIL—NOMINAL 2D

FLAT PLATE y* VALUES
Mo y*

0.2 9.72x1072
1.0 7.98x1072
2.0 5.07x1072
4.0 2.03x1072
6.0 1.01x1072
8.0 5.92x1073
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Figure 7.—2D flat plate skin friction coefficient profiles with varying
freestream Mach numbers (SST-V turbulence model solutions).
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Figure 8.—2D flat plate skin friction coefficient profiles with varying
freestream Mach numbers (Wind-US SA turbulence model solutions).
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6.0 Conclusions

A series of steady-state simulations were performed to explore the use of a popular transition-sensitized
RANS model for predicting transition for high speed applications. The focus transition problem was a
hypersonic cone that would represent the forebody of a hypersonic vehicle, and hence the initial part of an
inlet compression system. The Langtry-Menter Shear-Stress Transport (LM-SST) transition model as
implemented in the FUN3D code was chosen for the study, and it was compared with results using the SA
and SST-V turbulence models in fully turbulent mode. The investigations began with a baseline
incompressible zero-pressure-gradient flat plate. The flat plate simulations showed that the transition model
was able to reasonably predict the transition location at a freestream Mach number of 0.2.

An axisymmetric cone was examined next, and the simulations showed a significant sensitivity of the
freestream turbulence on the predicted transition location. Comparisons of surface heat transfer were
made between experimental data and computations obtained with the LM-SST transition model, and
variations in freestream turbulence settings were examined. Determination of freestream turbulent settings
in high Mach number experiments is frequently challenging, and even if a turbulence intensity can be
identified, the setting for the turbulent length scale is typically not as easy to determine, yet required when
using a two-equation RANS model as the basis for a transition simulation technique. Solutions for the
cone indicated that a nearly grid-converged result could be obtained even for the high Mach number case.

For reference, the SST-V and SA RANS models in fully turbulent mode were also run for the cone
case. Turbulence models operated in “fully turbulent” mode are usually expected to transition numerically
very near the origin of the boundary layer but were noted during the cone simulations to transition much
further downstream than expected. Therefore, another set of flat plate investigations were investigated
where the Mach number was varied from 0.2 to 8 to more thoroughly investigate the transition behavior
of RANS models in fully turbulent mode. The flat plate simulations showed that the predicted transition
location moved downstream as the freestream Mach number was increased when using the SST-V
turbulence model. This was an unexpected finding at first as the one- and two- equation models are
usually assumed to produce fully turbulent flow from near the leading edge of a boundary layer
simulation, however, this trend verified the trend seen in the cone simulation. For high speed flow
investigations where the flow is assumed to be fully turbulent from the leading edge, the delayed
transition behavior as exhibited here may result in incorrect predictions of overall viscous drag, as well as
overall performance of an inlet. The trend observed with FUN3D was confirmed with simulations using
the Wind-US code. While these results with two codes were obtained for the SST-V model, similar
behavior was obtained with Wind-US when using the SA turbulence model. It was also shown that the
predicted transition location for the axisymmetric cone when using the SST-V turbulence model
compared well with the equivalent zero-pressure-gradient cold wall flat plate case.
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