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Abstract

As part of the AVT-352 on hypersonic turbulence, a code-to-code comparison has been initiated to
evaluate the status of RANS modeling for such flows. To this end, two sharp cone-flare geometries,
experimentally studied at CUBRC have been selected for study. Each geometry has been run at various
conditions enabling a larger sampling for the various participating CFD codes and turbulence models.
The nature of the physics found in cone-flare geometries is known to be extremely challenging for RANS
CFD codes. This paper presents an initial status on this endeavor, describing the setups, conditions,
and general simulating strategies. Initial simulations confirm the typical overpredictions of pressure and

heat flux along the wall after the region of separation.
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1. Introduction

In order to advance the fundamental understanding of hypersonic flows, diverse experimental setups
have been devised since the late 1950’s [1]. The experiments aimed at isolating effects occurring on
actual hypersonic vehicles and provide data to assess, validate, and further develop empirical correlation
as well as numerical tools (CFD). An important focus of these experiments has been on shock-wave
boundary-layer interactions (SWBLIs), both in laminar [2, 3, 4] and turbulent conditions [5, 6, 7]. Such
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interactions are typically found in control surface deflections, flared junctions, or intakes and require
careful considerations in aerothermal design. A hypersonic vehicle, such as the National Aerospace Plane
(NASP), is expected to encounter turbulent boundary layers in its flight path, as illustrated in Fig 1 of
[8]. Specifically in the context of NASP, a set of experimental setups for shock wave turbulent boundary
layer interactions (SWTBLI) was identified [9, 10] in order to guide the development of turbulence
modeling in the context of CFD. An inventory of SWTBLI experiments as of 1994 was given by Settles
and Dodson [8, 11] and a comprehensive survey of SWTBLI experiments, Direct Numerical Simulation
(DNS) and Large Eddy Simulation (LES) as of 2023 was presented in Knight and Kianvashrad [12].
Settles and Dodson assessed the quality of existing datasets which would allow improving turbulence
modeling. Among the type of setups, there was an axi-symmetric cylinder-flare which was introduced
by Holden et al. [6, 7]. The motivation for a cone/flare type setup resulted from the desire to increase
the complexity of SWTBLI’s through crossflow effects while ensuring well-defined boundary conditions
[6]. These early experiments were performed at Calspan’s shock tunnel facilities, now commonly known
as CUBRC facilities. Since then, many sets of experimental data on cone/flare interactions have been
collected, including some more recent works performed in the last two decades [13, 14, 15, 16]. Moreover,
Marvin et al. [17] provided a comprehensive experimental database for SWBLIs that includes baseline

CFD solutions for the various test cases compiled.

SWBLIs have been the go-to type of test cases for validation of hypersonic CFD codes, driven by the
desire to leverage numerical predictive capability in hypersonic vehicle design. In turbulent conditions,
Reynolds-Averaged Navier-Stokes (RANS) modeling has always been the primary method of choice when
engineering design is of interest. Anno 2024 this fact has (unfortunately) not changed, as the more ac-
curate scale-resolving methods still remain out of reach for such purposes. Moreover, the availability
of computational power at an affordable cost, as well as the advent of open-source CFD codes, allows
whomever desires it to run (RANS) CFD test cases and obtain solutions in relatively short time frames.
It is therefore more important than ever to focus on uncertainties in numerical predictions which can
emanate from a CFD solver (numerical discretization and models) or its user (setup, meshing, modeling
constant choices). In (turbulent) hypersonic CFD, wide prediction uncertainties have typically been
encountered for SWBLI physics. This entails separation location, evolution of wall pressure, skin friction
or heat flux including peak values. The latter set of quantities are key in the aero-thermal and -structural

design of vehicles in the hypersonic regime and remain a challenge for RANS models.

Hypersonic cone/flare, hollow cylinder/flare and double-cone configurations have been popular for RANS
code validations, as exemplified by [18, 19, 20, 21, 22, 23, 24, 25]. The interest varies from chemical and
thermal non-equilibrium flow physics to laminar, transitional or fully turbulent flows. Such test cases
have also been popular in blind validation of CFD codes [26, 27, 28, 29, 30]. These have typically been
performed within the context of NATO Science and Technology Organization (STO) Applied Vehicle
Technology (AVT) working groups [31, 30]. The present work similarly emanates from a NATO AVT
group, the AVT-352 on hypersonic turbulence. Given the topic of interest, a RANS code-to-code vali-

dation has been initiated on hypersonic turbulent cone-flare geometries.
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2. Problem Description

Two hypersonic turbulent cone-flare geometries, with experimental campaigns performed at various con-
ditions, have been selected for code-to-code comparative studies amongst the participants. A first setup
(Subsection 2.2) was experimentally studied at Mach 11 and 13 while the second setup (Subsection 2.3)
at Mach numbers between 5 and 8, both with air as the working fluid. Both sets of experimental data
have been obtained in the LENS’ hypersonic facilities at CUBRC (reflected shock tunnels) [13, 17, 14].
In a first Subsection 2.1 the physics encountered in cone-flare like configurations are introduced followed

by a description of the two test cases in Subsections 2.2 and 2.3, respectively.

2.1. Cone-flare related physics

The overall flowfield structure for a typical cone-flare configuration is shown in Figure 1 for CUBRC
Run 28 at Mach 4.96 [32]. The forward cone half-angle is 7° and the aft flare angle is 40°. The
streamlines are deflected by the attached incident conical shock!. A second bow shock is generated by
the flare followed by a rapid expansion around the corner formed by the flare-cylinder junction. The

incident shock-bow shock interaction occurs further downstream.

Details of the flowfield structure in the vicinity of the cone-flare junction are illustrated in Figure 2 for
CUBRC Run 28 at Mach 4.96 [32]. The adverse pressure gradient due to the bow shock causes separation
of the boundary layer on the cone surface and the formation of a separation region and shear layer. The
deflection of the cone turbulent boundary layer by the separation streamline results in a separation shock
which intersects the bow shock forming a triple point and transmitted shock. The surface pressure rises
upstream of the separation point, achieves a plateau within the separation region, and rises again near
the reattachment. The surface skin friction vanishes at the separation point, reverses direction within
the separation region, and rises rapidly downstream of reattachment. Similarly, the surface heat transfer
decreases within the separation region compared to the undisturbed boundary layer upstream, and rises

rapidly immediately after reattachment.

Mach-Number Shock-Shock
% Interaction
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Fig 1. Overall flowfield structure CUBRC Run 28

1The half-cone angle for shock detachment at Mach 5 is 54.5°.
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Fig 2. Details of flowfield structure CUBRC Run 28

2.2. Case 1: 6/42 Degree Cone-Flare at Mach 11 to 13

The first test case is a 6/42 degree large cone-flare as shown in Figure 3 and documented in [13, 17, 14, 15].
The flow conditions for two runs have been selected and listed in Table 1. The experimental data for
Run 4 is tabulated in the following references [13, 17, 14]. Experimental accuracy on pressure and heat
transfer measurements of + 3 % and + 5 %, respectively are reported in [17]. For Run 6, the experi-

mental information can be found in [11].

Run number Mach poo (kg/m3) T_ (K) uy (m/s) p. (Pa) T, (K)
Run 4 11 0.032354 67.4 1807 626.07 300
Run 6 13.10  0.030952 57 1968 506.42 300

Table 1. Flow conditions of Run 4 [17] and Run 6 [11].

sharp

air B N
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2642.2604 mm 210.0072 mm

Fig 3. Cone-flare geometry used for conditions summarized in Table 1
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2.3. Case 2: 7/40 Degree Cone-Flare at Mach 5 to 8

The second test case is a 7/40 degree large cone-flare as shown in Figure 4 and was part of a newer
campaign for blind code validation [13]. The presently selected conditions of interest are runs with dry
air, summarized in Table 2. Some of the experimental data has been presented in [14, 15] and is publicly
available from the CUBRC website 2. The length of the cone was devised to ensure transition occurs
very close to the tip with transition locations reported by Holden et al. [14] (Table 22).

sharp

alr . >——

+ >

2353.056 mm 151.130 mm

Fig 4. Cone-flare geometry used for conditions summarized in Table 2

Run number Mach  poo (kg/m3) T_ (K) uy (m/s) p_ (Pa) T, (K)

45 5.90 0.1113218 244.38 1852.0 7808 300
28 4.96 0.1417292 219.89 1476.5 8944 300
34 6.03 0.07112228  169.89 1578.1 3468 300
33 6.17  0.07369917  56.50 931.3 1195 300
14 7.18 0.05720705  66.61 1177.3 1094 300
41 8.10 0.02355281 166.94 2102.7 1128 300
37 8.21 0.04370412  60.44 1282.0 758 300

Table 2. Flow conditions for 7 / 40 cone-flare [14, 33].

3. Previous work and challenges for RANS

This section discusses previous attempts to simulate the setups described in Section 2 (see 3.1) as well
as other relevant cases (see 3.2) where various RANS models have been adopted for predictive purposes.
Finally, some RANS related developments specific to the physics encountered here are discussed in
3.3.

3.1. Hypersonic turbulent large cone-flare studies
3.1.1. 6/42 large cone-flare

Horstmann [34, 35] performed numerical validations on various hypersonic geometries, including the

Mach 11 cone-flare case (Run 4). Various formulations of the k-e¢ model were used and behaved similarly

*https:/ /www.cubrc.org/index.php/page/publications
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in terms of wall pressure predictions. However, large discrepancies in heat flux predictions between the

models, as well as with the experiments, were observed.

Holden et al. [13, 14] reports pressure and heat flux CFD data obtained with the DPLR code [36, 37]
for Run 4 of Table 1. Simulations were performed with the k-w SST (1994) [38] and an empirical shear-
stress limiter coefficient (Cy;p,) following [39]. An optimal value for this coefficient of 0.9 was first found
on the HIiFIRE 1 (cone-cylinder-flare) setup and subsequently applied to Run 4. Separation onset was
over-predicted by the model (CFD x =& 86 inches, experiment x & 102 inches). The predicted peak
heat flux and pressure values are similar to the experimental measurements, but their location further

downstream.

Marvin et al. [17] reviewed a set of experimental setups relevant for SWTBLI CEFD predictions. They pro-
vide a baseline CFD solution obtained with LAURA [40, 41] for Run 4 (see Table 1) of the 6/42 cone-flare
geometry. This baseline prediction is obtained with the Wilcox’ k-w 2006 model and a compressibility
correction with M;;=0.5. It predicts very closely the onset of separation as seen by the pressure trace
(CFD x = 101 inches, experiment x &~ 102 inches) as well as pre and post interaction heat flux and
pressure values. Peak pressure and heat flux locations are accurately predicted, however, peak values
are over-predicted. The baseline result follows from an extensive comparison between turbulence models
by Gnoffo et al. [42]. Their work was motivated by NASA’s Fundamental Aero Program (FAP) and
aimed at reducing uncertainties in predictions of hypersonic flows by 50 %. Run 4 was used to compare
multiple turbulence modeling approaches, adopting a calorically perfect gas model for air and relying
on Sutherland’s law for the molecular properties. The applied turbulence models were Cebeci-Smith,
Baldwin-Lomax, Spalart-Allmaras, Menter’s SST and the k-w 2006. In general, the authors observe a
strong grid sensitivity of the results. Specific study of the compressibility correction’s impact on the k-w
2006 model is reported with results demonstrating separation or not depending on its value. The k-w

2006 model with My;=0.5 prove to be the best overall choice for this setup, as aforementioned.

More recently, Cross and West [25] used the commercial software Star-CCM+ to simulate the 6/42
cone-flare geometry for the Run 4 conditions with a structured grid. Menter’s SST, Wilcox’ k-w 2006,
Spalart-Allmaras and Realizable k-¢ model were considered with strong variations in heat flux and
pressure along the wall, including separation onset. A real-gas model in thermochemical equilibrium,
implemented inside the solver is applied to represent the air. In a subsequent attempt, many variations
of turbulence model parameters were explored, including the compressibility correction, the a; constant
for the SST model (see also [43]) and the use of a quadratic constitutive relation (QCR, see Spalart
[44]). A Dbeneficial combination appears to be the omittance of the first, adapting the second parameter
to 0.355 and to activate the QCR. This resulted in a separation onset predicted at x ~ 100.4 inches

(experiment x =~ 102 inches).

3.1.2. 7/40 large cone-flare

This second geometry was originally considered as part of a blind code-to-code validation as explained
by Holden [15, 14]. Candler [29] assessed the state-of-the-art in CFD for hypersonic flows. In this dis-
cussion, results for the aforementioned blind code-to-code validation at Run 45 conditions are presented.

Strong variations in predictions, as expected, are observed. Results with Spalart-Allmaras (LAURA)
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and SST from various codes (GASP, DPLR, US3D) are shown. In addition to uncertainties due to
grids and numerical methods which have to be assessed to some extend, Candler points out the need for
experimental uncertainty quantification which could be achieved by using the same geometry in multiple

experimental facilities.

Holden et al. [45] briefly discusses additional results from the blind code-to-code validation for Run 28.
In addition, the impact of wall temperatures is presented by comparing Run 33 and Run 45 results.

Unfortunately, the graphs are of very low quality, making them difficult to read.

In a presentation, published on the CUBRC website, Wadhams et al. [46] presents results for Runs 28,
33, 45, 37 and 41 of Table 2 with the US CFD codes DPLR, FUN3D, US3D, GASP and LAURA. Most of
the submissions were obtained with the SST turbulence model. For the two-equation turbulence models,
peak pressures and heat fluxes on the flare are located in the vicinity of each other. This observation does
not hold for the one-equation turbulence model results. Significant variations in predictions are observed
for the different cases. Furthermore, the two-equation models have a tendency to predict separation

onset in spite of experimental measurements indicating no likely incipient separation.

Alviani [33] studied the setup with Wilcox’ k-w 2006 version, reporting detailed results for run 28, run 34,

run 33, run 14, run 41 and run 37. These simulation results will be considered in the present endevaour.

Cross and West [25] also considered the 7/40 degree cone-flare setup (Figure 4) for the conditions of Run
33 and Run 45 in their Star-CCM+ study. Simulations with both the Spalart-Allmaras and Menter’s
SST model are presented. For Run 33, the former turbulence model does predict a better separation
onset (x & 89.8 inches, experiment x ~ 90.5 inches) as well as post-interaction values. In the separa-
tion zone itself, the heat flux is more appropriately predicted by Menter’s SST model. Similarly, for
the Run 45 comparison, the Spalart-Allmaras model predicts a better separation but flare heat flux
values are underpredicted. Menter’s SST overpredicts the flare heat flux values. Moreover, some sen-

sitivity on the gas modeling assumptions is shown by comparing a single-species or two-species gas model.

Roy et al. studied this cone-flare configuration for the conditions of Run 37, Run 33 and Run 14
[47, 48]. They coupled the shock-unsteadiness model [49, 50] with Wilcox’ k-w turbulence model a
variable turbulent Prandtl model which is active in shock regions. General improvements of heat flux

predictions on the ramp are illustrated for all cases.

Other results found in the open literature include a presentation from Prabhu [51] which shows some
sample results for Run 37 with DPLR and Menter’s SST (ideal gas, Sutherland law, Prandtl = 0.71).
Finally, Ali et al. [52] also simulated this cone-flare configuration for the conditions of Run 33 (dubbed
Case-3), Run 14 (dubbed Case-2) and Run 37 (dubbed Case-1) listed in Table 2.They use a modified
Spalart-Allmaras model which includes shock-unsteadiness (SU) related physics [50]. In comparison to
the standard Spalar-Allmaras, the new model demonstrates a general improvement for the pressure traces

(separation onset) but heat flux predictions remain challenging.
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A summary of relevant simulation results from the literature for the cases and conditions presented in
Subsections 2.2 and 2.3 are listed in Tables 3 and 4. The results are digitized from graphs and therefore
prone to small errors. In some of the cases, no details on the CFD solver can be found. The same is
true for the exact details of some of the turbulence models. For Run 6 and Run 34, no information could

readily be found in the literature.

Table 5 summarizes the absolute variations between the various predictions compiled in Tables 3 and 4.
It is clearly shown that even if variations in onset predictions are limited (at least for the 7/40 cone-flare
geometry), variations in peak quantities are non-negligible. Relying on predictions would result in strong

differences in thermo-structural design of such a geometry in practical applications.

3.2. Hypersonic turbulent RANS validation studies

In addition to the cone-flare geometry, discussed above, other canonical flow geometries have been used
to validate RANS turbulence models [53, 11, 54, 35, 55]. Roy and Blottner [35] categorize seven canonical
hypersonic flow setups, some of which have the relevant physical flow features of the cone-flare geometry.
The two-dimensional compression corner and the cylinder flare share many of the characteristic features
of the cone-flare, namely the pressure gradient and shock-boundary layer interaction. These flow fea-
tures cause shock-induced flow separation, which is particularly challenging for RANS-based turbulence
models. These challenges become even more important when heat flux is considered (see summary of
results in [35]).

The impinging hypersonic shock has the benefit of isolating shock-induced boundary layer separation
from the geometry of the flare setups. The experimental setups consist of a shock generator in the
freestream above a fully turbulent hypersonic boundary layer. RANS investigations of this setup reveals
that the velocity profiles are insensitive to the turbulence models but the eddy viscosity-based models
uniformly overpredict the peak thermal loading [56]. This thermal loading error can be corrected by an

anisotropic SST turbulence that accounts for the shock interaction physics [57].

More closely related to the cone flare is the two-dimensional compression corner. Wagner et al. [58]
conducted a combined experimental and RANS-based numerical study on a heated compression corner
with and without gap. The work highlighted the sensitivity of the transition location, and thus the
characterization of the boundary layer, on the separation bubble, shock position, and maximum heat

loading location.

The cylinder flare at a freestream Mach number of 7.05 [9]; this setup shares many of the same features
as the conical flare studied herein. The RANS turbulence models studied by Zhang et al. [56] show

significant variability peak pressure, heat load, and bubble separation size.

Many of RANS-based works rely on classical turbulence models and assumptions from low-speed equi-
librium turbulence applications such as Boussinesq approximation or gradient-based molecular and tur-
bulent diffusion models, the applicability of which in hypersonic conditions may be questionable [59]. A
number of efforts have been underway to correct RANS models to better account for the particularlities

of hypersonic flows. Some works have focused on developing strategies to account for variable turbulent

'not considering spike in heat flux similar to [33] probably linked to a spike in TKE
2hard to discern exact location but heat flux level correct
3Very hard to discern the exact location
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Case Run reference CFD Turbulence Separation Peak Peak Peak Peak
# solver model onset pressure pressure heat heat
(cm) location  (kPa) flux flux
(cm) location (MW /m?)
(cm)
6/42 4 [13,14] DPLR k-w SST 1994 2184 284.5 140.96 284.5 2.37
(Ciim =0.9)
[17] LAURA Wilcox’ k-w 2006 256.5 268.4 173.00 268.2 4.73
(Mg = 0.5
[25] STAR- k-w SST 2003, 255.0 270.8 158.80 270.7 3.79
CCM+ a1=0.355, QCR,
no compressibil-
ity correction
6 ?
7/40 45 [29, 46] US3D k-w SST 230.9 240.9 273.20 240.7 4.86
[29, 46] DPLR k-w SST 233.0 239.1 256.90 238.2 4.34
(MacLean)
[29, 46] DPLR k-w SST 227.5 242.9 301.97 243.1 4.96
(Prabhu)
[29, 46] GASP k-w SST 230.8 240.9 276.98 240.6 5.42 1
[29, 46] LAURA Spalart- 234.8 238.7 248.58 248.2 2 2.81
Allmaras
[25] STAR- k-w SST 2003, 231.2 240.1 274.52 239.9 5.24
CCM+ a1=0.355, QCR,
no compressibil-
ity correction, 1-
species air
[25] STAR- Spalart- 235.1 239.8 250.57 243.2 2.98
CCM+ Allmaras, 1-
species air
28 [46] US3D k-w SST 230.4 241.7 206.45 241.4 2.31
[46] DPLR k-w SST 232.4 239.4 209.40 238.7 2.29
(MacLean)
[46] DPLR k-w SST 230.3 242.7 202.82 241.8 2.24
(Prabhu)
[46] GASP k-w SST 229.4 242.6 210.36 242.1 2.54
[46] LAURA Spalart- 232.4 239.4 196.91 248.8 1.58
Allmaras
34 ?
14 [52] ? Spalart- 231.7 240.3 63.03 NA NA
Allmaras
[52] ? Spalart- 230.0 241.5 68.70 NA NA
Allmaras SU
[47, 48] 7 Wilcox k-w SU 229.5 239.8 77.96 241.4 0.430
[47, 48] 7 Wilcox k-w SU 229.5 239.8 77.96 240.2 0.350

and variable Pr;

Table 3. Part 1. Quantities of interest from previous CFD studies of hypersonic turbulent cone-flares
for conditions in Tables 1 and 2. Distances taken from the nose of the cone in the axial direction. Values
prone to digitization errors.
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Case Run reference CFD Turbulence Separation Peak Peak Peak Peak
# solver model onset pressure pressure heat heat
(cm) location  (kPa) flux flux
(cm) location (MW /m?)
(cm)

7/40 33 [46] US3D k-w SST NIP 243.9 52.93 243.7 0.172
[46] DPLR k-w SST 229.9 239.9 46.09 239.6 0.175

(MacLean)
[46] DPLR k-w SST 226.1 243.2 51.73 242.8 0.183

(Prabhu)
[46] GASP k-w SST NIP 244.3 52.22 243.7 0.192
[46] LAURA Spalart- 229.4 241.2 49.21 247.9 0.104
Allmaras

[25] STAR- k-w SST 2003, 225.1 244.3 53.98 243.7 0.186

CCM+ a1=0.355, QCR,
no compressibil-
ity correction

[25] STAR- Spalart- 228.1 241.9 52.92 243.1 0.113
CCM+ Allmaras
[52] ? Spalart- 229.3 242.7 50.91 NA NA
Allmaras
[52] ? Spalart- 229.8 242.1 50.25 NA NA
Allmaras SU
[47, 48] ? Wilcox k-w SU 229.1 240.8 49.19 240.8 0.170
[47, 48] ? Wilcox k-w SU 229.1 240.8 49.19 240.8 0.135
and variable Pr;
41 [46] US3D k-w SST 228.8 242.0 96.33 241.8 3.00
[46] DPLR k-w SST 232.9 239.0 80.19 238.6 2.40
(MacLean)
[46] DPLR k-w SST 229.4 241.1 94.94 241.1 2.81
(Prabhu)
[46] GASP k-w SST 230.7 240.3 90.79 240.1 3.42
[46] LAURA  Spalart- 234.8 23923 80413 2426 1.42
Allmaras
37 [46] US3D k-w SST 226.6 242.7 73.26 242.6 0.787
[46] DPLR k-w SST 231.53 239.1 63.45 238.7 0.783
(MacLean)
[46] DPLR k-w SST 228.6 240.9 68.96 240.9 0.746
(Prabhu)
[46] GASP k-w SST 228.3 241.3 70.45 241.1 0.902
[46] LAURA Spalart- 232.6 238.9 59.98 243.4 0.420
Allmaras
[52] ? Spalart- 234.4 239.6 56.35 241.7 0.539
Allmaras
[52] ? Spalart- 230.7 240.8 66.72 246.4 0.608
Allmaras SU
[47, 48] 7 Wilcox k-w SU 231.1 240.1 61.85 239.9 0.950
[47, 48] 7 Wilcox k-w SU 231.1 240.1 61.85 239.9 0.766

and variable Pr;

Table 4. Part 2. Quantities of interest from previous CFD studies of hypersonic turbulent cone-flares
for conditions in Tables 1 and 2. Distances taken from the nose of the cone in the axial direction. Values
prone to digitization errors. NIP = not in picture, NA = not available.
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Case Run A Sep- A Peak A Peak A Peak A Peak

# aration  pressure pressure heat heat
onset location  (kPa) flux flux
(cm) (cm) location (MW /m?)
(cm)
6/42 4 47.1 16.1 32.04 16.3 2.36
7/40 45 7.6 4.2 53.39 10.0 2.61
28 3.0 3.3 13.45 10.1 0.96
14 2.2 1.7 14.93 1.2 0.08
33 4.8 4.4 7.89 8.3 0.088
41 6.0 3.0 16.14 4.0 2.0
37 7.8 3.8 16.91 7.7 0.53

Table 5. Absolute variations in predictions based on data available in the literature.

Prandtl numbers [60]. The focus on the turbulent Prandtl number is at the heart of the modeling strat-
egy of Roy and Sinha [61] to improve the heat flux predictions in a compression corner. Other works

have focused on the shock-turbulence interaction [59].

3.3. RANS models and developments applied to hypersonic flows

As pointed out in [62, 35, 29] turbulence modeling for compressible flows are adaptations from incompress-
ible modeling by considering Favre averaging. These models are then applied to hypersonic flow studies.
Compressibility corrections have been formulated [35, 29, 63] targeting various fluid dynamic phenomena.
One of the widespread corrections relies on the turbulent Mach number to modify model coefficients in
the destruction terms of the k-w model [63]. It originates from Sarkar and Zeman’s pressure-dilatation
compressibility correction originally developed for free-shear flows. Rumsey [63] demonstrated the in-
fluence of the latter correction types on hypersonic boundary layers with significant variations between
cold- and hot-wall cases and significant deviations from expected skin-friction and heat flux values. It
is unclear whether they should be used or not. Sensitivity studies in hypersonic cone-flare geometries
have also demonstrated such corrections to significantly impact the SWBLI behavior [42, 17, 25]. Tu et
al. studied the effect of multiple compressibility corrections for the Spalart-Allmaras and SST models
on two compression corners configurations with 15° and 34° deflection angles at Mach 9.22 [64]. The
addition of the blended Catris’s and Shur’s compressibility correction is found to significantly improve
the prediction of the SA model. Certain improvements in prediction have also been attained by adding

Catris’s correction to the SST model.

In various references discussed in Subsections 3.1 and 3.2, a key feature which RANS has difficulty to
handle adequately, is the boundary layer recovery after separation. Coackley et al. [62, 65] investigated
this issue for two-equation models in two-dimensional flows (flat plates and SWBLI). The baseline models
were not able to predict reattachment heat transfer. Corrections to these models were investigated by the
authors which involved modifications to algebraic length scale for the turbulent viscosity as well as rapid

compression modifications or rapid strain corrections affecting damping functions and modeling constants
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in the turbulence models, respectively. Improvements could be seen, but no conclusive modeling strategy,

valid for all tested cases, could be devised.

Another common feature of RANS modeling for hypersonic flows is the use of a production limiter which
effectively limits the ratio of production to destruction terms [42]. It targets specifically shock waves
and the occurrence of unrealistically high values of TKE behind a shock. Canonical shock-turbulence
interaction studies [66] have demonstrated some level of amplification of turbulence when passing through
the shock. Actual amplitudes depend strongly on the shock strength, turbulence strength, and the
nature of the turbulence itself. An example of unlimited predictions is shown by [33] with the Wilcox’
k-w turbulence model. An anomalous spike has been observed in heat transfer predictions for all the
presented hypersonic cone-flare simulations. It has been linked to a strong increase in TKE at the exact
same location. The same behavior has also been shown for the GASP predictions in [46] with Menter’s

SST model and can probably be related to this limiting.

Another method to deal with TKE amplifications through shock waves is to account for the actual physics
governing the interaction. This is what Sinha et al. [49] have done by incorporating shock-unsteadiness
into the k-e turbulence model yielding clear improvements. In a subsequent work, Sinha et al. [50]
extended the idea to SWBLI and applied it to one- and two-equation turbulence models. They apply the
modeling to supersonic compression ramps and observe better prediction of separation onsets. However,
post-ramp reattachment are delayed. The shock-unsteadiness (SU) model has not seen a widespread
adoption in the hypersonic RANS community. For hypersonic cone-flare test cases, Ali et al. [52] showed
some level of improvements by incorporating SU with a Spalart-Allmaras turbulence model. It is worth
pointing out that a qualitatively similar effect to the SU model is present in Menter’s SST 2003 model
[67]. The model limits the turbulent viscosity based on the strain rate and the F2 blending function.
As a result, in a shock, where S goes infinite, the eddy viscosity will be tend to zero in regions of the

boundary layer where F2 is non-zero. As a result, production of TKE is strongly attenuated.

RANS modeling introduces various constants that have to be specified. Among these constants, the
turbulent Prandtl number, introduced by modeling the Reynolds’ heat flux term has shown to have
some level of impact in predictions of supersonic combustors[68]. Moreover, a constant value of 0.89 is
typically assume while it should vary spatially. In canonical shock-turbulence interaction, scale-resolving
simulations have shown that the turbulent Prandtl number (Pr;) reduces through a shock wave [69, 70].
Building on this observation, Roy et al. [61] have devised a variable Pr; which is activated in shock
regions through a shock function. They successfully demonstrated improvements in heat flux predictions
in shock-generator type SWBLI cases as well as other hypersonic geometries [47, 48] including cone-flare
setups. The shock-unsteadiness modified k-w model with Pr; following [48] has been applied by Ali et
al. to Mach 9.22 2D wedge-compression corner cases revealing a drastic improvement of the heat flux
prediction compared to the standard k-omega model [71]. The model validation has been performed for
four 2D wedge-compression corner configurations with deflection angles from 15 to 38 degrees at Mach

9.22 as well as for the cases of Reynolds number variation and wall temperature variation.

Specifically related to Menter’s (1994) SST model [38], Georgiadis and Yoder [43] demonstrate improved
separation behavior and experimental agreement for SWTBLI by changing the a; constant, used in the
turbulence viscosity evaluation, from 0.31 to 0.355. It is pointed by the authors that the recommen-
dation’s validity applies to the cases considered in their work (two SWTBLIs and HiFIRE 2) but no
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generality can be ensured.

Some intrinsicalities of the present SWTBLI can’t be represented through linear eddy viscosity models.
Instead, non-linear eddy viscosity models (NLEVM), explicit algebraic Reynolds Stress Models (EARSM)
or full Reynolds Stress Models (RSM) are required to account for the dominating anisotropies. This was
already pointed out by Baurle [68] in an overview on the modeling for hypersonic propulsion flow paths in
2004. In recent years, some work [72, 73, 74, 57] has explored this area. Vemula and Sinha [72] explored
three existing RSM to simulate the canonical homogeneous STI problem [66]. In general, the post-shock
amplifications in the non-stream-wise directions were poorly captured by the models when compared to
the DNS data. They then modify the Gerolymos et al. [75] model by introducing SU damping from [49].
This new model was able to correctly capture the canonical STI amplifications (for solenoidal incoming
turbulence) for shock Mach numbers up to 6. Post-shock turbulence decay also shows improvements
with respect to the unmodified model. In a subsequent work, Vemula and Sinha [74] explore the use
of a SU modified EARSM. After demonstrating similar behavior to the SU modified RSM [72] for the
canonical STI, the authors showed superior prediction with respect to other turbulence models on a
two-dimensional SWBLI problem. Karl et al. introduced a correction for RSM, derived from the same
canonical STI problem. They applied the correction on two RSM models retrieving the DNS behavior
for the canonical STI. The model does still require further development as it violates Galilean invariance.
Raje and Sinha [57] modified the SST model to account for anisotropies including SU physics. The new
model, dubbed SUQ-SST, is applied to three two-dimensional SWTBLI configurations with some level
of improvement in terms of separation onset and heat flux prediction with respect to the standard SST

model [38] and similarly to better predictions with respect to a reference EARSM.

The various developments listed above have only been applied to a limited number of test cases. In
order for a wider community to adopt new models, a larger set of validations is required, and if un-
desirable features are indentified, shielding modeling mechanisms should be devised. This problematic
has also been pointed out by Roy and Blottner [35] and is key to advance the field of hypersonic RANS

modeling.

4. Computational Setup

This section describes the general guidelines given to the participants (4.1) followed by a brief description

of the CFD solvers and associated settings used.

4.1. General Approach

The aim of this endevaour is to establish anno 2023-2024, the capability of CFD solvers to simulate
representative hypersonic flows with RANS approaches. A balance between commercial and research
CFD codes (open-source and non open-source) have been adopted by the participants. Throughout
the literature (see also 3), a general observation is the limited usage of commercial CFD softwares
in simulating such hypersonic validation cases, or code-to-code comparison campaigns (GASP in[28] ,
GASPex in [30, 76, 22, 33] and StarCCM+ in [25]). Nevertheless, commercial codes are expected to play
an important role in enabling a wider industrial community to perform hypersonic design tasks. This
has become apparent in their development over the last years. It is therefore not surprising to see some

of the participants to rely on commercial software.
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Unlike typical code-to-code comparison studies, no mesh is provided nor any domain discretization ap-
proach imposed. Each participant is free to choose whichever computational domain and meshing strat-
egy is most suited. An important requirement is to demonstrate grid independence. By allowing more
freedom, the idea is to approach this comparison campaign from a more industrial / application-oriented

perspective. It is up to the researcher / engineer to use their skills to the best of their capacity.

Participants are free to choose which RANS model to adopt, but it is encouraged to have at least a two-
equation turbulence model. In the end, the aim is to assess the variation in predictions by comparing

similar families of turbulence models.

4.2. Star-CCM+

In the current effort, with Star-CCM+ [77] version 2210, the desire was to step away from a structured
grid approach described in [25] and instead rely on a strategy which would be feasible with any type of
geometry, regardless of its complexity. This is achieved by using a combination of unstructured cells and
a prism layer setup. In terms of prism layers, vy values below 3 were achieved by all meshes with the
finer meshes ensuring values below 1 across both ramps. Grid sizes varied between 0.5M (coarsest) to
1M cells (finest).

The governing equations were solved in an implicit time stepping with inviscid fluxes treated with
the AUSM+ flux-vector splitting. Discretization was ensured through a MUSCL third-order central-
differencing treatment. Other solver settings were left their default values. Simulations were performed
with a maximum CFL number of 1 which was an important requirement to converge the solutions in

conjunction with the cell aspect ratios.

The two-dimensional axi-symmetric solver is selected in conjunction with Menter’s SST 2003 turbulence
model [67]. Following the detailed turbulence sensitivity study by Cross and West [25], the following
turbulence solver settings were changed: usage of a quadratic constitutive relation (QCR) [44], deacti-
vation of the compressiblity correction (turbulent Mach number based) and the modification of the a;
model coefficient to 0.355 (default of 0.31) [43]. The working fluid, air, is treated as a thermally perfect

gas.

4.3. TAU

DLR TAU is a hybrid structured/unstructured Navier-Stokes solver[78], which is validated for a wide
range of steady and unsteady sub-, trans- and hypersonic flow cases. The TAU code is a second order
finite-volume solver for the Euler and Navier-Stokes equations in the integral form using eddy-viscosity,
Reynolds-stress or detached- and large eddy simulation for turbulence modeling. The AUSMDV([79] flux
vector splitting scheme was applied together with MUSCL[80] gradient reconstruction to achieve second

order spatial accuracy.

In order to determine required grid sizes a study on hybrid (unstructured / structured) grids generated
by the Centaur mesh generator were used in conjunction with the Menter k-w SST turbulence model
in the 2003 formulation[67]. The 2D grid sizes ranged from 100k points to about 800k points. Fine
grids at about 600k points were needed to obtain the same heat flux slope. The first grid point was
varied between le-3mm and le-4mm between the different grids, coarser first grid point spacing lead to

overestimation of the heat fluxes. The use of QCR did not lead to any significant changes in the results.
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Both the Thornber modification[81] as well as shock turbulence correction were used. For the gas model

perfect gas with gamma = 1.4 and the appropriate Sutherland viscosity fit for air were used.

4.4. HyperCODA

The CFD solver framework HyperCODA [82, 83, 84] is the hypersonic extension to the flow solver CODA
(CFD for ONERA, DLR, and Airbus), a next-generation CFD solver capable of solving large sparse linear
systems derived from the implicit time integration of the RANS (Reynolds-averaged Navier-Stokes)
equations with the assumption of a single perfect gas on three-dimensional structured and unstructured
grids using either second-order finite-volume or higher-order Discontinuous-Galerkin (DG) discretization.
This code has been internally developed at DLR, to widen CODA applications from subsonic and transonic
flow regimes to High Mach numbers flows, including non-ideal gas thermodynamics and gas mixture
chemistry. The results shown in this paper are extensively presented in Amato et al. [85], where the
authors explore HyperCODA capabilities and validate its accuracy in solving hypersonic flows around

canonical hypersonic geometries, such as the 7°cone-40°flare test case.

This test case was solved using a two-dimensional grid, whose details and convergence study can be
found in Amato et al. [85]. The flow was modeled as a single perfect gas using the Reynolds-averaged
Navier-Stokes (RANS) equations in combination with the SA-negative turbulence model [86] and the
AUSM+M [87] (Advection Upstream Splitting Method) convection scheme. The governing equations
were solved using implicit time-stepping, and the chosen inflow conditions are the ones from RUN
45.

4.5. Eilmer

Eilmer is a open-source compressible flow simulation code developed at the University of Queensland for
studying high-speed and hypersonic flow problems. [88] In this work Eilmer has been used to simulate
nine of the experimental cases on both flow geometries, in 2D axisymmetric mode, using the production-
limited, vorticity-source term, 2006 k-omega turbulence model (Wilcox2006-klim-V)[89], accelerated us-
ing a Newton-Krylov steady state solver [90]. The flow was modelled as a single-temperature, non-
reacting, thermally perfect gas with temperature dependant specific heats, computed using the NASA
Glenn Thermodynamic database [91]. The vorticity-based production version of the k-omega model was
found to have better stability at high CFL numbers than its standard counterpart, though both produced

similar results in terms of wall pressure and heat transfer.

4.6. GASP-ex
All details are provided in [33] with the most relevant information given below.

The axi-symmetric character of the experimental setup was used and quadrilateral structured grids
generated. Grid sizes of 691 840, 2 616 960 and 10 167 040 cells are considered (2 nodes in the spanwise

direction). Grid independence is demonstrated and the finest grid results are employed.

Inviscid fluxes are treated with a 3rd order ROE scheme and Min-Mod flux limiter for the reconstruc-
tion. Temporal integration is achieved through an inner-iterative Gauss-Seidel scheme. CFL numbers
between 0.1 and 5 were adopted. Sutherland’s law is adopted for both the dynamic viscosity and ther-

mal conductivity. Wilcox’ k-w 2006 model is selected for turbulence modeling without any limiting or
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compressibility correction.

4.7. Cadence Fidelity

Cadence’s Fidelity is a CFD environment covering all the main CFD workflow stages, including geometry
preparation, mesh generation, simulation, and, result analysis. In this study, Fidelity Hexpress mesh

generator and Fidelity Flow density-based solver (DBS) are used.

An unstructured mesh is generated with Fidelity Hexpress. A surface-to-volume approach [92] is selected
since it is a conventional approach for the aerospace industry thanks to its anisotropic surface meshing
capabilities, which are particularly useful for aircraft leading and trailing edge meshing. In this approach,
the surface mesh is generated as a first step, followed by the boundary layer extrusion, octree-based
volume mesh generation, and reconnection between the boundary layer frozen surface and the volume

mesh.

A 2D axisymmetric meshing strategy is used, with 1 cell in the third direction covering 2 degrees of the
geometry and using the symmetry boundary conditions on the periodic boundaries. The mesh settings
ensure a maximum y+ of around 1, an average y+ below 0.5, and a cell size in the shock region of
0.00125 m. A mesh sensitivity study comparing first off-wall cells sizes of 2.5E-6 m, 5E-7 m, and 1E-7
m revealed that it is necessary to keep the maximum y+ on the flare part around 1. The value of 5E-7
m is retained as an optimal value, ensuring sufficient grid convergence in terms of the first cell size. An
approach with uniform refinement in the downstream shock region is employed due to its simplicity and
ability to study multiple experimental setup operating points with different Mach angles. The total cell
count is equal to 603 983 cells. An optimal mesh based on a tailored refinement box following the shock
and recirculation regions or solution-based adaptive remeshing can be used to drastically reduce the cell

count.

The Fidelity Flow solver is employed with a density-based formulation (DBS) to solve the governing
system of equations for flow and turbulence. The flow solver applies a cell-centered finite volume method
with local time-stepping for the integration of the governing flow equations. The convergence is acceler-
ated by using the in-house CPU Booster technique and geometric multigrid techniques. Several spatial
discretization techniques are available, namely the second-order central Jameson, Schmidt, and Turkel
scheme with scalar and matrix dissipation formulations, Roe-type upwind scheme, and AUSM-type Low-
Diffusive Flux Splitting Scheme (LDFSS). Pseudo-time integration is performed using an explicit multi-
stage Runge-Kutta scheme. The solver features multiple Reynolds Averaged Navier-Stokes (RANS)
turbulence models together with more advanced Large Eddy Simulation and hybrid RANS/LES models.
The turbulent heat flux vector is modeled by introducing a turbulent thermal conductivity connected to

the eddy-viscosity through a turbulent Prandtl number.

The results presented in this paper are obtained using the second-order LDFSS scheme, Menter’s SST
2003 with the al coefficient set to 0.355, SBSL-EARSM, and SSC-EARSM [93] turbulence models, a
single-temperature non-reacting gas model based on viscosity, thermal conductivity and specific heat
capacity properties as a function of temperature following Lemmon [94], and Turbulent Prandtl number
set to 0.86 following the literature review done in [35] and experimental measurements in supersonic
flows by Van Driest [95].
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4.8. Ansys Fluent (Aselsan)

Two-dimensional axi-symmetric simulations are performed with a structured quadrilateral and unstruc-
tured combined quadrilateral and triangular mesh, for the first (Subsection 2.2) and second case (Sub-
section 2.3), respectively. Present simulations were run on grids generated with ICEM CFD for the
former case and Ansys Meshing software for the second case. Grid sizes between 1 M and 19M cells were
used for the first geometry. For the second geometry, a pressure-gradient and density-gradient mesh
adaptation was used to limit the cell count resulting in grid sizes between 0.4 and 0.8 M cells. Results
presented herein are obtained on a 10 M and 0.8 M element grid for the former and second geometry,
respectively. Values of y© below 1 were ensured on both grids. Thermally perfect gas assumptions are
adopted. The density-based solver is utilized with an implicit formulation and inviscid fluxes are treated
with an AUSM+ flux-vector splitting scheme in Ansys Fluent 2021 R2 for Run 4 (Table 1). The pressure-
based coupled solver in Ansys Fluent 2021 R1 is used for Run 45 (Table 2). The Green-Gauss Node
Based method is applied for gradient reconstruction and second-order (upwind) spatial discretization is
employed for both cases. A steady-state formulation is adopted. The freestream turbulence parameters
were set at a turbulence intensity of 1% and turbulence viscosity ratio of 1 for Run 4. Values of 5 %
and 10 were used for the same parameters in the Run 45 simulations. Note that insignifcant changes
were observed by prescribing 1 % and 1 in Run 45 for these freestream quantities. Predictions with
the k-w SST model are currently presented but simulations with Spalart-Allmaras as well as thermal

non-equlibrium models have been performed.

4.9. SU2

SU2 is an open-source computational analysis suite for the solution of the Navier-Stokes equations and
other partial differential equations in computational physics [96]. It has a broad user base in compu-
tational physics, with a strong emphasis in aerospace, and recent developments have added capabilities
in non-equilibrium thermodynamics for applications in high-Mach number flows [97]. Despite the rele-
vance of these advances to the present work, the classical equilibrium thermodynamic model-but with
variable thermophysical properties—is used herein in order to explore the various turbulence modeling

approaches.

Both a two-dimensional axisymmetric and a quasi-three dimensional mesh are generated in Pointwise
(18.4) using wall-normal extrusion layers. Three meshes with increasing resolution of about 125,000,
327,000, and 725,000 grid points are investigated; the y™ is maintained below unity for the medium and
fine cases, although the wall resolution is not maintained for the coarsest mesh. The simulations are
run in SU2 (Harrier 8.01), primarily with the k-w SST turbulence model (2003 version). The AUSM

convective scheme is used with a Venkatakrishnan slope limiter.

4.10. OVERFLOW

OVERFLOW is a three-dimensional, structured, overset CFD solver developed at NASA for various flow
problems. In this work, OVERFLOW version 2.4b was used with the HLLE++ upwinding scheme with
SSOR to handle the inviscid fluxes. The 2D structured meshes were generated using the Pointwise®mesh
generation software. The mesh was generated as a 2D axisymmetric mesh with an initial y+ of 0.5, and
solved with the SA turbulence model.
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4.11. Ansys Fluent (Ansys Inc.)

For this study, we utilize a 2D axisymmetric structured quad mesh in the commercial CFD code Ansys
Fluent. The grid is created using Ansys SpaceClaim Mesher, and it is designed so that the cells in the
boundary layer have a y* below 1. The Fluent solver offers the option to solve the Navier Stokes equations
using either a pressure-based implicit solver (PBNS) [98, 99] or a density-based implicit or explicit solver
(DBNS) [100, 101], either in steady-state or unsteady mode. The present case is solved using the
coupled steady-state DBNS solver. An Implicit, Roe Forward-Difference-Scheme (Roe-FDS) was used
for the calculation of the convective fluxes. A second-order upwind spatial discretization is achieved using
the Green-Gauss Node Based (GGNB) gradient formulation. High Speed Numerics (HSN), High-order
Term Relaxation and Convergence Acceleration for Stretched Meshes (CASM) were used to improve
convergence. Run 14 and Run 45 are simulated using ideal gas air. Kinetic theory and Sutherland’s
model are used for calculating thermal conductivity and viscosity, respectively. Turbulence is modelled
using a Generalized K-Omega (GEKO) model [102]. GEKO is based on the K-Omega formulation and
provides users with four free parameters which can be adjusted over a wide range of applications. For
Run 45, Coefficient of Separation (C SEP ) is set to 0.9 due to late separation predictions. Each run was
initialized from the pressure far-field followed by a FAS Multigrid initialization.

5. Results and Discussion

This section presents some of the results already obtained by the participants. It must be noted that

not all results are definitive; some are subject to improvements along the validation endeavour.

5.1. 6/42 cone-flare

Figure 5 shows the wall pressure and wall heat flux predicted by four of the participants with CFD codes
STAR-CCM+, Eilmer, Ansys Fluent and SU2. Note that, as pointed out in [42, 17], the experimental
data x-locations are taken along the cone ramp and have to be transformed to represent positions with
the x-axis aligned with the symmetry axis of the cone-flare geometry. All simulations are predicted with
a k-w type of model, Wilcox’ 2006 for Eilmer and a version of Menter’s SST for the others. Variations
of separation onset of 9 cm are observed. The STAR-CCM+ results, with modified turbulence modeling
settings (see 4.2), predict the correctly the separation onset for this setup and condition. The STAR-
CCM+ traces do show some oscillations on the ramp which is attributed to the grid variation between
the cone and the flare in the vicinity of the shock-shock interactions. A similar numerical artefact has
been reported by Cross and West [25] for the same solver. All simulations overestimate the experimental

peak pressure and heat flux values values. This observation is commonly seen in the literature.

5.2. 7/40 cone-flare

Figure 6 shows the wall pressure and wall heat flux traces obtained by three commercial softwares
(GASPex, Ansys Fluent and STAR-CCM+) and two open-source codes (Eilmer and SU2). Variations in
separation onset of 4 cm are found and the correct separation behavior is predicted by Ansys Fluent and
the GEKO turbulence model (see 4.11). Experimental peak pressure values are not over-estimated by the
solvers but the location varies significantly. However, peak heat flux predictions are still over-predicted
by all solvers with values of the same order of magnitude. Like for the 6/42 cone-flare geometry (see 5.1),

STAR-CCM+ is characterized by numerically induced oscillations in the wall predictions on the flare.
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GASPex heat flux traces show a spike at the cone-flare interface which was linked to a jump in TKE
[33]. A similar effect with the same solver has been reported in the literature [46]. A possible remedy in
the turbulence modeling would be the use of a production limiter.
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Traces of wall (a) pressure and (b) heat flux obtained for Run 14 with k-w type turbulence

Run 45 for this second cone-flare geometry has been run by most of the participants, yielding a larger
pool for predictive uncertainty evaluation. In a first comparison, the nose heat flux is given in Figure
7. The experimental heat flux data illustrates the rapid transition to a turbulence state. Generally,
the different turbulence models and solver predict values within experimental observations. Only the
Eilmer results with Wilcox k-w 2006 tend to underpredict the cone heat flux for this condition. The
various SST models are predicting similar levels of heat flux. Note that the experimental data points do

indicate some (oscillatory) variation in heat flux level. These fluctuations are most probably linked to
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the experimental setup and data acquisition apparatus and not due to fluid dynamic phenomena 2. Some
of the predictions indicate some spurious fluctuations with STAR-CCM+ having the largest amplitudes.
The reason for this is attributed to the mesh misalignment with the shock as well as the difficulty of the
solver in dealing with large cell aspect ratios at the wall. The latter is unfortunately important in order

to limit the grid sizes for such geometries.
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Fig 7. Heat flux predicted by various solvers on the cone for Run 45

Figures 8, 9 and 10 compare the wall pressure and heat flux traces at the cone-flare junction with some
variations between the different turbulence modeling approaches and solvers. The two-equation models
(Figure 8) tend to predict larger separation bubbles which in turn results in peak heat flux prediction
locations further downstream on the flare geometry. Except for STAR-CCM+, the peak heat flux values

are of the same order of magnitude as the experimentally measured one.

The HyperCODA, and TAU, solution obtained with the SA-negative turbulence model underpredicts
the wall heat flux in the zone of interest with respect to the experimental data and the other solutions
obtained with the k-w turbulence models. While HyperCODA is still under development, this behavior
was expected and already observed in [15, 25], showing that SA turbulence models predict a smaller sep-
arated region, an attached flow in the corner, and a lower peak of the wall heat flux. Furthermore, using
a well-established code like TAU with RANS-SAneg and AUSM+M convection scheme, the predicted
heat flux coincides almost exactly with the HyperCODA solution, proving that the underprediction is
a direct effect of the chosen turbulent model. On the other hand, as it can be seen from Fig.8, the
HyperCODA pressure is in good agreement with the experiments, besides the peak corresponding to the
separation region, not forecasted by HyperCODA. The experimental Schlieren for this run condition do
not indicate separation as pointed out in [46]. Most of the predictions do over-estimate the separation
bubble. Figure 10 illustrates the results for what could be considered more advanced turbulence models

which have seen their developments in the past decade.

Multiple sensitivity studies have been performed in Fidelity Flow DBS to study sensitivity to the mesh
resolution, constant turbulent Prandtl number values, numerical schemes, and gas modeling techniques.

Figure 11 presents the sensitivity analysis related to the turbulence modeling approach. Menter’s SST

3Private communication with Alexander Wagner (DLR).

HiSST-2024-0302 Page | 20
J.J.O.E Hoste, T. Ecker, C. Amato, N. Gibbons, D. Knight, et al. Copyright © 2024 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science & Technology

350000 { — sTAR.COM+ kw SST 1e6
—— Eilmer Wilcox k-w 2006 = STAR-CCM+ k-w SST
= Ansys Fluent (Aselsan) k-w SST 61 — Eilmer Wilcox k-w 2006
300000 { — Fidelity Flow DBS SSC-EARSM “ = Ansys Fluent (Aselsan) k-w SST #
—— Ansys Fluent (Ansys Inc.) GEKO —— Fidelity Flow DBS SSC-EARSM +
® ref -4 = Ansys Fluent (Ansys Inc.) GEKO
250000 4 'y LA
— &
& 200000 g
8 E
2 X
$ 150000 - 3
= =
]
3
=
100000 -
50000 o
04
2.25 2.30 2.35 2.40 2.45 2.25 2.30 2.35 2.40 2.45
x (m) x (m)

()

(d)

Fig 8. Traces of wall (a) pressure and (b) heat flux
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Fig 9. Traces of wall (a) pressure and (b) heat flux obtained for Run 45 with TAU and HyperCODA.

2003 with the al coefficient set to 0.355, SBSL-EARSM, and SSC-EARSM turbulence models are com-
pared in terms of heat flux and static pressure prediction. The heat flux comparison on the cone part
reveals that all the models predict the trend that agrees with the experimental data in the turbulent flow
region, with the SSC-EARSM model having the smallest deviation from the experimental data. Such
improvement in prediction over the SST and SBSL-EARSM models can be attributed to the improved
near-wall behavior of the turbulence energy thanks to the function introduced to damp the turbulence
energy destruction close to the wall [93]. The analysis of the obtained turbulent kinetic energy field con-
firms that SSC-EARSM model predicts higher values of the turbulent kinetic energy downstream of the
shock and in the boundary layer compared to the SBSL-EARSM model. The heat flux prediction on the
flare part obtained with the SSC-EARSM model is significantly closer to the experimental data compared
to the SBSL-EARSM model. The SSC-EARSM turbulence model predicts the highest maximum peak
pressure value. The maximum static pressure predicted by the SST and SBSL-EARSM models is 5.4%
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Fig 10. Traces of wall (a) pressure and (b) heat flux obtained for Run 45 with more recent turbulence
model.

and 2.3% lower correspondingly compared to the SSC-EARSM value. A small or no corner separation
region is predicted by Fidelity Flow DBS with the three employed turbulence models.
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Mach 5.9 cone-flare case
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6. Conclusions

In this work, an extensive review of the literature on RANS simulations of hypersonic turbulent flow
over sharp cone-flares has been performed. Numerical studies of such geometries have typically been
motivated by CFD code validations and have been popular in (blind) code-to-code comparisons. The axi-
symmetric configuration allows for the isolated study of shock wave turbulent boundary layer interactions
with cross-flow effects. The large cone ensures that a turbulent boundary layer develops prior to the
cone-flare junction. Multiple sets of experimental data are publicly available for such geometries with
different cone and flare angles. Measurements include pressure and heat flux traces along the wall as
well as Schlieren visualizations. Accurate and reliable predictions for sharp cone-flare geometries, as
well as other similar hypersonic canonical configurations, are known to be challenging for CFD codes
and RANS methods. Simulations typically fail in correctly predicting boundary layer separation and
strongly over-predict the heat flux on the flare. The various historical developments of RANS modeling,
relevant to these hypersonics configurations, have been discussed. These vary from various compressibility
corrections to additional modeling terms based on shock-turbulence physics from canonical DNS studies.
Unfortunately, the need for case-dependent tuning is typically reported in the literature. A promising
approach with regard to improved predictions of turbulent shock wave boundary layer interactions is
the variation of the turbulent Prandtl number. It is typically set as a constant but it does vary across
shock waves and accounting for this fact has resulted in less over-predictions of heat flux levels on the
flare. However, the latter modeling strategy has not yet been adopted in the larger hypersonic RANS

community.

In general, significant variations in the predictive capability of CFD codes for hypersonic turbulent large
cone-flare geometries has been observed. As part of the AVT-352 on hypersonic turbulence, we wish
to assess the current uncertainty in simulating such test cases. In this work we select two geometries,
available in the literature, for which experimental measurements have been collected at various flow
conditions. This work presents a summary of the test cases and the run conditions of interest, as well
as the general simulation strategy. A large pool of participants, working with different CFD codes, has
been gathered in order to contribute with numerical simulations of the test setups. This also includes
more recent turbulence modeling approaches. Preliminary simulations confirm the typical observations

found in the literature.
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