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Accurate prediction of surface skin friction and heat transfer for viscous flow applications
using computational fluid dynamics tools necessitates thin wall-normal elements in the boundary
layer. A tetrahedral adaptation process is extended to incorporate the advancing front local
reconnection procedure. Thin boundary-layer grids are adapted from the solution, which
governs the boundary-layer grid parameters such as first cell height off the wall. The process
enables grid-converged steady-state results from a CAD file. Results are presented across the
speed range from low subsonic flow over an airfoil to high-speed flows over blunt bodies and a
rocket.

I. Introduction

High Reynolds number flows commonly encountered in the aerospace field involve thin boundary layers. Skin friction
and heat transfer are often key drivers for vehicle design. Computational Fluid Dynamics (CFD) is commonly used

to predict these flows. To handle complex geometries, unstructured grids are typically used for quick turnaround of
simulations. To accurately capture boundary layers, hybrid mixed-element grids involving prisms or hexahedra have
historically been used due to their improved accuracy when using finite-volume solvers to predict skin friction and heat
transfer [1]. While unstructured grids are not particularly difficult to generate, it is desirable to automate the process
further to enable even more rapid design cycles. Grid adaptation is becoming increasingly common in engineering
simulations [2]. The NASA CFD Vision 2030 study [3] also emphasizes grid refinement as one of its key areas of
development.

There have been many studies in recent years investigating adaptation using mixed-element grids. These range
from fixed-grid studies investigating topologies [4] to adaptation techniques ranging from aligning prisms with shock
fronts [5, 6] to using overset with a dual-solver paradigm [7]. Ref. [8] demonstrated the capability of a frozen thin
prismatic boundary layer with off-body anisotropic tetrahedral adaptation to predict surface skin friction and heat
transfer. Ref. [9] explored various adaptation techniques for supersonic flow over a capsule geometry. The study
explored fully tetrahedral adapted grids and frozen mixed-element boundary-layer grids with tetrahedral adaptation
outside the boundary layer. In terms of overall forces and moments on the forebody, the approaches predicted similar
coefficients due to the pressure-dominated flow. The fully tetrahedral grid, however, has large wall-normal spacing
greater than a 𝑦+ of 10, leading to increased error in wall-normal gradients and poor prediction of the boundary layer
near the vehicle. For cases where this is important, such as prediction of skin friction and heat transfer, the latter of
which is commonly the primary driver for design of high-speed entry vehicles, it is desirable to more reliably enforce
wall-normal spacing.

The present effort expands on Ref. [8] by working towards automating the boundary-layer generation process. This
paper will first describe the general governing equations and numerical methods for the flow solver (Section II) followed
by the grid generation and adaptation techniques (Section III). Results using the proposed approach are demonstrated on
various problems of interest across the speed range (Section IV).
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II. Governing Equations and Numerical Methods
FUN3D, an unstructured-grid node-based finite-volume CFD solver developed at the NASA Langley Research

Center [10], is the target solver for this work. The solver is used across the speed range which is demonstrated in this
work for flows ranging from subsonic incompressible speeds to hypersonic speeds involving chemical nonequilibrium.
The governing equations for compressible reacting flow are the conservation of species, mixture momentum, and total
energy:
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where 𝑦𝑠 is the mass fraction of species 𝑠, 𝜌 =
∑𝑁𝑠

𝑠=1 𝜌𝑦𝑠 is the mixture density, 𝜌𝑠 = 𝜌𝑦𝑠 is the species density of
species 𝑠, 𝑢𝑖 is the 𝑖th component of the velocity, and 𝐸 is the total energy. 𝐽𝑠 𝑗 is the 𝑗 th component of the diffusive
flux, ¤𝜔𝑠 is the chemical source term of species 𝑠, 𝑝 is the pressure, 𝜏𝑖 𝑗 is the shear-stress tensor, ¤𝑞 𝑗 is the 𝑗 th component
of the heat flux, and ℎ𝑠 is the enthalpy of species 𝑠. Pressure is modeled as an ideal gas, heat transfer is modeled with
Fourier’s law, species diffusion is modeled using Fick’s law, and the shear-stress is modeled with a Newtonian model.
NASA polynomials [11] are used to compute thermodynamic properties on a per-species basis. The transport properties
(diffusivity, viscosity, and thermal conductivity) are computed using collision integrals [12]. The compressible perfect
gas equations are obtained by assuming a single perfect gas species with thermally perfect thermodynamic properties
and simplified transport properties (e.g., constant Prandtl number and Sutherland’s law). Turbulence, when modeled, is
closed with the SA-neg model in this work [13]. More details on the implementation can be found in Ref. [14].

A median-dual finite-volume approach is used for spatial discretization on general unstructured grids containing
tetrahedra, pyramids, prisms, and hexahedra. A dual-grid is generated by bisecting every edge and connecting them to
cell centroids to generate polyhedra. Inviscid fluxes are computed at each dual-face using an approximate Riemann solver,
Roe’s scheme [15] or HLLE++ [8] in this work, with second-order accuracy obtained using an unstructured Monotonic
Upstream-centered Scheme for Conservation Laws (UMUSCL) reconstruction [16] with unweighted least-squares
gradients. In this work, the van Albada flux limiter is utilized for UMUSCL [17]. Viscous fluxes are computed using an
edge-based approach [18], equivalent to a Galerkin-based approach. The equations are integrated in time implicitly.
Many Jacobians for the implicit time integration are computed using automatic differentiation [19]. The turbulence
model is solved loosely coupled to the meanflow equations.

The simulations in this work are primarily run on GPUs and utilize the FUN3D Library for Universal Device
Acceleration (FLUDA) described in Ref. [20]. FLUDA is written in a thin abstraction over CUDA C++ that enables
primarily single-source software capable of running efficiently on NVIDIA, AMD, and Intel GPUs and multicore CPUs.
Performance is commensurate with memory bandwidth, which enables modern GPU nodes consisting of a few GPUs to
be equivalent to thousands of CPU cores of performance, substantially reducing power and space requirements versus
CPU-based systems.

III. Grid Adaptation Process
This work extends refine [21, 22], a 3D grid adaptation tool developed at the NASA Langley Research Center, to

support prismatic boundary layers through the advancing-front local-reconnection (AFLR) method [23]. This enables
an accurate CAD-to-solution (C2S) [24] capability for high Reynolds number viscous flows. By tying the solution into
the boundary-layer grid generation process through a user specified quantity such as a target 𝑦+ or surface cell Reynolds
number based on the local speed of sound and wall properties, 𝑅𝑒𝐶 = 𝜌𝑤𝑐𝑤Δ𝑛/𝜇𝑤 , grid-converged simulations (with
sufficient grid points) can be performed with simply a CAD file with the user not needing to know the details of grid
generation.

The C2S+Hybrid process is as follows. First, a clean CAD file along with other domains (e.g., a farfield) must be
specified using Engineering Sketch Pad [25]. An initial grid is then generated using either AFLR3 [23] or TetGen
[26]; this is commonly referred to as bootstrapping. This is followed by an initial C2S pure tetrahedral adaptation
phase which is run to some target grid size. The final surface grid is then extracted from the final C2S grid and used to

2



generate a mixed-element boundary-layer grid using an open advancing-layer approach. AFLR3 [23], DOD HPCMP
Capstone [27], and Fidelity Pointwise [28] have all been successfully employed to generate the initial hybrid grid,
although AFLR3 is the primary mesher used in this work due to ease of scripting and direct support for the UGRID grid
format which is the current default grid format for FUN3D. An additional adaptation phase is run on this hybrid grid,
where only the off-body tetrahedra are adapted. This process is similar to that described in Ref. [8]. While the open
advancing-layer approach can be repeated, it is performed only one time for the current results; the boundary-layer grid
is fixed for the hybrid phase.

The process is scripted in NASA pyrefine [29], an open source Python module for driving the C2S refine and
FUN3D workflow. Modules for bootstrapping the initial grid, calling AFLR3, and splitting hardware and MPI ranks
were added during this work. pyrefine generates and runs job scheduling scripts for clusters or can alternatively be
called inside a job scheduling script if the same hardware is desired for all the simulations. For the former, hardware can
be dynamically changed based on problem size and different hardware can be allocated for refine and FUN3D, e.g.,
GPU nodes for FUN3D and CPU nodes for refine (which is not GPU-capable currently).

The AFLR3 module in pyrefine has three different extrusion options: ’manual’, ’yplus’, and ’re_cell’. The first is a
manually prescribed boundary-layer grid which can be set with a specified first layer height and number of layers or
using a built-in 𝑦+ calculator based on turbulent flat plate theory and first layer height and total boundary-layer grid
height in terms of 𝑦+ units (defaulting to a total height of 𝑦+ = 1000). The last two approaches require the maximum
surface 𝑦+ and surface cell Reynolds number, 𝑅𝑒𝐶 , along with corresponding wall spacing at those locations. These are
dynamic and will automatically generate the boundary-layer grid based on the solution.

IV. Results
The following section details the results for the adaptation approaches. The first flow examined is subsonic flow

over the NACA 0012 airfoil to demonstrate the capability of simplex elements to capture turbulent boundary layers
in a limited 2D and shock-free setting. The second case examined is high enthalpy hypersonic flow over a capsule
to demonstrate the capability for entry conditions. This case examines C2S and C2S+Hybrid approaches with both
prescribed and dynamic boundary layers. The third flow examined is high Reynolds number transonic flow over the
ONERA M6 wing as a representative example for transonic flight. This case demonstrates the limitations of pure
tetrahedral adaptation in capturing turbulent boundary layers and shocks with reasonable grid resolutions and the benefit
of the hybrid approach in ensuring adequate boundary-layer spacing. The fourth case examined is supersonic flow over
a four-engine rocket configuration. This case is used to demonstrate the capability on rocket engine base flow prediction.
Lastly, hypersonic flow over Dream Chaser is considered as a more realistic hypersonic example with complex curvatures
and features. Results are compared to those obtained using structured grids and experimental data when available.

A. Subsonic Flow over the NACA 0012 Airfoil
The tripped experimental condition investigated by Ref. [30] is considered as a 2D example to investigate how well

triangle elements can capture a turbulent boundary layer. The freestream Mach number, Reynolds number per chord,
angle of attack, and temperature are 0.15, 6 × 106, 0◦, and 300 K, respectively. The trailing edge is considered sharp.
The gas is modeled as perfect gas air. The wall is modeled as no slip with the wall temperature set to the flat plate
adiabatic wall temperature at the freestream Mach number. Roe’s flux scheme is employed [15]. Turbulence is modeled
using the SA-neg model [13]. The solution is advanced using the hierarchical adaptive nonlinear iteration method
(HANIM) [31] with a max local CFL of 1000. Two-hundred iterations are run per CFD cycle. Overall, the residual
norms are reduced by 7 orders of magnitude.

The multiscale [32] metric grid adaptation process uses Mach number as the target metric. The grid size increases
from an initial 5,000 grid points to 166,000 grid points. Twenty-three cycles are run using pure triangle adaptation. The
initial and final grid and Mach number contours are plotted in Figures 1 and 2, respectively. Overall 𝑦+ values are less
than one on the airfoil surface for the final grid. In this scenario, due to the 2D grid and subsonic flow without shocks,
the metric-based adaptation fully captures the turbulent boundary layer without the need for a structured boundary-layer
grid. Results are compared to structured grid NASA CFL3D results on the Turbulence Modeling Resource website [33]
which utilize the SA turbulence model [34] and have been shown to be nearly grid converged. Surface results are plotted
in Figure 3. Surface pressure agrees extremely well to the structured CFL3D and experimental results. Skin friction
results for the adapted grid are smooth and agree well with CFL3D results.
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Fig. 1 Subsonic flow over the NACA0012 airfoil initial Mach contour and grid.

Fig. 2 Subsonic flow over the NACA0012 airfoil final Mach contour and grid.
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Fig. 3 Subsonic flow over the NACA0012 airfoil surface results. Left: pressure coefficient. Right: skin friction.

B. Hypersonic Flow over the Crew Exploration Vehicle
Hypersonic flow over the Crew Exploration Vehicle (CEV) is considered. The high-enthalpy test performed in the

CUBRC LENS-I facility in air [35] is investigated using a CEV model with a radius, 𝑅, of 0.073025 meters. In addition
to experimental pressure and heat transfer on the surface, NASA Data-Parallel Line Relaxation (DPLR) [36] data are
also available from Ref. [37] for additional comparisons. Run 10, the highest enthalpy condition (𝐻0 = 12.4 MJ/kg), is
simulated. All inputs for this study, including geometry, are publicly available as a NASA pyrefine example [29]. Other
simulations in this work generally employed the same template file with minor changes (e.g., different geometry, flow solver
inputs, and grid point targets). A 5-species, one-temperature gas model is used. The surface is modeled as a noncatalytic
cold (𝑇 = 300 K) no-slip wall. The freestream temperature, density, and velocity are 631 K, 1.08×10−3 kg/m3, and 4601
m/s, respectively. The freestream mass fractions are ®𝑌 = 𝑌N2 , 𝑌O2 , 𝑌NO, 𝑌O, 𝑌N = 0.7377, 0.1387, 0.0590, 0.0646, 0.0000.
The angle of attack is 28◦. The HLLE++ inviscid flux scheme [8] is employed with the van Albada limiter [17]. Laminar
flow is assumed. Edge-based viscous terms are utilized [18]. The solution is advanced using steady-state pseudo-time
stepping with a max local CFL of 5. Two-thousand iterations are run per cycle. Overall, the residual norms are reduced
by 4 orders of magnitude without limiter freezing. Heat transfer magnitudes were observed unchanged by subsequent
iterations and cycles.

The multiscale metric grid adaptation process uses temperature as the target metric. The grid size increases from
an initial 0.4 million grid points to 1.6 million grid points using pure tetrahedral adaptation across 20 cycles. This
phase utilizes a metric-space gradation stretching ratio of 10 to reduce surface grid anisotropy to improve grid quality
for boundary-layer grid extrusion. This process is followed by 10 cycles at fixed complexity (targeting 5 million grid
points) using a hybrid grid with the boundary-layer grid generated targeting a surface cell Reynolds number based on
speed of sound (𝑅𝑒𝐶) of unity from the final tetrahedral solution (denoted as dynamic C2S+Hybrid). A prescribed
boundary-layer grid simulation is also run with the first layer set to 2.5 × 10−7 m (corresponding to a 𝑅𝑒𝐶 = 1.0) with
35 layers at a growth rate of 1.2. The aspect ratios near the wall are over one thousand. Visual results are shown for
the dynamic C2S+Hybrid simulation. For additional comparison, a pure tetrahedral C2S simulation is run without
metric-space gradation to a final grid size of 6.4 million points.

The adapted surface grid is shown in Figure 4. The adaptation process primarily focuses on the forebody which is
the primary region of interest. Figure 5 shows centerline grid slices for both the dynamic and prescribed C2S+Hybrid
simulations. Figures 6 and 7 depict contours of the flow around the vehicle. The temperature peaks at 8100 K at the
shock and is smoothly captured due to grid adaptation. At this enthalpy, molecular oxygen dissociates completely in the
post-shock region as well as in the wake. Molecular nitrogen is partially dissociated, as noted in the contours. The bow
shock and wake are captured well with anisotropic tetrahedra using only 5 million total points in the entire domain.
Figure 8 plots surface quantities of interest. All quantities are smoothly captured on the unstructured grid. The cell
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Reynolds number peaks at 2.3 near the stagnation point. For the prescribed C2S+Hybrid simulation, the peak cell
Reynolds number is 1. The peak surface cell Reynolds number for the initial tetrahedral phase was over 500 at 1.6
million grid points; the spacing is a nonlinear function of the solution and in this case linear extrapolation led to some
error. If the first phase was run with more grid points to reduce the peak cell Reynolds number, or if the hybrid phase
was repeated with these hybrid results, the specified target would be better matched. As seen in Figure 5, the dynamic
mismatch causes a slightly larger boundary-layer grid to be generated for the dynamic approach, although still well
below the shock standoff distance.

Comparisons to experiment and DPLR are shown in Fig. 9. Surface properties are smooth along the heatshield and
backshell of the capsule. The surface pressures agree extremely well with DPLR results, but overpredict experiment
slightly at the center and rear shoulder of the heatshield. Heat transfer predictions by both FUN3D and DPLR are
somewhat higher than the experiment. FUN3D predicts slightly larger heat transfer than DPLR. The dynamic and
prescribed hybrid results are indistinguishable from each other. The hybrid FUN3D approaches predict smooth heat
transfer results whereas the pure tetrahedral simulation is noisier and overpredicts the shoulder versus the other grids. It
is expected the pure tetrahedral simulation to eventually predict smooth heat transfer in the limit of a very fine grid, but
the current maximum surface cell Reynolds number is roughly 100 at 6.4 million grid points versus O(1) for the hybrid
grids, which only have 5 million grid points.

Fig. 4 Hypersonic Flow over the CEV adapted surface grid. Left: forebody. Right: aftbody.

Fig. 5 Hypersonic Flow over the CEV centerline slices through the final adapted grids. Left: dynamic
boundary-layer grid adapted on surface cell Reynolds number case. Right: prescribed boundary-layer grid case.
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Fig. 6 Hypersonic Flow over the CEV centerline slice. Left: Mach contour. Right: grid.

Fig. 7 Hypersonic Flow over the CEV centerline slice near the surface. From left to right: grid, Mach contour,
temperature, and atomic nitrogen mass fraction.
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Fig. 8 Hypersonic Flow over the CEV surface results for the dynamic C2S+Hybrid simulation. Top Left:
Surface pressure coefficient. Top Right: Heat transfer. Bottom Left: Surface cell Reynolds number. Bottom
Right: Surface grid.

Fig. 9 Hypersonic Flow over the CEV comparisons to DPLR and experiment. Left: Surface pressure along the
centerline. Right: Heat transfer along the centerline.

1. Computational Performance
This case is run on various hardware at the NASA Advanced Supercomputing (NAS) facility. The NAS Cabeus

cluster is composed of GPU nodes (denoted as MIL_A100) consisting of 4 NVIDIA A100 80 GB SXM4 GPUs and
one single-socket 64-core AMD EPYC 7763 CPU. Rome CPU nodes (denoted as ROM_AIT) from the NAS Aitken
cluster are used for CPU runs; each node has dual-socket 64-core AMD EPYC 7742 CPUs (128 total cores). The
whole simulation process is repeated on 1,2, and 4 MIL_A100 nodes and 10 ROM_AIT nodes and are summarized in
Table 1. The initial bootstrap and grid process and AFLR3 are serial and take a few minutes total. For the GPU nodes,
refinement is run using all the CPU cores (64 cores per node) and CFD is run using 16 cores per node (4 ranks per
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GPU) using the CUDA Multi-Process Service [38]. GPU-aware MPI was not used for this work, but would improve
scaling results. In addition, the reported times include total executable time including pre- and post-processing. As
CFD and refinement are run 30 times during the simulation, these times are not negligible. For GPU runs, pre- and
post- processing takes approximately 25% of the CFD run time. For all the GPU node runs, CFD and refinement each
take approximately 50% of the run time. For the CPU run, CFD is 83% of the run time and refinement is 16% of the
run time. It is important to note that the GPU nodes utilize newer generation AMD CPUs, but even taking that into
account, refinement strong scaling is poor and slows down with more cores. For the single GPU node result, each A100
corresponds to approximately 850 EPYC 7742 cores, ignoring IO (which is roughly 25% for GPU simulations and 10%
for CPU simulations). Four MIL_A100 nodes can complete the simulation in under 2 hours.

NASA pyrefine does have the capability to launch individual compute jobs per process (each CFD and refine run
are individual jobs), but overall throughput due to queue times on NASA systems limit this capability. For dedicated
hardware, it is recommend to utilize this feature and run refine separately on CPU nodes and CFD on GPU nodes. Using
separate hardware, a simulation can be performed in under 2 hours using approximately 16 A100-hours and 4 64-core
EPYC 7763 CPU-hours. The same simulation can be performed in around 4 hours for about half the cost using the one
GPU node configuration using approximately 8 A100-hours and 2 64-core EPYC 7763 CPU-hours.

Table 1 Hypersonic Flow over the CEV C2S+Hybrid computational performance.

Hardware MIL_A100 MIL_A100 MIL_A100 ROM_AIT
Nodes 1 2 4 10

Bootstrap [min] 2 2 1 3
AFLR3 [min] 1 1 1 1

C2S [min] 89 64 49 190
Hybrid [min] 179 108 66 184
Total [min] 271 174 118 378
CFD [min] 141 99 71 313
refine [min] 127 72 43 60
CFD [%] 52 57 60 83
refine [%] 47 41 37 16

C. Transonic Flow over the ONERA M6 Wing
Transonic turbulent flow over the ONERA M6 wing [39] is considered as a representative 3D geometry and condition

for transonic flow. The condition matches that described on the Turbulence Modeling Resource website [33]. The
trailing edge is considered sharp. The freestream Mach number, Reynolds number per root chord, angle of attack, and
temperature are 1.04, 14.6 × 106, 3.06◦, and 300 K, respectively. The full span wing is considered and simulated. The
wall is modeled as no slip with the wall temperature set to the flat plate adiabatic wall temperature at the freestream
Mach number. Roe’s flux scheme is employed [15] with the van Albada limiter [17]. Turbulence is modeled using the
SA-neg model [13]. The solution is advanced using HANIM with a max CFL of 100 [31]. Five-hundred iterations are
run per cycle. Overall, the residual norms are reduced by 4 orders of magnitude without limiter freezing.

The multiscale metric grid adaptation process uses Mach number as the target metric. The grid size increases from
an initial 0.2 million grid points to 1.6 million grid points using pure tetrahedral adaptation. This first phase utilizes a
metric-space gradation stretching ratio of 10 to reduce surface grid anisotropy to improve grid quality for boundary-layer
grid extrusion. This phase is also run as inviscid instead of turbulent due to surface grid quality issues described in the
following paragraph. The process is followed by 10 cycles at fixed complexity (targeting 8 million grid points) using a
hybrid grid. The hybrid mixed-element boundary-layer grid is prescribed from the freestream Reynolds number using a
𝑦+ of 1 from turbulent flat plate theory (with the root chord as the reference length) and a boundary-layer grid height of
𝑦+ = 1000. The final C2S+hybrid grid has 7.7 million grid points and 4.9 million prisms (approximately 2.4 million
prism points). The final surface grid has 0.17 million surface triangles.

One limitation of the current approach is that the surface grid that is used for boundary-layer grid extrusion must
have reasonable surface element aspect ratios or the boundary-layer grid generation will fail. Running this example
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with modeled turbulence and pure tetrahedral adaptation (C2S) and a grid size of 12.8 million points (for a half span
simulation) leads to results shown in Figures 10 and 11. The surface grid is highly anisotropic, with some surface
triangle aspect ratios over 100. Even so, the surface 𝑦+ is still roughly 5 along the surface causing underprediction
of skin friction. AFLR3 [23], DOD HPCMP Capstone [27], and Fidelity Pointwise [28] were not able to generate a
boundary-layer grid from this highly anisotropic surface grid. Employing metric-space gradation did not improve the
surface quality in this case, but was sufficient to successfully run the other examples in this work. This issue is primarily
observed for transonic flows. Faster flows typically have stronger shocks which lead to the adaptation primarily focusing
on the shocks rather than the surface. While NASA refine does have aspect ratio limits, they are not strongly enforced.
Strongly enforcing the aspect ratio leads to reasonable aspect ratio surface grids but with millions of points which is not
desirable (as the boundary layer extrusion process will typically generate about 30 layers by default). Future work should
investigate ways to generate reasonably sized high quality surface grids from turbulent subsonic and transonic solutions.

The final surface contours are plotted in Figure 12. The lambda shock is well captured on the surface for the turbulent
solution despite using an inviscid simulation to generate the surface grid. The skin friction is smoothly predicted. The
surface 𝑦+ maximum is 1.4, although it is generally less than 1 on the surface. Results at 𝜂 = 65% span are plotted in
Figure 13. The shocks are well captured from the adaptation along with the upper part of the boundary layer. The wake is
also well captured all the way to the exit 100 chords away (not explicitly shown). Results are compared to predominantly
structured grid results from NASA CFL3D, NASA USM3D, and NASA FUN3D on the Turbulence Modeling Resource
website [33]. Surface results along a slice at 65% span are plotted in Figure 14. Surface pressure agrees extremely well
with the structured grid CFD and experimental results. Skin friction results for the full tetrahedral adapted grid are
noisier and are underpredicted versus the C2S+Hybrid and structured grid results. The C2S+Hybrid approach is able to
match, and potentially better predict, results versus the structured grids with over an order of magnitude fewer points.
Integrated force results are plotted in Figure 15. The forces for the C2S+Hybrid approach are slightly larger than the
other solutions.

Fig. 10 Transonic flow over the ONERA M6 wing C2S final surface grid. Right: Surface grid around leading
edge shock.

10



Fig. 11 Transonic flow over the ONERA M6 wing C2S final surface skin friction and 𝑦+.

Fig. 12 Transonic flow over the ONERA M6 wing C2S+Hybrid surface grid, pressure coefficient, skin friction,
and 𝑦+.
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Fig. 13 Transonic flow over the ONERA M6 wing C2S+Hybrid slice at 𝜂 = 65% span Mach contour and grid.
Bottom: Zoomed-in view near the terminating shock around the mid-chord.

Fig. 14 Transonic flow over the ONERA M6 wing surface pressure and skin friction along a slice at 𝜂 = 65%
span comparing various flow solver solutions and experimental data. The denoted grid points are for half span
simulations.
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Fig. 15 Transonic flow over the ONERA M6 wing lift and drag coefficient versus grid spacing (ℎ). The grid
spacing is for half span simulations.

D. Supersonic Flow over a Four-Engine Rocket Configuration
Flow over a rocket configuration is considered to demonstrate the approach for rocket engine base flow prediction.

The NASA experiments of Musial and Ward from 1961 are investigated [40]. These experiments have been examined
numerically before [41, 42]. A four-engine rocket configuration was investigated in the then Lewis Research Center
10×10 foot supersonic wind tunnel at freestream Mach numbers from 2.0 to 3.5 over a range of pressure altitudes from
14.33 to 30.48 kilometers. Specifically, a high altitude condition (27.65 kilometers) at Mach 2.75 is simulated in this
work. The freestream velocity, density, and temperature are 952 m/s, 0.0196 kg/m3, and 298 K, respectively.

The rocket has a cone-cylinder body with a maximum diameter of 0.3048 meters. There are four engines mounted
on the base. The bell-shaped nozzles exit-to-throat area ratios are 12 and have exit half-angles of 3◦. The exit diameter
of each engine is 0.07468 meters. The liquid rocket engines use JP-4 and LOX as propellants with an oxidizer to fuel
ratio of 2.2. The total pressure of each engine is 4.137 MPa. The equilibrium temperature using NASA CEA [43] is
3460 K, which is used as the engine total temperature in the simulations. The computed equilibrium mass fractions,
which are used as the engine plenum mass fractions, are presented in Table 2. Each engine produces a nominal thrust of
2.22 kN. The engines are cooled with water-cooled jackets. Injectors are not simulated in this study. The experiments
are run for 10 seconds. More details including detailed schematics of geometry can be found Ref. [40].

Table 2 Rocket engine plenum species mass fractions.

Species Mass Fraction
H2O 0.25091
CO2 0.20602
H2 0.01290
CO 0.49517
OH 0.02567
O2 0.00493
O 0.00295
H 0.00145
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The experimental details are not fully documented; the internal engine wall temperature distribution, sting, rocket
nose geometry, and injectors are notably missing. Specifically, the internal engine wall temperature distribution is
essential in predicting base heat transfer and temperature profiles. Reference [41] performed a 1D analysis based on the
coolant and combustion gas data and estimated an internal wall temperature of approximately 700 K. The study also
simulated adiabatic walls to bound the uncertainty of heat transfer. In the present effort, the external vehicle walls are
set to the freestream temperature and the internal engine walls are modeled as both isothermal (at 700 K) and adiabatic
in two separate analyses. Visual results in this section are of the isothermal boundary condition. All walls are modeled
as noncatalytic.

A 10-species, 19-reaction mechanism is employed, identical to past studies investigating afterburning effects of
hydrocarbon rocket engines [44–48]. Turbulence is modeled with the SA-neg model [13]. The HLLE++ inviscid flux
[8] is employed with the van Albada flux limiter [17]. Maximum local CFL numbers for meanflow and turbulence are 5
and 2, respectively. Two-thousand iterations are run per cycle except for the final cycle which is run longer to ensure
convergence. Overall, the final residual norms are reduced by 6 orders of magnitude without limiter freezing. Viscous
forces were monitored and determined to be converged.

An initial C2S phase is performed by using multiscale metric adaptation with temperature as the target metric. The
grid size increases from an initial 0.4 million grid points to 3.2 million grid points. A prescribed boundary-layer grid is
extruded from the final C2S surface grid using past studies values [41], ensuring a surface 𝑦+ of below one on the base.
The first point off the wall is 2.54 × 10−6 m and is grown for 30 layers at a growth rate of 1.2 leading to approximately
20 million prisms (about 10 million grid points) in the boundary-layer grid. The hybrid phase is then run for 5 cycles,
targeting a final grid size of approximately 30 million points. No attempt was made to reduce the grid count or domain
to reduce problem size. In practice, the farfield domain can be much smaller, which would reduce the grid size.

The final surface and volume grids are shown in Figure 16. The multiscale metric adaptation captures both off-body
features such as plumes and shocks as well as near-body features such as boundary layers and base flow. The extruded
boundary-layer grid is visible with a total height of approximately 0.3 cm. Flow features are well captured over seven
vehicle lengths downstream as shown in Figure 17. Flow results near the base are plotted in Figure 18. The engine
shocks are well captured with the adaptation metric. The larger temperature at the base is clearly visible along with
the specific heat ratio changes; the base gas is primarily engine exhaust. The plume results are plotted in Figure 19.
The plume length, denoted by the terminal Mach disk, is approximately 75% of the vehicle length away from the base.
Surface results are plotted in Figure 20. The results are mostly symmetric, although not completely due to the general
unstructured nature of the grid. The surface 𝑦+ is below one on the base as specified. The surface pressure coefficient
and heat transfer peak at the stagnation point. The grid points are also clustered on the base, which is desirable. Figure
21 depicts the results of the external engine wall facing the stagnation point. All engine results are visually symmetric.
The peak heat transfer on the engine external walls is approximately the stagnation point heat transfer on the base. There
are three peaks: the base point, before the throat, and before the exit. The surface pressure coefficients on the engine
walls on these peaks are slightly lower than the stagnation point value.

Line plots along the base are plotted in Figure 22. Isothermal and adiabatic simulations in addition to experimental
data are compared. Overall, results agree favorably with experimental data [40]. There are no reported error bars on the
experimental data. Heat transfer is slightly underpredicted for the isothermal computation and slightly overpredicted for
the adiabatic computation. Base pressures are predicted to be slightly larger for the adiabatic condition as well. Base
pressures are slightly underpredicted away from the centerline versus experimental data. Turbulence model variations
have not been considered in this study to further bound simulation uncertainty. Overall, these simulations demonstrate
the potential of using a fully automated C2S+Hybrid approach from geometry to simulate rocket base flows which are
important for rocket design and analysis.
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Fig. 16 Supersonic flow over a four-engine rocket configuration final grid. Top Left: Farfield centerline slice.
Top Right: Centerline slice through an engine. Bottom Left: Centerline slice closer to the vehicle. Bottom Right:
Base surface grid.

Fig. 17 Supersonic flow over a four-engine rocket configuration farfield centerline slice Mach contour.
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Fig. 18 Supersonic flow over a four-engine rocket configuration results near the base. From left to right:
centerline grid slice, Mach contours, temperature contours, and specific heat ratio contours.

Fig. 19 Supersonic flow over a four-engine rocket configuration plume results. From left to right: centerline
grid slice, Mach contours, temperature contours, and specific heat ratio contours.
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Fig. 20 Supersonic flow over a four-engine rocket configuration base surface results. Top Left: Surface pressure
coefficient. Top Right: Heat transfer. Bottom Left: 𝑦+. Bottom Right: Surface grid.

Fig. 21 Supersonic flow over a four-engine rocket configuration external engine wall facing stagnation point
results. Top Left: Surface pressure coefficient. Top Right: Heat transfer. Bottom Left: 𝑦+. Bottom Right:
Surface grid.
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Fig. 22 Supersonic flow over a four-engine rocket configuration base surface line plots. Isothermal internal
engine wall results are plotted in blue and adiabatic internal engine wall results are plotted in red. Left: Base
pressure. Right: Base heat transfer.

E. Hypersonic Flow over Dream Chaser®

To further examine the applicability and automation of this approach, a realistic example with complex surface
curvatures and features is explored using Sierra Space’s Dream Chaser Spaceplane. For this high speed test case, a
5 km/s freestream velocity is enforced at an angle of attack of 40◦ with zero side slip. This velocity equates to Mach
15.8. The C2S+Hybrid approach is employed for adaptation.

The wall boundaries are modeled as reaction cured glass (RCG) coating and assumed to be in radiative equilibrium.
Laminar flow is modeled using a 5-species, one-temperature gas model. The HLLE++ inviscid flux scheme [8] is
employed with the van Albada limiter [17]. Edge-based viscous terms are utilized [18]. A conservative local CFL of 2
is used due to the complexity of Dream Chaser’s outer mold line. The local CFL can likely be increased to further
reduce the solution time. One-thousand iterations are used for each C2S phase run and two-thousand iterations are used
for each hybrid phase run. In general, the residuals are reduced by 3 to 4 orders of magnitude without limiter freezing.
The heat flux is observed after each cycle. For the C2S simulation, the forward part of the vehicle saw little change after
5 adaptations, whereas the aft portion takes 12 cycles to converge. During the hybrid grid simulation, the whole vehicle
takes 12 cycles to converge.

The grid size increases from an initial 0.1 million grid points to 5 million grid points using pure tetrahedral adaptation.
As mentioned above, full vehicle heat flux convergence is achieved after 12 cycles. This is followed by extracting the
adapted surface grid and generating 30 prism layers with a volume grid using Fidelity Pointwise [28]. The first cell
height is prescribed to ensure the cell Reynolds number is unity. The resulting hybrid grid has 2 million grid points,
which is used for the first cycle. After 5 cycles, the grid reaches 7 million points and remains at a fixed complexity for
the subsequent cycles.

Figure 23 provides a zoomed-in view of the adapted grid and contours near the nose of Dream Chaser. At this
velocity and altitude, molecular nitrogen partially dissociates and is adequately captured. At the final grid size, the bow
shock is well-resolved which can be seen in both the temperature and Mach contours. The grid size could likely be
reduced without sacrificing results. Figure 24 depicts the full flow field around Dream Chaser. Multiple shock structures
are captured along with a detailed wake region. Figure 25 shows surface contours of pressure and heat flux. The surface
grid adaptation has captured smooth gradients for each variable. The adapted surface grid is also shown.

Results are also compared to Data-Parallel Line Relaxation (DPLR) [36], which is considered a gold standard
hypersonic structured CFD code. Details of the DPLR simulation have previously been published [20]. Line plots of
the centerline and a fixed x-station location of the surface pressure and heating are provided in Figures 26 and 27. A
hybrid grid approach with a relatively uniform surface grid [20] is included in these comparisons. All three cases are in
agreement. It is worth noting that the benefit of C2S+Hybrid approach is that the analyst is not required to manually
generate a grid. Also, the resulting adapted surface grid requires a third of the grid points compared to manually
generating a surface grid while still capturing detailed surface gradients.
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Fig. 23 Sierra Space’s Dream Chaser centerline slice near the nose surface showing the grid
and contours of atomic nitrogen mass fraction, temperature, and Mach number, respectively.
Credit: Sierra Space Corporation

Fig. 24 Sierra Space’s Dream Chaser centerline slice showing the grid and Mach number contour.
Credit: Sierra Space Corporation
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Fig. 25 Sierra Space’s Dream Chaser surface contours for pressure coefficient, heat transfer, and grid.
Credit: Sierra Space Corporation

Fig. 26 Sierra Space’s Dream Chaser C2S+Hybrid centerline comparisons to Hybrid approach and DPLR.
Credit: Sierra Space Corporation
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Fig. 27 Sierra Space’s Dream Chaser C2S+Hybrid x-station location slice comparisons to Hybrid approach and
DPLR.
Credit: Sierra Space Corporation

1. Computational Performance
The refine and FUN3D processes are split between CPU and GPU nodes. refine uses five CPU nodes, each consisting

of an AMD 64-core EPYC 7742 CPU, while FUN3D runs on a single GPU node with eight NVIDIA A100 SXM4
GPUs. A total of 12,000 CFD iterations are run during the C2S phase and 24,000 CFD iterations during the hybrid
phase. More CFD iterations were needed for the hybrid grid to converge the prism layer cells. Table 3 provides the
breakdown of run times. It can be seen that refine is two thirds of the total run time. A fully converged solution is
achieved in less than 5.5 hours using approximately 16 A100-hours and 18 64-core EPYC 7742 CPU-hours.

Table 3 Hypersonic Flow over Dream Chaser C2S+Hybrid computational performance. refine
is run on 5 CPU nodes, where each node consists of an AMD 64-core EPYC 7742 CPU,
and FUN3D is run on 1 GPU node, which consists of 8 NVIDIA A100 SXM4 GPUs.
Credit: Sierra Space Corporation

Process Value
Bootstrap [min] 2
Pointwise [min] 7

C2S [min] 155
Hybrid [min] 162
Total [min] 326
CFD [min] 107
refine [min] 210
CFD [%] 33
refine [%] 64
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V. Summary and Future Work
An adaptive mixed-element open advancing-layer capability has been developed and demonstrated across the

speed range for viscous flow applications. The mixed-element grid results better predict skin friction and heat transfer
compared with experiments and structured grid results over fully tetrahedral grid results with significantly fewer grid
points. The boundary-layer grid first cell height can be determined based on the flow solution or prescribed manually
(e.g., using traditional turbulent flat plate 𝑦+ relations). The approach has also been demonstrated using GPU hardware
for CFD, leading to total run times of less than 2 hours for a simulation of hypersonic flow over a capsule. These
improvements are aimed toward eventual full automation of the grid generation process from clean CAD to enable
significantly faster design cycles for next-generation aerospace vehicles.

Future work involves further integration of the advancing-layer process in the refinement process by extruding the
boundary-layer grid for every adaptation cycle similar to the closed-advancing-layer approach in Ref. [49]. This would
reduce any grid adaptation errors associated with shocks moving based on the better-resolved boundary layer; it is
assumed the first tetrahedral adaptation process leads to a sufficiently refined surface and boundary-layer grid and that
any shocks are well-captured. If a better-resolved boundary layer leads to a different separation zone, for example, the
process described here will not properly refine the separation point, whereas, more frequent integration eliminates
this deficiency. Improved computational performance (with GPU-capability) and surface grid quality for refine is also
desired. Asynchronous refinement could further improve performance. While a CFD simulation is in progress, an
intermediate flow solution can be used for the refinement process to generate a new grid concurrently; the final flow
solution can be interpolated onto this new grid. For steady state analyses, this should converge to the same answer.
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