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Abstract

For the development of modern reusable rocket launch and reentry vehicles, accurate simulation is imperative through-
out the whole design phase. The SpaceX Falcon 9 rocket demonstrated feasibility of reusing first and second stage of a
rocket, which lowers operating costs for target-to-space operations. This led to a boom of research effort in this sector,
aiming to prevent the spacecraft structures from failing during the takeoff and reentry.

For the involved aerodynamic maneuvers, it is essential to reliably and accurately estimate the maximum heat
flux through the body surface during takeoff and reentry. However, high temperatures, prevalent strong shocks and,
in turn, dissociation of the gas complicate matters. For these applications the DLR flow solver TAU was extended
with the spacecraft extensions? which include suitable fluid models, shock limiters, and shock-stable flux functions
to cope with these types of applications. However, TAU was designed 30 years ago. Modern computer hardware
incorporates performance enhancements, such as multiple cores per socket, deep cache hierarchies with non-uniform
memory access, and accelerator cards. Taking advantage of optimizations for these kinds of hardware, can significantly
impact the structure of a code and a full redesign is not feasible for the legacy code base.

Thus, one European effort to improve the solver basis in Europa is based on a initiative of Airbus, DLR and
ONERA to develop the next generation CFD solver CODA (short for “CFD for ONERA, DLR and Airbus”). This
modularized flow solver is based on common framework and architecture of the code Flucs!! and features finite volume
as well as Discontinuous Galerkin solvers with RANS and DES turbulence models. The last four years of common
solver development focused on subsonic and transonic flows around aircraft. In this flow regime only weak shocks are
present and the assumption of one perfect gas as fluid model proves sufficiently accurate. In contrast, the conditions
in which spacecraft engines operate are more extreme: High altitude flow conditions as well as high velocities during
takeoff and reentry maneuvers need to be simulated. Mach numbers in the order of 10 or above mandate specialized
flow solvers able to deal with the involved strong shocks and, in turn, high temperatures and, thus, temperature-
dependent ideal gas mixture equation of states (EOS).

In a first contribution about HyperCODA’ we validated the HyperCODA extension of the flow solver CODA
for conditions at high Mach number together with a perfect gas EOS. In this contribution we extend the description
using a more realistic ideal gas EOS that includes high-temperature effects. This additional physical model allows us
to make quantitative comparisons of the flow solver HyperCODA to the validated flow solver TAU for representative
flight conditions of spacecraft vehicles during takeoff, reentry, and landing.

The paper is organized as follows: In the first section we introduce briefly the flow solver as well as the physical
models, which is followed by a validation of the solver using basic examples. Then, industry-relevant test cases are
shown and the paper is closed with a short summary and outlook to further work.

1. Flow solver HyperCODA

The CFD solver framework HyperCODA aims to handle the challenges of high-velocity, high-enthalpy flows, such as
they appear in, e. g., space applications. A base set of physical models tailored for aerospace applications is available
in the flow solver layer jointly developed by the afore-mentioned as well as further partners under the name “CFD
for ONERA, DLR and Airbus”, for short: CODA. Both codes are designed such that they are part of an eco-system,
fully concentrating on the core CFD capabilities while reusing already existing infrastructure as much as possible. This

Copyright © 2022 by Fechter & Huismann. Published by the EUCASS association with permission.



DOI: 10.13009/EUCASS2022-4730

HYPERCODA - TOWARDS ROCKET FLOWS

leads to a separate infrastructure layer for data structures called Flis which handles parallelism, automatic differen-
tiation (AD) support, and interfacing to the outside world, with the latter being implemented via the FlowSimulator
DataManager (FSDM).% !¢ Linear problems arising from implicit schemes and linearized equations are solved using
DLR’s linear solver library Spliss, as described in.!?

A more detailed description of the underlying flow solvers as well as the basics of HyperCODA can be found
in Huismann et al.” In this publication we focus on the extensions towards reactive flows using a flamelet combustion
model and tabulated ideal gases as additional thermodynamic model. This thermodynamic assumption proved to be
suitable up to the temperature of dissociation of about 6000 K and, in turn, allows to compute most space-relevant
flows, solely excluding high-enthalpy reentry flows where chemical dissipation occurs.

1.1 Extension to multi-component flows using tabulated gases

HyperCODA extends CODA’s implementation of the EULER, NAVIER-STOKES and RANS equations from the assumption
of a (single) perfect gas to the consideration of gas mixtures at thermodynamic equilibrium, i.e. without the need to
model chemical non-equilibrium effects as dissociation. In CODA terms, implementing these equations consists of
providing the state variables and the corresponding convection and diffusion terms, e. g. for the EULER equations the
state consists of a vector containing the partial densities p; = pY; of the N species, where the Y; denote the mass fraction
of the species, p¥ the momentum, and E the stagnation energy. The necessary thermodynamic closure is provided by
a module for the ideal gas mixture description that uses temperature splines for the molar specific heat at constant
pressure ¢, the molar inner energy e, the molecular viscosity u, and the thermal conductivity A. The thermodynamic
input data is generated from a NASA spline database, described, e. g., in.?
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Here, each R; denotes the species gas constants for species i resulting from the universal gas constant R, and the molec-
ular weights M; via R; = Ry,/M,;. hg denotes the zero-point energy of formation of the species. Furthermore, the ¢, ;(T)
denote the temperature-dependent specific heat at constant volume for the species. All temperature-dependent data is
tabulated from the NASA polynomials and provided as temperature-dependent data to the solver. Fast linear operators
interpolate the thermodynamic database during the solver runtime.

In contrast to a perfect gas law (using a constant specific heat ratio y), for which an analytical formula for the
pressure from the density and energy stagnation density is available, the temperature of the mixture state for an ideal gas
(with non-linear energy behavior) has to be determined using an iterative method. This iteration provides the pressure
and temperature from the density and the energy stagnation density and converges usually within few iterations.

For the NavIER-STOKES equations for gas mixture, three diffusion terms occur on the right-hand side, one due to
the shear stresses, one due to the varying species concentrations and one due to the enthalpies of the species.* The
molecular mixture transport properties are computed from individual species contributions using the Wilke mixture
rule.'” Lastly, the RANS implementations extend the state with further variables while directly reusing convection,
diffusion, and source terms from CODA.
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1.2 Extension to flamelet combustion model

One choice to include combustion effects into the flow description is to use a flamelet combustion model that idea
originates back to Peters.'# The idea is tabulate the reactive flame composition as a self-similar function of the mixture
fraction Z, its variance Z”’ and a scalar dissipation function y. The solution for the reactive flame composition is
obtained in a preprocessing step by solving the flamelet equations and then tabulated in a three-dimensional lookup
table. Thus, it is neither necessary to solve for NV species transport equations nor to solve the kinetic source terms in
the solver to have the reactive composition available in the flow solver. This fact makes the flamelet model attractive
for large kinetic schemes with many species involved.

Within CODA’s spatial discretization this adds two transport equations, one for the mixture fraction Z, and one
for its variance Z”. The scalar dissipation function y is computed from the turbulent length scale w and the variance of
the mixture fraction Z” as

x = C,CwZ".

The constants are typically chosen to C;, = 2.0 and C,, = 0.09.

The implemented flamelet combustion model assumes a Lewis number of unity, simplifying the energy diffusion
term, see e. g. the description in Karl.® This is an appropriate approximation for the considered gaseous flows. Thus,
the resulting equation system in the CFD solver to be solved is (neglecting the source terms):
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with the ideal gas closure for the N tabulated mass fractions Y; connecting pressure p, temperature 7' and the state:
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The flamelet model requires the turbulent time scale w as input to compute the scalar dissipation function y.
Thus, it can just be combined with a turbulence model that provides a turbulent time scale. Within the CODA context,
this applies for the Menter SST turbulence model'? as well as the Wilcox turbulence model.'® The molecular mixture
transport properties are computed from individual species contributions using the Wilke mixture rule.'”

2. Validation test cases

This section is dedicated to the basic validation test cases as validation of the implementation of the models within
HyperCODA. The first test case investigates stability at high Mach number flows while the second and third test
validate the mixing implementation.

2.1 Blunt body test case

In Huismann et al.” this test was introduced to show the stability of the CFD code for shocks at high Mach numbers. The
geometry is detailed in Figure 1 with » = 1 and R = 3 is used. The general description of this test case can be found e. g.
in Quirk.’> While the half-cylinder serves as a wall boundary, the left bound serves as inlet with Ma., = 15 and p, = 1,
and the right side as outlet with p,, = 1. This domain was discretized using a structured mesh using N, = 160 grid
points in the radial direction and N4 = 480 in the azimuthal one.

In addition to the case study using different upwind flux solvers shown in’ we simulate this test case here with
a different thermodynamic model, i. e. with an ideal gas with a tabulated non-linear energy behavior. This is the more
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Figure 1: Left: Setup for the blunt body testcase. Bold lines bound the computational domain Q, dashed lines are used
for construction of it. Right: Simulation results for the blunt body test case at Ma = 15. The color corresponds to the
density p, with blue denoting the upstream density p., and red the stagnation density 8.8p.. The corresponding tem-
perature isolines are plotted in black. From left to right: DLR TAU using AUSMDYV with Carbuncle fix, HyperCODA
using HLLC flux, and HyperCODA using AUSM+M.

appropriate fluid model for gases at high temperatures until the start of dissociation at temperatures of about 6000 K.
Due to the strong shock in this test case the temperature of the fluid increases considerably. In all cases, constant
reconstruction was employed in conjunction with an explicit time-stepping scheme and the simulations ran until their
density residual was reduced by a factor of 107'°. Due to the non-appropriate thermodynamic model the maximum
temperature in the stagnation region is higher.

For comparison, the problem was simulated three times: First, a numerical reference solution is generated
with DLR TAU, using the AUSM-DV flux including the Carbuncle fix proposed in using a tabulated ideal gas for
air. Second, with HyperCODA using AUSM+M! with the assumption of air as tabulated ideal gas, and, lastly, with
the HLLC flux using the same thermodynamic model. In all cases, constant reconstruction was employed in conjunc-
tion with an explicit time-stepping scheme and the simulations ran until their density residual was reduced by a factor
of 10710,

Figure 1 depicts the results of the simulations using the ideal gas model. In all simulations the numerical flux
function computes the physical correct solution: A sharp, bow-shaped shock surrounds the cylinder. The so-called
Carbuncle phenomenon that is dependent on the flux function and its diffusivity is suppressed in the TAU and Hyper-
CODA computations. Note that due to the more appropriate thermodynamic model, the maximum temperature in the
stagnation point is reduced resulting a more realistic estimate.

2.2 Mixing of gases in a coaxial injector setup

As first gas mixture test case we use the geometry of the two-dimensional Ruiz test case as originally proposed by Ruiz
et al.'” for cryogenic fluid mixing. The geometry represents the initial part of a coaxial injector with an oxygen core
and a surrounding fuel ring simplified to a two-dimensional mesh. This generic test case is attractive as it allows for
code validation at low computational costs while using a relevant geometry. The geometry and inlet conditions for the
gaseous test case are described in Figure 2. The inlet conditions are modified such to have gaseous inflow conditions.
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Figure 2: Sketch of the test case for Hydrogen/Oxygen mixing following the geometrical definition of the original test
case proposed by Ruiz et al.!” for cryogenic fluids.
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Figure 3: RANS results for the gaseous mixing of hydrogen and oxygen. From top to bottom: Top: Oxygen massfrac-
tion distribution Yo, ; Bottom: Density distribution #/p..;

Figure 3 depicts the results attained with a RANS Wilcox turbulence model. The computed solutions make sense
for a turbulent mixing layer of hydrogen and oxygen. In the flow field we see a nearly constant pressure distribution
and the temperature changes are marginal. Further more detailed comparisons of the flow solution at various slides
might be an additional cross-code verification.

2.3 Flamelet combustion in a coaxial injector setup

The gaseous mixing test case in Section 2.2 is extended to a reactive mixture using a Flamelet model to obtain the
reactive mixture composition. Thus, now we can consider a reactive mixture of hydrogen and oxygen. Note that this
test case re-samples the processes directly after a coaxial injector as widely used in combustion chambers.

The chemical kinetics are modeled using a Flamelet approach and the composition of the reactive mixture was
tabulated using the oxygen-hydrogen 9 reactions kinetics with 6 species (O,, O, H,, H,H,O and OH) detailed in Ger-
linger.’ Details on the flamelet tabulation process can be found in Horchler® for which the flamelet equations are
solved and the result was tabulated in terms of the mixture fraction, its variance as well as the scalar dissipation func-
tion. Again we apply the NASA splines for the thermodynamic properties of the 6 species and use the RANS Wilcox
turbulence model in HyperCODA.
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Figure 4: RANS results for the gaseous combustion of hydrogen and oxygen using a simplified hydrogen-oxygen
combustion kinetics described in Gerlinger.> From top to bottom: Top: Temperature distribution 7/7..; Middle: Density
distribution £/p..; Bottom: Distribution of the adiabatic coefficient y = ¢/,.

The results for the flamelet test case are plotted in Figure 4 visualizing the steady-state non-dimensional tem-
perature, non-dimensional density and y distribution. The dimensional reference state is given by the density po, =
1.2kg m~, the pressure po, = 1 bar and the temperature To, = 300 K. The maximal (non-dimensional) temperature
T/T is in agreement with the (tabulated) maximal flamelet temperature. The flame is anchored to the lip and the
oxidizer and fuel are separated by the flame zone. Note that with the present flamelet implementation it is not possible
to determine flame liftoff effects.

Due to the reactive mixture at the high temperatures the adiabatic coefficient varies substantially visualizing the
necessity to treat the mixture using tabulated fluid properties.

3. Application cases: Falcon9 retropropulsion

This section performs a cross-code comparison between DLR TAU and the HyperCODA solver framework with the
retropropulsion test case described in Ecker et al.:> A simplified, descending Falcon 9 rocket. A cylinder with an
attached 9-engine configuration represents the rocket and only three of the nine Merlin 1D+ engines are fired during
the reentry maneuver. The simulation tries to recapture the trajectory point 5 in,? corresponding to an altitude of 25 km
and a free-stream Mach number of Ma = 2, using the SPALART-ALLMARAS turbulence model. First results for the effect
of retropropulsion on the flow features are shown.

The composition is evaluated at free-stream conditions for the air and at the nozzle exit for the kerosene exhaust
fluid, with the properties thereof being calculated from the mean components in the nozzle based on a separate nozzle
calculation described in.> The temperature-dependent fluid properties of the mixtures ’air’ and *exhaust” are computed
based on NASA thermodynamic data'? and mixture rules. This is the same fluid model that was used for the reference
computations with TAU in.? Table 1 lists the constituents of the two species and their compositions. Furthermore, the
frozen heat capacity ratio y for the frozen mixture approach is detailed.
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Table 1: Thermodynamic properties of the fluids

Fluid air exhaust

Species composition N, 0O, CO CO, H, HO
Mass fractions Y [-] 0.76  0.233 039 0.10 0.15 0.31
Mixture molar mass M [Xg/mol] 0.02884 0.0234

Frozen heat capacity ratio y [-] 1.4 1.267

With frozen fluid properties (perfect gas mixture):

With tabulated fluid properties (ideal gas mixture):

Figure 5: Comparison of Mach number distribution with ‘engine off” and ‘engine on’ at @ = 10 deg, & = 25km, and
M, = 2.0. The rocket body is highlighted in blue. Left: Simulation with engine off. Right: Simulation with ‘engine
on’ with visualization of the plume isosurface with levels of 25, 50, and 75 % exhaust mass fractions (from inside to
outside) in reddish colors.

Figure 5 visualizes the effect of the hot exhaust plume onto the Mach number distribution. Without retropropul-
sion, a thin shock lies very close to the rocket and an expansion wave is present on the upper side. With activated
retropropulsion, the exhaust moves the shock further away from the rocket while making it stronger. Due to the effect
of the plume, the expansion wave on the upper side is not present in the case of ‘engine on’. The hot plume close to
the rocket causes a significant heating of the structure.

Comparing the result of the frozen approximation on the top to the one using temperature-dependent fluid proper-
ties, we see an influence on the flow field for the case with ‘engine on’. This is due to the reached large temperatures in
the jet impinging onto the shock. For the case with ‘engine off” the effects are negligible because no large temperature
changes are present in the flow field.

Similar findings were reported in? and with HyperCODA, the main flow features could be reproduced for the
advanced use case of rocket propulsion.

4. Conclusions

This paper presented recent advances within the physical modeling of the flow solver HyperCODA the extension of
DLR’s flow solver CODA to high-enthalpy flows and multi-species fluids. First, the joint infrastructure was shortly
introduced. The more recent ideal gas mixture model of HyperCODA was verified to be a suitable candidate for
simulations up to the onset of dissociation at about 6000 K). Then, the Carbuncle effects were investigated using a
more suitable fluid model due to the high temperatures in the stagnation point region of the cylinder test case at a Mach
number of 15. The implementation of the mixture and the flamelet combustion model were verified using a simple two-
dimensional test case that is a suitable model for the core region of a coaxial injector. Lastly, a three-dimensional test
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case constituted an application of HyperCODA to three-dimensional flows to flows with retropropulsion. The results
are plausible in comparison with TAU while the code base is modular, more easily verifiable and testable, and offering
novel temporal and spatial discretization schemes.

The next steps consist of further validation of the code framework as well as an extension to cryogenic fluid
mixtures to further address the full range of spacecraft applications.
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