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Abstract

We test the chemistry implementation of our kinetic Fokker-Planck (FP) method for an industrial scale
space transport problem. We use the FP method as it is able to simulate flows in the rarefied regime
above the continuum limit, as found at high altitudes. The FP method provides this physical modelling
advantage of a particle method with the computational efficiency needed for the simulations of industrial
scale applications. We compare FP simulations of the generic RFZ-ST2 upper stage to computational
fluid dynamics (CFD) Navier-Stokes simulations with the DLR TAU code. We use an artificial flight Mach
number of Ma = 15 to facilitate chemical reactions. We limit ourselves to dissociation and exchange
reactions. We compare the flow fields and the surface distributions to validate the implementation. This
is done as a step towards the simulation of re-usable launch vehicles at high altitudes in re-entry and
re-entry burn situations.
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1. Introduction

A persisting trend in space transportation is reusable systems. Reusable first stages are becoming
an established technology. As the new space companies publish only sparely on their finding, the
aerodynamics and aerothermodynamics of reusable systems have been extensively studied by DLR,
both numerically [1, 2] and experimentally [3, 4]. An overview of the numerical studies can be found
in [5]. However, there is a lack of research on one possible trajectory part, the re-entry burn for
a return to launch site of the booster. Furthermore, the development of new reusable upper stages
has now started, but so far without any successful commercial operations since the retirement of the
Space Shuttle. Both the re-entry burn for the booster and the re-usable upper stages provide new
challenges for the numerical investigation of the aerodynamics and aerothermodynamics. The relevant
trajectory points are all situated at high altitudes and, therefore, densities so low, putting them above the
continuum limit. Classical computational fluid dynamics (CFD) codes solving the Navier-Stokes equations
will not be able to accurately simulate these problems.

To address this challenge and obtain the capability for simulating flight conditions in the rarefied gas
regime, we are developing a kinetic Fokker-Planck (FP) method [6] to complement our existing and well
established CFD code TAU [7]. The FP method solves the Boltzmann equation and has the additional
benefit of being computationally effective for low Knudsen numbers when compared to the Direct Sim-
ulation Monte Carlo method (DSMC). The FP method is developed in the framework of the open source
particle code SPARTA. The implementation includes modeling for polyatomic gases [8] and has been
tested for large scale applications both with a single species [9] and on a nitrogen oxygen mixture [10].
The simulation of a re-entry burn requires additional modeling for chemical reactions when interacting
with the plume. Dissociation reactions and exchange reactions have been implemented into the FP code
and verified for academic cases [11]. The goal of this work is to test the implementation on a real scale
space transport system. For this purpose we are using the RFZ-ST2 upper stage [12] of the open source
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RFZ model for a generic reusable launcher [13]. We simulate the RFZ-ST2 upper stage in unpowered
forward flight at an altitude of » = 75 km and prescribe an artificial Mach number of Ma = 15 to facilitate
chemical reactions. We compare the results to TAU CFD simulations.

This work is a step towards simulating a re-entry burn at high altitude with the Fokker-Planck method.
In parallel work is being done on modeling the rocket plume with FP, which is also presented in this
conference in [14].

2. Discussion

The simulations use the rotational symmetric open source geometry of the RFZ-ST2 upper stage for
2D simulations which is presented in Figure 3b and can be obtained from [13]. The stage 2 length is
Lsty = 28 m, with a diameter of Dggz = 3.66 m.

Fig 1. Isometric views of the open source model geometry of the upper stage of the RFZ model

The free stream condition is obtained from the upper stage trajectory for and altitude of / = 75.01 km.
The free stream Mach number is modified to Ma = 15, about double the real value, in order to facilitate
chemical dissociation of the free stream air molecules. The data for the free stream condition is given
in table 1.

Table 1. Overview free stream condition

hlkm]  plkgm=3] v [ms7!] T[K] Mal[-] p[Pa]

75.01  4.03 x 107°  4348.53  208.34 15.0 2.41

Temperature T/K

Fig 2. Zoomed view close to the fairing. Right: CFD grid adaptation. Left: Temperature distribution in
the stagnation region.

For both the FP and the CFD simulation the air is modeled as a mixture of 4 molecules: N,, O,, O, N.
In the free stream the mass fractions are wy, = 0.767 and wo, = 0.233, with the remaining molecule
mass fractions being set to 0 and coming into existence as products of chemical reactions.
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The FP simulations are set up using the variable soft sphere model for internal degrees of freedom for
all species and a particle weight of 5 x 10'7. The surfaces are modelled as diffuse surfaces with an wall
temperature T, = 300K.

The CFD simulations are set up as laminar, without turbulence modelling, since the highest Reynolds
number for all simulations Re = ’)“TLSTZ = 268093 < 5 x 10° = Re.,;; is below the critical Reynolds
number. The surfaces of the upper stage are set as viscous walls of laminar subtype with an isothermal
wall temperature T,, = 300K. The far field boundary condition is defined by the velocity v, the density
p and the temperature T of the inflow.

3. Conclusion

The investigation will include a OD reactor comparison between the FP and the TAU chemistry to help
calibrate the models and constants and to obtain an estimate of the reaction speed and resulting sim-
ulation time steps. We will simulate a 2 species, frozen chemistry case, to provide a base line for
identifying differences. We will provide simulations with chemical dissociation for both FP and TAU. We
will compare the flow field and the species distribution. Results of a first simulation with TAU modelling
dissociation and recombination with the Park model are shown in figure 3.

ch numbe

(a) Mach number.

(b) Atomic O mass fraction.

Fig 3. Flow field visualisation of TAU CFD results.

We will, furthermore, investigate the surface results for pressure distribution and heat flux. These
simulations of an industrial scale space transport system with air chemistry in combination with the in-
vestigations on FP plume modelling [14] are two major step towards modelling the aerothermodynamics
for a re-entry burn.

The next steps are the implementation of recombination reactions to model the full chemistry and
variable particle weights to allow for an efficient simulation of species with low mass fractions, followed
by the full simulation of the booster with plume during re-entry burn.
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