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Abstract

Several actors in the space trasport sector are moving towards reusable launch vehicles (RLV) for the
first stages of launchers, among them SpaceX with the Falcon 9 [1] and Rocket Lab with the Neutron [2].
Also the current European long term strategy [3] is aiming towards reusability with plans for THEMIS [4]
and Ariane Next [5]. In accordance with this strategy the German Aerospace Center (DLR) has entered
into a collaboration with the Japan Aerospace Exploration Agency (JAXA) and the French Space Agency
(CNES) for the development of RLV relevant technologies in the frame of a vertical take-off and vertical
landing (VTVL) reusable subscale launcher first stage demonstrator - the “Cooperative Action Leading
to Launcher Innovation in Stage Toss back Operations” (CALLISTO) [6, 7].

Generally a VTVL first stage will return to the launch pad utilising retro-propulsion and an Approach and
Landing System (ALS) [8] with deployable landing legs. The landing leads to new additional aerothermal
design questions compared to traditional launchers. It has been observed, that part of the critical heat
loads are happening after touch down and engine shut off. These are caused by heat radiation from the
launch pad to the vehicle structure. This can affect an ALS built from carbon fibre, which is prevented
from cooling down. The heat fluxes, therefore, influence the structural design and the thermal protection
system (TPS) of the ALS. The impact is even more relevant to experimental vehicles if hopper flights
are part of the program.

To aid the development of reusable launch vehicles in the VTVL configuration we analyse the heat fluxes
onto the ground for an impinging supersonic jet from a liquid hydrogen and oxygen engine. The analysis
is based on Reynolds averaged Navier-Stokes computational fluid dynamics. We look at some modelling
choices and we investigate the influence of the ground distance on the heat flux distribution.

Keywords: reusable launch vehicle, VTVL, retro-propulsion, aerothermal, CFD, RANS, ground heat
flux, jet impingement, supersonic jet

Nomenclature

Latin T, — wall temperature [K]

Dyg — nozzle exit diameter [m] h — area specific heat flux [Wm—2]
x/D — distance nozzle to ground [m] Ma — Mach number [—]

z/D — radial coordinate [m] ofr — oxidise to fuel ratio [—]

T — temperature [K] p — pressure [Pa]

1. Introduction

Space launches are know to be expensive. One of the reasons for this is that conventional launch
vehicles are only single use. A way of reducing the cost of launches might be to reuse costly parts of the
vehicle, which has been of interest since the last century [9] and has been demonstrated by SpaceX with
the first stage of the Falcon 9 rocket [1]. Europe and Japan, while they are finalising the development
efforts for their new conventional launcher generations, have started the research and development on
reusable launch vehicles in a cooperation. The “Cooperative Action Leading to Launcher Innovation in
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Stage Toss back Operations” (Callisto) [6] vehicle is a flight demonstrator by CNES, DLR and JAXA, for
future reusable launcher stages and the relevant technologies. Callisto is a first stage demonstrator for a
vertical take-off and vertical landing (VTVL) space transport system with a single liquid hydrogen-oxygen
engine. Its mission is to vertically launch and return the single stage vehicle to the launch pad. For
the return flight the demonstrator employs a phase of glide, during which the drag is used to break the
vehicle, followed by the re-ignition of the liquid hydrogen and oxygen engine and and retro-propulsion
breaking before utilising its Approach and Landing System (ALS) [8, 10] with deployable legs to land
on the landing pad. At heights close to the ground the nozzle of the Callisto vehicle is over-expanded.
Prior to the mission some shorter test flights and hops are planned for validation and proof of flight
worthiness. While the presented work was produced in the context of Callisto the results are applicable
to general reusable VTVL launcher such as the Rocket Lab Neutron [2] or the ArianeGroup projects
THEMIS [4] and Ariane Next [5].

One important aspect in vertically landing RLVs are the heat fluxes onto the ground. During the vehicles
approach to the ground for landing or in case of hopper tests, the hot exhaust jet from the retro-
propulsion can lead to significant heat transfer to the vehicle structure, especially the landing legs. One
cause of this heat transfer can be the direct plume-vehicle-interaction, which the authors have investi-
gated in previous publications [7, 11-13]. An additional cause can be the heating of the ground/landing
pad by the hot engine plume, which then in return heats up the vehicle due to radiation. This can lead to
damaging temperature levels inside the vehicle structures. When designing a VTVL RLV it is, therefore,
important to correctly estimate these heat fluxes. The impact is even more relevant to experimental
vehicles if hopper flights are part of the program. The investigated mechanisms can also be considered
a special case of jet impingement on an inclined plate as is often found in a flame trench.

Experimental investigations of the ground heat fluxes are difficult to conduct, due to the extreme con-
ditions of the jet. Furthermore, experimental investigations of a large parameter space are prohibitive
due to cost. Therefore, numerical simulations are chosen for this investigation. While subsonic im-
pingement jets are already well researched [14, 15], the research on supersonic impingement jets is
still rather sparse. The impingement of a supersonic jet onto a flat plate has been experimentally inves-
tigated by Gummer and Hunt [16]. They used shadowgraphy to observe the jet structure and measured
the pressure onto the plate. They compared these results to analytical predictions. For ground dis-
tances smaller than the free stream extension a deflection of the shock structures onto the wall was
observed, exhibiting subsonic, transsonic and supersonic flow regions. Klinkov [17] investigated super-
sonic jets impingement both experimentally and theoretically. The jets are particle laden and impinge
normally onto a flat plate. The jet has a Mach number Ma = 2.6 — 2.8 and stagnation temperatures of
T = 300 — 500K. The analysis focused on flow oscillations as well as on particle-surface interactions and
the physical mechanisms, including the recirculation and the shock structures are explained. Alvi et al.
[18] experimentally and numerically investigated under-expanded supersonic jets for STOVL aircrafts.
They used PIV and CFD to investigate the relevant flow features focusing on the recirculation in the stag-
nation bubble. They measured and analysed the pressure distribution on the plate. They compared the
performance of different turbulence models and obtained a good agreement with experimental data for
the SST and the SARC turbulence model while the SA model proved less suited for the problem.

Investigations of the thermal loads from the impinging supersonic jets were done by the group of Kim
etal. [19, 20] and Yu et al. [21]. They experimentally investigated under-expanded jets impinging onto
a normal plate and measured plate pressure and heat fluxes for different pressure ratios and different
distances. The heat fluxes are provided as non-dimensional Nusselt number or recovery factor. They
additionally used shadowgraphy to visualise the jets. While they provided a good quantitative overview
for different parameters, their results sadly could not be used for a validation, as they did not provide
the heat flux applied to their heated foil for the heat flux measurements. Tian et al. [22] numerically
investigated under-expanded supersonic impinging jets. They investigated different plate distances and
pressure ratios and looked into turbulence models and multi species modelling. They used validation
versus experimental data from an blunt conical head to investigate the turbulence models and decided on
the use of the SA model. This paper provides an overview of some numerical options and parameters for
under-expanded supersonic impingement jets, but since the Callisto nozzle is over-expanded for heights

HiSST-2022-0035 Page | 2
M. Ertl et al. Copyright © 2022 by the author(s)



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

close to the ground an additional investigation for this setup was necessary.

The aim of this work is to investigate the ground heat fluxes for different heights over ground for an
over-expanded H,/O, engine. We aim to investigate the flow field and its influence on heat transfer.
Additionally the influence of different modelling rigour, especially the influence of chemical modelling,
on the accuracy of the heat flux prediction is analysed.

2. Numerical Method

The numerical simulations for this work are done using the DLR TAU code [23]. The TAU code is a
finite volume CFD code solving the Reynolds Averaged Navier Stokes (RANS) equations. It can solve 2D
and 3D problems on hybrid structured-unstructured dual grid meshes. The simulations are 2nd order
accurate in time and space using the upwinding difference scheme AUSMDV [24] and a least squares
reconstruction for the gradients. The temporal discretisation is done with a backward Euler scheme.
For regions of low Mach numbers a modification for the variable reconstruction proposed by Thornber
[25] is used to improve numerical accuracy. The equation system is solved using a multigrid solver. A
selection of turbulence models is available, of which the two equation k£ — w model by Wilcox et al. [26]
is used for the simulations. All presented simulations are stationary converged RANS.

The modelling of the rate change of species due to post combustion can be modelled using a finite rate
chemistry approach. The rate at which each species changes during a chemical process is determined
from the chemical reactions as formulated in Hannemann [27]:

wy =M, Y (8] —af) [kl [T =R ] (”s>5§]

where o and 3; are the stoichiometric coefficients for the educt and product for reaction r respectively,
kS and k? the forward and backward reaction rate for reaction  respectively, n, is the molar density and
M, is the molar mass of species s. &/ is the forward reaction rate according to the Arrhenius law

k=AT"exp (—5%)

where A is the pre-exponential factor, n is the temperature exponent and E,, is the activation energy.
The rate constants k] for the reverse reactions are evaluated from the equilibrium constants. The model
used here is the reduced Jachimowsky mechanism [28]. A more detailed overview of the reactions and
the modelling can be obtained from Ecker et al. [12]. The suitability of TAU code for the numerical
prediction of heat fluxes in high speed flows is documented in [29].

The simulations are set up with a 2D axisymmetrical mesh which is shown in figure 1. The axisymmetric
wedge has an angle of 1° and a large far field of 2800D was chosen to prevent problems with back flow.
The nozzle with diameter D = 268.318mm as well as the grid refinement in the near nozzle area are
shown in figure 1b. The jet flow is exiting the nozzle boundary condition - a Dirichlet BC - along the
symmetry axis in negative x direction and is impinging normally onto the ground, which is oriented in =
direction and modelled as a viscous wall with a wall temperature of T, = 300K.

The computational domain is initialised with air with a density of p,.; = 1.2kgm~2 and a temperature
of T,..; = 300K. The reference conditions are also applied to the far field boundary condition and a very
low velocity of Ma = 1 x 10~2 is set in negative = direction for reasons of computational stability.

The cell size for the first layer is chosen such, that a dimensionless wall distance of y* < 1.0 is achieved.
The grid used for the computations is called the medium grid and has over 800.000 cells. A grid conver-
gence index (CGI) study using the methodology proposed by Celik et al. [30] was done. A coarser and
a finer mesh were generated scaled with refinement factors of about r ~ 1.3 compared to the medium
grid. The results are shown in figure 2. The visualisation for the ground heat flux in 2a for the three
grids shows a good agreement for the chosen meshes, as all three are already rather fine due to the
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Fig 1. Visualisation of the 2D axisymmetric computational mesh (medium) including labelling of the
relevant boundary conditions.

constrains from the dimensionless wall distance. The compared grids are generally within the error bars,
especially in the radial close range of 0 — 10D. The results of the GCI are provided in the table 2b. The
e values are rather close to each other. Both the ¢ values and the heat flux curves indicate oscillatory
convergence. This can be seen from the heat fluxe curves for the different grids, which are intersect-
ing in the relevant region due to their similarity. Therefore, the percentage occurrence for oscillatory
convergence is calculated. With an oscillatory occurrence of over 80% for the close range indicates, it
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(b) Table with the CGI results

Fig 2. Results of the grid convergence index for the computational mesh.
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3. Results

3.1. General Flow Field Observations

The 2D axisymmetric case of z/D = 3.0, with two species and frozen chemistry, the Wilcox k¥ — w
turbulence model and a real nozzle velocity profile is chose as reference case and is used to give a
general description of the flow field. A more detailed description of the real nozzle velocity profile is
provided in section 3.2.1 and of the two species and frozen chemistry in section 3.2.2. The flow field is
visualised in figure 3 with a) Mach field and stream lines and b) temperature field.
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(@) Mach field with stream lines and a magnified view of (b) Temperature field
the recirculation in the stagnation region.

Fig 3. Flow field visualisation for reference case: 2D axisymmetric impingement jet with ground distance
x/D = 3.0, two species frozen chemistry, real nozzle velocity boundary condition and Wilcox k& — w
turbulence model.

First we analyse the vertical part of the jet in the radial region of z/D = 0 — 0.5. The Mach field shows
the jet entering the domain from the nozzle BC with Ma =~ 3. The jet exhibits a classical diamond
shaped shock structure [31] in the region z/D = 3.0 — 1.0. Just before impinging onto the ground at
hight /D ~ 0.3 the jet forms a horizontal bow shock, the plate shock, with a stagnation region with
recirculation. At the far radial end of the plate shock the supersonic slip line moves across towards
the ground. The jet velocity reaches zero with a corresponding increase in pressure. Due to this higher
pressure after impinging onto the the ground the jet is deflected in radial direction and accelerated along
the ground forming a wall jet. The wall jet is the horizontal part of the jet and is found in the region
z/D < 0.5 for z/D > 0.5. In the presented case the pressure in the stagnation region is high enough
to accelerate the wall jet to supersonic speeds, exhibiting a second region with Ma > 1 directly to the
right of the stagnation region. For radial distances over /D > 2.4 the velocities become subsonic. The
recirculation region below the plate shock is shown magnified in the inlay in figure 3a.

The temperature field shown in figure 3b exhibits the same shock patterns in the jet as seen in the Mach
plot. The jet enters the domain with a temperature of about 7' =~ 2300K. The maximum temperature is
observed in the stagnation region with temperatures close to T' =~ 4000K. In the wall jet the temperature
decreases with radial distance z/D.

3.2. Investigation of Modelling Fidelity
We investigated the effects of different choices in modelling fidelity on the simulation results. The
modelling choices and the resulting flow fields as well as the heat fluxes are presented for two influences:
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fidelity of the inflow boundary condition and chemical reactions for post combustion. All investigations
are done with the reference case with a nozzle to ground distance of x/D = 3 and the Wilcox k& — w
turbulence model. A matrix with the short names for the four investigated cases is provided in table 1.

The modelling choices are explained in more detail in the following two sections.

Table 1. Investigated modelling options and short names

nozzle with constant in-
flow variables distribution
of averaged properties

real velocity nozzle profile
with interpolated distribu-
tion of properties

2 mixture species
with frozen chem-
istry

2 species,
homogeneous nozzle

2 species,
interpolated nozzle

10 molecule species
with post combus-
tion modelling

3.2.1.

10 species,
homogeneous nozzle

Influence of Inflow Boundary Condition

10 species,
interpolated nozzle

Two different ways of defining the inflow boundary condition are investigated. The nozzle inflow is set
up as a Dirichlet boundary condition. For both cases the combustion chamber conditions are calculated
in chemical equilibrium with NASA CEA [32]. The combustion chamber conditions for the simulations
are a mixture of liquid hydrogen and oxygen with an oxidiser to fuel ratio ofr = 6, a chamber pressure
of p.. = 34bar and a chamber temperature of about T,.. ~ 3500K. With these conditions a stationary 2D
axisymmetric nozzle simulation including chemical combustion modelling is run.

In the simpler case - called the homogeneous nozzle - a constant distribution of inflow variablesis
used obtained from the averaged results of the nozzle simulation for pressure and temperature etc. as
well as the post combustion species composition at the nozzle exit. In the higher fidelity case - the
interpolated nozzle case - all relevant parameters at the nozzle exit (i.E. velocity, species composition
pressure, temperature) are interpolated onto the Dirichlet boundary condition of the jet impingement
simulation.The mass fractions Y; for the most prevalent species at the outflow of the nozzle simulation
are given in table 2.

Table 2. Mass fractions of the most prevalent combustion products for the nozzle simulation outflow.

OH H @)
783 x 1073 408 x10~% 1.95x 10~

species i H, 0o
Y; 1.86 x 1072 9.43 x 10~*

H>0
9.72 x 1071

A comparison between the flow fields of the two inflow boundary conditions is shown in figure 4 with
the constant variable distribution on the left side. The influence of the nozzle velocity profile can be
observed in a less steep angle of the nozzle shock due to the lower velocity gradients in the shear layer.
Further differences can be seen in the stagnation region. The bow shock exhibits a bigger distance to
the ground, there are differences in the flow of the recirculation and the slip lines are differently shaped.
The corresponding heat fluxes are described in section 3.2.3

3.2.2. Influence of Species and Chemistry Modelling

The influence of post combustion modelling on the simulation fidelity has been investigated. The case
named 2 species uses two gas mixtures modelled as single species with the physical properties of
the mixture. The first species is dry air. The second is representing the exhaust gases obtained by
combining the species from the nozzle simulation averaged at the nozzle exit into one mixture. The
nozzle simulation is described in more detail in section 3.2.1. In the case named 10 species, all the
species from the nozzle simulation are interpolated onto the Dirichle boundary condition and transported
through the computational domain. Reactions between these species and with the components of air
are modelled according to the description in section 2.
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Homogeneous Nozzle Interpolated Nozzle

Fig 4. Comparison of the flow fields for different fidelity nozzle inflow boundary condition modelling.
Ground distance z/D = 3.0 reference case, two species frozen chemistry and Wilcox k& — w turbulence
model. On the left a nozzle with constant inflow variables distribution and on the right with a distribution
interpolated from additional nozzle simulation.

2 Species Interpolated Nozzle Interpolated Nozzle 10 Species
Wilcox

Wilcox

Mach number Mach number

i

Fig 5. Comparison of the flow fields for different fidelity chemistry modelling. Ground distance z/D =
3.0 reference case, interpolated nozzle case and Wilcox k — w turbulence model. On the left two species
(air + exhaust) simulation with frozen chemistry and on the right 10 species with combustion modelling.
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A comparison for the flow field of the case with frozen chemistry and the case with post combustion is
shown in figure 5. The visible differences between the two cases are minor. The bow shock distance
to the ground is slightly decreased for the post combustion, as is the centre point of the recirculation.
This is not very surprising, as the mass fraction of H, is already below Yy,0 < 2 x 102 at the nozzle
exit, thus not providing much fuel for post combustion.

3.2.3. Heat Flux Comparison for the Modelling Investigation

The radial heat flux distribution on the ground for the two modelling investigations is given in figure 6.
The post combustion simulations exhibit their maxium at z/D ~ 0.5 and have higher and less smooth
heat fluxes in the stagnation region. We are stil investigating whether this is due to position of the
recirculation region or whether it could be caused by recombination of some of the reacting species at
the low wall temperature ground as described in [33]. The cases with post combustion also have the
highest and the lowest heat fluxes despite having very similar flow fields as discussed in 3.2.2. The
heat fluxes for the frozen chemistry cases are in between and have their maxima further towards the
stagnation point as well as generally lower and smoother heat fluxes in the stagnation region.
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Fig 6. Comparison of the radial heat flux distribution for different modelling fidelity. Ground distance
z/D = 3.0 reference case and Wilcox k£ — w turbulence model.

The use of a nozzle with constant inflow variables distribution compared to a real variable distribution
does not provide a clear trend for the heat fluxes. In the frozen chemistry case the heat flux maximum
for the real nozzle profile exceeds the one for the constant inflow variable distribution, while in the case
of post combustion it is the other way around. Without a comparison to experiments, for which we were
not able to find usable data, a definitive choice in modelling depth is difficult. For our simulations we
chose to use the combination of frozen chemistry and the real nozzle velocity profile boundary condition.
This setup seems provide a conservative estimate of the heat fluxes, while being less computationally
costly and providing better convergence behaviour.

3.3. Nozzle to Ground Distance
The flow field with Mach number and stream lines for the impingement jets for different nozzle to ground
distances is shown in figure 7 for six nozzle to ground distances x=/D. The simulations are done with
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Fig 7. Mach field with stream lines for different heights: a) z/D =1, b) /D = 1.5, ¢) z/D = 3, d)
z/D =5,e)xz/D =10andf) z/D = 20.
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the nozzle velocity profile inflow boundary conditions and with two species and frozen chemistry. The
distances z/D = 20 and z/D = 10 are shown in the last two visualisations e) and f). Here the distance
to the ground exceeds the length of the supersonic jet. In both cases the a classical supersonic jet with
shock cells can be seen. The jet reaches subsonic speeds prior to impingement onto the ground and
thus at ground level exhibits the behaviour of a classical subsonic impingement jet.

For smaller nozzle to ground distances a recirculation in the stagnation region and a supersonic wall jet
can be observed, as already described in more detail in section 3.1. The corresponding wall pressure
distributions are shown in figure 8. The cases 2:/D = 20 and =/D = 10 are in the lower plot and exhibit
a simple subsonic impingement jet pressure distribution with a maximum in pressure in the stagnation
point z/D = 0 and a monotonic decrease in radial direction. Additionally the pressures are over a factor
four lower compared to the other cases.
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Fig 8. Dimensionless plate pressure distribution for different nozzle to ground distances.

The smaller nozzle to wall distances are shown in the middle for distances d)z/D = 5 and c)a/D = 3
and on the top for distances a)x/D = 1.5 and b)z/D = 1.0. The pressure maxima for these cases are
more complex either with a pressure plateau or with the maximum shifted in radial direction towards the
maximum extension of the subsonic region. These maxima are due to the flow structure, occurring at the
point where the slip flow from the plate shock impinges onto the ground. These pressure distributions
are theorized to be the cause of the recirculation in the stagnation region. The higher pressure outside
the stagnation point causes a backflow towards the stagnation region, thus starting the recirculation. In
the case of a)z/D = 1.5 and b)x/D = 1.0 a secondary peak in pressure can be observed at z/D ~ 1.4.
This peak corresponds to an oblique shock in the wall stream which is also well visible in the flow fields
in figure 7 and is due to the higher velocities in the wall jet for the closer distances.

The radial distribution of the heat flux to the ground is shown in figure 9 for the investigated nozzle to
ground distances. The heat flux for the distances /D = 20 and z/D = 10, shown in the lower plot,
behaves analogous to the pressure distribution and in accordance with a classical subsonic impingement
jet. The maximum is occurring in the stagnation point and reaches h = 4.3MWm~2 for z/D = 10.
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Fig 9. Heat flux distribution for different nozzle to ground distances.

For the jets with the lower distance the heat flux maxima are also outside of the stagnation point and
are closely positioned to the pressure maxima. In contrast to a subsonic impingement jet the heat flux
does not allow for the definition of an easy scaling law over distance. The cases /D =5and 2/D = 1.5
are exhibiting the highest maxima of over 4 > 32MWm=2. x/D = 3 has a maximum of h ~ 22MW m~—2
and z/D = 1 has a maximum of h ~ 15MW m~—2, both clearly exceeding the subsonic impingement but
below the highest maxima. Additionally the closes cases, /D = 1.5 and =/ D = 1.0 have a second peak
in the heat flux of h ~ 15MW m~2 at radial distance z/D ~ 1.4, coinciding with the shock in the wall jet
and the secondary pressure peak.

4. Conclusions

We did computational fluid dynamics stationary Reynolds averaged Navier Stokes simulation of super-
sonic impingement jets from an overexpanded nozzle. The simulations were done in the context of
Callisto to predict the heat fluxes to the landing pad for a vertically landing reusable first stage, but
results should generally be applicable to any reusable VTVL first stage. We described the numerical
method as well as the numerical setup and investigated the influence of different modelling fidelity on
the flow field and predicted heat flux. The results, while not indicating a clear trend, showed lowest
predicted heat fluxes for the highest fidelity. We chose a setup with a 2 species frozen chemistry for
being computationally efficient, providing good convergence and for providing a conservative predic-
tion.

We analysed the heat fluxes to the ground for different nozzle to ground distances z/D, investigating
the flow field, the plate pressure and the radial heat flux distribution on the ground. We observed
different regimes: For z/D greater than the length of the supersonic jet core the jet impinging onto
the ground is subsonic and has the behaviour of a classical impingement jet. If /D becomes smaller
the supersonic part of the flow interacts with the ground and influences the stagnation region and
the wall jet. This causes a large increase of the heat transfer with heat flux maxima increasing from
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heyp—10 & 4.3MWM~2t0 h,/p_s ~ h, p15 ~ 32MWm~2. In this regime the flow structure and heat
flux distributions become a lot more complex. The maxima in heat flux and pressure are shifted in radial
direction. We observed recirculation flows in the stagnation region, which is assumed to be caused by
the shifted pressure maxima as described in Klinkov [17]. If 2/D is reduced even further additional
smaller heat flux maxima occur in radial direction z/D.

The complex flow structure, as indicated by the different regimes, makes interpolation for heat flux
prediction or aerothermal engineering databse creation problematic. Our recommendation is to try to
best avoid these cases, which only occur close to the ground, by either shutting off the engine prior to
reaching these distance, or by landing on a grid, or by keeping the time of this part of the operation
short.
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