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Abstract

The estimation of aerothermal loads along the trajectory are a design driving factor during launcher de-
velopment both for expendable as well as reusable space launch systems. The thermal loads directly
influence TPS design and the fore the vehicle mass and mission performance. For reusable launch vehi-
cles (RLV) (e.g. Falcon9, Spaceship) the thermal loads and the selected TPS materials might have direct
impact on the refurbishment effort and concurrent launch cost. For the CALLISTO vehicle the highest heat
fluxes are mainly during the subsonic retro-propulsion phase due to heating from hot exhaust gases and
heated air in proximity of the aft bay and on the exposed structures like legs and fins. In the presented
study we conducted computational fluid dynamics (CFD) study using the Detached Eddy Simulation (DES)
approach in order to determine the unsteady and time-averaged aerothermal loads on the vehicle at be-
ginning of the demo flight powered descent at M=0.8. The study was conducted for 0.3 s of flow time after
the start up period. Subsequently the time-averaged loads were evaluated and compared to the baseline
RANS model for the different vehicle interfaces. Based on the simulation results it can be observed that
there are (1) clear differences between RANS and DES for plume core length, (2) strong loads fluctua-
tions (aerodynamic and thermal) due to large scale turbulent structures in the plume but also (3) that the
qualitative loads distribution is similar in average when compared to the RANS results. While large scale
turbulent structures heavily influence the instantaneous thermal loads on the different vehicle interfaces the
time-averaged results show a qualitative similar distribution to the RANS results for the same conditions.
However the impact of the higher instantaneous loads may strongly depend on the material properties and
the thermal mass of the underlying structure and the TPS system.
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Nomenclature

Latin C, - Pressure coefficient
M - Mach number Greek

T - Temperature .

Q - Heat flux P D§n3|ty

U - Velocity Subscripts

Nu - Nusselt number w - Wall

p - Pressure oo - freestream

1. Introduction

The estimation of aerothermal loads along the trajectory are a design driving factor during launcher de-
velopment both for expendable as well as reusable space launch systems[1]. The thermal loads directly
influence TPS design and the fore the vehicle mass and mission performance. For reusable launch vehi-
cles (RLV) (e.g. Falcon9, Spaceship) the thermal loads and the selected TPS materials might have direct
impact on the refurbishment effort and concurrent launch cost. In order to advance knowledge on RLV rele-
vant technologies the German Aerospace Center (DLR), the Japan Aerospace Exploration Agency (JAXA)
and the French Space Agency (CNES) entered into a collaboration agreement. This allows a significant
increase of the organisational knowledge at a technical and economic level. This collaboration includes in
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particular a vertical take-off and vertical landing (VTVL) reusable sub-scale launcher first stage demonstra-
tor. The vehicle is called CALLISTO, which stands for “Cooperative Action Leading to Launcher Innovation
in Stage Toss back Operations”. For the CALLISTO vehicle the highest heat fluxes are mainly during the
subsonic retro-propulsion phase due to heating from hot exhaust gases and heated air in proximity of the
aft bay and on the exposed structures like legs and fins. The development of the plume extension is dif-
ferent for the considered re-entry, when compared to Falcon 9, or other studies presented previously. As
shown by Dumont et al.[2] the plume remains relatively concentrated at the aft end of the vehicle due to high
atmospheric pressure and only very low fractions of actual exhaust gas species enclosing the vehicle. The
subsonic phase is present for almost all currently proposed reusable launchers, even though the main focus
so far has been on the supersonic or hypersonic[1, 3, 4] retro-propulsion phase. Asides from CALLISTO
first launcher studies on subsonic retro-propulsion, numerically[5] and experimentally[6, 7] were conducted
at DLR during the RETALT and RETPRO projects. Subsonic retro-propulsion experiments with combus-
tion conducted at the DLR in Cologne by Marwege et al.[6] showed a strong unsteady behaviour. Marwege
et al.[7] similarly reported a strongly dynamic behaviour and the occurrence of large scale structures in a
similar study on cold air jets emerging from a launcher configuration.

Figure 1. Artistic impression of the CALLISTO vehicle. DES results visualizing the large scale structures
using the Q criterion colored by temperature.

In the presented study we conducted computational fluid dynamics (CFD) study using the Detached Eddy
Simulation (DES) approach in order to determine the unsteady and time-averaged aerothermal loads on
the vehicle at beginning of the demo flight powered descent at M=0.8. The study was conducted for 0.3
s of flow time after the start up period. An artistic impression of the large and small scale flow structures
in the plume and around the vehicle is shown in figure 1. Subsequently the time-averaged loads were
evaluated and compared to the baseline RANS model for the different vehicle interfaces. Based on the
simulation results it can be observed that there are (1) clear differences between RANS and DES for plume
core length, (2) strong loads fluctuations (aerodynamic and thermal) due to large scale turbulent structures
in the plume but also (3) that the qualitative loads distribution is similar in average when compared to the
RANS results.

HiSST-2025-0341 Page |2
T. Ecker Copyright © 2025 by the author(s)



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

2. CALLISTO vehicle
2.1. Vehicle design
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Figure 2. CALLISTO aeroshape evolution

During the project the CALLISTO aeroshape has changed in various ways. A comparison of previous outer
mold lines with the shape CAL1B (phase B shape) can be found in [8]. From Phase B onwards the shape
changes were mostly limited to detailed design of legs, cable ducts and piping as well as changes due to
TPS application and product design, however larger changes were seen in phase D regarding the legs. A
visualisation of the shape evolution is shown in figure 2. For this paper only the aeroshape CAL1C is con-
sidered as it is the main aeroshape used for the CALLISTO aerodynamic and aerothermal databases[9].
The aeroshape evolution and related aerodynamic properties are further detailed in [10]. A detailed com-
parison of CAL1C-CAL1D aeroshape transition and its negligible influence on the predicted aerothermal
loads can be found in Ertl et al. [11].

The Reusable Sounding Rocket (RSR) engine used for CALLISTO is developed by JAXA in coopera-
tion with Mitsubishi Heavy Industries (MHI) and is based on LOX/LH-, fuel. The RSR engine uses an ex-
pander bleed cycle, is restartable and throttable between 40 and 100 % nominal thrust [12]. Further studies
demonstrated an increased throttle range between 21 and 109 % [13]. By-passing the turbopumps allows
operation in ”"idle mode” [14]. A summary on the RSR engine which will be used in a modified version for
CALLISTO can be found in [15]. For all presented calculations 110% thrust level was assumed (see table

1).

Table 1. Engine conditions [12, 15, 16]. ND: not disclosed.

Condition 110 % nominal (100 %)
Thrust 44 kN 40 kN

Specific impulse (sea level) ND 320 s

Mixture ratio ND 6

Chamber pressure ND 34 bar

Chamber temperature approx. 3500 K ND

The influence of plume chemistry and turbulence model was investigated during an early phase B study.
For an approximate 2D configuration based on CAL1B geometry[8] the influence of the Spalart-Allmaras,
k-w SST and RSM turbulence models were investigated preliminary along with plume chemistry based
on finite rate chemistry models[9]. While the chemistry plays a minor role, the influence of the turbulence
closure is more crucial and motivates this study.

2.2. CALLISTO thermal interfaces
For use in the CALLISTO design process and loads definition, thermal interfaces (tanks, legs, etc..) for the
entire vehicle were defined. The number of interfaces varies by configuration, with more interfaces being
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Figure 3. CALLISTO CAL1C vehicle: overview of thermal and aerodynamic interfaces.

present for the legs open (e.g. UUO) configuration. However for the UFO configuration used in this study
we have over 50 thermal interfaces. A graphic of the thermal interfaces is shown in figure 3. The fairing
and legs assemblies have multiple thermal interfaces not pictured here which are described more in detail
in references [17] and [18].

3. Methodology

3.1. CFD code and turbulence modelling

All numerical investigations in the presented study were performed using the hybrid structured/unstructured
DLR in-house Navier-Stokes solver TAU[19, 20]. This code is validated[21, 22] for a wide range of steady
and unsteady sub-, trans[23]- and hypersonic[24] flow cases. It is a second order finite-volume solver
for the Euler and Navier-Stokes equations in the integral form using eddy-viscosity, Reynolds-stress or
detached- and large eddy simulation for turbulence modelling. TAU allows for the computation of flows in
thermal and chemical equilibrium and non-equilibrium.

The main focus of the presented study was using the hybrid RANS LES approach IDDES [25] in order to
get a better understanding of the physical limitations of the standard RANS models for this application as
there is no wind tunnel data available for UFO configuration. The IDDES method is an improved version
of the Detached Eddy Simulation (DES) method originally proposed by Spalart[26]. As such it is a zonal
combination of Large Eddy Simulation (LES) with unsteady Reynolds-Averaged Navier-Stokes (URANS).
The zones or regions in which either model is applied depends on a length scale criterion. The zones
with the turbulent length scale smaller than the cut-off scale use RANS modelling, while the zones with the
turbulent length scale larger than the cut-off use LES modelling. The LES regions are situated where flow is
dominated by large-scale, unsteady turbulent structures. The Delayed Detached Eddy Simulation (DDES)
model tries to improve on DES by adding a a delay function which slows down the transition from RANS to
LES. Further improvements were made with the IDDES model by adding an advanced blending function
to address the log-layer mismatch problem in DDES[27].

Figure 4. Distribution of zones. RANS mode is active very close to the wall, the boundaries are indicated
with a red line.
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IDDES has found more and more application in recent numerical studies of scramjets[28] but also first
stage launchers [29]. Additionally to the IDDES modelling, both the Callisto baseline turbulence model
Spalart-Allmaras (SA original)[30] as well as Menter k-w SST[31] turbulence models were used. As con-
vergence for the Menter k-w SST was very challenging, this model was mainly used in the unsteady mode
(URANS). The RANS formulation of the IDDES simulation also uses the SA model. Animproved Advection
Upstream Splitting Method (AUSMDV [32]) flux vector splitting scheme was applied together with Mono-
tonic Upstream-centered Scheme for Conservation Laws (MUSCL [33]]) gradient reconstruction to achieve
second order spatial accuracy.

3.2. Thermo-chemistry model and boundary conditions

The thermo-chemistry model for this study is based on a two species frozen gas model (frozen at nozzle
exit) as described in in detail in Ecker et al.[9]. The nozzle exit conditions are applied as a Dirichlet bound-
ary condition using the nozzle exit results from a 2D-nozzle chemical non-equilibrium calculation of the
CALLISTO vehicle at 110% thrust condition. This condition can be found in table 1. All heat flues are given
in Terms of Nusselt number (Nu) based on aeroshell wall temperature and engine chamber temperature
for reference temperature (compare table 1).

The Nusselt number is defined as:

qL

Ny=—"2
YTk (T — Too)

(1)

where q is the heat flux (units: W /m?) , L the characteristic length (d = 1.1 m), k the thermal conductivity
(units: kg m s=3 K—1) of air and T,. the combustion chamber temperature (units: K) and T, the wall
temperature (units: K).

3.2.1. Mesh

The UFO mesh configuration is visualized in figure 5. Grid refinement is applied to the near vehicle volumes
and in the area of the plume. The mesh contains over 23 Mio points (about 65 Mio elements) as well as
almost 100k surface elements. The same mesh is used for IDDES as well as RANS and URANS studies.
Calculation time for the IDDES simulation was about 3 months on 3200 CPUs for 0.4 s of flow time.
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Figure 5. Visualisation of mesh details .
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4. Results

4.1. Flight condition

For the flight condition investigated we choose a condition close to the maximum Mach number within the
aerothermal database parameter space. While higher Mach numbers are contained within this database
limitations arise from the engine restart procedure. The conditions are listed in table 2. For the IDDES data
was collected for 0.4 s of flow time, however a start up period of 0.1 s (approx. 20 vehicle lengths of flow)
was excluded from the statistics. The timestep was set at 1 us.
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Figure 6. Aerothermal database domain with sample trajectories (from [9]). DES flight condition marked
with blue star.

Table 2. Flight condition

Variable value
Mach number 0.8
Density 0.72065 kg/m?
Temperature 254.36 K
Angle of attack 175 deg
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(a) DES mean temperature (b) SA temperature

Figure 7. Gas temperature (plume), Nu Number on surface and Mach contours (grey scale)

An average of Mach and temperature distribution of the IDDES and the RANS calculation in shown in
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figure 7. While the general flow field is similar, some differences arise. Firstly the plume of the IDDES is
significantly longer, secondly the thermal loads show significantly lower magnitudes especially along the
fuselage and fairing. A detailed comparison of the system vehicle interface thermal loads is given in section
44,

4.2. IDDES snapshots

In order to give an impression on the plume dynamics we visualized the plume and vehicle thermal loads in
spaced snapshots as shown in figure 8. From these few snapshots, spaced 20 ms (approx. a fluid particle
travels about half a vehicle length at the free-stream velocity) two essential points can be demonstrated.
The plume length is not static but varies throughout the subsonic retro-burn with the stagnation point moving
up to two vehicle diameters. Further the thermal loads on the vehicle fuselage encounter a large variation
over time, sections of very hot exhaust gases alternate with cold freestream air, leading to rapidly changing
thermal environments for parts of the vehicle.
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Figure 8. Temperature and heat flux snap shots from IDDES.
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4.3. Global and pressure coefficients

Properly modelling free jets is a known issue for almost all RANS models, albeit it seems to be a smaller
issue for supersonic retro-propulsion. Just like the flow field shown earlier, the global coefficients from
IDDES, especially for the drag and x coefficient show large discrepancy when compared to the RANS
results from the SA model. An time resolved magnitude of the global aerodynamic coefficients and the
respective mean and baseline values are given in figure 9. This difference in drag is not unexpected as the
base drag heavily contributes to the total drag. While the RANS model predicts negative drag, the IDDES
shows positive drag which would be beneficial to the deceleration of the vehicle during the retro-burn.

cb CL
— DES
— Clmean=-0.622

S L
NAMNTE RS

0.10 015 0.20 0.25 0.30 035 0.40 0.10 0.15 0.20 0.25 o.
tls] tis]

(a) Cp (SA) =-0.1618 (b) CL (SA) =-0.4814
Figure 9. Drag and lift coefficients.

Beneficial to understanding where the unsteady dynamics of the plume or the flow in general play a role is
to look at the RMS pressure cost-efficient defined as:

P— P,

P 0.5pscUL @)

The root mean square (RM S = /(1) """ (Cp;)?) of the distributed C,, values are indicative of the effec-

n

tive pressure the vehicle encounters during subsonic retro-propulsion.

Mach_number

(a) side (b) base

Figure 10. RMS surface pressure loads.
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The surface C,, RMS distribution for the fuselage and the base is shown in figure 10. The highest val-
ues are present on the base and on the fairing and are about 0.3 which is similar to what was reported
experimentally[7] for a launcher configuration for the shoulder and base area.

4.4. Thermal loads comparison with baseline and IDDES

In order to allow a system level comparison of thermal loads between the RANS baseline and the IDDES,
the time resolved area averaged data (for each interface) is compared in the mean and for RMS values.
The comparison is shown in figure 11. The time-averaged results show a qualitative similar distribution to
the RANS results for this flight conditions.

actuator struct
altimeterl
base

8
4
2
3
H
&
8

finrota —

lox venting pipe
fin struct4

8
8!
S
&
&
<

lox venting pipe support mé o
435
base cover .
aft bay N
1406
leg2 -

cable duct41

lox feeding pipe

lox feeding pipe support
Ih2 tank

1h2 venting pipe 2

Ih2 tank insulation

Ih2 venting pipe

3

&
&
&

!'I

!

gh2 recirculation pipe support
fin locks

gh?2 recirculation pipe

ghe pressurization pipe support
ghe pressurization pipe

lox tank insulation

veb

lox tank

cable duct23

actuator3

ogive struct

fin root3

fin rootl

actuatorl

ogive

actuator2

fin structl

fin root2

fin struct3

fin3 31—

8 253
finl O —4 o
fin struct2 Aom—
2] m— w—SA

s DES (mean)
W DES (rms)

o

200 400 600 800
Nu (mean)

Figure 11. Comparison of DES mean values with baseline thermal loads.

In general thermal loads predicted from the IDDES are lower across all interfaces and almost never ex-
ceed (asides the LOX venting pipe support which is a very small interface) the baseline prediction based
on the SA model. In conclusion the thermal loads from the SA model can be seen as conservative (in the
mean) but might also contributing to increased TPS mass and lower performance. Based on the observa-
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tion of the time-resolved thermal loads (compare figure 8) the particular interfaces might see much higher
instantaneous heat fluxes compared to mean or RMS value. The impact of these loads depends strongly
of the material properties and the mass of the vehicle structure as well as the chosen thermal protection
system.

5. Conclusions

As the UFO configuration (plume on) could not be easily tested in the past windtunnel campaigns both
aerothermal and aerodynamics predictions suffer from higher uncertainties. In the current study we present
the first results of a improved Detached Eddy Simulation of the Callisto vehicle during subsonic retro-
propulsion. In this study we focus on the loads on the vehicle at beginning of the demo flight powered
descent at M=0.8. The study was conducted for 0.3 s of flow time after the start up period. As typical
RANS turbulence models struggle with properly modelling free jets and their associated quantities like
plume length scale resolving methods like LES and DES are expected to better predict these type of flows.
From the IDDES the time-averaged loads were evaluated and compared to the baseline RANS model for
the flowfield and the different systems engineering vehicle interfaces. The IDDES shows a significantly
longer plume and strong differences in the vehicle drag which may positively impact vehicle performance.
While large scale turbulent structures heavily influence the instantaneous thermal loads on the different ve-
hicle interfaces the time-averaged thermal loads show a qualitative similar distribution to the RANS results
for the same conditions. However the impact of the higher instantaneous loads may strongly depend on
the material properties and the thermal mass of the underlying structure and the TPS system.
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