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ABSTRACT

In the frame of the ESA funded FLPP project CFD4SALTO
Navier Stokes CFD simulations are made for the Themis T3
launcher configuration to generate high-fidelity aerodynamic
data bases that will be used to develop the control laws and
flight dynamics system. The CFD simulations are made using
the Navier Stokes Multi Block solver NSMB. The chimera
method was used for the deflection of the grid fins, and the
sliding mesh approach was used to avoid that grid points in
the boundary layer propagate into the far field. Depending on
the Mach number the number of grid points was between 28
and 40 Million.
Calculations were made for both the Ascent configuration
(with folded grid fins) and the Descent configuration. The
calculation matrix included a large number of points on the
ascent and descent trajectory, ranging from low subsonic up
to supersonic Mach numbers. Calculations were made with-
out active engines, as well as using 3 active engines for the
Ascent configuration, and either 1 or 2 active engines for the
Descent configuration (depending on the Mach number and
trajectory point).
This paper gives an overview of the different launcher config-
urations considered, the grid generation strategy, the physical
modeling used, and the post processing of the results.

Index Terms— Reusable launchers, Computational Fluid
Dynamics, Aerodynamic Data Base Generation.

1. INTRODUCTION

The success of Space-X with the Falcon 9 has shown that it
is possible to re-use the first stage of the launcher, thereby
significantly reducing the launch costs. Through different
projects Europe is also investing in developing technologies
for re-usable launch vehicles. Germany, France and Japan
work together on a reusable Vertical Take Off Vertical Land-
ing first stage demonstrator in the CALLISTO project (2018-
2025) [1]. The EU funded H2020 project RETALT (2019-
2022) [2] studied critical technologies in detail, among them
Aerodynamics, Aerothermodynamics, Flight Dynamics and

Guidance Navigation and Control (GNC), Structures, Mech-
anisms, Thrust Vector Control and Thermal Protection Sys-
tems.
The European Space Agency through its Future Launchers
Programme (FLPP) is funding the development of the Themis
rocket demonstrator for recovery and reuse of technologies.
The Themis vehicle is powered by the reusable Prometheus
engine using methane as fuel. In collaboration with the EU
funded Horizon Europe project SALTO (2023 - 2026) a se-
ries of so-called low altitude Hop tests will be carried out in
2025 for the Themis T1H (Themis 1-Engine Hop) at the Es-
range Space Center in Kiruna, Sweden, in order to test critical
technologies.
In parallel work has started to design the Themis T3 (3-engine
variant) which will cover the full flight domain. This de-
sign work is carried out in the SALTO project, with support
through the ESA FLPP project CFD4SALTO. The main ac-
tivities of the CFD4SALTO project are wind tunnel test data
processing at DLR in Köln, and CFD simulations performed
by CFS Engineering [3].

This paper is concerned with these CFD simulations. The
different configurations studied will be discussed, as well as
the simulation strategy. Some interesting results are discussed
in detail.

2. CONFIGURATIONS

Different launcher configurations are being studied in the
CFD4SALTO project, see Fig. 1 for the descent configura-
tions. The ascent configuration has a nose cap. All configu-
rations have in common that details on the launch vehicle as
protrusions and ducts are modeled. As a result the configura-
tion is not symmetric. The launcher configuration on the left
is the starting point (Aeroshape 1.1). Then from left to right
are respectively the configurations with a longer launcher
length, a shorter interface, new landing legs and finally with
new grid fins (hardly visible in the picture). Aeroshape 1.1 is
about 34 meters high, and has a diameter of 3.5 meters.

All configurations have 3 engines. Either 0, 1 or 3 engines
are activated in the ascent phase, while in the descent phase
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Fig. 1. Descent launcher configurations studied in the
CFD4SALTO project.

either 0, 1 or 2 engines are being used.

3. GRID GENERATION

Ansys ICEM CFD was used to generate multiblock structured
grids for each configuration. Due to the presence of the nose
cap and the folded grid fins different grids are used for the
ascent and descent configurations. Also different grids are
used for the subsonic and supersonic calculations. Due to
the presence of the bow shock in the supersonic calculations
it is possible to move the free-stream boundary closer to the
body, thereby reducing the number of grid points. The calcu-
lation matrix included high altitude supersonic Mach number
points, and for these calculations the grid in the boundary
layer could have less grid points while still having an y+

value of the first cell around 1.
The chimera method was used for the grid around the grid
fins. In this way simple python scripts can be used to rotate
the grid fin without the need to go back to the mesh generator.
The sliding mesh strategy was used to avoid that fine grids
around the vehicle propagate to the farfield. The first grid cell
spacing and the growth rate in the boundary layer followed
closely the grid generation rules used for AIAA drag predic-
tion and high-lift prediction workshops.
Figure 2 shows several images of the grid. Depending on
the configuration, the phase (ascent or descent) and the Mach
number the grid size varied between 28 and 40 Million grid
points for the full configuration. The grid was made such

that it is possible to obtain a coarse grid by removing ev-
ery 2nd grid point in each direction. The number of blocks
was around 2200 for the ascent configuration and around
14000 for the descent configuration due to the large number
of blocks needed to mesh the grid fins.
Each component of the configuration (grid fins, protrusions,
nozzles, etc) has it’s own boundary condition code to permit
the extraction of the aerodynamic forces for each individual
component.

(a) Mesh through the grid fins

(b) Topology of the base region grid

(c) Grid near the attachment of the grid fin

Fig. 2. Views of the grid of the launcher configuration.
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4. PHYSICAL AND NUMERICAL MODELING

4.1. CFD Solver

All CFD calculations in the CFD4SALTO project were made
using the Navier Stokes Multi Block solver NSMB which is
developed in a consortium composed of different universities
and industries [4]. NSMB is a cell-centered finite volume
solver using multi block structured grids. The patch grid and
chimera method are available to simplify the mesh genera-
tion for complex geometries, as shown in the previous sec-
tion. NSMB was also extensively used in the RETALT EU
funded project [5, 6].

NSMB includes a large variety of turbulence models and
numerical schemes, as well different levels of chemistry mod-
eling.

4.2. Physical modeling

Turbulence was modeled using the one-equation Spalart-
Allmaras turbulence model [7]. Calculations without engines
were made using the caloric perfect gas assumption. The cal-
culations with active engines assumed a frozen flow for the
combustion products. The properties at the nozzle exit (pres-
sure, temperature density and velocity components) were
given as function of the radius, and imposed as boundary
conditions, see for example Fig. 3.

The chemical composition at the nozzle exit was com-
posed of the species CO2, CO, H, H2, H2O O and O2. The
thermal perfect gas assumption was used for a mixture of 8
species (the 7 species from the nozzle exit together with N2).
The mixing of the combustion gases from the engines with
the free-stream flow was computed using a conserved scalar
equation. The local thermodynamic properties were com-
puted using the NASA 9 polynomials [8], and the laminar
transport coefficients were calculated using the method avail-
able in the Chemkin Package [9]. This permits to calculate the
single species viscosity, and Wilke’s semi-empirical formula
[10] is then used to calculate the laminar mixture viscosity.
The species thermal conductivity can be calculated from the
species laminar viscosity and the specific heat using the Eu-
cken relation [10] and again Wilke’s rule is used to calculate
the mixture thermal conductivity.

4.3. Numerical modeling

All calculations were made using the central space discretiza-
tion scheme with artificial dissipation [11]. A TVD type
switch is used to improve the shock capturing properties of
the scheme.
The discretized equations are integrated in time using the
semi-implicit LU-SGS scheme [12]. The CFL number is
increased with a factor 1.005 every time step starting from
0.1 to 1012 for the calculations without engine, and to 103 for
the calculations with active engines. For the calculations with

Fig. 3. Temperature at the nozzle exit for the calculations with
active engines.

active engine the first 500 steps were made without increasing
the CFL number.

5. CALCULATION MATRIX AND STRATEGY

5.1. Ascent Configuration

The calculation matrix for the ascent configuration considered
11 Mach numbers between 0.3 and 3.5 and 5 Angles of At-
tack, resulting in 55 calculations with no active, 1 active and
3 active engines (in total 165 calculations).

5.2. Descent Configuration

The initial calculation matrix for the descent configuration
without active engines considered 11 Mach numbers between
0.3 and 1.5, 6 angles of attack, 8 roll angles and 3 grid fin
deflection angles 0o,±20o for a single grid fin, resulting in
1386 calculations.
With 1 active engine 11 Mach numbers between 0.3 and 3.5
were computed for the same angles of attack, roll angles and
grid fin deflections. With 2 active engines only 8 Mach num-
bers between 0.6 and 3.5 were considered using the same
angles of attack and roll angles. For these calculations the
grid fins were not deflected. In a later phase the number of
calculations was reduced by considering less Mach numbers
and fewer angles of attack. In total around 950 calculations
were made for Aeroshape 1.1 with active engines.
For the generation of the aerodynamic data bases for the
different configurations shown in Fig. 1 only the roll an-
gle of 0o was used, and the grid fin deflections were set to
[0o, 0o, 0o, 0o], [20o, 20o,−20o,−20o] and [−20o,−20o, 20o, 20o]
to permit the study of the pitch control. An additional cal-
culation was made for the angle of attack of 180o with the
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grid fin deflections set at [20o, 20o, 20o, 20o] to study the roll
control, resulting in 390 calculations for each configuration.

5.3. Calculation Strategy

First a coarse grid calculation was made (using the same nu-
merical parameters as for the fine grid), running 2000 steps.
This solution was then interpolated on the fine grid. Then
the fine grid calculation was made running 6000 steps for the
subsonic and transonic Mach numbers and 3000 steps for the
supersonic Mach numbers. Convergence was judged by look-
ing at the variation of the CD during the last 1000 or 2000
steps. If this variation was larger than 2% (subsonic and tran-
sonic Mach numbers) or 1% (supersonic Mach numbers) ad-
ditional steps were made. Larger variations in CD were ac-
cepted when the CD was close to zero, or when after 15000
steps the CD convergence criterium was not met.

Scripts were written to generate the necessary input files,
to launch the jobs and to extract the results.

6. POSTPROCESSING

The aerodynamic data base (AEDB) is delivered as an Ex-
cel sheet having as rows the different calculations made, and
as columns meta data that permit to identify the calculation
(Configuration, Mach number, altitude, grid fin deflections,
etc), followed by the aerodynamic coefficients (overall and
for each grid fin), followed by information on the engine. In
summary the results of each calculation is translated in a row
with 54 numbers.
In addition to the information in the AEDB, data repository
files were prepared that include tecplot files of different cut-
planes as well as detailed information on the aerodynamic
forces of the different components.

7. RESULTS

It is impossible to give a detailed discussion on all results ob-
tained. For this reason only some selected results are shown
to illustrate flow features.

7.1. Ascent Configuration

Figures 4 and 5 show the Mach number contours in the plane
y = 0 for a subsonic and supersonic Mach number, using no,
1 and 3 engines. The calculations with engines show the typi-
cal structure of Mach disks, indicating regions with lower and
higher Mach numbers due to expansion fans and compression
waves generated by the interaction of the flow from the noz-
zles with the surrounding flow. This is in particular visible in
Fig. 4.

The supersonic Mach number case is at high altitude, and
the expansion of the plumes can be clearly seen for the cases
with active engines. The figure also shows the bow shock

Fig. 4. Mach number contours ascent configuration at M∞ =
0.30.

wave just in front of the nose, as well as shock waves gener-
ated by the folded grid fins. It can also be observed that the
boundary layer is thicker for the case with 3 active engines.

Fig. 5. Mach number contours ascent configuration at M∞ =
3.50.
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7.2. Descent Configuration

Figure 6 shows the Mach number contours in the y = 0 plane
for the calculation at M∞ = 0.60. As for the ascent config-
uration the Mach disks are clearly visible in the plume when
the engines are active. One can observe that the plumes are
pushed sideways for the case with 2 engines. It should be
mentioned that in this case the flow exhibits some unsteadi-
ness, which is responsible for the asymmetry in the plumes.
With active engines there is a subtle balance between the free
stream flow (coming from the bottom in the figure), and the
plume from the engines.

Fig. 6. Mach number contours descent configuration for
M∞ = 0.60.

This is further illustrated in Fig. 7. One can clearly see
the singular points where the free stream velocity has the
exact opposite value of the flow coming from the engines.
This leads to the deviation of the free stream flow around the
plume, generating several vortical structures. This flow be-
havior is unsteady, and in general the calculations with active
engines are more difficult to converge.

Figure 8 shows the Mach contours in the y = 0 plane for
different angles of attack for the calculation using 2 engines
at M∞ = 0.90. For α = 180o the plume of the 2 engines
are separated, which is less the case for the 2 other angles of
attack. For the lowest 2 angles of attack the figure also shows
different shock structures in the flow.

It should be mentioned that the calculations for these 2 an-
gles of attack show large separated flow regions, as illustrated
in Fig. 9 which shows the Mach number contours and stream
lines in the z = 0 plane for the case with an α = 155o.

Fig. 7. Mach number contours descent configuration for
M∞ = 0.60, zoom of the plume region.

Fig. 8. Mach number contours in the y = 0 plane, descent
configuration with 2 engines, M∞ = 0.90, top α = 180o,
middle α = 170o and bottom α = 155o.

Fig. 9. Mach number contours and stream lines in the z = 0
plane, descent configuration with 2 engines, M∞ = 0.90,
α = 155o.
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Figure 10 shows the Mach number contours in the y = 0
plane for the calculation at M∞ = 1.20. One can clearly see
the bow shock in the calculation without active engines, as
well as different waves generated near the landing legs, grid
fins and on top. In the case of active engines the bow shock
is pushed away from the nozzle exit. This also leads to larger
zones of low velocity around the launch vehicle, as shown in
the middle and right figure.

Fig. 10. Mach number contours descent configuration for
M∞ = 1.20, α = 180o.

Fig. 11. Mach number contours descent configuration for
M∞ = 1.20, α = 180o, zoom of the plume region.

The interaction between the plume from the engines and
the supersonic free-stream flow is much more stable than for
the subsonic case, see also Fig. 11. One can clearly observe
the singular points, and the recirculation regions near the
plumes.

Figure 12 shows the velocity contours in a x-cutplane
through the landing legs for the calculations with 0 and 2
engines for the descent configuration at M∞ = 1.20. One
can clearly observe the small recirculations generated by the
4 landing legs and the 2 ducts. One can also observe that the
low velocity region is much larger for the case with 2 engines,
meaning that the plumes from the engines push the flow away
from the body.

(a) No active engine

(b) 2 active engines

Fig. 12. Velocity in a x-cut plane near the landing legs,
M∞ = 1.20, α = 180o.
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The Mach number contours in the y = 0 plane for the con-
figuration with 2 engines as function of the free stream Mach
number is shown in Fig. 13 Depending on the free stream
Mach number the plumes are separated or pushed apart, and
might show unsteady behavior. This possible unsteady behav-
ior also affects the aerodynamic coefficients (and the conver-
gence of the calculation).

Fig. 13. Mach number contour’s descent configuration with
2 engines, from top to bottom: M∞ = 2.00, M∞ = 2.50,
M∞ = 3.00, M∞ = 3.50

The computed CX at M∞ = 3.00 for different roll angles
phi and angles of attack is shown in Fig. 14. The behavior
of the curves are different for the different roll angles. For
the roll angles of 0o and 180o the CX almost continuously
decrease when going from high to lower angle of attack. For
these roll angles the two plumes are separated, but stable. For
the other roll angles the plumes are asymmetric, and the po-
sition and size vary considerably with the angle of attack due
to flow separations near the nozzles and the launcher body.
Looking at the other Mach numbers (not shown here) showed
that for M∞ = 3.50 and M∞ = 1.50 the CX decreases when
going from high to low angle of attack for all roll angles phi.
For the Mach numbers 3.00, 2.50 and 2.00 for some values of
the roll angle the CX increased first with decreasing value of
the angle of attack, before decreasing at either α = 165o or
α = 170o.

Fig. 14. Computed CX for different roll angles ϕ and angles
of attack, M∞ = 3.00

7.3. Configuration with New Landing Legs

Figure 15 shows the velocity contours in the same x-cut plane
as Fig. 12 for the configuration with the new landing legs
for the calculation without active engines. Comparing this
figure with Fig. 12a shows that the new landing legs are
more rounded, but have larger zones of low velocity near the
launcher body.

Fig. 15. Velocity in a x-cut plane near the landing legs,
M∞ = 1.20, α = 180o, configuration with new landing legs.

7.4. Configuration with New Grid fins

The last configuration from Fig. 1 is the one with new grid
fins. In the SALTO project a detailed design study was made
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of the grid fins for the T3 vehicle [13]. This resulted in a
new grid fin which is taller, has rounded leading edges, less,
but larger cells. The wall thickness was also increased to
comply manufacturing constraints. The new grid fin design
gives significant aerodynamic improvements in the transonic
flight regime, and some small improvements in the supersonic
regime.

(a) old grid fin

(b) new grid fin

Fig. 16. Pressure contours on the grid fin, M∞ = 2.50, α =
180o.

Figure 16 shows the pressure contours on the old and new
grid fin for a supersonic Mach number, and one can clearly
observe the geometrical differences.

8. CONCLUSIONS

A large number of Navier Stokes simulations are being made
for different configurations of the Themis T3 launcher to gen-
erate high-fidelity aerodynamic data bases that can be used in

the development of the flight dynamics system. The calcu-
lation matrix and strategy were shortly summarized. Results
for some configurations were discussed in detail.
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