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Abstract
The European project RETALT (Retro Propulsion Assisted Landing Technologies), funded by the Horizon 2020 frame-
work program (Grant agreement No 821890), has as main objective to investigate critical technologies for the assisted 
descent and landing of re-usable first stages. Among these technologies, one can find aerodynamics, aerothermodynamics, 
flight dynamics, guidance navigation and control (GNC), Structures, mechanisms, thrust vector control (TVC) and thermal 
protection systems (TPS). The present paper focuses in particularly on the aerodynamics technology applied to a vertical 
landing launcher configuration, called RETALT1, including retro-propulsion. During the landing phase of the first stage of 
the launcher, the main devices for control and trim of the vehicle (besides the retro-propulsion) are the aerodynamic control 
surfaces (ACS). Three types of aerodynamic control surfaces are investigated by means of numerical computations, using 
the NSMB (Navier Stokes Multi Block) CFD code. The control surfaces considered are the deployable interstage segments 
(also named petals), grid fins and planar fins. Aerodynamic coefficients as well as forces acting on the control surfaces are 
extracted from the CFD computations to assess the efficiency of each type of devices and to populate the Aerodynamic 
Database (AEDB) for flight dynamic analysis.
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Abbreviations
CFD	� Computational fluid dynamics
WTT​	� Wind tunnel tests
NSMB	� Navier Stokes Multi Block
RANS	� Reynolds-averaged Navier stokes
AEDB	� Aerodynamic database
ACS	� Aerodynamic control surfaces
CD	� Drag coefficient
CL	� Lift coefficient
Cm	� Pitching moment coefficient
CoG	� Center of gravity

1  Introduction

The European project RETALT (Retro Propulsion Assisted 
Landing Technologies), funded by the EU Horizon 2020 
framework program (Grant agreement No 821890), has as 
main objective to investigate critical technologies for the 
assisted descent and landing of re-usable launchers. Among 
these technologies, one can find aerodynamics, aerothermo-
dynamics, flight dynamics, guidance navigation and con-
trol (GNC), structures, mechanisms, thrust vector control 
(TVC) and thermal protection systems (TPS). Two reference 
configurations are studied in the project: RETALT1, a Two 
Stage To Orbit (TSTO) Vertical Take-off Vertical Landing 
(VTVL) Launcher and RETALT2, a Single Stage To Orbit 
(SSTO) VTVL. An overview of the project as well as the 
current progress is summarized in [1, 2].

This paper focuses in particularly on the Aerodynamics 
technology applied to the vertical landing launcher configu-
ration, called RETALT1. RETALT1 is a Two Stage to Orbit 
Vertical Take-off Vertical Landing Launch Vehicle. It is sim-
ilar to the Falcon 9 by SpaceX, or the New Glenn by Blue 
Origin, but using only European technologies. RETALT1 is 
able to transport 20 tons to a Low Earth Orbit (LEO), or 14 
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tons in the Geostationary Transfer Orbit (GTO). For a faster 
market readiness, as well as for reducing risks and costs, 
the reference configuration employs available propulsion 
technologies using liquid oxygen and hydrogen (LOX/LH2). 
Both the first and second stages use the same type of engine 
that is similar to the Vulcain 2 engine, but with expansion 
ratios adjusted for optimum thrust at sea level. The first stage 
of RETALT1 is powered by nine engines [1]. This stage is 
recovered using retro-propulsion. For LEO launch missions, 
it is possible that this stage can perform a Return to Launch 
Site, for GTO missions, a landing on a seagoing platform 
can be performed. When returning to the Launch site, it is 
necessary to make a flip over after stage separation and to 
perform a boost back burn. A second flip over is then needed 
to permit the use of the engines to reduce the landing speed. 
When a landing on a seagoing platform is foreseen, only one 
flip-over maneuver is required [3]. When entering the earth 
atmosphere, the aerodynamic control surfaces are deployed, 
and at an altitude of around 70 km, a first braking maneuver 
is made using three active engines (re-entry burn). This is 
followed by an aerodynamic phase, followed by the landing 
burn using the central engine to decelerate the vehicle until 
touchdown.

During the aerodynamic phase of the first stage of the 
launcher until touchdown, the main devices for control and 
trim of the vehicle (besides the retro-propulsion) are the 
aerodynamic control surfaces (ACS). Three types of control 
surfaces are investigated using numerical computations per-
formed by CFS Engineering, and wind tunnel experiments 
by DLR. The control surfaces considered are the deployable 
interstage segments (also named petals), the grid fins and the 
planar fins as shown in Fig. 1.

The sizing of the control surfaces is discussed in detail in 
[4]. The underlying assumption is that ACS should be able 
to trim the vehicle flying at a maximum angle of attack of 
10° [3].

The use of petals has the advantage to reduce the mass 
and complexity of the ACS as no additional aerodynamic 
control surfaces are needed. The interstage segments are 
6.5 m long, but to trim the vehicle at a maximum angle of 
attack of 10° a petal height of 3.8 m is sufficient [4]. This 
means that the interstage segment is split into a fixed part, 
and a moving part (the petal). Grid fins offer more possibili-
ties for aerodynamic control, the grid fins used here were 
selected for the comparison of the novel ACS concept with 
the technology currently operated in flight. Hence, they are 
inspired by the Grid Fin design of the Flacon 9 which in turn 
uses a DLR patent to reduce the wave drag [5]. The size of 
the grid fin was taken as the size of the grid fins used on 
SpaceX, scaled to the size of the RETALT1 launcher. For 
the planar fins, the chord of the fin was set equal to the radius 
of the cylindrical body (3 m) to permit a tight folding of the 
fins during the ascent phase, and the requirement to trim the 

vehicle at a maximum angle of attack of 10° resulted in a 
span of 5 m for each fin.

CFD simulations were made at flight conditions, for Mach 
numbers ranging from 0.4 to 7.0 and altitudes up to 60 km. 
Aerodynamic coefficients as well as forces acting on the 
control surfaces are extracted from the Computational Fluid 
Dynamics (CFD) simulations to assess the efficiency of each 
type of device, and to populate an aerodynamic database 
(AEDB) used for flight dynamic analysis. The reference 
frame for the extraction of the aerodynamic coefficients as 
well as the numbering of the ACS for the configurations with 
grid fins (left) and planar fins (right) are shown in Fig. 2. The 
length of the vehicle (without the nozzles) is about 71.2 m, 
and the CoG is located at x = − 41.6 m using the axis defini-
tion shown in the figure.

2 � Computational setup

2.1 � NSMB CFD solver

The CFD simulations were carried out using the Navier Stokes 
Multi Block solver (NSMB) which is developed in a consor-
tium composed of different universities and industries [6]. 
NSMB is a cell-centered finite volume solver using multi-
block structured grids. The code has a parallel and a vectorial 

Fig. 1   First stage of RETALT1 configuration with different aerody-
namic control surfaces (from left to right): petals, grid fins, planar 
fins
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structure and it can run on high-performance computers to 
solve a wide range of industrial aerodynamics design prob-
lems, and is mainly used for aeronautics and aerospace appli-
cations since more than 30 years.

Both the patch grid and chimera method are available to 
simplify the mesh generation for complex geometries. NSMB 
includes remeshing algorithms that are employed for bow 
shock capturing for hypersonic flow problems. A large variety 
of turbulence models that are standard in the aeronautical and 
aerospace industry are available in the solver. For all the con-
figurations investigated, the one-equation Spalart–Allmaras 
[7] has been selected. For Mach numbers of 0.8 and 3.5, cal-
culations were also made using the k–w Menter Shear Stress 
model [8] for the configuration with grid fins. At Mach = 3.5, 
differences in computed drag coefficients of the vehicle were 
between 0.7 and 1.8%. At Mach = 0.8, differences in com-
puted drag were around 1% at an angle of attack of 10°, and 
around 5% at an angle of attack of 0°. Comparing the solutions 
showed small differences, in particular in the wake region.

NSMB includes a large variety of chemistry models for 
hypersonic applications. The chemistry modeling for the 
simulations including retro-propulsion is based on the ther-
mally perfect gas assumption combined with the conserved 
scalar approach. The conserved scalar is used describe the 
mixing of the main flow (N2, O2) and the flow downstream 
of the nozzle exhaust (H2O, OH, H2, O2, etc.), and is only 
used when one or three of the engines are active. The ther-
modynamic properties of the different gases are computed 
using polynomials provided by NASA. The engine condi-
tions are applied at the throat of the nozzle. The thermo-
dynamic conditions used in the computations with engines 
as well as the species mass fractions are summarized in 
Tables 1 and 2, and were obtained using the Rocket Propul-
sion Analysis software [9].

2.2 � Mesh generation

The ANSYS® ICEM CFD™ pre-processer tool was used 
to generate the multi-block structured grids needed by the 
NSMB flow solver.

The patched mesh approach as well as the Chimera over-
lapping technique have been applied to simplify the mesh 
generation. Indeed, these techniques allow to create a struc-
tured grid for a baseline configuration, and to obtain the 
other configurations applying only rotations and displace-
ments of partial grid elements (structured blocks) like for the 
aerodynamic control surfaces. For the RETALT1 configura-
tion, the baseline grid is composed of the main cylindrical 
body, the base plate with the engine nozzles and the folded 
landing legs. The control surfaces, such as the grid fins or 
the planar fins are patched on this baseline grid, allowing 
to have a similar grid with the same mesh cells density for 
all unchanged components of the RETALT1 configuration.

To resolve the viscous boundary layer, O-grid topolo-
gies with a geometric cell distribution were used close 
to the solid walls (body and control surfaces). The first 

Fig. 2   First stage of RETALT1 reference frame

Table 1   Nozzle thermodynamic properties [9]

Inlet Throat Exit

Pressure (Pa) 11.73 6.7744 0.0874
Temperature (K) 3624.75 3435.05 1740.18
Density (kg/m3) 5.6767 3.5004 0.0905
Mach 0 1 3.516
Velocity (m/s) 0 1481.90 3820.98

Table 2   Species mass fractions freestream and nozzle throat

Species Freestream Nozzle throat

H2 0 0.02636
H 0 0.00286
O2 0.233 0.02254
O 0 0.00893
OH 0 0.08434
H2O 0 0.85468
H2O2 0 0
HO2 0 0.00029
N2 0.767 0
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cell height in the wall normal direction was set to obtain 
a y + (non-dimensional distance to the wall based on the 
local friction velocity at the wall) value close to/below 
1 to ensure the proper use of low-Reynolds turbulence 
modeling, and the growth ratio of the cells normal to the 
wall was typically close to 1.2. Particular attention was 
paid also to the refinement of the mesh in the bow shock 
region for the computations in supersonic and hypersonic 
regimes.

For each configuration, a fine grid was generated using 
2 levels of multigrid, which permitted to generate a coarse 
grid by taking every 2nd grid point in each direction. Most 
calculations were made on the coarse grid.

Figure 3 shows the typical structured grid used for the 
computations presented in this paper with a global overview 
of the mesh, and the refinement in the region of the bow 
shock (for super/hypersonic cases) is clearly visible. Some 
details of the grid are highlighted in Fig. 4, where one can 
see the surface mesh in the base region with the nozzles of 
the engines, and the Chimera grid around the petals. Only 
the centerline nozzle exit is left open since initially it was 
foreseen to perform simulations using a single engine. All 
other nozzle exits have been closed for simplicity and little 
influence is expected when keeping them open. For the con-
figurations with the grid fins or the planar fins, the control 
surfaces are patched into the base grid using the Chimera 
overlapping technique, as shown in Fig. 5. One can note that 
the control surfaces around the Y axis are deflected for these 
two configurations, which is obtained quickly and automati-
cally from the baseline grid with only a rotation of local grid 
around each component. Figure 5 gives the impression that 
upstream of the fins a coarse grid (on the left) is connected 
to a very fine grid. This is caused by the fact that the block 

Fig. 3   Structured grid around RETALT1 configuration with petals, 
fine grid

Fig. 4   Details of the surface 
grid in the base region with 
engines nozzle (left) and details 
of the Chimera overlapping grid 
around the aerodynamic control 
surfaces (right), fine grid

Fig. 5   Chimera structured grid 
for the grid fins (left) and for the 
planar fins (right), coarse grid
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boundaries are also shown in the figures. In reality, the grid 
densities are comparable across the patched interface.

Table 3 summarizes the mesh characteristics of the coarse 
grids for the three configurations that were investigated. The 
number of cells includes the number of overlapped cells. For 
the configuration with grid fins, more cells are needed to bet-
ter capture the flow physics around the control surfaces. The 

large number of blocks for this configuration is explained by 
the geometrical characteristics of the grid fin itself (Fig. 6). 
Each cell in the grid fin has a constant thickness in x-direc-
tion, and on the windward side, the edges have a smooth val-
ley shape to reduce the wave drag [5]. The structured mesh 
generation for the grid fins components was a challenging 
task with a huge number of structured blocks (around 3000 
per fin), and a grid sensitivity analysis was performed to 
ensure the accuracy of the results obtained with the baseline 
mesh. This analysis is presented in Sect. 3.2.3 of this paper. 
At several Mach numbers, calculations were made for the 
configuration with petals and with grid fins on both the fine 
and coarse grid, showing that the difference in computed 
overall drag coefficient was less than 1.5%. Due to the very 
high computational costs of the fine grid calculations, it was 
decided to perform all calculations using the coarse grid.

3 � Computational results

3.1 � RETALT1 configuration with petals

Two configurations of the RETALT1 first stage with pet-
als were investigated: the configuration at roll angle φ = 0° 
with only one petal deployed at δ = 45° and the configura-
tion at roll angle φ = 45° where two petals are deployed by 
δ = 45°. These two configurations are shown in Fig. 7, and 
the pressure coefficient is depicted on the surface. A total 
of 16 RANS simulations were performed on this configu-
ration, without retro-propulsion, in the supersonic regime 
from Mach number 2 to Mach number 4.5, and for angles of 
attack of, respectively, 0° and 10°. In addition, four calcula-
tions were made on the fine grid for the configuration at roll 
angle φ = 0°.

Table 4 summarizes the forces acting on the petals only. 
For the configuration at roll angle φ = 45°, this is the sum 

Table 3   Mesh characteristics for the different configurations, coarse 
grid

Configuration Number of blocks Number of cells

RETALT1 with petals 2404 13,929,920
RETALT1 with grid fins 15,592 21,729,984
RETALT1 with planar fins 2672 19,535,488

Fig. 6   Mesh details on the grid fin and in a cutting plane downstream 
of the fin, coarse grid (colored by Mach number distribution)

Fig. 7   RETALT1 configuration φ = 45° (left) and configuration φ = 0° (right). Pressure coefficient distribution on the surface for conditions 
M = 3.5, AoA = 10°
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of the forces on each petal, which explains the higher forces 
for this configuration. The forces are reported with the mag-
nitude of the force as sum the norm of the axial and normal 
forces, and are given in kN. For the configuration with φ = 0° 
flying at an angle of attack 0°, the forces on the petals con-
tribute between 8.3% (Mach = 4.5) and 16.8% (Mach = 2.0) 
to the total drag force of the vehicle. As can be seen from 
Table 4, the aerodynamic loads on the aerodynamic control 
surfaces are very high, from around 150 kN up to 540 kN 
in the low supersonic regime. Assuming that the center of 
pressure is at 50% of the petal height, and that the hinge 
line is at the base of the petal, this leads to very high hinge 
moments [10]. This puts severe constraints on the structure 
and actuators, and for this reason, it was decided to investi-
gate other types of control surfaces. They will be presented 
in the following sections. It should be mentioned that due to 
the positioning of the petals, see Fig. 7, they will generate a 
lift force and pitching moment at zero angle of attack. Com-
paring the forces on the petals for the cases at AoA = 0° for 
the two configurations show that they differ less than a factor 
2. Further analysis showed that the axial forces differ around 
a factor 2 (± 5%), while the normal forces differ much less 
due to the influence of flow separations in the base region. 
Table 4 also includes the forces computed on the fine grid, 
and a maximum difference in the order of 10% was found. 
But as mentioned before, the difference in computed drag 
for the complete configuration using the coarse and fine grid 
is less than 1.5%. Finally comparing the drag forces for the 
complete configuration (including petals) show that they are 
between 7 and 20% lower for the configuration φ = 0° com-
pared to the configuration φ = 45°.

3.2 � RETALT1 configuration with grid fins

The computational matrix on the configuration with grid fins 
was mainly defined to compare the CFD results with results 
from experimental measurements that will be performed at 
DLR. This represents a total amount of 66 RANS simula-
tions, without retro-propulsion, from the subsonic (M = 0.6) 
to the supersonic regime (M = 4.5), for two angles of attack 
0° and 10°, and with fins deflection of 0°, 10° and 20° for 
the two fins located on the sides of the body (with respect to 

the angle of attack plane). Figure 8 shows the Cp distribution 
on the configuration without fins deflection at Mach = 2.0.

3.2.1 � Comparison with the petal’s configuration

A first set of computations was performed to compare the 
results with the configuration with petals. In particular, the 
configuration with φ = 45° was used in the comparison since 
the deflected surface area is the closest to the deflected sur-
face area of the grid fins. The cases considered were in the 
Mach number range from 2 to 4.5, for two angles of attack 
and with all grid fins deployed but without deflection. The 
computed drag, lift and pitching moment coefficients are 
shown in Fig. 9. They indicate a lower drag for the cases 
with the grid fins for all the cases considered except at a 
Mach number of 4.5 with an angle of attack of 10°. In terms 
of lift, the configuration with grid fins produces no lift at 
the angle of attack of 0°, as expected, but the lift is drasti-
cally increased at an angle of attack of 10° compared to the 
results for the configuration with petals. This is due to the 
fact that in the configuration with petals, these control sur-
faces are completely or partially “hidden” by the main body 
(configuration φ = 0° or φ = 45°, see Fig. 7) whereas in the 
configuration with grid fins, the two lateral fins (#1 and #3) 

Table 4   Magnitude of the sum 
of the forces acting on the 
aerodynamic control surfaces—
RETALT1 configuration with 
petals, engine-off

Mach\configu-
ration

Force [kN]

AoA = 0°
φ = 45°

AoA = 0°
φ = 0°

AoA = 10°
φ = 45°

AoA = 10°
φ = 0°

AoA = 0°
φ = 0° (fine grid)

2 545.2 344.4 473.1 350.0 348.8
2.5 538.9 333.5 508.7 349.9 363.3
3.5 410.9 253.0 400.3 232.2
4.5 164.8 107.3 153.0 79.5 97.0

Fig. 8   RETALT1 configuration with grid fins pressure coefficient dis-
tribution on the surface for conditions M = 2.0, AoA = 0°
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as well as the fin on the lower side (#4) face the flow (see 
also Figure 8) and produce a non-negligible contribution to 
the lift. As mentioned in the previous section, the configura-
tion with petals will generate a (negative) lift force at zero 
angle of attack. The pitching moment coefficients for the two 
configurations are comparable at an angle of attack of 10°. 
At an angle of attack of 0° the configuration with petals has 
a small pitching moment, while the configuration with grid 
fins has a zero pitching moment coefficient.

Finally, the total forces acting on a single grid fin are 
summarized in Table 5 for the cases at angle of attack 0°, 
and includes the results of the two fine grid calculations. 
If one compares these forces with the forces acting on the 
single petal for the configuration φ = 0°, see in Table 4, 
one can note that they are a factor 4.5–6 lower. The grid 
fins have a height of 2.9 m (compared to 3.8 m for the 
petals), and hinge moments for the grid fins are about a 
factor 6–7 lower compared to the hinge moments for the 
petals. Compared to using petals as control surfaces, one 
can conclude that there is a significant reduction of the 

aerodynamic forces and moments applied to the control 
surfaces, which inherently reduces the structural loads 
on them. Moreover, the overall drag of the vehicle is of 
the same order of magnitude for both configurations, in 
the range of the studied Mach number, but the overall lift 
presents a wider variation between angle of attack 0° and 
angle of attack 10° for the configuration with grid fins. 
This allows for a better control of the vehicle through the 
adjustment of the angle of attack to obtain the desired lift.

Fig. 9   Drag, lift and pitching moment coefficients—comparison of RETALT1 configuration with petals (configuration φ = 45°) and with grid 
fins (all grid fins deployed, fin deflection 0°)

Table 5   Forces acting on a single grid fin—RETALT1 configuration 
with grid fins

AoA Mach Force [kN] Force [kN] 
(fine grid)

0° 2 75.7
2.5 73.2 78.7
3.5 53.0
4.5 18.0 18.3
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3.2.2 � Analysis of the grid fins mesh density

The default mesh for the grid fins configuration, presented in 
paragraph 2.2, comprises around 2 million cells for each grid 
fin. To evaluate the accuracy of the results obtained with the 
default mesh, a simplified configuration with only one fin 
and the main cylindrical part of the RETALT1 configuration 
has been generated. Based on this default mesh, three finer 
meshes were generated increasing each time the number of 
the cells by a factor 1.3 in each direction. The number of 
cells for the four meshes generated are reported in Table 6.

Two cases were computed on these four meshes, with 
flow conditions at Mach number M = 2, and for two grid fin 
deflections δ = 0° and δ = 20°. The Mach number distribution 
is depicted in Fig. 10, for the deflection δ = 0° on the upper 
row and for the deflection δ = 20° on the lower row. One can 
observe that the flow pattern is similar for all the four levels 
of grid refinement. Obviously, the accuracy of the shock 
waves that occur downstream of the grid fin is better on the 
finest grid with sharper contours; however, the shock in the 
front of the fin is located at approximately the same position 
for the four meshes. For the case with a deflection of δ = 20°, 
the shock–shock interactions that occur just downstream of 
the grid fin are clearly visible on all four meshes used.

The magnitude of the force acting on the isolated grid fin 
was extracted from the eight computed cases and are sum-
marized in Table 7. As expected, the cases with a deflection 
angle of 20° present a higher force on the grid fin (approx-
imately 1.5 times) since the internal surfaces of the grid 
facing the flow increases. Without deflection, the force is 
mainly resulting from the drag (including viscous effects), 
which is overpredicted by around 10–15% depending on 
the mesh refinement. However, increasing the number of 
cells from 15 to 84 million does neither change the drag 
drastically nor the total force. With deflection, side forces 
become important, and the influence of the viscous forces 
on the total force is small. As a result, the effect of the mesh 
refinement on the total force is negligible (less than 0.3%).

For the purpose of the present study, it is concluded 
that the default mesh with 2 million cells for each grid fin 
provides an acceptable accuracy with respect to the huge 
increase of computational resources that would be required 

Table 6   Mesh characteristics for the different levels of mesh refine-
ment

Configuration Number of cells

Isolated grid fin—default mesh ~ 2 M
Isolated grid fin—fine mesh ~ 15 M
Isolated grid fin—X-fine mesh ~ 43 M
Isolated grid fin—XX-fine mesh ~ 84 M

Fig. 10   Mach number distribution in a cutting plane through grid fins—effect of mesh refinement

Table 7   Force acting on the grid fin—isolated grid fin configuration

Force [kN] ΔForce 
vs. 
default

δ = 0°
 Default 103.34 –
 Fine 92.12 11%
 X-Fine 89.14 14%
 XX-Fine 88.30 15%
δ = 20°
 Default 149.26 –
 Fine 149.07 0.1%
 X-Fine 149.36 0.1%
 XX-Fine 149.78 0.3%
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by the finer meshes. Regarding the computations on the 
whole RETALT1 configuration, for the cases without fin 
deflection and without angle of attack, we can assume that 
we will obtain a slight overestimated contribution of the 
fin’s forces on the global coefficients, but for all other cases, 
with fins deflection and/or angle of attack, the accuracy of 
the fin’s contribution will be very good.

3.2.3 � Complete computational matrix with grid fins

Finally, 66 computations were performed on the configura-
tion with grid fins following the computational matrix (11 
Mach numbers, 2 Angles of Attack and 3 fin deflections). 
For each computation, the aerodynamic coefficients CD, CL, 
Cm have been extracted, as well as the forces (in kN) acting 
on each grid fin. Only the forces acting on the grid fins are 
presented in this paper.

The forces acting on the grid fins as function of the Mach 
number are shown in Fig. 11. As expected, the lateral fins 
(#1 and #3) show the same force evolution for all configura-
tions with a maximum force of around 160 kN that occurs 
between Mach number 2.5 and 3.5 for the computations with 

an angle of attack of 10°. The increase of the fin deflec-
tion reduces the force for the case at angle of attack 10° 
since the relative angle of attack of the flow facing the fin is 
reduced, while the opposite trend is observed for the cases 
with an angle of attack of 0°. The grid fin #2 is located on 
the leeward side of the cylindrical part, and for this reason, 
the forces acting on the fin for the different cases remain 
relatively low, below 80 kN. The only visible effect is due to 
the variation of the angle of attack, otherwise the deflection 
of the lateral fins (#1 and #3) does not modify the flow in the 
region surrounding the fin #2. The same trend is observed 
for the grid fin #4 on the windward side, where the flow in 
not affected by the deflection of the lateral fins; however, 
the increase of the angle of attack leads to an increase of the 
force acting on the fin, over 160 kN. Comparing the sum 
of the drag forces on the four grid fins with the total drag 
force of the vehicle shows that the four grid fins contribute 
to about 25% of the total drag force in the subsonic and low 
supersonic regimes, which decreases to about 5–8% for the 
highest Mach numbers.

Figure 12 shows the Mach number distribution in the 
symmetry plane for the configuration at angle of attack 
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Fig. 11   Magnitude of the force acting on the grid fins
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AoA = 10° and the grid fins deflection Eta = − 20° for vari-
ous Mach number in range of 0.6–4.5. The pattern of the 
wake behind the cylindrical part of the vehicle indicates an 
unsteadiness of the flow in this region for the subsonic cases, 
while in the supersonic regime, the flow pattern is steadier 
due to the sharp shocks that occur at different locations (bow 
shock facing the vehicle, shocks attached to the folded land-
ing legs, shocks attached to the fins , etc.).

Figure 13 shows the Mach number distribution in two 
planes through the grid fins for Mach numbers ranging from 
0.8 to 2.0. One can clearly observe that from Mach = 1.0 
onwards sonic conditions are reached inside the grid fins 
(right images). The left images show the creation of the 
shock wave in front of the grid fins with increasing Mach 
number, behind the shock wave a subsonic region is visible, 
and the flow reaches sonic conditions inside the fins.

Fig. 12   Mach number distribu-
tion in the symmetry plane 
RETALT1 configuration 
with grid fins—AoA = 10°—
Eta = − 20° 
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3.3 � RETALT1 configuration with planar fins

Figure 14 shows a picture of the RETALT1 configura-
tion with planar fins. The computations performed on 
this configuration are summarized in the computational 
matrix detailed in Table 8. This computational matrix has 

been defined mainly to populate the aerodynamic database 
(AEDB), and to compare the results with wind tunnel test 
measurements (not reported in this paper). This repre-
sented a total of 233 RANS simulations, with and without 
retro-propulsion depending on the conditions, from the 
subsonic to the hypersonic regime. In this table, S1_UFN 
means engines off, S1_UF1 means that the central engine 
is activated, and S1_UF3 means that three engines are acti-
vated. One can observe that the cases at angle of attack 
15° were computed only for the UF1 configuration (one 
engine active).

Fig. 13   Mach number distribution in planes through the grid fins 
RETALT1 configuration with grid fins—AoA = 0°—Eta = 0° 

Fig. 14   RETALT1 configuration with planar fins. Pressure coefficient 
distribution on the surface for conditions M = 2.0, AoA = 0°

Table 8   Computational matrix for the RETALT1 configuration with 
planar fins

Mach Configuration δq [°] AoA [°] (αDSC)

0.4 S1_UFN, S1_UF1 − 20, − 10, 
0, + 10, + 20

0, 5, 10

0.5 S1_UFN, S1_UF1 − 20, − 10, 
0, + 10, + 20

0, 5, 10

0.6 S1_UFN, S1_UF1 − 20, − 10, 0, + 10 0, 5, 10, 15(UF1)

0.8 S1_UFN, S1_UF1 − 20, − 10, 0, + 10 0, 5, 10, 15(UF1)

0.9 S1_UFN, S1_UF1 − 20, − 10, 0, + 10 0, 5, 10, 15(UF1)

1.1 S1_UFN, S1_UF1 − 20, − 10, 0, + 10 0, 5, 10, 15(UF1)

1.5 S1_UFN − 20, − 10, 0, + 10 0, 10
2 S1_UFN − 20, − 10, 0, + 10 0, 10
2.5 S1_UFN − 20, − 10, 0, + 10 0, 10
3.5 S1_UFN, S1_UF3 − 20, − 10, 0, + 10 0, 10
5.3 S1_UFN, S1_UF3 − 20, − 10, 0, + 10 0, 10
6 S1_UFN, S1_UF3 − 20, − 10, 0, + 10 0, 10
7 S1_UFN, S1_UF3 − 20, − 10, 0, + 10 0, 10
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3.3.1 � Comparison with petals and grid fins configurations

Several results of the computations with planar fins can 
be compared with the results of configurations with petals 
and with grid fins. Due to the few numbers of cases com-
puted on the configuration with petals, only the super-
sonic cases between M = 2 and M = 4.5 are compared, and 
only the results obtained with φ = 45° are shown. For the 
configurations with grid fins and planar fins, the deflec-
tion angle was set to 0°. The aerodynamic coefficients for 
the three different configurations are extracted and the 
drag and lift coefficients curves for the entire configura-
tion are plotted in Fig. 15.

The drag is the lowest on the configuration with pla-
nar fins (without deflection) in comparison to the other 
two configurations, for both angles of attack 0° or 10°. 
Regarding the lift, as expected, for the configuration with 
grid fins and planar fins there is no lift for the configu-
ration with an angle of attack 0°. As already mentioned 
before, the configuration with petals generates a negative 
lift, which is due to the fact that the petals are deflected 
only at one side of the vehicle, see Fig. 7. At an angle of 
attack of 10°, the configuration with planar fins produces 
more lift than the other two configurations because the 
wetted area of the aerodynamic control surface facing the 
flow is larger compared to the other two devices.

At an angle of attack of 0°, and when not deflected, the 
planar fins are aligned with the flow, and as a result, the 
loads on them are small compared to loads on the petals 
or grid fins. This also explains the difference in drag coef-
ficient for the entire vehicle. At higher angle of attack, the 
planar fins will produce lift, and this can be clearly seen 
in the lift coefficient for the whole configuration.

3.3.2 � Complete computational matrix with planar fins

For all the 233 RANS simulations, the main aerodynamic 
coefficients CD, CL, Cm, CA, CN, and CmCoG, as well 
as the force coefficients (x, y, z components) and the total 
force (in kN) acting on each planar fin are extracted for the 
computations without retro-propulsion (UFN) and for the 
computations with one or three engines active (UF1/UF3). 
These coefficients are extracted on all the solid surfaces of 
the vehicle, and the contributions of the internal parts of the 
nozzles are subtracted from these coefficients for the cases 
with one or three engines active.

Two criteria have been applied to evaluate the con-
vergence of the aerodynamic coefficients for all the 
computations:

•	 the first criterion is the convergence of the mean solu-
tion. It represents the ratio between the mean value taken 
from iterations 3000–4000 and the mean value taken 
from iterations 4000–5000 (assuming the total number 
of iterations per computation is 5000).

•	 the second criterion corresponds to the ratio between the 
standard deviation and the mean value over the last 1000 
iterations. This criterion is an indication of the fluctua-
tion of the solution with respect to its mean value.

The convergence of the aerodynamic coefficients (CD, 
CL and Cm) based on these criteria is for the different cases 
shown in the charts in Fig. 16. On the left-hand side, the first 
criterion is reported while the second criterion is shown on 
the right-hand side of Fig. 16. It can be noted that the scale 
of the convergence criterion is not the same for all cases. 
For the UFN cases, the scale is between 0 and 10%, for the 
UF1 cases, it is between 0 and 100%, while for the UF3, the 
scale is up to 20%.

Fig. 15   Drag and lift coefficients—comparison of RETALT1 configurations with different ACS
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Globally, both criteria show that the more critical cases 
in terms of convergence are the subsonic cases with one 
engine active (UF1). For two UF1 cases (Mach = 0.4 and 
Mach = 0.8), unsteady RANS calculations were made 
to see if the same mean value and standard deviation 
is obtained. For both calculations, the standard devia-
tion of the computed drag coefficient was lower than for 
the corresponding steady calculations. For the lift and 

pitching moment coefficients, the standard deviations for 
the unsteady calculations were higher for the Mach = 0.4 
calculation, and lower for the Mach = 0.8 calculation. 
Computed mean values of lift and drag coefficients dif-
fered between 4 and 9.5%; for the pitching moment coef-
ficient, they differed 12.9% at Mach = 0.4, and 47.5% at 
Mach = 0.8 due to the unsteady flow behavior for this case.

Fig. 16   Convergence of the aerodynamic coefficients for the RETALT1 configuration with planar fins
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For the subsonic cases without retro-propulsion, the mean 
convergence of the aerodynamic coefficients is good for all 
cases (below 1%). One can note some higher differences 
on CL and Cm, but that is for conditions where these coef-
ficients are equal or close to zero. The second criterion indi-
cates mainly a fluctuation of the solution between 1 and 5%.

For the supersonic and hypersonic cases without retro-
propulsion, a very good convergence is observed using both 
criteria, except for the two hypersonic cases at M = 6.0 an 
M = 7.0 where it has been observed that the mean conver-
gence is around 1% for the drag coefficient, and higher for 
the lift and pitching moment coefficients. The convergence at 
the higher Mach number is more difficult to achieve because 
of the bow shock located closer to the base of RETALT1 
body. In this region, the surfaces are not a blunt body due to 
the presence of the engine nozzles, and it has been observed 
that the bow shock position oscillates during the computa-
tions at high Mach numbers, while this effect tends to disap-
pear as the shock moves away from the body for the lower 
Mach numbers.

The trend observed in the convergence of the coefficients 
can be confirmed by looking at the flow distribution around 
the RETALT1 vehicle. The Mach number distribution in the 
symmetry plane is shown in Fig. 17 for one subsonic case 
at M = 0.6 (left) and one supersonic case at M = 3.5 (right). 
One can observe that the wake at the base of the body and 
behind the landing legs region has a wavy pattern, which 
indicates oscillations of the flow in this region, that affect 
the convergence of the coefficients in terms of fluctuations 
around a mean value. In the contrary, for the supersonic 
case, with the presence of sharp shocks in the flow field, the 
solution is more stable as observed with both criteria on the 
aerodynamic coefficients.

The computations with one engine active (UF1) have 
been mainly performed in the subsonic regime, except for 
one case at Mach number 1.1. The convergence observed for 
these computations is not optimal, with strong fluctuations 

as indicated by the second criterion (> 10%). This can be 
explained by the strong oscillation of the exhaust plume of 
the active engine facing the flow in the subsonic regime. 
The top/left picture in Fig. 18 shows clearly this oscillatory 
behavior at M = 0.5, while in the transonic regime M = 0.9, 
the plume looks more stable (top/right picture) even if the 
flow field around still has some wavy patterns. Once the 
supersonic regime is reached at M = 1.1 the convergence 
becomes good with the convergence criteria percentages 
dropping below 5%, and the Mach number distribution 
shows a much smoother distribution, bottom/left picture in 
Fig. 18, that confirms the better convergence of this com-
putation. When looking at the forces on the fins a similar 
behavior is observed, in the subsonic region the ratio of the 
standard deviation and the mean value of the forces on the 
fin is between 11 and 86%, which drops to zero at M = 1.1.

Finally, the computations on the configuration with three 
engines actives (UF3) at supersonic and hypersonic have 
a quite good convergence. Only the hypersonic cases at 
M = 6.0 and M = 7.0 show some fluctuations of the drag coef-
ficient, but this remains below 5%. One case at M = 3.5 is 
depicted in Fig. 18 (bottom/right) and shows nicely the bow 
shock in front of the plume and a quite smooth distribution 
downstream all along the vehicle.

4 � Conclusions

More than 300 RANS CFD simulations were carried out 
on the RETALT1 configuration with 3 different types of 
aerodynamic control surfaces. The first objective of these 
simulations was to assess the efficiency of different aerody-
namic control surfaces, and, in a later stage of the project, to 
compare these CFD calculations with Wind Tunnel results 
(not discussed in this paper). The second objective of these 
simulations was to populate the aerodynamic database for 

Fig. 17   Mach number distribution in the symmetry plane RETALT1 configuration with planar fins—UFN conditions
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the flight dynamic analysis to be performed by DEIMOS [3] 
(another partner in the RETALT project).

The first investigations were performed on the configu-
ration using petals as aerodynamic control surfaces. These 
simulations were made in the supersonic flight regime, and it 
was found that using petals as aerodynamic control surfaces 
resulted in high aerodynamic loads on the deployable inter-
stage segments, which would lead to a substantial increase 
in required mass for the structure and actuators. This led to 
the decision to investigate additionally planar fins as aero-
dynamic control surfaces.

The configuration using grid fins as aerodynamic control 
surfaces was investigated first. Comparison with the results 
obtained using petals as control surfaces showed that the 
aerodynamic loads on the control surfaces were signifi-
cantly reduced, while at the same time, the vehicle could 
be trimmed. A preliminary aerodynamic database was suc-
cessfully generated by performing simulations from the low 
subsonic to hypersonic conditions.

The configuration using planar fins as aerodynamic con-
trol surfaces was investigated as second. This configuration 
produced the lowest drag and the highest lift in the super-
sonic regime compared to the configurations with petals and 
grid fins as aerodynamic control surfaces. The ability to pro-
duce easily lift while keeping structural loads small was the 
main motivation to select the planar fins as aerodynamic 

control surfaces for the RETALT1. For this configuration, a 
total number of 233 RANS simulations were carried out, and 
aerodynamic characteristics were extracted to populate the 
AEDB in combination with Euler simulations performed by 
DLR (not discussed in this paper). A very good convergence 
was obtained for all these computations except for the ones 
in the subsonic regime with one engine active due oscilla-
tions generated by the exhaust plume facing the flow. These 
calculations would require expensive unsteady computations 
to better capture and analyze the flow properties, which is 
outside the scope of the project. The AEDB was successfully 
used by DEIMOS, see [3] for more details.
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