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ABSTRACT

In the frame of the RETALT project a large number of CFD
simulations and Wind Tunnel experiments were made for
both the RETALT1 and RETALT2 configurations to better
understand the physics and mechanisms of retro-propulsion
at supersonic flow conditions. For RETALT1, it was found
in both CFD and Wind Tunnel experiments that the flow
structure (bow shock stand-off distance, location of the Mach
disk) varies linearly with \ﬂcT), with ¢ the thrust coeffi-
cient. However, other flow features, as for example the ratio
of nozzle exit pressure with the post-stagnation pressure,
show a linear dependence on the c¢y. For RETALT2 a hys-
teresis effect was observed in the Wind Tunnel experiments
when varying the incidence angle, and a similar behavior was
found in the CFD calculations.

Index Terms— Reusable launchers, Computational Fluid
Dynamics, Wind Tunnel Experiments

1. INTRODUCTION

In the frame of the EU funded Horizon2020 project RETALT
(Retro Propulsion Assisted Landing Technologies) critical
technologies for reusable launch vehicles are studied. Aero-
dynamics is one of these critical technologies, and a large
number of Wind Tunnel experiments and CFD simulations
were made for a Two Stage To Orbit (TSTO) Vertical Take-
off Vertical Landing (VTVL) Launcher configuration similar
to the Falcon 9 by SpaceX (RETALT1), and a small Single
Stage To Orbit (SSTO) Launcher (RETALT2), see Fig. 1.

RETALT1 was designed to transport 20 tons to a Low Earth
Orbit (LEO) or 14 tons to the Geostationary Transfer Orbit
(GTO). RETALT1 uses for both the first and second stage an
engine similar to the Vulcain 2 engine using liquid Oxygen
and Hydrogen (LOX/LH2). The first stage is powered by 9
engines, and will be recovered using retro-propulsion either
by returning to the launch side, or by landing on a sea-going
platform. When entering the earth atmosphere the aerody-
namic control surfaces are deployed, and at around 70 km
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altitude a braking maneuver is made using 3 active engines.
This is followed by an aerodynamic phase with only the cen-
tral engine active to decelerate the first stage until touchdown.
RETALT2 is much smaller than RETALT1, and was designed
to bring a payload of 500 kg into LEO. RETALT?2 is using 9
engines similar to the Vinci engine. When returing to earth
the conical shape will provide the aerodynamic deceleration
and no re-entry burn will be necessary. This will reduce
the fuel consumption when making a Down Range Landing.
RETALT?2 should be more considered as a technology test
bed because critical technologies are less mature compared to
RETALTI.

For RETALTT this paper is concerned with the interaction of
the retro-propulsion using 3 active engines with the incoming
flow when making the breaking maneuver. Results of both
wind tunnel experiments and CFD simulations will be dis-
cussed. For RETALT? this paper focuses on the rebuilding
of wind tunnel experiments using CFD for varying angles of
attack.
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Fig. 1. RETALT1 TSTO (left) and RETALT2 (right) SSTO
Configurations.
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2. DLR H2K WIND TUNNEL FACILITIES

A large series of Wind Tunnel tests were made in the different
wind tunnel facilities at DLR in Cologne, see for more details

[1].

2.1. Hypersonic Wind Tunnel Cologne(H2K)

The Hypersonic Wind Tunnel H2K is a blow down facility
using pressurized air that permits to obtain Mach numbers be-
tween 4.8 and 11.2. The RETALT1 configuration has a scal-
ing of a factor 1/130 with respect to the flight configuration.
In the wind tunnel experiments the plume was simulated us-
ing air that was blown through the model support sting.
Figure 2 shows an image of the RETALT1 configuration in
the H2K facility. Measured data consisted of pressures at var-
ious locations in the base region and along the model, and
Schlieren pictures. A comparison of measured and computed
pressures can be found in [2].

Fig. 2. The RETALT1 model in the H2K facility.

2.2. Trisonic Wind Tunnel Cologne(TMK)

The Trisonic Wind Tunnel Cologne (TMK) is a blow down
wind tunnel with a Mach number range between 0.5 and 5.7,
having a test section of 0.6 x 0.6 m. The model adapter is
compatible with the model adapter of the H2K, and it is pos-
sible to use the same model in both wind tunnels. Measured
data for the RETALT?2 configuration consisted of the aerody-
namic forces, measured using a 6 components strain gauge
balance, see also Fig. 3.

3. NSMB CFD SOLVER

The CFD calculations were made using the Navier Stokes
Multi Block solver NSMB which is developed in a consor-
tium composed of different universities and industries [3].

Model support sting

ACS segments

Main body \
(eventually with landing legs)

Fig. 3. RETALT2 Wind Tunnel model.

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 generation for complex ge-
ometries. Different turbulence models are available, among
them the one-equation Spalart-Allmaras turbulence model [4]
used in the simulations discussed in this paper.

NSMB includes a large variety of chemistry models for hy-
personic applications. The chemistry modeling for the simu-
lations at flight conditions including retro-propulsion is based
on the thermally perfect gas assumption, with a mixture of 9
species (Nasa9 polynomial species). Mass fraction of species
in the main flow (N2, O2) and in the exhaust gas (H20, OH,
H2, 02, ...) are applied as boundary conditions for computa-
tions with one or three engines active. The engine conditions
are applied at the throat of the nozzles of the active engines.
Ansys ICEMCFD was used to generate the grids for the RE-
TALT1 and RETALT2 configurations. The patched mesh
approach as well as the Chimera overlapping grid technique
were used to simplify the mesh generation. O-grid topologies
with a geometric cell distribution were employed close to the
solid walls to resolve the boundary layer. The first cell height
in the wall normal direction was set to obtain an y+ value be-
low 1 required for the low turbulence model approach used.
The growth ratio of the cells normal to the wall was set close
to 1.2. The mesh in the bow shock region was refined to
better improve the capturing of the bow shock wave. Figure
4 shows a picture of the grid for RETALT1 (showing only
every 2nd grid point). The grid used for the Wind tunnel
simulations had about 20 Million cells; for the flight simu-
lations 2 configurations were used, one including the control
surfaces (21 Million cells), and one using only the forebody
of the launcher (12 Million cells). The grids were made such
that it was possible to activate the different engines by simply
changing a boundary condition.

For RETALT?2 the focus was on the configuration with 45°
deflected control surfaces. This grid had around 13.6 Million
cells.
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Fig. 4. View of the CFD grid in the symmetry plane for the
RETALTI (top) and RETALT?2 (bottom) configurations.

4. RETALT1 CONFIGURATION

4.1. Simulation conditions

Table 1 summarizes the simulation conditions, with e the noz-
zle expansion ratio. Missing in this table is the nozzle total
pressure, which depends on the gas injected in the plume.
For the simulations rebuilding the wind tunnel experiments
air was used with total pressures varying between 4.6 and 25
bars (but it should be mentioned that in the wind tunnel exper-
iments with 3 active engines the total pressure was limited to
12 bars). For the flight simulations total pressures were varied
between 20 and 120 bars and depended on the gas injected in
the plume (Air, LOX/LH2, LCH4/L.O2, Helium). All calcu-
lations were made using 3 active engines.

The CFD simulations were made using the central space
discretization scheme with artificial dissipation, and employ-
ing the LU-SGS semi-implicit scheme for the integration in
time. Convergence was judged by looking at the convergence
of the density L2-residue and of the drag coefficient. Cal-

Table 1. Simulation conditions

Flight Wind tunnel
Mach number 5.3 5.29  [—]
Pressure 203.3 542.48 Pa
Temperature 257.54 68.21 K
Reynolds 1.7 108 2.410° [-]
T} nozzle 3718.44 29993 K
Nozzle expansion ratio e 15.0 25 []

culations were made using the caloric perfect gas assump-
tion (CPG) (when air was injected in the plume) or the ther-
mal perfect gas (TPG) assumption. When using the thermal
perfect gas assumption the thermodynamic properties of the
gas mixture were calculated using the NASA data base using
9 polynomial coefficients [5]. Transport properties were in
these simulations calculated using the Chemkin method [6].

4.2. Retropropulsion

Retropropulsion is the situation when rocket engines are fired
against the free-stream flow in order to decelerate the vehicle.
For supersonic flows this leads to complex flow phenomena
due to the interaction of the free-stream supersonic flow with
the supersonic jet flow coming out of the nozzle [7], as illus-
trated in Fig. 5. In this picture one can clearly see the bow
shock wave upstream of the configuration, the free stagnation
surface where the incoming flow and the jet flow match, as
well as the location of the Mach disk.

Bow Shack

Recirculation

™

& Terminal shock
Mach disk

Free stagnation point
Contact surface

Fig. 5. The RETALT1 model in the H2K facility, computed
Mach number contours with superimposed Schlieren picture.

The interaction between the free-stream flow and jet flow
is characterized by the thrust coefficient cp:

_ 1 &QAe(l-l-’yeMozo)
M2, poo Yoo A

where the subscript e indicates nozzle exit conditions, and

(D

cr
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ve 1s the ratio of specific heats at the nozzle exit. The subscript
oo indicates the free-stream conditions. The parameter A is
the cross-sectional area of the rocket. As written in Eq. 1 the
thrust coefficient can be written as a product of 3 terms, the
first term showing the dependency on the free-stream Mach
number, the second term, = is the so called ambient pressure
ratio (APR), and the last term the engine scaling parameter
(ESP):

Yoo A
ESP = ——————~ @)
2Ac(1 4+~ M2)
Contours on NPart_2: R1_H2K LONG_UF3_PFins_v3_refini
0.0 1.2 2.5 3.8 5.0 6.2

Contours on NPart_
0.0 1.2

Fig. 6. Flow topologies for 3 active engines, very low cr
(top) and high cr (bottom), H2K Wind tunnel model and H2K
Wind Tunnel conditions.

For single engine nozzle flows, two types of flow topolo-
gies can be found [8]: the so-called jet penetration mode and
the blunt mode, where the jet penetration mode occurs at low
thrust coefficients, and the flow is in general unsteady. At
higher trust coefficients the flow tends towards the blunt pen-
etration mode. In our simulations using 3 engines, a blunt

penetration mode was also observed at very low thrust coeffi-
cients, see Fig. 6.

The nozzle characteristics also influence the behavior of
the nozzle exit flow. Calculations were made for the flight
configuration scaled to the wind tunnel model size, using the
H2K Wind Tunnel conditions summarized in Table 1. Figure
7 shows the flow topology of the scaled Flight configuration
model for the same nozzle total pressure as the bottomm pic-
ture in Fig. 6. One clearly see large differences in flow topol-
ogy, due to the larger nozzle expansion ratio of the (scaled)
flight configuration. It was also observed that increasing the
total pressure in the nozzle led for the H2K configuration ear-
lier to an unsteady flow than for the scaled flight configura-
tion.

Contours on NPart_2: R1 PFINS1.2.3 UF3 M5.3 aoal e
0.00 1.25 2.50 B 5.00 6.25

Fig. 7. Blunt mode flow topology for the scaled flight config-
uration, H2K Wind Tunnel conditions.

4.3. CFD simulations for different gas mixtures

A large number of CFD simulations were made for the flight
configuration using different gas mixtures (H2-O2, CH4-02,
Air-TPG, Air-CPG, CH4, CO2, H2-HE, HE) for different to-
tal pressures in the nozzle. From the nozzle exit results the
thrust coefficient Eq. (1) was computed, and for each cal-
culation the locations of the bow shock, contact surface and
terminal shock were extracted. The same was done for the
calculations using the H2K model as well as of the scaled
flight configuration computed for the H2K conditions. Fig-
ure 8 shows the normalized computed bow-shock stand-off
distance versus the square root of the computed ¢ using the
nozzle exit conditions. As mentioned and shown in [7] a lin-
ear relationship was to be expected, and this was also found
in the different simulations. The slope of these linear rela-
tionships depend strongly on the gas composition leaving the
nozzle exit. One can observe that the slopes of the calcula-
tions for a caloric perfect gas (Air CPG, H2K UF3 and UF3-
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WT) are close. If we look at the ratio of the specific heats ~,
at the nozzle exit one can observe that the slope increases as
function of ., see Fig. 8.

RETALT1 - M=5.3 - AoA=0
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Fig. 8. Normalized bow shock stand-off distance versus /cr
for different nozzle gases, flight and H2K configuration.

Another interesting parameter to study is the ratio of the
nozzle exit pressure and the free-stream post-shock stagnation
pressure pg o that can be calculated from the normal shock
relations, [7]:

De _ Pe ((yw—l)M;+2)v;oil
Po,2 Dt (Yoo +1)MZ

1
2’YooM§o_('Yoo_1) Yoo =1
(=m5=2) ®
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Fig. 9. Ratio nozzle exit pressure and free-stream post-shock
stagnation pressure as function of cp for different nozzle
gases, flight and H2K configuration.

Figure 9 shows this relation as function of the computed
trust coefficient, and as expected (because the Mach number
is the same for all cases) one can observe a linear relationship
which depends not only on the ratio of specific heats (the gas
injected in the nozzle), but also on the nozzle expansion ratio
as shown by the results of the H2K curve.

Figure 10 shows a comparison of the flow structures of
the flight configuration (computed with the flight conditions
using a caloric perfect gas air as jet), and of the scaled flight
model (computed using the wind tunnel conditions). The noz-
zle expansion ratio in both calculations is the same, and the
computed cr for the calculations are close. This was obtained
with a nozzle pressure of 20 bars for the flight model and
50 bars for the scaled model. Although the positions of the
bow shock and terminal shock wave are not the same (a little
farther away from the body for the scaled model), the flow
structures and Mach numbers in the flow are comparable.

Contours on NPart_2: R1_PFINS1.2
0.00 1.25 2.50 3.75

Fig. 10. Comparison of flow structure for the flight configu-
ration (top) and the for same configuration scaled to the wind
tunnel model size (bottom), ¢ = 1.48.

Another interesting parameter to study is the Engine Scal-
ing parameter ESP (Eq. 2). Figure 11 shows this parameter
for the flight and wind tunnel conditions, for various gas mix-
tures in the nozzle. The figure also shows the value of the
ratio of specific heats at the nozzle exit, 7.. Except for the
H2K conditions, one can observe that the ESP depends only
on the value of v,. Further analysis of the results for the H2K
conditions showed that the temperature at the nozzle exit de-
creased with increasing thrust coefficient. This was also ob-
served for the other gas mixtures, but because the temperature
at the nozzle exit is low for the H2K conditions, the influence
of this temperature decrease (which directly affects the exit
Mach number M, through the speed of sound) is much larger
compared to the simulations at flight conditions for the differ-
ent gases used in the nozzle.

Figure 12 shows the plume structure for different gas mix-
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Fig. 11. Engine scaling parameter ESP (Eq. 2) versus the
computed cr for different gas mixtures.

tures, for the highest thrust coefficient. One can clearly ob-
serve the evolution of the shape of the plume as function of
the ratio of the specific heats at the nozzle exit.

5. RETALT2 CONFIGURATION

5.1. Free stream conditions

Wind tunnel experiments were made in the TMK at Mach=1.5,
and the conditions are summarized in Table 2. Different de-
flections of the aerodynamic control surfaces were used, [1],
the paper here is concerned with the deflection of all control
surfaces at 45°.

Table 2. Simulation conditions

Mach number 1.5 [—]
Pressure 756.13 Pa
Temperature ~ 231.25 K
Reynolds 4.56e5 [1/m]

5.2. CFD simulations

CFD simulations were made using the NSMB CFD solver
to study the influence of the turbulence model, and to study
the influence of the hysteresis effects found in the experi-
ments. All CFD simulations were made using the central
space discretization scheme, and the LU-SGS scheme for the
integration in time. The calculations were made using both
the Spalart-Allmaras 1-equation turbulence model [4] as well
as the k£ — w Menter Shear Stress (MSS) model [9]. For both
turbulence models two sweeps were computed, the first one
from o = 0Y to @ = 10° with an increment of 1°, and the

(d) 7. = 1.35

(&) Y. = 1.40

) ve = 1.67

Fig. 12. Mach number contours to show the plume structure
of the RETALT1 configuration as function of the gas mixture
composition in the nozzle for the largest thrust coefficient,
Mach=5.3, o = 0°

second one the opposite way. In both sweeps a first solution
was computed at the first incidence angle (either 0° or 10°,
and this solution was then used as starting solution for the
next incidence angle.

Figure 14 shows the computed Mach number in the sym-
metry plane for an angle of attack of 10°. The results in Figs.
14a and 14b were obtained by incrementing the incidence an-
gle, while the results shown in Figs. 14c and 14d were ob-
tained from the free-stream conditions. Several observations
can be made:

* the flow separation starting at the shoulder computed
using the k — w turbulence model is larger compared to
the flow separation obtained using the Spalart-Allmaras
turbulence model.

* the flow structure in the base region is different for the
two turbulence models

e for the Spalart-Allmaras turbulence model hysteresis
effects are clearly visible in particular on the shoulder
where the flow separation starts
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* hysteresis effects are less pronounced when using the
k — w turbulence model

Figure 13 shows the measured and computed pitching and
normal force coefficients. The hysteresis effects are clearly
visible in the experiments. The CFD simulation show also
hysteresis effects in the coefficients, more pronounced for the
calculations using the k£ —w turbulence model for angles of at-
tacks between 3° and 7°. In general the results obtained with
the Spalart-Allmaras turbulence model are in better agree-
ment with the experimental results when the flow is attached
and when the separation occors at about an angle of attack
of 10°, but the magnitude of the moment and forces for the
separated flow is better predicted using the k£ — w turbulence
model.

6. CONCLUSIONS

Wind Tunnel experiments and CFD simulations were made
for the RETALT1 and RETALT?2 configurations. The focus
of the studies for RETALT1 was the study of the interaction
of the retro-propulsion with the incoming flow. Different gas
mixtures were used, showing that the flow structure varies lin-
early with the square root of the thrust coefficient. This linear
relationship depends on the gas mixture used in the nozzle.
For RETALT2 Wind Tunnel experiments showed hysteresis
effects. These effects were also found in the CFD simulations
using the Spalart-Allmaras and k¥ — w Menter Shear Stress
turbulence models.
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