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Abstract

In order to study the unsteady flows occurring in
the wake of space launchers, numerical models have
to provide an accurate description of both the turbu-
lent behaviour of base flows and the thermodynamic
properties of the multi-species and reactive propulsive
jets. As the complexity of models dedicated to each
of these objectives can have a significant impact on
computational cost, especially for reusable designs in-
cluding several nozzles, authors have often to establish
a compromise between an accurate treatment of tur-
bulence and the taking into account of chemistry ef-
fects. To contribute to the improvement of launcher
base flow predictions, this paper presents the study of
a four-nozzle space launcher configuration with a ded-
icated numerical workflow focusing on the treatment
of turbulence. Indeed, such a case has only been stud-
ied with RANS approaches so far, and is treated here
with the automatic mode of the Zonal Detached Eddy
Simulation (ZDES Mode 2 2020) and hybrid numer-
ical methods, based on Ducros’ sensor and allowing
to resolve well the turbulent fluctuations of the base
flow while capturing the strong normal shock struc-
tures inside the jets. The computations are further-
more performed thanks to inert bi-species numerical
methods enabling to take into account some thermo-
dynamic properties of the jets with an acceptable com-
putational cost. The bi-species scale resolving numer-
ical workflow is able to reproduce the main features
of multi-jets afterbody flows and provides a satisfying
agreement with experimental pressure measurements.
Compared with RANS calculations, the use of ZDES
not only gives access to additional information regard-
ing the unsteadiness of the flow but also provides dis-
tinct predictions of the mean aerodynamic field.

1 Introduction

To support the development of multi-nozzles
reusable launcher designs, the accurate prediction of
afterbody flows occurring behind the base and around
the nozzles during flight is of primary importance to
assess the aerodynamic performance and the integrity
of the vehicles. Indeed, the reactive multi-gas interac-
tions occurring between the hot propulsive jets and the
base flow can induce adverse phenomena such as base

drag, due to the low pressure recirculation zone form-
ing behind the base, pressure loads which may damage
mechanical structures and base heating linked to the
recirculation of hot gases towards the base. As a re-
sult of this complexity, the aerodynamic design of new
generation launcher afterbody remains a challenge for
both experimental and numerical tools.

Focusing on numerical approaches, two main con-
clusions can be drawn from the literature. First, the
need to resolve the large scale turbulent eddies driving
the dynamics of base flows in order to perform accu-
rate predictions of the wake flow topology and wall
pressure levels has been well documented on generic
space launcher configurations (Reynaud et al. 2021a,
Statnikov et al. 2016). RANS approaches have indeed
been shown to have limited capacities to reproduce
such massively separated flows whereas RANS/LES
approaches, combined with low dissipative numerical
schemes, have displayed a good cost/accuracy com-
promise (Pain et al. 2014). Then, authors such as
(Gusman et al. 2011) have shown the need to take
into account the thermodynamic properties of the hot
reactive propulsive jets to increase the representative-
ness of space launcher simulations. As the computa-
tional cost of both RANS/LES approaches and multi-
species reactive flow models is important, authors have
often to establish a compromise between an accurate
treatment of turbulence and the taking into account of
chemistry effects.

Regarding wind tunnel experiments, only few
studies have been dedicated to multi-nozzles space
launcher configuration with hot propulsive jets (Mehta
et al. 2013). Among them, the case of a four-
JP4/LOX-nozzle space launcher configuration studied
experimentally in (Musial and Ward 1961) is consid-
ered as a reference case and has been treated numer-
ically by several authors. These studies (Mehta et al.
2013, Pu and Jiang 2019), which employed advanced
thermodynamic models but only used RANS models
for turbulence modelling, have provided useful analy-
ses of the flow field but have reported noticeable errors
in the evaluation of wall pressure levels.

To contribute to the study of launcher base flow
prediction methods, this paper presents a numerical
study of the four-nozzle space launcher configuration
with a scale resolving framework based on the use of a



simple two-species physical model and hybrid numer-
ical methods to allow for an affordable ZDES mode
2 (2020) (Deck and Renard 2020) computation. The
results will be compared with a two-species RANS
computation and with RANS computations including
chemistry effects from the literature in order to inves-
tigate the benefits of a scale resolving approach for
multi-nozzle afterbody computations.

In this article, we first describe the test case and
the features of the numerical framework used for the
bi-species ZDES and RANS computations. We then
characterize the launcher wake flow thanks to instanta-
neous and mean flow visualizations. In particular, the
focus is put on the resulting wall pressure distribution
on the base and on the nozzles of the launcher.

2 Test case and mesh setup

The present study is based on a wind tunnel ex-
periment provided by Musial and Ward, the geometry
of the model for this study is shown in Fig.1. It con-
sists of a four-nozzle subscale rocket model with pa-
rameters such as r, = 152.4 mm, L,/D. = 1.53,
and Dy/D. = 1.67. The four rocket engines oper-
ate with a propulsive mixture combining JP-4 as a fuel
and LOX as an oxidizer. The selected test flow con-
ditions, corresponding to a flight altitude of 14.9 km,
are summarized in Table.1 together with the total pres-
sure P, and total temperature 7. inside the combustion
chamber. These test conditions correspond to underex-
panded jets with an exit Jet Pressure Ratio (JPR=3.4)
(Mehta et al. 2013). The wind tunnel model was in-
strumented with pressure transducers and temperature
probes on its base.

As shown in Fig.2b a structured mesh has been de-
signed by including one secondary O-H topology for
each nozzle in a main O-H topology built around the
launcher body. The radial point distribution shown in
Fig.2a is designed in order to ensure Ay™ =~ 1 for ev-
ery attached boundary layers and to cluster points in
the mixing layer forming behind the main body base.
With 240 points in the azimuthal direction (A0 =
1.5°) the mesh contains 55.6x10° cells overall.

Parameters Values
P. 41.37 bar
T. 3469.8 K
P 12209.5 Pa
T 297.7K
Moo 2.75

Table 1: Low altitude case initial flow conditions (Mu-
sial & Ward 1961)

3 Computational set-up

Two-species model

To study the 4 nozzle launcher configuration, an
implicit finite volume formulation of the two-species
Navier-Stokes equations, presented in (Reynaud et al.
2021b) is used. This approach enables to define the
propulsive gas mixture and the surrounding air as two
perfect gases. To provide adequate properties for the
propulsive mixture, JP-4/LOX equilibrium flow data
from (Huff et al. 1956) are used to define constant
values for the Sutherland’s law constants [, ,Sj,TOj 1,
the specific heat ratio v;, the volume constant heat ra-
tio ¢,; and the Prandtl number Pr; of the jets gas (see
Tab.2'). The turbulent Schmidt number is chosen as 0.5
for the mixing between air and the propulsive mixture.

po;, N.s/m”) | 1.85.10°
To, (K) 370
S; (K) 168
v 1.224
v, (I/kg) 1997.5
PTj 0.78

Table 2: Properties of the perfect gas simulating a
JP4/LOX mixture

Turbulence modelling and numerical scheme

The RANS computation is performed with the
Spalart-Allmaras turbulence model (Spalart and All-
maras 1992) and an AUSM+ scheme (Liou 1996) for
convective fluxes. As this scheme is too dissipative for
scale resolving computations, the numerical fluxes for
the ZDES computation are evaluated thanks to a hy-
brid numerical scheme (Reynaud et al. 2021a) built to
switch from the AUSM+ scheme in presence of shocks
to a low dissipative AUSM+(P) formulation (Mary and
Sagaut 2002) in vortical regions. The time step for the
ZDES computations is Atcpp = 2.10~7s which en-
ables to ensure that C'F'L < 6 in the base flow mixing
layer. As the vortex shedding period linked to the base
diameter was estimated to be T, = O;’;TL*;OO ~ 1.6
ms, a period of 32 ms= 20 x T was adopted to clear
the flow from transient effect before using a 80 ms

~ 50 x T period to compute statistics.

4 Results

Flow topology

The instantaneous visualisation of the wake flow
shown in Fig.3a enables to observe that the main body
boundary layer separates at the base and rolls up into
azimuthal vortices to form a mixing layer which bends
towards the launcher axis under the effect of an expan-
sion wave. As displayed in the instantaneous pressure
field shown in Fig.3b, a realignment shock forms as
the bended flow meets with the propulsive jets bound-
aries and induces an adverse pressure gradient on the
outer side of the jet boundaries. Looking at the un-
derexpanded propulsive jets, we observe that in co-
herence with results from (Mehta et al. 2013, Pu and
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(a) Mesh distribution in the nozzles exit area

(b) 4 secondary O-H topologies included in a main O-
H topology

Figure 2: Mesh description

Jiang 2019), the jet boundaries collide near the axis
of the launcher and create a high pressure zone on the
inner side of the jet boundaries. These high pressure
gradient zones together with the normal shocks vis-
ible inside the jets justify the use of hybrid numeri-
cal methods able to capture shocks while maintaining

Mach Number: 0.5 1.1 1.7 23 2.9 35

(a) Mach number distribution and coherent structures in the wake of the
launcher

0.1 0.68 126 1.84 242 3

(b) Instantaneous pressure distribution and coherent structures (black
iso-lines) in the wake of the launcher

Figure 3: Instantaneous flow topology

a low numerical dissipation in the rest of the flow to
resolve turbulent structures. One can indeed note in
Fig.3b that in addition to the azimuthal vortices issu-
ing from the base, the mixing process between the jets
engender the formation of a wide variety of turbulent
structures in the inter-nozzle area.

The time averaged topology of the base flow re-
sults from the combination of the two adverse pressure
gradients previously mentioned. We compare in the
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(a) Distribution of longitudinal velocity and streamtraces in a plane con-

taining the nozzles.

(b) Distribution of longitudinal velocity and streamtraces in a plane
between the nozzles

Figure 4: Average velocity distribution in the wake of
the launcher

following the average flow fields obtained with RANS
and ZDES computations. First, looking at a longitu-
dinal plane containing two nozzles (Fig.4a), one can
observe the formation of a recirculation zone on the
outer side of the nozzles. This recirculation zone inter-
acts with the propulsive jets which entrain the external
flow through a mixing layer. This entrainment effect
appears stronger in the RANS computation as the re-
circulation bubble reattaches closer to the nozzle exit
than in the ZDES computation. This first flow pattern
corresponds to the one usually observed for axisym-
metric base flow with a single nozzle (Reynaud et al.

2021a, Statnikov et al. 2016). In the present case of
4 propulsive nozzles, additional flow interactions oc-
cur. Indeed, due to the impingement between the su-
personic propulsive jets, the fluid located between the
nozzles is subject to a strong adverse pressure gradient
that leads to a reverse flow heading towards the base.
We note that the RANS computation provides a higher
reverse velocity than the ZDES one. This reverse flow
impacts the base and induces the formation of radial
wall jets. In a plane containing nozzles, these wall jets
will be deflected as they go around a nozzle and part
of the reverse flow will regain a positive longitudinal
velocity. In a plane located between the nozzles (see
Fig.4b), these wall jets will flow towards the base outer
radius and feed the external recirculation zone. In such
a plane, the prediction of the recirculation zone topol-
ogy again differs between the two computations as the
S-A model predicts a center position of the recircula-
tion closer from the base than ZDES. Notwithstanding
some local differences, the two bi-species computa-
tions are able to reproduce the main flow features of a
4-nozzle launcher wake flow (Mehta et al. 2013).

To investigate further the interaction between the
propulsive jets and the base flow, the average distri-
bution of the propulsive mixture mass fraction (Y1)
in the afterbody area is displayed on Fig.5. One can
note that the RANS computation predicts a much in-
tense mixing between the two gases than the ZDES
one. This is shown by the greater predicted growth
rate of the jet external mixing layer and by Y7, levels
in the inter-nozzle area nearly twice as high as those
found with ZDES. Such discrepancies in the amount
of hot propulsive gases flowing back to the base area
can be attributed to the strong influence of the tur-
bulent Schmidt number on RANS mixing prediction
(Reynaud et al 2021b) and is expected to induce differ-
ences in base temperature predictions. One can indeed
observe in Fig.6 that the RANS computation predicts
higher base temperature levels and a wider high tem-
perature zone. Due to the absence of chemistry effects
and to the use of adiabatic wall boundary conditions,
both computations overestimate the temperature ratio

Tlc = 0.55 measured experimentally at the center of
the base

Base pressure distribution

To assess the present computations, data from the
base pressure experimental probes are used together
with RANS results from two studies found in the lit-
erature. First, (Mehta et al. 2013) performed compu-
tations with different levels of physical modelling for
the propulsive jets; a frozen flow computation (Mel)
where the propulsive mixture is considered as a per-
fect gas with a fixed 7;=1.15 (value corresponding to
chamber conditions); a variable ; computation (Me2)
where v; is a function of temperature and a reactive
computation (Me3) where the propulsive gas is mod-
elled as a 10 species mixture and chemical reactions
are taken into account. Then, in (Pu and Jiang 2019)
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Figure 5: Distribution of fuel mass fraction in a plane
containing the nozzles.

Figure 6: Temperature distribution on the base.

several RANS models were tested to perform reactive
computations.

Looking at base pressure coefficient distributions
displayed in Fig.7, results from (Metha et al. 2013)
showed that, with the Menter BSL RANS model, the
use of the simplest physical model (Mel) surprisingly
provided the best predictions for base pressure levels
as both the variable ; computation (Me2) and the re-
active computation (Me3) lead to a significant under-
estimation of base pressure levels in comparison with
experimental data. The same magnitude of error is
found in (Pu and Jiang 2019) as shown here with the
predictions obtained with the RNG turbulence model
(Pu RNG), which provided the best results in their
study. One can furthermore observe that all of the
mentioned RANS computations are unable to repro-
duce the almost flat pressure profile found experimen-

tally as they induce an overestimation of the pressure
difference occurring between the center of the base
and the outer radius. These discrepancies motivate the
use of more advanced turbulence modelling such as
the ZDES approach used here. Focusing on base pres-
sure coefficient distributions obtained with the present
computations, one can note that the use of an equilib-
rium flow hypothesis in the nozzles (with v;=1.224)
provides predictions coherent with numerical results
from the literature, in between the frozen flow com-
putation and the computations including chemistry ef-
fects. The use of ZDES improves predictions in com-
parison with RANS as it enables to recover a flat pres-
sure profile and higher pressure levels near the outer
radius. These disparities can be linked to the previ-
ously observed differences in the topology of the re-
circulation zone.

Nozzle pressure distribution

The evolution of the pressure coefficient (Cp)
along generatrix lines located at different angular lo-
cations (outer position (OUT), inner position (IN) and
side positions (SIDE)) on a nozzle external wall is dis-
played in Fig.8 and reveals further deviations between
the RANS and the ZDES computations. Indeed, the
use of ZDES provides relatively flat Cp profiles (close
to C'p = —0.065) on every position around the noz-
zle whereas the RANS calculation predicts noticeable
pressure axial variations for each location around the
nozzle and a substantial pressure gap between the in-
ner position and the outer position. Each turbulence
modelling approach would thus lead to different esti-
mations of the pressure loads used to study the me-
chanical behaviour of the nozzles. Based on previous
numerical results obtained on launcher configurations
with a single nozzle (Pain et al. 2014, Reynaud et
al.2021b) one can note that the ZDES predictions are
used to be more representative than the RANS ones.

To complete the study of side-loads with consid-
eration for the unsteadiness of the flow, the ZDES
computation enables to investigate the evolution of
the fluctuating pressure coefficient along the nozzles
in Fig.9. The overall increase of fluctuating pres-
sure levels in the direction of the flow observed with
the present computation is in coherence with previous
RANS/LES results and experimental measurements
described in (Statnikov et al. 2016) on a launcher with
one nozzle placed in an external flow at M., = 3.
The computed fluctuations levels are furthermore in
the same range as the one displayed in (Statnikov et al.
2016) with C'pppms € [0.0015,0.01]. Important differ-
ences are however observed depending on the angular
position. Indeed, the inner side of the nozzle is subject
to pressure fluctuations twice as high as the outer side.
These higher fluctuations levels can be related to the
large amount of turbulent structures observed earlier
in the inter-nozzle area.
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Figure 7: Base pressure distribution along an inter-
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Figure 8: Axial evolution of C'p at different angular
locations along a nozzle
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Figure 9: Axial evolution of Cp,.,s at different angu-
lar locations along a nozzle

5 Conclusions

To investigate the benefits of a scale resolving ap-
proach for multi-nozzle afterbody computations, a bi-
species numerical workflow based on the combina-
tion of the ZDES Mode 2 (2020) and hybrid numer-
ical methods has been applied to a 4-nozzle launcher
configuration. The workflow appears as a promising
tool able to reproduce the main flow features occur-

ring in the wake of a 4 nozzle space launcher and to
provide quantitative estimations of the resulting mean
and fluctuating loads. In comparison with RANS com-
putations, ZDES provides significant differences in the
prediction of base flow topology, gas composition near
the base and wall pressure distributions. These encour-
aging results should motivate further numerical studies
combining the resolution of the large eddies forming
in the wake of the launcher with more advanced ther-
modynamic models but also advocates for the realisa-
tion of more detailed wind tunnel experiments includ-
ing hot propulsive jets and unsteady measurements.
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