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Abstract
The present work aims at increasing the responsiveness of aerodynamic coefficient predictions for the
investigation of the effects of technological details. Starting from a simplified configuration and using
Zonal Immersed Boundary Conditions18 which combine the local use of both a modelling method (e.g.
RANS, URANS, ZDES, LES or DNS) and IBC (Immersed Boundary Conditions), realistic configura-
tions12, 20, 24, 31 are rapidly turned into feasible numerical simulations.30, 32 In this paper, the efficiency and
the robustness of the methodology is demonstrated using a simplified Ariane 5 configuration discretized
with a body-fitted approach. Then, the effect of additional protrusions on the flow is mimicked thanks to
Zonal Immersed Boundary Conditions allowing to simulate a complete Ariane 5 space launcher configu-
ration along with the sting holding the model. The unsteady side-loads are compared with the available
experimental data.

1. Introduction

Considering the current level of maturity of advanced turbulent modelling methods (see e.g.2, 3, 22, 27), the ability to
establish a global strategy for a fast prediction of the aerodynamic performance based on well-defined and easily
reproductible milestones to tackle the geometrical complexity becomes a topic of growing interest.

The methodology is explicited in a step-by-step manner which summarizes the detailed description proposed
in Weiss and Deck.32 The present investigation exhibits the instantaneous flow fields and time-averaged data such as
the statistical moments of the pressure coefficients for a qualitative and quantitative analysis, respectively. Finally, the
discussion ends with an analysis of the spectral content leading the dynamics of the fluctuating flow field as in Weiss
and Deck28 or Pain et al.20 The results are thoroughly compared to the available dataset from NLR’s experiments
conducted in the framework of ESA’s TRP (Hannemann et al.,12 Schwane24).

2. Test case

A full Ariane 5 model with a 1:60 subscale ratio is modelled along with the Z-shape sting holding the model in NLR’s
experiments9, 10, 24 performed in the DNW-HST facility for representativeness purposes. The flow around this complex
geometry is computed at a high Reynolds number ReD = 1.18 × 106 based on the largest cylinder diameter D of
the main stage and for a freestream Mach number M∞ = 0.8. This well-documented test case with NLR’s steady
tabs and unsteady Kulites permits to validate the computed values of relevant physical quantities such as the mean and
fluctuating pressure coefficients in the flow field and at the wall, characterizing the interaction between the recirculation
bubbles and the multiple shear layers.

3. Global strategy for a fast prediction of the aerodynamic performance

3.1 Milestones of an efficient ZIBC simulation design

A key feature of the automation of the aerodynamic performance prediction is the capability to define simple repro-
ductible steps which can be easily adapted on demand. Such a procedure is described in detail in Weiss and Deck32

and summarized hereafter:
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(a) Simplified afterbody (b) Protrusions

(c) Views of the grid with high resolution in selected areas of in-
terest in the afterbody zone

(d) Instantaneous wall pressure coefficient

Figure 1: Example of the numerical strategy for the taking into account of Ariane 5’s technological details

1. CAD file(s) without technological details (see figure 1(a))

2. Mesh with high resolution in selected area(s) of interest (see figure 1(c))

3. CAD file(s) for technological details (see figure 1(b))

4. Tagging procedure to immerse the technological details whose effect is to be assessed in the selected highly
refined areas of interest

5. Run numerical simulation with ZIBC formulation (numerical approach (here ZDES mode 2) + IBC)

6. Gather wall quantities from both the classical no-slip boundary conditions along with the values issuing from the
projection on IB bodies

7. Visualization of instantaneous and time-averaged flow fields

8. Plot of integrated loads to quantify the aerodynamic performance in the area(s) of interest

9. Redo from step 3 with different CAD files of other protuberances to quickly evidence the differences between
two configurations regarding the aerodynamic force and torque
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3.2 Grid

The computational domain is made up with an O-H topology to avoid singularity problems near the axis of the ax-
isymmetric bodies. The mesh contains 164 structured blocks and a total number of 75 × 106 points with an azimuthal
resolution on the central part of the afterbody corresponding to ∆Φ = 1◦. A body-fitted mesh of the so-called ‘clean
configuration’10 is obtained and consists in a smooth representation of the boosters and the main stage. The highest
refined area is located in the afterbody zone clustering approximately two-thirds of the total number of grid points and
fitting LES requirements. In particular, the early stages of the shear layers and the braids linking the pairing vortices
are discretized with 15 points25 and at least 7 points,13 respectively. Such a resolution allows an accurate representation
of the several technological details (e.g. DAAR ring, asymmetric struts, helium sphere, etc.)12, 20, 24, 31 after the tagging
procedure which constitutes the preliminary step to use immersed boundary conditions.

3.3 Numerical set up

The ZIBC strategy whose formulation is explicited in Weiss and Deck32 is based on the original IB method using
direct forcing8, 19 and on the ZDES approach.4, 5 We have implemented the original IB method in two industrial flow
solvers namely FLU3M11 and ONERA’s elsA software.2 Both codes are based on second-order accurate time and
space schemes. The calculations presented in this paper are performed with the FLU3M code. This code solves the
Navier-Stokes equations with a low-dissipation AUSM+(P) convective scheme14 on multiblock structured grids. The
time integration is carried out by means of an implicit second-order accurate backward scheme. Time accuracy of the
calculation was checked during the inner iteration process.17, 21 The simulation was performed on 256 Nehalem X5560
cores (1 Nehalem node being made of 2 quad-core processors). The CPU cost per cell and per inner-iteration is about
3 × 10−6 s. The preprocessing needed by the IBC to distinguish mesh cells with a fluid or solid tag is realized by the
external program RAYTRACER3D18 and the Cassiopée modules1 for FLU3M and elsA, respectively.

4. Results: post-processing and analysis steps

4.1 Step 1: identification of the main instantaneous and statistical features of the flow

The qualitative analysis of the spatial organization of the coherent structures in the afterbody area allows to evidence
the salient features of the flow dynamics. In figure 2 several views of a Q criterion iso-surface coloured by the stream-
wise component of the vorticity and the velocity are represented. The sole structures of the area of interest namely the
afterbody of the main stage (EPC) are considered given the total amount of cells of the mesh (i.e. Nxyz = 75 × 106)
does not permit to properly model the flow dynamics around the boosters (EAP). To do so, a grid containing at least
120 × 106 points would have been necessary.31 However, the present study does not focus on the influence of the flow
between the EAPs and the EPC.

Large scale structures are observed due to the presence of the struts showing the IBC approach is efficient to
model these technological details which are well-taken into account in the numerical simulation. These coherent struc-
tures amplify the pairing process of the axisymmetric mixing layer as observed on the contour plots of the density
gradient norm represented in figure 2 which permits to evidence the spatial evolution of pressure waves in the flow.
The wall signature characteristic of the impact of the coherent structures on the afterbody surface are distributed on
the EAPs and the EPC. The cut planes in the non-booster plane (NB) show the formation of large scale structures in
the mixing layer issuing from the separation near the main stage upstream cylinder. Similar phenomena are noticed in
the instantaneous and mean fields of the dimensionless streamwise velocity (cf. figure 3) and of the backflow area (cf.
figure 5).

A qualitative analysis of the instantaneous streamwise velocity field allows to notice a quasi-zero-mass-flow
area in the booster plane (B). In plane (NB) of the launcher, the velocity field shown in figure 3 is very close to the
one observed around a simple axisymmetric backward facing step of finite length (see7, 15, 16, 23, 26, 29, 33) in the transonic
regime. Indeed, in plane (NB), a mixing layer develops and surrounds a primary recirculation zone on the extension of
the EPC for both cases. Then, a secondary recirculation zone is observed downstream of the nozzle. In plane (B), jets
occur near the asymmetric struts deflected by coanda effect to the boosters as assumed and explained by Pain et al.20

Finally, areas displaying a backflow are circumscribed by the iso-surface for the zero streamwise velocity represented
in figure 5. Such a representation permits to evidence a clear asymmetry of the recirculation zone in the afterbody
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region.

Figures 6, 7 and 8 illustrate the pressure coefficient Cp, the dimensionless streamwise velocity u/U∞ and the
density gradient norm ||−−−→gradρ|| in (y − z) planes which are normal to the main flow direction and equally distributed
along the extension of the central part of the afterbody (plane P1 to plane P9) and downstream the nozzle (plane P10).
One can note that the struts strongly impact the instantaneous azimuthal topology of the flow close to the separation
on the largest cylinder of the main stage. The other protrusions appear to be of lesser influence on the flow dynamics
in the azimuthal direction and further in the wake. The streamwise velocity field of figures 7 show that the order of
magnitude of the backflow is from 20% to 30% of the freestream velocity value. A salient asymmetry is observed in
the wake at locations x/D = 1.05 and 1.35.
These qualitative analyses suggest that the technological details leading to a macroscopic change in the global spatial
organization of the aerodynamic field are the asymmetric struts linking the main stage to the boosters.
This phenomenon could be at the origin of the non-symmetric bi-lobe shape of the wall pressure coefficient contours
on the nozzle divergent of the main stage observed in the views of the instantaneous field in figure 1(d) and the mean
field in figure 4.

In the same spirit, figure 4 depicts the distribution of the mean and fluctuating pressure at the wall and in the
flow field. The streamwise evolution for a given azimuthal location of the rms pressure values in the vicinity of
the axisymmetric shear layer developing around the main stage in the afterbody region varies a lot depending on the
considered azimuthal plane. Then, LOX and LH2 pressurization lines upstream from the separation at the end of the
largest cylinder of the main stage directly influence the fluctuating pressure levels (cf. figure 4), reminding the effect
on the aerodynamic field around the skirt control devices tested at NLR.10

4.2 Step 2: evidence of the side-load origin

The time average of the streamwise velocity field plotted in figure 3 in the booster (B) and non-booster (NB) planes
permits to appreciate the mean topology of the flow. The primary recirculation zone extends until the middle of the
nozzle in plane (B) but is limited to the first half part of the extension in plane (NB). The mean tridimensional view (see
the lower part of figure 5) illustrates the azimuthal evolution generating this sudden change in the topology between the
two normal planes (B) and (NB). In particular, there is no planar symmetry as it would be expected for a configurations
without technological details (i.e. with the sole smooth main stage and boosters). Finally, a jet penetration can be
defined near the struts in plane (B) by the local areas of positive values of the streamwise velocity which can be clearly
seen in the vicinity of the backflow area. This zone develops over a distance approximately equal to a quarter of the
extension diameter (∼ 0.25D).

Let us be reminded that a very good agreement has been obtained between experimental and numerical values
from NLR’s experiments10 and ZDES calculations, respectively as shown in Weiss and Deck.30, 32 Numerical values
of Cprms have been integrated in the frequency range used in the experiments (i.e. S tD ∈ [0, 2.2]) which is a manda-
tory post-processing step to properly compare both datasets. Indeed, the numerical simulation allows to obtain higher
frequencies namely S tD ∈ [2.2, 40] whose related energy cannot be neglected and leads to an offset in the azimuthal
distribution of the fluctuating pressure. As for Cp values, the maxima have been observed at azimuthal locations
Φ = 75◦ and Φ = 260◦.

These observations confirm that the aforementioned solid rotation of the flow is the main characteristic phe-
nomenom of the flow dynamics at stake. This phenomenom can be attributed to the asymmetric struts given it was
previously evidenced by Weiss and Deck31 on a configuration with these sole technological details. It was particularly
visible in a longitudinal cut plane between an EAP and the EPC for the fluctuating Cprms pressure coefficient compar-
ing a three-body configuration (i.e. two boosters and a main stage) with and without struts. Such a phenomenom is
still clearly visible in figures 6, 7 and 8 in the present case of a modelling using an immersed boundary method.

4.3 Step 3: assessment and validation of the side loads

The final purpose of the study is to examine the side loads using a direct integration of the pressure field on the nozzle
based on the following definition of the corresponding force:

~F (t) =

∫ 2π

0

∫ L

0
p (x, ϕ, t) r (x)~ndxdϕ (1)
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Figure 2: Visualizations of the coherent structures by means of an iso-surface Q.U2
∞/D

2 = 200 downstream the
complete Ariane 5 configuration (M∞ = 0.8 - L/D = 1.2). Left: coloured by the sign of the streamwise vorticity
component (red for the positive values and blue for negative ones), Middle: coloured by the dimensionless streamwise
velocity u/U∞. Right: Numerical schlieren of the instantaneous flow field at the wall and in two normal longitudinal
cuts. From top to bottom: three-quarter view - (x − z) plane - (x − y) plane.
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Figure 3: Iso-contours of the instantaneous u/U∞ (left) and mean U/U∞ streamwise velocity (right) in two orthogonal
planes
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Figure 4: Mean (left) and fluctuating (right) pressure coefficient at the wall and in the flow field in two cut planes
(aligned with the boosters and normal to them)
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Figure 5: Iso-surface of the zero streamwise velocity u/U∞ = 0. Upper part: instantaneous iso-surface - Lower part:
mean iso-surface
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Figure 6: (y− z) cut planes normal to the boosters located at 10 equally distributed locations along the extension of the
central part of the afterbody and coloured by the instantaneous pressure coefficient levels
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Figure 7: (y− z) cut planes normal to the boosters located at 10 equally distributed locations along the extension of the
central part of the afterbody and coloured by the instantaneous dimensionless streamwise velocity levels
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Figure 8: (y− z) cut planes normal to the boosters located at 10 equally distributed locations along the extension of the
central part of the afterbody and coloured by the density gradient norm levels
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(a) Geometry of the full launcher with all protrusions (yellow), side-
load integration surface (blue) and ring on the nozzle used to plot Cp and
Cprms evolutions (green)

(b) PSD of the side loads for the y- and z-components (solid lines stand
for ONERA’s ZDES/IBC and symbols for NLR’s experiments). The sur-
face used for side-load integration is shown in figure 9(a).

(c) Polar plot of the side loads (d) Comparison ZDES-IBC/Experiment of the confidence ellipse of the
side-loads components

Figure 9: Assessment and validation of the side loads predicted by the ZIBC strategy

where L, r(x), ϕ stand for the length, the nozzle radius and the azimuthal location on a ring, respectively.
The spectra of the two normal components of the load Fy and Fz (see figure 9(b)) are performed on the maximum
common duration which can be defined for both the simulation and the experiments namely 0.2 s. Given the level
of the statistical fluctuations observed for the peak related to the vortex shedding frequency varying in the interval
S tD ∈ [0.2, 0.27], the agreement between the ZIBC simulation and NLR’s experiments appears to be very good. The
combined ZDES/IBC approach permits to properly reproduce the broadband spectrum of the side loads integrated
along the extension of the central part of the afterbody.
To go further into the investigation of the spectral content, the statistical properties of the effort can be described using
its randomness. The side load components Fy and Fz are made dimensionless with the dynamic pressure q0 and the
reference surface S re f = π(D2/4) based on the EPC diameter. The properties of the load components are then examined
considering the bidimensional random variable ~F = (Fy, Fz)t with its time average ~M = (Fy, Fz)t and its covariance
matrix C = E

[
~F ~F t

]
− ~M ~Mt. The determinant of C is assumed to be equal to zero. The confidence ellipse with the

confidence level α = 0.95 containing 95% of the observations of ~F(t) is defined according to the border of the plane
R2 determined by equation 2 (see6):

(
~F − ~M

)t
C−1

(
~F − ~M

)
= 2 log (1 − α) (2)

This confidence ellipse allows to quantify the load isotropy as shown in 9(d). Let us be reminded that for an
axisymmetric configuration where Fy′2 = Fz′2, this ellipse becomes a circle. In figure 9(d), the sensitivity of the
experimental signal duration is recalled plotting a confidence ellipse for durations similar to the simulation. To do so,
the total duration of the experimental signal which is equal to 2.84 s is divided into 0.2 second long signals. For these
0.2 second long signals, the rms fluctuations of the experimental side loads are of the order of 10%.
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The struts lead to a specific orientation of the loads which is more substantial in the booster plane. This ellipse is well
reproduced by the ZIBC strategy.

5. Conclusion

In this paper, the milestones of an automatable strategy for accurate aerodynamic performance predictions have been
detailed. It has been shown that the Zonal Immersed Boundary Conditions allow to model in a fast and efficient manner
a wide variety of configurations with numerous technological details preserving the accuracy and the robustness pro-
vided by the use of a finite-volume approach computed on a simple body-fitted structured grid. In practice, the simplest
elements of a given configuration are discretized in a classical body-fitted manner whereas protrusions are taken into
account using a tagging procedure. Such a strategy permits to preserve most of the ZDES grid requirements and can
constitute a way to perform on-demand unsteady numerical simulations with variations on the locations, shape and
number of the technological details assessed.

For the side-load analysis, a 3-step study has been proposed to quantify the effort exerted on the main stage after-
body and explain its origin. First, the identification of the main instantaneous and statistical features of the flow leads
to the conclusion of a pronounced asymmetry of the recirculation zone. Secondly, this asymmetry is related to a solid
rotation of the global afterbody flow generating side forces acting normally to the thrust direction. Finally, the side
loads have been assessed and the dimensionless values have been validated and found to be in a very good agreement
with the available NLR’s experimental data.

To conclude, given the simple steps necessary to build a numerical simulation workflow and the level of valida-
tion obtained regarding the loads, the Zonal Immersed Boundary Conditions (ZIBC) constitute an efficient and robust
numerical strategy for fast aerodynamic performance predictions, especially on launch vehicles.
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