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New Modified Pekkari Model to Analyse
the Aeroelastic Stability Behaviour for a Flexible
Overexpanded Rocket Nozzle
N. Bekka, M. Sellam, and A. Chpoun

Introduction
During the transient phases, start-up and shutdown of the
rocket engines, or when it operates under no adaptation
conditions at low altitude, very complex physical phenomena appear, particularly the aeroelastic effects due to
extended boundary layer separation and its interaction with
the shock wave in the interior of the divergent of the nozzle.
The numerical coupling strategy to study this phenomenon
using multi-physics codes is considered to be the most used
technique today [1–7]. Knowing that the present study is
limited to the analysis of linear stability relative to the small
displacements, the choice of the transpiration technique to
consider the coupling at the fluid–structure interface is
justified by its simple implementation and its low CPU
time computation compared to those of the ALE (arbitrary
Lagrangian–Eulerian) method, widely discussed in many
previous studies.
The fluid dynamic solver used for solving the Euler
equations for a 2D inviscid compressible flow case is the
NSC2KE code developed at INRIA by Mohammadi [8]. The
code uses a combination of the finite volume and finite
element methods to simulate perfect or viscous flows around
or inside 2D or axisymmetric configurations on unstructured
meshes. The structure dynamic solver is based on the
implicit Newmark scheme to describe the temporal evolution of the structure displacements. For the coupling technique and for temporal integration, unlike to the code of
structure, the NSC2KE fluid code is based on an explicit
scheme in which the fluid time step is conditioned by the
CFL stability condition. This difficulty leads to a time shift
between the two codes, which can be overcome by using the
iterative scheme CSS (conventional serial staggered
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Laboratoire de Mécanique et d’Energétique d’Evry LMEE, Université
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procedure) [9]. To validate the numerical coupling procedure, the main results obtained for a basic 2D configuration
of an overexpanded rocket nozzle are compared with those
of the aeroelastic stability models developed in previous
works for the inviscid flow case [1].

Numerical Method
As mentioned previously, the simulation of aeroelastic phenomena is done by coupling two numerical codes. The first
one is for the fluid dynamics part to resolve the Euler
equations using the conservative formulation for a 2D compressible inviscid flow:
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where U, F(U ) and G(U ) are respectively the vector of the
conservative variables and the components of the convective
flux:
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u ¼ ðu, vÞ the velocity, E the


2
2
the pressure.
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The time integration is achieved by using an explicit
Runge–Kutta scheme of order 4, and the time step is determined by the CFL criterion.

The second code is dedicated to the structure
computations using the implicit Newmark scheme to
describe the temporal evolution of the structure
displacements:

Results

In order to compare the results issued from the numerical
coupling to these of the aeroelastic stability models, 2D
nozzle geometry has been chosen with fixed nodes at throat
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and at the exit of the nozzle divergent (Fig. 2). The material
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properties are summarised in Table 1.
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The numerical coupling strategy consists as a first step to
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the initial position of the shock steady state for a rigid
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structure.
Then, in second time, the structure is perturbed
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following
to its first mode, for example. The aeroelastic
ð4Þ
analysis consists in recording the temporal evolution of the
vertical displacements for a given node of the structure and
In this scheme, the constants a and b are set equal to 0.5.
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€
{Wp}, W_ p and W
are respectively the nodal then to compute the frequency values by using the fast Fourier
displacements, velocity and nodal acceleration vectors and transform (FFT). Figure 3 shows the evolution of the real part
of the aeroelastic frequency versus shock wave position. As
the time step p.
The numerical coupling between the two codes is we can see, except the zone of the static instabilities, the
achieved by using the transpiration method. This technique results predicted by the numerical coupling are in general in
allows to take into account the displacement effect of the good agreement with those issued from the model predictions.
structure and to keep simultaneously a fixed domain for the In the first quarter of divergent and for the region near the exit,
fluid [10]. The main idea of this strategy is shown the structure is stable as provided by the models. In addition,
schematically in Fig. 1. Here, Ωf0 and Ωs0 designate respec- in the dynamic instability area, corresponding to the coalestively the fluid and the structure reference domains, and Γs0 cence of modes 1 and 2, the coupled computation indicates
that the temporal evolution of the normal structure displacedesignates the fluid–structure interface.
ment and their Fourier transform adopt the same behaviour in
As we can see, the new location of the fluid–structure
the region of flutter instability as shown in Fig. 4a. This
s
s
interface Γ0 at the instant t is Γ (t). The concept of transpiraevolution is harmonic having an increasing amplitude,
tion method requires to keep Γs0 as fixed interface (immobile); the calculation of the velocity field and the dynamic
loads is obtained by a first-order Taylor development at the
interface of reference Γs0 . When calculating the structure
y
dynamic, a node which is initially in the position x0 is
displaced by a distance of δxs(x0, t). By neglecting the
higher-order terms and for the inviscid flow case, the tranFixed throat
Flexible divergent
spiration condition for the velocity can be reduced to the
s
flowing simplified form on Γ0 [10]:
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where n0 and n are the normal unit vectors to the wall in
reference Γs0 and in deformed configurations Γs(t), respectively, and δx_ s is the speed of the flexible interface.
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Fig. 2 Nozzle geometry for the studied test case

Table 1 Material properties (2D)

Fig. 1 The illustrated scheme for the law of transpiration [10]
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Fig. 3 Evolution of the
aeroelastic frequencies versus
shock separation position,
comparison between the
numerical results issued from the
coupled computation and the
stability models (α ¼ 22 )
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Fig. 4 Evolution of the vertical displacement (a) and its Fourier transform (b) for NPR ¼ 5

characterising the phenomenon of dynamic instability or flutter. This type of instability may lead to the structure failure
and represents a major issue in industrial context.

sufficient for the dynamic instabilities prediction. However,
the ulterior evolution of the structure behaviour involves
necessarily a nonlinear modelling, and the method of transpiration becomes inoperative.
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1. Bekka, N.: Problématique des ondes de choc dans les tuyères
supersoniques et leur interaction avec la structure. Ph.D. thesis,
Université d’Evry Val d’Essonne (2014)

2. Blades, E.L., Baker, M., Pray, C.L., Luke, E.A.: Fluid–structure
interaction simulations of rocket engine side loads. SIMULIA Customer Conference (2012)
3. Garelli, L., Paz, R.R., Storti, M.A.: Fluid–structure interaction
study of the start-up of rocket engine nozzle. J. Comput. Fluids
39, 1208–1218 (2010)
4. Lefrançois, E.: Numerical validation of a stability model for a
flexible over-expanded rocket nozzle. Int. J. Numer. Methods
Fluids 49, 349–369 (2005)
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