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Vortex Shedding in Segmented Solid Rocket Motors

A. Kourta*
Institut de Mécanique des Fluides de Toulouse, F-31400 Toulouse, France

This article is devoted to the numerical simulation of vortex shedding in the field of solid-propellant
rocket motors resulting from the strong coupling between the shear-layer instability and acoustic waves
in the chamber. Segmented solid rocket motors tend to develop thrust and pressure oscillations, linked
to a periodic vortex shedding. An axisymmetric geometry close to the realistic configuration is computed.
The computer code solves the unsteady Navier—Stokes equations by means of an explicit predictor/
corrector MacCormack scheme. Mesh dependence is studied by using three grid levels. In all cases, the
vortex shedding process is observed. This mechanism is complex and vortex pairing occurs. The viscosity
effect is analyzed by using three different viscosity values. The effect of the shape of diaphragms on
vortex shedding is also studied by comparing sharp and smooth diaphragms.

I. Introduction

HIS work is part of the overall combustion stability as-

sessment of the Ariane 5 P230 MPS solid motor and has
been supported by Centre National d’Etudes Spatiales (CNES)
within a research program managed by ONERA. For this mo-
tor it is believed that there exists a severe risk for instability.
Occurrence of low-amplitude, sustained oscillations pulsating
at a frequency associated with one or more acoustic modes of
the combustion cavity affects motor performances.'”®> One
mechanism that drives pressure oscillations in rocket motors
is the vortex shedding,"* which can interact with the chamber
acoustics to generate pressure oscillations.” Because of the seg-
mented design of solid-propellant rocket motors, shear layers
induced by surface discontinuities appear and produce this vor-
tex shedding. The dipole mechanism involving the interaction
of the vortices with an impingement surface can be invoked
as a typical source of energy transfer from the vortex fluctu-
ations to the acoustic field. The observed periodic vortex shed-
ding in rocket motors>* is the result of a strong coupling be-
tween the instability of mean shear flow and organ-pipe
acoustic modes in the chamber. The feedback from the acoustic
waves provides the control signal for the aerodynamic insta-
bility.

Because of the complexity of the problem an analytical so-
lution to the governing equations with complex boundary con-
ditions does not exist. Numerical simulations may provide im-
portant help for understanding the complex physics. Such
simulations would naturally couple mean-flow shear layer and
acoustic waves. Numerical methods have been performed to
isolate and study the interaction between acoustic waves and
vortex structures.®~'® The present work is also concerned by a
numerical simulation. The aim of this article is to present the
ability of numerical codes to predict the unsteady behavior
inside the combustion chambers of solid-propellant rocket mo-
tors and to analyze the acoustic and aerodynamic instability
interaction. The computational domain corresponds to a 1/15
axisymmetric subscale motor representative of the Ariane 5
P230 solid rocket booster for which experimental results
exist.''~** For this subscale motor, the propellant is an unme-
tallized analog of Ariane 5 propellant and the inhibitors are
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rigid metallic diaphragms that do not ablate during the firing.
An experimental investigation,'' done with various arrange-
ments of intersegment restrictors, has brought to light the pres-
ence of naturally unstable axial modes, from the first to the
sixth longitudinal mode. Among the four configurations inves-
tigated in this experiment, case A more closely corresponds to
Ariane 5 P230 motor in terms of intersegment/inhibitor ar-
rangement. The first comparison between computations and
experiments for this configuration has given promising re-
sults.”>"® The same configuration is computed in our case. A
preliminary study has been developed on the numerical fea-
tures of the code' on different configurations to show its abil-
ity to simulate vortex shedding and to predict coupling be-
tween the instability of the mean flow shear layers and the
acoustic field. In this article this method is applied to this sub-
scale motor geometry. However, the observation is restricted
to axisymmetric instability as it is thought that these are dom-
inant in this case. These mechanisms are observed at different
grid levels. The viscosity (Reynolds number) effect is studied
by using three different viscosity values (laminar viscosity
Mgy 80, and 400u,,..). The flow in the solid rocket motor
is turbulent and this situation requires advanced modeling for
taking account of unsteadiness. As a first approximation we
increase the effective viscosity to evaluate the influence of this
parameter on the simulation. The organization of the flow and
the properties of the vortex shedding are studied with respect
to the viscosity and resonant interactions are pointed out. The
nature of the diaphragms is also examined to find the differ-

b)

Fig. 1 Computational domain: a) geometry and mesh and b)
shape of diaphragms: smooth (left) and sharp (right).
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ences between the vortices induced with smooth and sharp
diaphragms that depend on the position of flow separation.

In Sec. II, the numerical methodology is presented and the
computational results are detailed in Sec. III

II. Methodology

A. Governing Equations and Numerical Method

The physical model used is the full Navier—Stokes equation.
This model describes conservation of mass, momentum, and
total energy. These equations can be written in vector form for
the axisymmetric configuration as follows:
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To close this set of equations, the pressure is related to the
other state variables p and T, by the law of state for perfect
gases.

The numerical method used is a version of the explicit
MacCormack scheme. ™ It consists of a predictor—corrector
approach. For each time step, an explicit increment is evalu-

Table 1 Mesh sizes

Block Coarse Medium Fine

1 206 X 10 411 X 19 821 X 37
2 16 X 10 31 X 19 61 X 37
3 55 X6 109 x 11 217 X 21
4 10 X 10 19 X 19 37 X 37
5 133 X 6 265 X 11 529 X 21

Table 2 Boundary conditions

Head end No slip
Aft end Supersonic outflow
Internal side Symmetry

External side A2, A4: injecting wall

Al, A3, A5: no slip
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ated using forward or backward approximations for the invis-
cid part and central differences for the viscous terms.

B. Computational Domain

The test case computed is based on a segmented-motor
model. This case is axisymmetric and requires a multiblock
technique. It represents configuration A of ONERA LP3 ex-
periment. The chosen sequence corresponds to 20 mm of burn-
ing propellant where an important instability at the third mode
(900 Hz) was observed."’~" The meshes are designed by
ONERA."” Three mesh levels are used (Table 1). The medium
mesh is obtained from the fine one by taking every second
point in each direction and the coarse one is obtained from the
medium one in the same way. The geometry and the mesh are
presented in Fig. 1. The configuration is divided into five
blocks. The precise shape of the sharp and smooth diaphragms
are also given in Fig. 1.

C. Boundary and Initial Conditions

The boundary conditions imposed are given in Table 2. Al,
A2, A3, A4, and AS are given in Fig. 1.

A no-slip condition is imposed at the inert wall where the
velocity and normal pressure gradient are equal to zero. The
same boundary condition is imposed along the inhibitor wall.
At the injecting wall, the mass flow rate, the temperature, and
zero tangential velocity are specified. For supersonic outflow
classical first-order extrapolations are used.

For initial conditions computations with coarse mesh and
low viscosity pu.n, are started from rest. The other computations
are performed in sequences (e.g., the 400u,,,, started from the
80y, the fine grid from the medium one, etc.). To evaluate
the effect of the initial conditions, the case with a medium
mesh and the 80u,,, viscosity is also computed by taking the
rest as initial condition. In this case, the transient regime to
reach a stationary signal is longer, but the same solution is
obtained. It is concluded that the results do not depend on the
initial conditions.

D. Physical Values

The physical values used are given in Table 3, where p, is
the propellant density, V, is the propellant burning rate, m is
the injection mass flow rate (pv).y, 7 is the flame temperature,
a is the speed of sound, R is the perfect gas constant, w is the
dynamic viscosity, vy is the ratio of specific heats, and Pr is
the Prandtl number.

The time steps used are dt = 0.5 X 1075 0.25 X 107%, and
1.0 X 1077 s for, respectively, a coarse, medium, and fine grid.
For each case 300,000 time stations have been computed to
obtain a sufficiently long time interval to perform a stationary
spectral analysis (At greater than 0.02 s). For one time step
and with a coarse mesh 0.48 CPU seconds are needed on a
Convex C220.

III. Computational Results

In this study three different grids (coarse, medium, and fine)
are used to show mesh dependence. In fact, with a coarse
mesh, the grid size can be too large, especially for low vis-
cosity values, to resolve the boundary layer that develops at
the second diaphragm where the origin of instability is located.
With a coarse mesh and a low viscosity, the numerical viscos-
ity effect on the vortex shedding mechanism can be important.
To obtain a consistent analysis of the physical phenomena we
need to choose the grid suitable for a given viscosity.

At all mesh levels the unsteady phenomena are observed.
The amplitude and mean values are more accurate with the

Table 3 Physical values (SI units)

Pp V. n T,

a

R w ¥ Pr

1640 7.38 x 107° 12.1032 2700

1061.27

340.53 8.1 x 107° 1.225 1
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Fig. 2 Isovorticity during two periods (f = 1800 Hz) (smooth
diaphragms, 80u,,,,).
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Fig. 3 Time history of the thrust (smooth diaphragms, 80u,,,)
a) complete history and b) Zoom-in ensemble.

fine mesh. The comparison done at 804, has shown that the
unsteady mechanism and corresponding frequencies are mesh
dependent. At this viscosity, the best prediction is obtained
with the finer mesh. The medium mesh is suitable to catch the
basic phenomenon. For this reason, we use the medium mesh
as a reference case to discuss the different effects of viscosity
on the vortex shedding. For this mesh the best agreement with
experiments will be obtained for a higher viscosity, as will be
shown in the following.

First we describe the computed flow and vortex shedding
mechanism in a segmented rocket motor. The effects of vis-
cosity and the shape of diaphragms will be examined later.

To explain the features of the computed flow, we consider
the case of an 80w, viscosity using the medium mesh. Figure
2 shows the isovorticity at different time stations. It can be
clearly observed that the vortex shedding is captured. The for-
mation of the vortex can be seen and a pairing mechanism
takes place. The new vortex resulting from the pairing mech-
anism is absorbed by the nozzle. Different vortices with dif-
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Fig. 4 Spectra of the U-component in the mixing layer (smooth
diaphragms, 80u,,,): a) x/L = 0.575, r/L = 0.025; b) x/L = 0.63,
r/L = 0.025; c) x/L = 0.745, r/L = 0.025; and d) x/L = 0.86, r/L
= 0.026.

ferent sizes exist in the flow and complex nonlinear interac-
tions can appear. Signals obtained are not monochromatic and
contain complex physical phenomena.” Figure 3 presents the
time evolution of the thrust. The velocity and pressure spectra
confirm this complexity. In fact, the spectra exhibit many
peaks as can be observed on Fig. 4. Frequencies detected by
experiments are predicted. The axial evolution of spectra pro-
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Table 4 Viscosity effect: mean values (SI units)

Mean Thrust Phe X 107° Pae X 107° PI1 X 107° PI2 X 107°
Moo 14,045 42.46 41.66 42.46 4231
80 o 14,192 42.67 41.88 42.68 42.52
4000, 14,580 43.35 42.60 43.35 43.19
Table 5 Viscosity effect: amplitudes (SI units) 40000 —— -2306 y -
600
Amplitude  Thrust  Phe Pae PI1 PI2 (Pi) 1200
o 401 9340 23306 7,611 13251 30000 | 900 .
80L10m 237 8,547 18,633 7,573 11,277 2700
400t 51 1,815 6643 1348 2776 45 1800
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Fig. 6 Spectra of the pressure (PI2) (smooth diaphragms): a)
Pioms ) 80, and ) 400t
43170000 8
dynamics™® and controls the space evolution of vortices.
43150000 . ! . . Moreover, the peaks at 750 and 1500 Hz correspond to the
o 0.090 0.095 0.100 0.105 e s)o'”" first and second acoustic mode of the cavity between the sec-

Fig. 5 Time history of the pressure (PI2) (smooth diaphragms):
2) oy b) 80, a0d ) 4001,

vide information on the nonlinear vortex interaction. Near the
shear-layer origin three dominant peaks (900, 1200, and 1800
Hz) are present (Fig. 4a). The initial rollup process is found
to correspond to 1800 Hz. The peak at 900 Hz indicates a
pairing of two vortices emitted at 1800 Hz. Moving down-
stream, peaks corresponding to pairing of two (900 Hz), three
(600 Hz), or four (450 Hz) vortices emitted at 1800 Hz occur.
The pairing of vortices is directly related to the development
of the subharmonics."” It is known that the pairing mechanism
constitutes one of the most striking features in the mixing-layer

ond diaphragm and the throat. The peak at 2300 Hz corre-
sponds to the first acoustic mode of the head-end cavity.

The viscosity and the diaphragm shape effects are studied
with the medium mesh. When the viscosity increases, the
thickness of the boundary layer that develops at the second
diaphragm increases and the velocity gradient at the beginning
of the shear layer decreases. Hence, this shear layer becomes
more stable. The viscosity strongly affects the vortex shedding
and the corresponding acoustic frequencies. For the three vis-
cosities used, the shear layer at the second diaphragm is still
unstable. However, the amplitude of the instability decreases
with the viscous diffusion. The mean pressures increase. Ta-
bles 4 and 5 present, respectively, the mean values and am-
plitudes (0-peak) of thrust, the head-end pressure (Phe), the
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Table 6 Shape diaphragms effect: mean values (SI units)

Mean Thrust Phe X 107* Pae X 107° PI1 X 107* P12 X 107°
Smooth 14,192 42,67 41.88 42.68 42.52
Sharp 14,184 4275 41.82 42.75 42.60
Table 7 Shape diaphragms effect: amplitudes (SI units) 4310000.0 T Y :
P(P
Amplitude  Thrust  Phe Pae PI1 P12 (Pa)
43000000 - -
Smooth 237 8,547 18,633 7,573 11,277
Sharp 434 11,270 27,874 9,657 16,678
4290000.0 H
4280000.0 H
4270000.0 |~ 4
42600000 - 1 . 1
0.050 0.055 0.060 0.065 0.070
a) t(s)
4300000.0 T
P(Pa)
4280000.0 .
4260000.0 M i
4240000.0 .
©) ’ 4220000.0 1
. L . . . . 0.040 0.050
Fig. 7 Isovorticity at different time stations (smooth dia- b) t(s)

phragms): a) fim b) 80, and c) 400,
aft-end pressure (Pae), the pressure at the first diaphragm

(PI1), and at the second diaphragm (PI2). The amplitude is
approximated using the rms value as

AX=\/§rms=

where X is the mean value. The pressure signals at the second
diaphragm for the three viscosity values are presented in Fig.
5. The smoothing effect induced by the viscosity can be ob-
served. As the viscosity increases the amplitude decreases and
the signal is more regular. The spectra corresponding to the
pressure signals at the second diaphragm are plotted in Fig. 6.
Among different frequencies observed in the spectra, the same
peaks are detected (450, 600, 900, 1200, 1800, and 2300 Hz).
The intensity of the peaks of higher frequencies decreases when
the viscosity increases. The unsteady phenomena has the same
origin and is related to the acoustic modes of the chamber.
Among detected frequencies axial acoustic modes are observed.
For example, 900 Hz is the third mode. The isovorticity con-
tours are presented in Fig. 7. The vortex shedding mechanism
is more regular at the high viscosity value. In the flowfield the
pairing of vortices is only observed for the two lower viscosity
cases. For these two cases the shedding frequency is 1800 Hz,
corresponding to a sixth mode. However, for the case when the
viscosity value is 400u,,., the vortex shedding corresponds to a
third mode (900 Hz). For the lower viscosities, near the second
diaphragm, vortices are shed in pairs and the pairing of these
two vortices occurs rapidly. This new vortex corresponds to a
900-Hz frequency. When the viscosity is higher (400u,,), the
beginning of the vortex shedding takes place near the same
position where pairing of two vortices is observed in the other

Fig. 8 Time history of the pressure (PI12) (80u,,,): a) smooth and
b) sharp diaphragms.

5000.0 g T T T T
P(Pa)
40000
3000.0

20000

10000 |

0.0 1 h s
0.0 1000.0 2000.0 3000.0 4000.0 5000.0
a) f(Hz)

6000.0 T v T T T

P(Pa

4000.0 R

2000.0 |-

0.0 " 1 s 1 N 1A
0.0 1000.0 2000.0 3000.0 4000.0 5000.0

b) f(Hz)

Fig. 9 Spectra of the pressure (PI2) (80u,,,): a) smooth and b)
sharp diaphragms.
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Fig. 10 Isovorticity at different time stations (80s,,,,): a) smooth
and b) sharp diaphragms.

cases. Hence, for this last case, due to the viscosity effect, the
first step observed in the lower viscosity cases is missing. As
observed in the experimental measurements, the 900-Hz fre-
quency is the important one in this configuration. Moreover,
frequencies of 450 and 600 Hz are present in the spectra, but
in this case they do not correspond to any observed vortex pair-
ing. Such a situation can be found in many flows for which a
peak in the spectrum at a given natural or forced mode does
not indicate the presence of associate vortices as it was shown
for the near wake of a cylinder.”

In the following, smooth diaphragms are replaced by sharp
ones. The medium grid and the viscosity of 80u,,, are used.
Figure 8 shows the pressure signals at the second diaphragm
for both cases. The oscillations are the same in both cases, but
the amplitude is higher with the sharp diaphragms. The same
remarks can be done for the other quantities as observed in
Tables 6 and 7. The mean values are approximately the same
(Table 6) and the amplitudes are higher with sharp diaphragms
(Table 7). The spectra corresponding to the pressure signals at
the second diaphragm are plotted in Fig. 9. The same peak
frequencies are observed. The beginning of the separated shear
layer is located upstream of the second diaphragm (Fig. 10).
The instability appears earlier as does the pairing. In both cases
the vortex shedding frequency is the same (1800 Hz).

IV. Conclusions

The present study has been devoted to the simulation of the
vortex shedding mechanism in a rocket motor. It has shewn
the feasibility of the simulation of these physical mechanisms.
The vortex shedding is correctly predicted and physically
meaningful for sufficiently dense meshes. It is not monochro-
matic. The spectra display more than one frequency and its
harmonics. The pairing mechanism is detected. The shedding
of vortices and the pairing are the result of a strong coupling
between shear-layer instabilities and acoustic motions. The fre-
quencies detected are related to the axial acoustic modes of
the rocket solid motor.

When the viscosity increases the instability amplitude de-
creases and the vortex shedding is more organized. For the
first two cases (low and medium viscosity), the vortex shed-

ding frequency corresponds to 1800 Hz (sixth axial mode).
Vortices are shed in pairs and pairing occurs rapidly. For the
highest viscosity (400u,) the vortex shedding is observed at
900 Hz (third mode) and the pairing is not detected. In this
case the onset of the first vortex corresponds approximately to
the position of the pairing in the lower viscosity cases. It seems
to be in better agreement with the experiments.

With sharper diaphragms, the separated shear layer starts in
front of the second diaphragm. In this case, the instability oc-
curs earlier and with higher amplitude. For both the sharp and
smooth diaphragms the same frequencies are observed. The
vortex dynamic is not significantly modified.
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