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Computation of Vortex Shedding in Solid Rocket Motors
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This paper is devoted to the computation of turbulent effects on the aeroacoustic interaction in solid rocket
motors. The purpose is to establish a simulation method that estimates the vortex-shedding and acoustic-wave
interaction. To perform these unsteady computations, turbulent motion is taken into account by a � rst-order
model based on a nonlinear relationship between time-dependent Reynolds stresses and velocity gradients. Model
coef� cients are explicit functions of both strain and rotation. This model is applied to the computation of two
simpli� ed con� gurations of a rocket booster. To better evaluate the turbulent effects, computations are presented
with and without a turbulence model. In both con� gurations, the natural unsteadiness of the � ow is captured and
the comparisons with numerical and experimental data are presented. The interaction between vortex shedding
and acoustics is described and the turbulence effects are characterized.

I. Introduction

S HEAR layers that develop behind sharp solid discontinuities
produce instabilitiesand vortex-sheddingthat are able to inter-

fere with acoustic waves in a con� ned chamber. This phenomenon
is addressed in the present paper. Such a situation can be found
in large solid-propellantrocket motors, such as space boosters. In-
deed, the periodic vortex shedding in rocket motors1¡4 is the result
of a strong coupling between the instability of mean shear � ow and
acoustic modes in the chamber. The feedback from the acoustic
waves provides the control signal for the aerodynamic instability.
This phenomenon was investigated by solving the unsteady com-
pressible Navier–Stokes equations without introducing turbulence
models.5¡12 Interestingresults have been found for the aeroacoustic
coupling,but in view of full-scalecomputations,turbulencemust be
addressedif onewants realisticpredictionsof the instabilityfrequen-
cies and of the resulting levels of pressure and thrust oscillations.

For practical con� gurations, such as full-scale solid rocket mo-
tors, direct numerical simulation and large-eddy simulation can
hardly be used mainly because of the expensive cost required by a
suitable resolution,particularlyin connectionwith boundarycondi-
tions.Therefore,the use ofReynolds-averagedNavier–Stokes equa-
tions, containingturbulencemodels, is currentlythe only viableway
to predict the mean and turbulent quantities in complex � ows. Sab-
nis et al.13,14 used ensemble-averaged Navier–Stokes equations to
predict the steadymean � ow in solid-propellantrocket motor cham-
bersbyusingan implicitsolverand the two-equationJones–Launder
k- e turbulence model. With this turbulence model, the turbulence
level is twice overpredicted. Calculations performed by Beddini,15

using a parabolic form of the viscous equations of motion together
with a Reynolds stress turbulence model, also predicted a similar
discrepancy. Dunlap et al.16 suggested that the overprediction for
the injection-driven � ow may re� ect turbulent length-scale differ-
ences not accounted for in the turbulence models used. Their mea-
surements reveal that values in the porous tube � ow are less than
half those in the pipe � ow. This indicates that these models are not
well adapted to these kinds of � ows, and a more suitable model is
needed, particularly when the � ow presents injection wall and co-
herent structures. The simultaneous existence of the organized and
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disorganized structures in the � ow is obvious. Thus, it seems nec-
essary to make a distinction between the role played by each type
of structure.The computationspresentedhere are based on splitting
the instantaneousmotion into an unsteadyensemble-averagemotion
and an incoherent random motion.17,18 The � rst part is calculated
and the second part is modeled.

The use of ensemble averaging leads to a set of equations look-
ing identical to the one obtained with time averaging, so-called
Reynolds averaging, except that the Reynolds shear stress is re-
placed by the ensemble-averaged shear stress, which can be inter-
preted as organized Reynolds stresses. In turbulencemodeling, un-
knownturbulentcorrelationscanbe relatedalgebraicallyto themean
� ow� eld (� rst-order models) or determined by their own dynam-
ical transport equations (second-order models). The second-order
models are attractive because they can simulate the transport of the
individual correlations,and hence, contain physics missing in � rst-
ordermodels (anisotropy,etc.). Nevertheless,it is dif� cult to consis-
tently model all of the higher-orderturbulentcorrelationsappearing
in these second-momentdynamicalequations.For practicalcalcula-
tions,� rst-ordermodels aremore convenient.However, the standard
� rst-order models, such as the k-e , which is the most popular one
used in practical � ow calculations,present two limits. The � rst limit
is that the model coef� cients are constant and are determinedunder
equilibrium or isotropic turbulence conditions, thus, they are not
universal. The second limit is that these models use Boussinesq’s
isotropic eddy–viscosity concept, which assumes that the unknown
correlations are proportional to the mean velocity gradients. This
concept fails for � ows where the normal stresses play an important
role. This suggests the need for a more general model for complex
� ows overcoming both limitations listed earlier. For these reasons,
in steady-stateand anisotropic� ows, more general closure relations
havebeenderived.19¡25 Theycontainboth linearandnonlinearterms
of the average velocity gradient. The same approach is extended to
develop unsteady calculation. The presence of a nonlinear term al-
lows better evaluation of the turbulent stress anisotropy, which can
be important for unsteady � ows. Moreover, the model coef� cients
are functions of � ow characterstics and, hence, are time dependent.

This approach is used to compute the � ow and the aeroacoustic
interactions in two simpli� ed con� gurations of the booster. The in-
teractionbetweenthe aerodynamicinstabilityand the acousticmode
is analyzed and the impact of the tubulence on this mechanism is
characterized.In addition to this nonstationarymodeling, an experi-
mental study26¡28 and large eddy simulation (LES) method29¡32 are
investigated for the same con� gurations. Results obtained in this
study will be compared, when possible, with other studies.
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II. Governing Equations
A. Decomposition

The starting point of the present approach is the decomposition
of any instantaneousphysical variable into coherent organized and
incoherent random parts. Equations for the coherent part are ob-
tained by performingan ensembleaverageof the instantaneous� ow
equations. The effects of the random part are introduced by using a
suitable unsteady turbulence model. The following relation for the
variables can be written:

v (xk , t ) D Ov (xk , t ) C v r (xk , t) (1)

where v representsthe instantaneousquantity, Ov representsthe orga-
nized unsteadinesspart that can be computed, and v r designates the
random and incoherent� uctuations.This decompositioncan be ob-
tainedby phaseaveraging,which is averagingover a large ensemble
of points having the same phase. In particular, this decomposition
is fully satis� ed if pseudoperiodiccomponentsexist in the � ow. Ex-
perimentally,it has been derived in many cases for single-frequency
phenomena. It is more dif� cult to determine the situation for mul-
tifrequency phenomena, although, in this case, a special � ltering
operation, such as the one used by Brereton and Kodal,33 can be
performed.Theoretically, there is no restriction in deriving the suit-
able mathematical model, apart from the prescription of adequate
boundary and initial conditions for each phase-averagedvariableof
the � ow.

A condition to formally obtain adequate equations for the coher-
ent motion is to impose a zero cross correlation

( Ov ¢ v r ) D 0

between coherent and incoherent motions. This implies that only
quadratic interactionswill appear for the random part of the � uctua-
tions, and that so-called Leonard stressesdo not exist in these equa-
tions, not like in the conventionalLES approach.Again, the special
� ltering procedureused by Brereton and Kodal33 is applicable in an
experimental study to measure such � uctuations in real � ows. Un-
der these assumptions, the resulting phase-averagedNavier–Stokes
equations look identical to the Reynolds-averaged Navier–Stokes
equations, except that the Reynolds shear stress is replaced by the
phase-averagedshear stress.

In this study no � ltering is used to establish the equations. The
coherent part derived by the decomposition is general. In fact, for
the numerical study, the ef� ciency of the decomposition is related
to the turbulent model used. Such a decomposition between a co-
herent and incoherentpart providesa set of partialdifferentialequa-
tions that holds for all possibledecompositions,satisfyingthe previ-
ously mentionedconditions.The speci� c problemcorrespondingto
a givenpractical � ltering is then de� ned throughadequateboundary
conditions and modeling for unknown correlations.

In the present work, the generally admitted mass-weighted aver-
aging procedure is retained for all transportable variables in com-
pressible � ows:

Qv D q v / Oq (2)

where Qv , the mass-weighted phase average, is time dependent.

B. Coherent Flow Equations

Phase-averaged Navier–Stokes equations for a two-dimensional
or axisymmetric nonswirling � ow can be written as a vector equa-
tion. Hence, motion equations are written as
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The shear stress tensor is given by
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C. Turbulence model

The use of ensemble averaging leads to an open set of equa-
tions. The time-dependent approach gives identical equations with
the same number of unknown correlations to be modeled as for the
classical stationary approach. Consequently, modeling of the time-
dependent correlations,ui u j [Eq. (4)], can be achieved in the same
way as for the classical time-mean correlations.Therefore, both the
eddy-viscosity concept and second-order modeling can be consid-
ered. For reasons that were listed in Sec. I, an appropriate� rst-order
model is used in the present study.

The closure law of turbulent stresses that was used is similar to
the one obtained by Zhu and Shih,22 or Shih et al.,23 and it was
used by these authors to compute steady � ows. Assuming that the
new correlations depend on the phase-averagedvelocity gradients,
turbulentlength,andvelocityscales,a closurerelationshipis derived
by using the invariance theory. Using the realizabilityconditions,34

the coef� cients are found to be functions of the time-scale ratio of
the turbulent to the phase-averagedstrain rate and of the time scale
of the turbulent to the phase-averagedrotation rate.

The turbulent length and velocity scales are characterizedby the
phase-averagedturbulent kinetic energy Qk and dissipation Qe , hence,
the phase-averagedcorrelations u i u j are expressed as:

u i u j D U i j
¶ QUi

¶ x j
, Qk, Qe (5)

Using the same derivation as used by Zhu and Shih22 (see also
Shih et al.23 ), the closure model can be obtained as follows35:
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and by taking only a quadratic form of Ti j , we � nally obtain:
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f and C l are dependent on the time-scale ratio of the turbulence to
the phase-averaged strain rate g , and on the time-scale ratio of the
turbulence to the phase-averagedrotation n :

f ( g , n ) D 1
.
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It is worthwhile to note that both C l and f depend on g and n .
Generally, in previouswork using the same kind of model, the time-
scale ratio of the turbulenceto the rotation n is not introducedin the
coef� cients C l and f . In this approach, the unsteady motion of the
coherent structures involves the rotation effect on all coef� cients,
thus, all terms in Eqs. (8) and (9) are maintained in the computa-
tion and the model is, in fact, more complete than the ones usually
retained for stationary mean � ow computations.

To achieve the closure process, the phase-averaged turbulent ki-
netic energy of the turbulent motion and its phase-averaged dissi-
pation ( Qk, Qe ) must be determined by using two transport equations:
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To account for near-wall � ow, the low-turbulent Reynolds num-
ber model having the same form as the Jones–Launder near-wall
model36 is used. The damping functions ( f l of l t and f2 ), and the

new constants (D1 and D2), dependent on phase-averaging vari-
ables, are introduced:
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The low-turbulentReynolds number model is only appliedon the
solid wall and not on the propellant surface. This is consistentwith
analytical results derived by Chaouat37 for an injecting surface.The
model coef� cients are given next: C e 1 D 1.44, C e 2 D 1.92, r k D 1.0,
r e D 1.3, C t 1 D ¡4, C t 2 D 13, C t 3 D ¡2, A1 D 1.25, A2 D 1000,
c 1 D 0.9, and c 2 D 1.

It can be noted that if we only conserve the linear part of the
model (C t 1, C t 2 , and C t 3 equal to zero), and C l equal to 0.09, we
obtain the standard Jones–Launder model.

The most outstanding difference with a model used to compute
the steady-statedevelopedby Shih et al.23 is the use of low Reynolds
number modeling in contrast with the use of wall function.

The use of this approach for the unsteady � ows with organized
structures is motivated by the fact that this model is more general
than classical � rst-order models and is not limited to Boussinesq’s
isotropic eddy-viscosity concept. This feature makes it more ade-
quate for predicting the unsteadiness.

III. Methodology
A. Numerical method

The numerical method used is a version of the explicit
MacCormack scheme.9 It consists of a predictor–corrector ap-
proach. For each time step, forward or backward approximations
for the inviscid part are used, and central differences are used for
the viscous terms. The two steps of the scheme can be written as
follows:

For the predictor step:
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The scheme is time and space second-order accurate. In the
presentnumerical code, it is also possibleto use the implicitmethod
based on a Gauss–Seidel line relaxation technique or the � ux-
splitting technique, but to compute an unsteady � ow, it has been
shown that computationwithout these options is more accurate and
practical because both of these techniquesinduce damping effects.9

B. ComputationalDomains

Two laboratory-scale motors are of concern here. The � rst is a
two-dimensionalplanarsolidrocketmotorcalledC1, and the second
is axisymmetric and named C1x.

The computationalcon� guration of the C1 rocket booster is pre-
sented in Fig. 1. The grid (318£ 31) is the same as that used by
Lupoglazoff and Vuillot.12 The length of the chamber was chosen
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in such a way that the � rst mode frequency was close to the critical
frequency of the shear layer ( fcr D 1320 Hz).9,12 The length of this
plane motor is 0.47 m with 0.2-m-length grain. The same con� g-
uration in a three dimensional case with the same mesh in (x1, x2)
directions was used for computations with an LES approach by
Silvestrini et al.29 and Silvestrini.30

The axisymmetric test case geometry (C1x) is close to the C1
con� guration. However, it has a higher length (0.785 m) with
0.35-m-length grain. It corresponds to a whistling motor that was
investigated for numerous � ring tests at ONERA.26¡28 This motor
has been designed to produce sustained vortex shedding-drivenos-
cillationsto validatethenumericalcodes.The � ring time considered
here corresponds to a 3-mm propergol burned layer. The geometry
and grid are presented in Fig. 1. The grid size is (597 £ 49). This
test case (grid and speci� cations) was supplied by ONERA.

C. Boundary and Initial Conditions

The boundary conditionsimposed to rocket boosters are given in
Table 1.

The no-slip condition is imposed at the inert wall, where the ve-
locityandnormalpressuregradientare equal to zero.At the injecting
wall, the mass � ow rate, temperature, and zero tangential velocity
are speci� ed. For the out� ow boundary, the supersonic classical

Table 1 Boundary conditions

Head end Aft end Internal side External side

No slip Supersonic out� ow Symmetry A1: injecting wall
—— —— —— A2: no slip condition

Note: A1 and A2 are given in Fig. 1.

Table 2 Physical valuesa

Case q p Vc Pm T f a R l c Pr

C1 1633 13 £ 10¡3 21.201 3387 1075.43 299.53 36 £ 10¡5 1.14 1
C1x 1586 4.18£ 10¡3 6.62948 2224 1031 384.513 7 £ 10¡5 1.243 0.495
aS.I. units.

Fig. 1 Computational domains: a) C1 and b) C1x.

� rst-order extrapolationsare used. Concerning turbulent quantities,
Qk and Qe are set to zero at the wall.

For initial conditions, computations are started from rest for the
case without a turbulence model. The solutions obtained in these
steps are used as initial conditions to perform computations with
the turbulencemodel.

D. Physical Values

Table 2 presents the physical values used for both cases. In this
table, q p is the propellantdensity,Vc is thepropellantburningrate, Pm
is the injection mass � ow rate ( q m )inj, T f is the � ame temperature,
a is the speed of sound, R is the perfect gas constant, l is the
molecular viscosity, c is the ratio of speci� c heats, and Pr is the
Prandtl number.

For the C1 planar motor, the time step used is equal to dt D
1.623 £ 10¡7 s; 350,000 iterations were performed. The computa-
tion was done on a Convex C220 computer, and for one time step,
1.1 CPU secondswere needed.For the axisymmetriccase (C1x), the
time step was dt D 1 £ 10¡7 s; 500,000 iterations were performed.

IV. Computational Results
A. Unsteady Navier–Stokes Computations
Without Turbulence Model

The code was � rst tested with unsteady Navier–Stokes solutions
to assess its validity and isolate the speci� c effect of the turbulence
modeling.

The velocity and pressure signals obtained at different positions
in the � ow, for the C1 case, show the unsteady organized character
of the � ow. Figure 2 presents examples of pressure and velocity
time histories. The corresponding spectra are also reported. These
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spectra show a monochromatic character of the signal with a high
peak close to the second axial-mode frequency (2570 Hz). Vuillot
et al.38 and Silvestrini et al.29 obtained the same periodic mech-
anism at approximately the same frequency. A comparison with
their results has been made with good agreement. The coupling
process is very sensitive to the position of the shear-layer origin
(X0 ). Lupoglazoffand Vuillot,12 using Flandro’s method, show that
for 241 mm · X0 · 285 mm, mode 2L should be unstable,whereas
mode 1L should be stable. The numerical simulation results are in
agreement with their analytical evaluations,as X0 is in this range.

Figure 3 presents the isovorticity contours during one period. In
the mixing layer, coupledwith acousticoscillations,periodicvortex
shedding occurs. This process is self-sustainingand well described
by many previous authors (see, for example, Vuillot4 or Kourta9 ).

In these � rst computations, comparisons are done with other nu-
merical simulations and with analytical theories. For the C1x test
case, we have the possibility to compare with experimental data.
Pressure signals were measured at eight positions, including the
head and end positions (Fig. 1 and Table 3). Pressure signals were
recorded at the same positions. The problem is assumed to be ax-
isymmetric.

Time histories of the pressure are plotted in Fig. 4. The signals
are regular, but not monochromatic. They present the same shape

Fig. 2 Time histories and spectra of velocity and pressure (C1, without turbulence). x1/L = 0.78, x2/L = 0.0824.

and behaviors that are similar to those obtained experimentally by
Refs. 26–28, and numerically by Refs. 30 and 38. Tables 4 and 5
present, respectively, the mean values and amplitude (zero-peak)
of pressures. The amplitude is approximated using the rms value
as de� ned by Kourta.11 In these tables, the results are compared
with numericalNavier–Stokes computationsperformedon the same
mesh30,38 and also with experimentaldata.26,27 The mean values are
in goodagreementwith experimentaldata.The head-endmean pres-
sure is well predicted. Computations done by Silvestrini30 slightly
underestimate these values. It can be noticed that the mean pressure
increasesbetween the sixth sensor (PC6) and the aft end (Paft). This
indicates the existenceof separationbubble upstream of the nozzle.
Concerning the zero-peak ampliude levels (Table 5), these com-
putations are in good agreement with the other ones for the same
mesh. However, all of these numerical simulationsoverestimate the

Table 3 Pressure sensor positions

Phead PC1 PC2 PC3 PC4 PC5 PC6 Paft

x , mm 0 400 450 500 550 600 650 720.5
y, mm 22 42.5 42.5 42.5 42.5 42.5 42.5 30.7



KOURTA 395

Table 4 Mean values of pressurea

Phead PC1 PC2 PC3 PC4 PC5 PC6 Paft

This study 9.525 9.233 9.233 9.233 9.231 9.230 9.231 9.241
Silvestrini30 9.436 9.141 9.140 9.139 9.139 9.138 9.136 9.158
Experiment26,27 9.52 9.22 —— —— —— —— 9.22 9.23
aBar.

Table 5 Zero-peak amplitude of pressurea

Phead PC1 PC2 PC3 PC4 PC5 PC6 Paft

This study 0.028 0.018 0.014 0.015 0.025 0.028 0.051 0.047
Silvestrini30 0.039 0.026 0.021 0.026 0.032 0.033 0.057 0.048
Vuillot et al.38 0.027 0.022 0.019 0.017 0.024 0.042 0.037 0.029
Experiment26,27 0.008 0.005 0.007 0.010 0.007 0.013 0.013 0.018
aBar.

Fig. 3 Isovorticity during one period (second longitudinalmode) (C1, without turbulence).

Fig. 4 Time histories of the pressure (C1x, without turbulence): a)
Phead , b) PC2, c) PC5, and d) Paft .

experimentallevels.This overestimationcan be a resultof two phys-
ical phenomenanot considered in the numerical simulations: turbu-
lence or three-dimensionaleffects.

The spectra, correspondingto the pressure signals, obtained with
fast Fourier transform, are plotted in Fig. 5. These spectra exhibit
many peaks. The longitudinal acoustic modes, up to the fourth,
are present. The higher peak corresponds to the second axial mode
(1300Hz). Another importantpeak is also detectedand corresponds
to 800 Hz. This frequency is not related to the acoustics in the
booster. The same frequencies are also detected by numerical sim-

Fig. 5 Spectra of the pressure (C1x, without turbulence): a) Phead ,
b) PC2, c) PC5, and d) Paft.

ulations of Vuillot et al.38 and of Silvestrini et al.29 The 800-Hz
frequency starts to be important near and after the second pressure
sensor. It is related to the oscillationsinducedby the curvatureeffect
near the nozzle and imposed to the recirculation in the corner.

Figure 6 shows the isovorticitycontours during one period corre-
spondingto a secondaxialmode (1300Hz). They show that the � ow
corresponds to a con� ned mixing layer characterized by periodic
vortex shedding as a consequenceof Kelvin–Helmholtz instability.
During the period, two vortices are generated and only one vortex
is absorbed by the nozzle. This indicates that the vortex shedding
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Fig. 6 Isovorticity during one period (second axial mode) (C1x, without turbulence).

frequency corresponds to a fourth axial mode (2600 Hz) and that
the pairing mechanism exists. The resulting vortices are related to
the second axial mode. The same vortex mechanisms are also ob-
served by Silvestrini30 and Vuillot et al.38 In this � gure it is also
observed that there is near-wall instability owing to the curvature
and characterizedby unsteady zone in the corner of the nozzle.

These numerical results, and also those obtained by Silvestrini30

and Vuillot et al.,38 show that the vortex shedding is coupled with
the fourth acousticmode, whereas the experiment26,28 show no cou-
pling. As pointed out by Vuillot and Lupoglazoff,31 the chosen time
into the � ring (3-mm burned) corresponds to the � rst regime, com-
prised between ignition and approximately 1 s into the � ring. This
regime appears to be weakly coupled with the chamber acoustics.
It is believed that nonintense vortex shedding is taking place at
this time point, contrary to the second regime that starts after the
9–10-mm-burned point. Vuillot and Lupoglazoff believed that this
behavior resulted from large turbulence levels in the early part of
the � ring. In this case, the discordance between the computations
and the experiment can be related to the absence of turbulence in
the computed equations.

B. Unsteady Navier–Stokes Computations
with Turbulence Model

The modeling of turbulent effects is an important key in the abil-
ity of a numerical simulation to accurately predict the aeroacoustic
interactionin the solid rocket motors. It is needed to predict both the
instabilities frequencies and amplitude levels. For this reason, the
time-dependentturbulencemodel isused to studybothmotorcon� g-
urationspreviouslycomputedwithout a turbulentmodel. Special at-
tention is given to evaluatethe turbulenceeffectson this interaction.

For the C1 con� guration, the time evolution of the thrust and
corresponding spectrum are presented on Fig. 7. The signal is not
regularcomparedwith the viscousnonturbulentcase where the time
evolutions were monochromatic. Turbulence produces a superim-
position of another organized motion to the vortex-shedding one.
The difference in the nonturbulentcase is the appearanceof another
frequency (1910 Hz). The peak at the frequencyclose to the second
longitudinalmode is also detected in the present turbulent case.

Figure 8 presents the spectra of the longitudinal velocity com-
ponent at four points located downstream of the shear-layer origin.
Two points are near the solid wall (Figs. 8a and 8b) and the two
others are in the shear layer. The spectra show peaks at 1910 and
2600 Hz, both in the near-wall region and in the shear layer. In the
near-wall region, the peak at 1910 Hz is more intense than that in
the shear layer, and can be higher than the other frequency peaks
(Fig. 8b). In the shear-layer region, the second longitudinalmode is
the predominant frequency.

The time evolution of the isovorticity contours (not shown here)
during one period correspondingto the second longitudinalacoustic

Fig. 7 Time history and spectrum of the thrust (C1, with turbulence).

mode con� rms that this acoustic mode controls the � ow and the
vortex shedding. However, the structures are less marked than in
the case without turbulence and the intensity of the concentrated
vorticity is smaller. The observed values of the turbulent viscosity
was on the order of 100 times that of the molecular viscosity in
the shear layer. The coherent part of the turbulent kinetic energy is
periodic, as with all other turbulent quantities. The global behavior
of the chamber is controlled by the second longitudinal acoustic
mode.

The other source of instability observed in the chamber is char-
acterized by a frequency of 1910 Hz. This can be interpreted as a
secondary instability that affects mainly the near-wall � ow. It ap-
pears as a bulk oscillation in this region, which affects the whole
chamber. The origin of this instability can be associated with the
separation of the boundary layer upstream of the nozzle, as found
by Silvestrini et al.29 and Silvestrini30 using the LES approach. It is
produced by compression effects in the nozzle and most likely en-
hancedby the presenceof the turbulenceyieldinga thickerboundary
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Fig. 8 Spectra of the U-velocity component (C1, with turbulence): a) x1/L = 0.79, x2/L = 0.0076; b) x1/L = 0.73, x2/L = 0.0075; c) x1/L = 0.78, x2/L =
0.0824; d) x1 /L = 0.73, x2 /L = 0.0820.

Fig. 9 Time histories of the pressure (C1x, with turbulence): a) Phead ,
b) PC2, c) PC5, and d) Paft .

layer along the nozzle wall. For this reason, this instability was not
detected in a previous simulation performed in the nonturbulent
case.

Also, with the turbulencemodel, an attenuationof the oscillatory
levels is observed.Silvestrini et al.,29 with a three-dimensionalLES
simulation, did not detect such attenuation. In this study,29 the high
amplitudeof the oscillationlevels seemed to indicate that the turbu-
lent viscosityis very small comparedwith the molecularone, and, in
this case,the turbulencedoesnotplayanysigni� cantrole in this � ow.
This last result contradicted the modi� cation of frequency in this
simulation.Lupoglazoffand Vuillot32 performeda two-dimensional
simulation by applying LES models derived for three-dimensional
problems without extension to the two-dimensional case. They ob-
tained even less attenuation than in the present work. In their paper,
however, the attenuation is more important with the Smagorinsky
model than with Lesieur’s structure function model. A signi� cant

Fig. 10 Spectra of the pressure (C1x, with turbulence): a) Phead ,
b) PC2, c) PC5, and d) Paft.

scatterexists between all of the valuesobtainedfor the turbulentvis-
cosity, and moreover, near-wall treatment is not always properly set
up. For all of these reasons, it is not possible to de� nitivelyconclude
on this aspect, but the results obtained from the present model do
not suffer from some of the same drawbacks as the previous ones.
The quality of the frequency and amplitude response of the model
argues for the validity of the results of this model.

The time-dependent turbulence model is then applied to the ax-
isymmetric whistling motor, C1x. Time historiesof the pressure are
plotted in Fig. 9, and corresponding spectra in Fig. 10. There are
no signi� cant differences between these results and those obtained
without turbulence.The signals have the same shape and behaviors.
Tables 6 and 7 present, respectively, the mean values and ampli-
tude (zero-peak) of pressures. In these tables, computations done
with and without a turbulencemodel are comparedwith experimen-
tal data.26¡28 The predicted mean values of pressure are in good
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agreement with experimentaldata. The results obtainedusing a tur-
bulence model seem more favorable. Without a turbulence model,
the mean pressure increases between the sixth sensor (PC6) and the
aft end (Paft), showing the existenceof a recirculationzoneupstream
of the nozzle. Concerning the zero-peak amplitude levels (Table 7),
with and without a turbulencemodel, numerical simulationsoveres-
timate the experimental levels. This overestimation can be a result
of the three-dimensional mean � ow effects that were most likely
important in this case, but were not included in our simulation. The
fact that the results obtained with and without a turbulence model
are approximately the same, indicate that the turbulence does not
play an important role for the � ring time selected in this simulation.

Figure11 shows the isovorticitycontoursduringoneperiodcorre-
sponding to a second axial acoustic mode. The same remarks made

Table 6 Mean values of pressurea

Phead PC1 PC2 PC3 PC4 PC5 PC6 Paft

Without turbulence 9.525 9.233 9.233 9.233 9.231 9.230 9.231 9.241
With turbulence 9.516 9.224 9.224 9.224 9.224 9.223 9.222 9.230
Experiment26,27 9.52 9.22 —— —— —— —— 9.22 9.23

aBar.

Table 7 Zero-peak altitude of pressurea

Phead PC1 PC2 PC3 PC4 PC5 PC6 Paft

Without turbulence 0.028 0.018 0.014 0.015 0.025 0.028 0.051 0.047
With turbulence 0.026 0.017 0.011 0.013 0.024 0.025 0.025 0.048
Experiment26,27 0.008 0.005 0.007 0.010 0.007 0.013 0.013 0.018
aBar.

Fig. 11 Isovorticity during one period (second axial mode) (C1x, with turbulence).

Fig. 12 Isoturbulent kinetic energy during one period (C1x, with turbulence).

for the case without a turbulent model are still valid in the present
case. The vortex shedding is controlled by the fourth axial acoustic
mode, and pairing is observed. Hence, as it was observed that with-
out a turbulence model, acoustically coupled vortex shedding was
taking place,which is not the case for the experiment.26¡28 The time
evolution of the phase-averaged turbulent kinetic energy is plotted
in Fig. 12. Its evolution follows the one observed for the phase-
averaged mean � ow. The higher-turbulencelevels are observed be-
tween two vortices. The turbulence levels are small. The evolution
of the turbulent viscosity is the same as the turbulent kinetic energy
one. In the shear layer, the turbulent viscosity reaches its maximum
level, and is between two and seven times that of the molecular vis-
cosity value. This indicates that the presence of turbulencedoes not
signi� cantly enhance the effective diffusivity.



KOURTA 399

Vuillot and Lupoglazoff31 applied LES models, derived for a
three-dimensional calculation (Smagorinsky and Lesieur models),
to two-dimensional axisymmetric con� gurations (0- and 3-mm
burned). They studiedthe0-mm-burned(ignition) con� gurationand
found that the computed � ow� elds showeda net decreasein oscilla-
toryamplitudein agreementwith experiments.For the3-mm-burned
con� guration, they observed that the oscillatory amplitudes do not
decrease, contrary to the experiments. This last numerical result is
in agreement with the present work. However, Vuillot et al.38 ob-
served that in the experiments, the acoustic coupling is detected in
four cases over 11. In these cases, the experimental spectra show
the fourth acoustic mode, which can be the vortex shedding fre-
quency. Such situations correspond to the acoustic coupling in the
booster. If so, the agreement between the computation and the ex-
periment is good, but the question of onset of this coupling is still
unresolved.

V. Conclusions
The present study is devoted to the simulationof the vortex shed-

ding in turbulent shear � ows and its interactionwith acousticmodes
inside the solid-propellantrocket motors. To correctly predict these
kind of � ows, a time-dependent turbulent model is used. The un-
known correlationsare expressed in terms of higher-order relation-
ships of the phase-averaged velocity gradients. An important be-
havior of the present model is that the coef� cients are not constant
but are functionsof the � ow mechanisms.They depend on the time-
scale ratio g and n , and thus, are time dependent.

The numerical simulation is used to analyze the � ow inside two
simpli� ed rocket motor con� gurations where vortex shedding has
been observed. Computations are done with and without a turbu-
lence model. In this last case, the time-dependent turbulencemodel
is applied.

The � rst case computed, C1, is a two-dimensional con� gura-
tion. The vortex shedding is correctly predicted with and without
turbulence,and agreementwith other numericalsimulationsand an-
alytical results is obtained. In both situations, the vortex shedding
is controlled by the second axial acoustic mode. The introduction
of a turbulent model leads to important modi� cations. Compared
to a nonturbulentviscous simulation, the monochromaticstate does
not exist in the turbulent case. Two frequencies are detected; one
of them corresponds to a second longitudinal acoustic mode. Ap-
parently, the � ow and vortex shedding are controlled by the second
longitudinal acoustic mode, as it was in the case of nonturbulent
simulations. The second mode is more intense in the near-wall re-
gion and is associatedwith compressioneffects in the nozzle. In this
con� guration,the use of a turbulencemodel improves the prediction
of the � ow instabilities with correct frequencies and levels.

The second geometry corresponds to the ONERA experiment
(C1x). The aeroacousticinteractionsare predicted.The vortex shed-
ding is captured.Its frequencycorrespondsto the fourthaxial acous-
tic mode. The pairing mechanism characterizedby the second axial
acoustic mode frequency is also detected. In this case, the introduc-
tion of the turbulence model does not strongly modify the results.
For the � ring time chosen, the turbulence does not play an impor-
tant role. The difference between our simulations and experiments
in the amplitudelevels can be because the axisymmetricassumption
is done in the simulation and seems inadequate in this case.

This turbulence model presents one promising way to perform
full-scale computations for unsteady � ows. However, more im-
provements and validations are needed to capture more complex
situations, such as the initiation of oscillations or the in� uence of
three-dimensionalphenomena.
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