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Numerical Simulations of Wall and Shear Layer

Instabilities in Cold Flow Setup
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and
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Experimental and numerical investigations were performed to characterize the potential sources of unstable
behavior in a confined chamber that was both bounded by injecting walls and contained an emerging obstacle.
The effect of the vortex shedding occurring in the wake of the obstacle and the wall vortex shedding phenomenon
are described. The latter was found to be the most important source of acoustic energy in the chamber, and both
experimental and numerical results demonstrated the interaction of pressure waves with vortex development. In
addition, turbulent computations were performed to improve numerical results with regard to the experimental
ones. Different levels of the pseudoinjected turbulence at the porous walls were also investigated,and such boundary
conditions were found to affect strongly the unstable nature of the internal flowfield.

Nomenclature
a = speed of sound, m/s
E* = total energy per unit of mass,
[p/p(y = D)+ (02/2) + ¢71, U/kg
F = convective flux vector
f.. = nthlongitudinal acoustic mode, na/2L, Hz
h, = channel height, m _

It = turbulence intensity, /(2 + v'2) /u.

K = turbulentsource term vector

L = channel length, m

[ = length between the obstacle location
and the submerged nozzle, m

m = total mass flow rate, kg/s

m, = mass flow rate per injecting surface unit, kg/m?s

n = normal vector

Pr = Prandtl number

p = pressure, Pa

p* = turbulentpressure, (p + %pqz), Pa

0 = conservation vector of Navier-Stokes equations

q = turbulent velocity, m/s

Re. = axial Reynolds number, pu h./p

Re;; = Reynolds tensor

Re, = injection Reynolds number, pv,h./u

R, = correlation coefficient of the pressure and the velocity
fluctuations, u’(¢).p'(t + 1) /+/[' ()21 [P’ (1)?]

Sy = power spectral density normalized by rms x’
fluctuations, Hz !

T = temperature of the flow, K

u = velocity in x direction, m/s
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U, = characteristic mean flow velocity, 1/ pw.h., m/s
v = velocity in y direction, m/s

v; = velocity componentin the ith direction

w, = channel width, m

X,Y = axial and transverse axis normalized
respectively by / and &,

x,y = Cartesian coordinates

X; = ith direction

y = ratio of specific heat

Ar = total thermal conductivity, W/mK

" = dynamic viscosity, kg/ms

wr = total dynamic viscosity, (1 + 1), kg/ms

Iy = turbulent dynamic viscosity, C, pg*/w, kg/ms

0 = density, kg/m3

oy = injected turbulenceratio at the porous injecting
wall, /(v2)/v,,

T = time delay, s

Q = vorticity,s™!

w = dissipation frequency, s~!

Subscript

w = value at injecting wall

Superscripts

! = unsteady component

- = mean value

I. Introduction

EGMENTED solid propellantrocketmotor technologyforlarge

space launchers provokesnumerousinduced problemsin the in-
ternal flow, such as low-frequency instabilities, thermal protection
failure, and slag mass accumulation of aluminum in the rear end
of the motor, to name a few. Knowledge of internal flow behavior
and the characterization of fundamental mechanisms is of major
importance in the treatment of these problems. For instance, un-
stable behavior was detected on Titan motors'? and also observed
for the Ariane 5 solid rocket motor.> Both are segmented, that is,
three to seven propellant blocks constitute the motor, depending on
the motor and version, and are mainly characterized by the pres-
ence of inhibitor rings. Under such conditions, classical stability
calculations* based on the acoustic balance predict stable behav-
ior. As stated by Vuillot,? the cause for such oscillations has been
traced to the coupling of unstable shear layers of the internal flow
with the acoustic modes of the chamber. The relevance of vortex
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sheddingfor segmented geometries was clearlyidentified by Dunlap
and Brown® and Brown et al.,” who demonstrated that vortex shed-
ding acted as an additional source of acoustic energy in segmented
solid propellant rocket motors. Their works were mainly based on
cold-gas simulations of a scaled-down Titan booster and underlined
thatacoustic wave amplification reached a maximum when the char-
acteristic vortex shedding frequency was close to an acoustic mode
of the experimental setup.

In addition, many experimental works®” were dedicated to the
fundamentalorganizationof the flow insidea bounded wall injection
chamber withoutany geometric disparities. Transition from laminar
to turbulentregime was also studiednumerically.!’~!> Dunlapetal.'?
studied wall injection flows through a cold-gas setup and were the
first to mention a possible unstable mechanism in the vicinity of the
injecting walls. However, Lupoglazoffand Vuillot'* were the first to
present numerical simulations in a classical wall injection channel
without geometric disturbances and to demonstrate the presence of
a wall vortex shedding phenomenon; because the flow was gener-
ated in a confined chamber, vortices impinged on the rear end of the
chamber, and initial matched up with the acoustics. Then, a second
possible acoustic energy source was detected and is still today of
fundamentalinterest. In fact, it states that noimportant sheared areas
are needed to providean unstable mechanism. The competingmech-
anisms of the obstacle vortex shedding and the wall instability were
first presented through numerical simulations of fired motors by
Traineau et al.'> Avalon et al.’” investigated the unstable behavior of
wall injection flows and proposed a stability criterion. First, accord-
ing to linear stability, the evolution level of perturbations requires
sufficient chamber length to grow and reach an unstable level. Sec-
ond, the characteristichydrodynamicfrequency must be close to an
available acoustic mode. Finally, instabilities are favored when the
longitudinallocationat whichinstabilitiesdevelopcoincides with an
acoustic velocity antinode. Such criteria constitutea first and useful
stepin the understandingof coupling phenomenabetween acoustics
and hydrodynamics.According to Dotson et al.,'® who analyzed the
response of the Titan IV solid rocket motor upgrade, this type of
coupling was responsible for unstable flow development. The new
design studied correspondsto a three-segmentmotor withoutan ob-
stacle. These researchers proposed an acoustic feedback model to
explain the high-pressure fluctuations in the motor, assuming that
pressure oscillations measured during the firing test were caused
by coupling between the motor’s fundamental acoustic mode and
vortices that shed near the cavity between the second and the third
propellant blocks.

Under these conditions, there are two possible ways of unsta-
ble developmentin solid propellantrocket motors. First, the vortex
shedding phenomenon occurring in an intense sheared area of the
flow was mainly studied behind diaphragms and restrictors in cold-
gas simulations and its coupling with the acoustics. Second, through
numerical results, as well as stability analysis of test firing, the wall
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vortex shedding phenomenon was found to act no differently from
its counterpart arising in a configuration without emerging obsta-
cles. According to Zhao et al.!” and Staab et al.,'® the generation of
a vorticity pattern may arise from an interaction between pressure
gradient and injecting wall. Thus, from numerical investigations,
the aim of this study is to detect the possible simultaneousexistence
of the two different unstable sources by studying the destabiliza-
tion mechanisms of a segmented wall injection flow induced in a
confined chamber with an emerging obstacle. The presence of such
an obstacle may cause the development of a vortex shedding phe-
nomenon in its wake. Subsequently, the behavior of the main flow
and its possible interaction with the wall injection will be pointed
out. The present work is divided as follows. First, the numerical
computations are presented. Calculations simulate the flow that de-
velopsinside a cold-gas experimental setup; the experimental setup
has been previously described by Vetel et al.' and Couton et al.,*°
where the main features of the experimental results are explored.
Second, the simultaneous presence of the two vortex shedding phe-
nomenais studied, and the numerical results are compared to the ex-
perimentalones. Finally, turbulentcalculationsusinga classicalg-w
model are presentedto estimate the turbulentinfluence on the whole
flow organization.Because several authors put forward the sensitive
effect of the injected turbulence at the porous wall, its influence is
taken into account, and several o, levels up to 10% are considered.

IL.
A. Numerical Approach

Theoretical Analysis

The average compressible Navier—Stokes and energy equations
are solved in a Cartesian co-ordinate system on a two-dimensional
grid. The grid is based on the geometry of a cold-gas simulation
of Ariane 5 solid propellant rocket motors, and is dedicated to the
study of self-sustainedoscillations.The flow is inducedby wall mass
transfer through porous walls inside a confined chamber (Fig. 1).
The internal geometry is mainly characterized by the presence of
two injecting blocks separated by an emerging obstacle. This ob-
stacle restricts 32% of the area of passage through the chamber.
Acoustic isolation of the chamber from the exterior environmentis
ensured by a nozzle located at the rear end, which runs under sonic
conditions during tests. To take into account all of these character-
istics, the calculations were performed using a nonstructured mesh
including 53,564 grid points. Special care was taken to increase
the number of cells near the injecting walls and in the wake of the
emerging obstacle, as well as around the nozzle. The coarsest grid
was equalto 0.18 x 10~ m, when the chamber height /. was equal
t0 28 x 10~* m. Turbulent calculations were performed considering
the model ¢, w of Coakley,?! and the overall governing equations
were expressed in the form
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Fig. 1 Experimental and numerical configuration, all dimensions in millimeters.
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with the viscous terms expressed as

0 v; + 0 v; 2 s 0 Vg
;= — L) — =8| —
sl T P B YA NPT
and K is the vectorincluding the turbulentsource terms. The A7 total
thermal conductivity and the viscosities for ¢ and @ are expressed
with the laminar and turbulent dynamic viscosities and the Prandtl
numbers as follows:

)‘-T = Cp(:u“/Pr_‘_Ml/Prl)

Mg =+ i /Pry, Ho = 1+ 1, /Pr,

The turbulent model of Coakley?! is based on the Boussinesq as-
sumption, that is, the Reynolds stresses Re;; is linked to the mean
shear stresses as

Re. < 25 52 o, 03, 2, (90
e.. = =0;; — —_— —_) — =5 —
u =3P Gy, Ty ) T 3%

The finite volume technique was used to solve the conservation
equations, and each variable was then calculated just at the center
of each computational cell, whereas flux vectors were estimated
at the cell edges using the Roe?? approximate Rieman solver and
Toumi?* extension. Time integrationwas providedby a second-order
Runge—Kutta explicit method.

B. Boundary Conditions and Calculation Procedure

At the head end of the chamber, no-slip and adiabatic wall condi-
tions were used for the primitive variables. To decrease the number
of cells and then to decrease the calculation time, symmetric con-
ditions were consideredin the numerical simulation while a no-slip
boundary condition was forced by the presence of an upper wall in
the experimental setup. In fact, experimental results®* were used to
characterize the boundary layer that is established along the upper
wall and the latter organizes as a stop point boundary layer with a
positive pressure gradient, thatis, its thickness remains at a constant
level under the height of 10~ m. Numerical results were found to
be insensitive to the effect of the boundary layer. Flow injection
through porous walls was treated like subsonic inlet conditions:

my, = ¢y,

p/(y =D +30(v}) =

Gu = OyUy, Vo.n,=0

where ¢; and ¢, are constants fixed by the experimental conditions.
Because the 11, mass flow rate per injecting surface unit was fixed,
v, was derived from the latter through the perfect gas law. Note that
no damping function was introducedin the turbulentmodel close to
the injecting walls. In fact, Chaouat!! demonstrated that such func-
tions convergeat 1.0 closeto an injectingporous wall. At therear end
of the chamber, the presence of a sonic nozzle precluded any taking
accountof specific outflow boundary conditions. Table 1 details the
main characteristics of the experimental setup, the flow properties,
and the numerical model constants. Moreover, turbulentcalculations
permit precise characterizationof the effect of the pseudoturbulence

Table1 Characteristics of experimental and numerical configuration

Flow properties Numerical constants

Property Value Constant Value
T 298 K Cy 0.09
My 2.482kg/m’ s Pr, 0.9
Re, 71,000 Pry 1
Re,, 3,700 Pr, 1.3
flL 278 Hz —_—
sz 556 Hz —_— —_—

generated at the injecting surface. In case of the propellant combus-
tion, the details of the hot-gas generation process are not currently
understood, particularly for realistic propellant combustion. How-
ever, in the experimental setup, the porous walls isolate the flow in
the chamber and implicitly introduce microjets, which, when merg-
ing all together, induce spatial variations in the injection velocity.
Evenifthis pseudo-turbulencenotion doesnotbear any resemblance
to that associated with the propellantcombustion, it is important to
take into accountsuch a phenomenonto be able to compare cold-gas
numerical and experimental results. Beddini'® conducted numeri-
cal investigations in which the pseudoinjected turbulence ratio o,,
was found to be one of the most important parameters in turbulent
flowfield calculations. Liou et al.'? introduced the parameter into a
large-eddy simulation (LES) of a flow induced by wall mass transfer
and emphasized its strong influence on flow transition. The influ-
ence of 0, from 0 to 30% was studied by the authors. However, in
a cold-gas experiment, such high levels do not sound very realis-
tic, and Couton et al.? presented o, levels between 1 and 5%. To
characterize its influence, present turbulent calculations were per-
formed taking into account different pseudoturbulentlevels at the
injecting porous walls. The numerical results presented in this work
were obtained both with and without turbulent model assumptions,
and as regards turbulent calculations, o,, levels were studied from
0to 10%.

Each calculation was initiated with a fixed level of the Courant—
Friedrich-Lewy numberequal to 0.8 to guaranteenumerical stability
and to advance numerical results with time. These initializations
were performed over 100,000 time-step iterations and were enough
to obtain asymptotic converged simulations. Then, a temporal time
step of 2 x 1077 s was applied over 500,000 iterations to obtain the
characterizationof the flowfield in the whole chamber.

III. Flow Characterization

A. Mean and Unsteady Behavior

To characterize the flowfield, mean longitudinal velocity profiles
were obtained by averagingin time results from the Navier—Stokes
calculations of without-turbulence model over 100,000 iterations,
simulating 100 ms of the flowfield. Figure 2 shows the specific orga-
nizationof the flow; the computed mean velocity profiles throughout
the whole chamber, normalized by the maximum velocity in each
section,are compared with the experimentaldata measured by Vetel
etal.!” Upstream from the obstacle, the computed data fits perfectly
with the experimental data, and profiles agree with the Taylor’s
classical analytical profiles (see Ref. 26) obtained for a chamber
geometry free of discontinuities. This result demonstrates that there
is still a laminar regime in spite of axial, Re, and wall injection,
Re,,, Reynolds numbers of high values in this region. These results
confirm the laminar flow solution also observed by Majdalani and
Van Moorhem?’ and Zhou and Majdalani?®

The presence of an emerging obstacle generates a strong pertur-
bation in the flow, and a shear layer develops from the top of the
obstacle. Some slight differences can be observed between numer-
ical and experimental profiles in the wake of the obstacle, as well
as in the region close to the injecting wall. First, as noticed by Vetel
et al.,!” experimental measurements with two-velocity component
hot-wire anemometers were difficultto performcloseto theinjecting
walls because the flow velocity is small in amplitude and changes
rapidly in direction. Second, the flow can be totally disturbed by the
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Fig. 2 Normalized axial mean-velocity profiles at various axial stations and comparison with experimental data.

emerging obstacle and can develop toward a more turbulentregime
that a laminar flow simulation would not be able to reproduce quan-
titatively. Nevertheless, note that both experimental and numerical
profiles have the same shape and provide significant transversal ve-
locity gradients as well as inflexion points. Particularly, calculated
velocity profiles show a strong disturbance close to the injecting
walls. The influence of such perturbationsin the flow behavior will
be discussedlater. The presenceof inflexion points on mean velocity
profiles denotes the unstable nature of the internal flow.

To evaluate the unsteady organization of the flow, the complete
flowfield variables are stored at regular intervals of 2.0 x 107 s,
and the vorticity field €2 is computed over the whole domain. Figure
3 presents several vorticity maps as a function of time downstream
from the obstaclelocation. The changein isovorticitylines confirms
the earlier noted assumption; downstream from the obstacle loca-
tion, the nature of the flow is altogether unsteady. Structures are
created in the wake of the obstacle and convected by the flow up
until the nozzle exit. At t = fy, two vortex structures (0.1 < X < 0.2)
are convected quite close to each other and merge at X ~0.3 in a
rotational movement; this pairing is clearly observed at t =#; and
providesa larger vortex structure. However, the pairinglocations are
not fixed in space for all vortices. For instance, two other structures
located at r =1, between X = 0.25 and X = 0.45 merge at f =15 in
the rear end of the chamber, whereas the two vortices developing
close to the X =0.1 location at # = 1, merge rapidly around X =0.2
att =ts. The instantaneousvorticity field also shows another strong
unsteady behavior with elongated vorticity regions clearly observed
in the vicinity of the injecting wall. The wall flow is then charac-
terized by near-wall large-scale coherent structures inclined at an
opposite angle compared with the mean flow direction. Indeed, ex-
perimental results demonstrated the simultaneous presence of shear
layer and wall vortex shedding. As can be seen, numerical simula-
tion may capture the two types of hydrodynamic instability, which
was previously put into evidence by Traineau et al.'’ It is also in-
teresting to quote the LES computations conducted by Venugopal
et al.?”?; they obtained needle-shapedvortical structuresthat develop
along an injecting wall in a chamber without geometric disparities.
This particularshape in the vorticity field was the same as observed
in the present work, as well as by Lupoglazoff and Vuillot** and
Avalon et al.’

The overall coherent structures are then convected in the flow
until they reach the submerged nozzle and impinge on it. In such
a configuration, a coupling phenomenon between the dynamics of
the flow and the acoustics can occur. This complex mechanism was
also observed in both confined and open spaces, as were the impact
of a circular jet on an edge, the impingement of vorticity concen-
trations on a corner, and the oscillationsinduced by flows over cav-
ities. Ho and Nosseir’® used a high-speed subsonic jet impinging
on a flat plate to highlight the presence of a feedback loop phe-
nomenon. This feedback loop consists of downstream convected
coherent structures and upstream propagating pressure waves gen-
erated by the impingement of coherent structures on the plate. The
upstream propagatingwaves excite the thin shear layer near the noz-
zle lip and produce periodic coherentstructures. Dunlap and Brown®

studied shear layer oscillationsin a confined area containing sets of
baffles and commented on the effect of nonlinear resonant energy
transfer. Furthermore, oscillationfrequency strongly dependson the
Strouhal number. In addition to the critical Strouhal number, the po-
sition of the vortex separationrelative to the acoustic mode structure
is an important parameter with regard to the acoustic velocity node
or velocity antinode. To determine whether or not a coupling be-
havior may occur, it is necessary to analyze closely the unsteady
pressure and the velocity fluctuationsin the wake of the obstacle, as
well as in the vicinity of the injecting wall.

B. Vortex Shedding Phenomena

In Fig. 4, numerical spectra of the u’ longitudinal fluctuating ve-
locity component obtained at different locations in the wake of the
obstacle are shown. Spectra were calculated from unsteady signals
recordedduring0.1 s of simulation, and resolutionof the fast Fourier
transformreached 10.0 Hz. First, velocity signal close to the top of
the obstacle (location 1) is mainly close to 530 Hz; the spectral
response is also dominated by two other low-amplitude thin peaks
located at 290 and 820 Hz. The same characteristic frequencies are
also present at location 2. However, the spectral response changes
rapidly with increasing distance from the obstacle position. At loca-
tion 3, the energy contained at f =530 Hz decreases, whereas the
peak at f =290 Hz becomes the dominant frequency with simulta-
neous strong amplificationat f =240 Hz. This trendis confirmed at
location 4, where the 530-Hz frequency has disappeared in the ve-
locity spectrum. Beyond this longitudinal location and in the wake
of the obstacle (locations5-7), spectralresponsedoes not noticeably
change; the spectra are mainly dominated by the two frequenciesof
240 and 290 Hz.

Thus, as already observed in the vorticity fields, the longitudinal
evolution of velocity spectra shows that pairing processes occur in
the shear layer between separation and impingement. Vortices first
develop at a frequency f =530 Hz, and a merging appearance re-
sults in the amplification of two peaks at f =240 and 290 Hz. The
latter frequency and the 530-Hz frequency are actually close to the
first two theoretical acoustic modes of the chamber (Table 1). When
a closed—closed cavity is considered, the nth longitudinal acoustic
mode f,,; is based on the length L correspondingto the distance be-
tween the head end and the longitudinallocation at which the nozzle
conditionis sonic. Therefore, this result underlines that vortex shed-
ding is modulated at the top of the obstacle by the acoustics of the
chamber. However, the presence of the second peak at f =240 Hz
is not linked to any acoustic mode.

To complete the spectral analysis of the fluctuating flow, the spec-
tral organizationof the longitudinal velocity componentclose to the
injecting wall (locations 8—12) are given in Fig. 5. As mentioned
before, disturbanceson the mean longitudinal velocity profiles were
detected; they correspond to wall structure development. Their
characteristic frequencies are mainly centered at 240 and 290 Hz
all along the porous wall. In the first part of the injecting block
(locations 8-10), the 290-Hz frequency dominates the spectra,
whereas in the rear end of the chamber (locations 11 and 12), wall
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Fig. 3 Vorticity maps for the laminar calculation with A¢=0.2 ms.

velocity fluctuations organize mainly around f =240 Hz. There-
fore, it can be seen that characteristic frequencies of wall vortex
shedding are similar to those observed in the shear layer down-
stream from the pairing process location. The presence of the fi,
mode in the wall vortex developmentalso demonstrates the recep-
tivity of wall velocity fluctuations to the acoustics of the chamber.
Under these conditions, both hydrodynamic instabilities can repre-
sent a source of acoustic energy by vortex—nozzle impingement. To
verify this assumption, specific experimental measurements were
performed in the chamber. A hot wire was located at (X =0.80,

Y =0.07), that s, directly in the region where wall vortex shedding
was numerically observed. The obtained signal was correlated with
the pressure signal recorded at the head end. The calculation of the
R,/ (7) time correlation coefficient obtained (Fig. 6a) is character-
ized by a trigonometric shape due to acoustic frequency interaction
and shows a positive time delay at which the two signals are highly
correlated. According to Vetel et al.,!” who established an analyti-
cal model able to estimate the change in correlation time, the time
with the highest correlation coefficient corresponds to the delay
for a wall vortex structure to convect from the velocity probe to the
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Fig. 4 Shear layer normalized power spectrum of axial velocity fluctuations at various characteristic locations.
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Fig. 5 Near-wall normalized power spectrum of axial velocity fluctuations at various X along Y =0.07.

nozzlelocationand the delay for the resultingacoustic wave to travel
back to the head end. After that, experimental and numerical results
agree that the wall vortex shedding phenomenonacts as a strong un-
stable source in the flow. Therefore, the direct consequences of the
unstable flow behavior can be seen in Fig. 6b, which compares the
spectral pressure response at the head end between experiment and
calculations. As already stated, satisfactory agreement is obtained
because oscillation frequencies are correctly estimated. The exper-
imental spectrum mainly presents two dominating peaks at 280 and

520 Hz; the latter were identified to correspond to the first and the
second longitudinal acoustic modes, respectively. With the 10-Hz
accuracy in the numerical spectral response, the acoustic modes
of the chamber are well reproduced. The experimental spectrum
provides a large band frequency including frequencies from 230 to
290 Hz, with a low-level emerging peak close to 240 Hz. However,
numerical results show that the 240-Hz frequency is the dominant
energy peak in the pressure fluctuation signal. To identify the mean-
ing of this frequency, additional comparisons have to be made.
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The spectral response of velocity fluctuations in three different
characteristic locations is presented in Fig. 7. The first is located
close to the shear layer separation. Experimental results underline
two main emerging frequencies.The frequency of 450 Hz was found
to be a natural unstable frequency of the shear layer, and the fre-
quency of 280 Hz is a response of the shear layer to the acoustics
as also predicted by numerical results. For location 2, both numer-
ical and experimental results show vortex merging resulting in a
decrease of the fluctuation frequencies. However, the velocity spec-
trum issuing from experimentis also characterized by the presence
of the f1; mode, whereas the numerical case shows a high level of
energy around f = 240 Hz. Finally, location 3 reveals the most sig-
nificant discrepancy between numerical and experimental results.
Indeed, the wall vortex shedding frequencies are charaterized by a
broadband spectrum around a natural frequency of 480 Hz, whereas
numerical calculation estimates coherent structures shedding fre-
quencies of a well-organized flow pattern at f =240 and 290 Hz.
Furthermore, the experimentalresponseis dominated by a turbulent
behavior to such a point that wall velocity fluctuations do not show
a strong receptivity to pressure oscillations because the f;; mode
does not emerge in the spectrum. Because Beddini'® insisted on the
influence of pseudoturbulentlevels due to the injecting condition
through porous wall, turbulent calculations were performed.

C. Turbulent Simulations

Turbulentcalculationswere effected taking into account the pseu-
doinjectedturbulencephenomenon.Given that boundary conditions
were modified at wall injection through the o, level, the spectra of
the fluctuating velocity close to the porous wall are presented in
Fig. 8 to estimate flow modifications. Whereas laminar calcula-
tions showed the presence of dominant frequenciesclose to 240 and
290 Hz, it can be seen that the same unsteady behavioris observed
with the turbulent model for the o,, =0 case. However, by the in-
creaseof the pseudoinjectedturbulencelevel to o, = 2.5%, different
wall vortex shedding behavior appears. First, spectra are character-
ized by other frequencies, that is, f =225, 450, and 675 Hz; the
level depends on longitudinal location. Second, no velocity fluctu-
ation energy is concentrated around the fi; mode. For the last o,
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Fig. 8 Influence of turbulent calculations and wall pseudoturbulence levels on the spectral organization in the flow near porous wall.

presented (o, = 5%), this trend is confirmed; wall vortex are shed at
two frequencies(f =225 and 450 Hz). Thus, the unsteady behavior
of the flow appears to be strongly affected by the level of ¢,,. Figure
9, where the pressure spectra at head end is plotted for o, =5%,
supports this. Pressure fluctuations are dominated by two peaks
at f =225 and 450 Hz, related to the wall velocity fluctuations’
characteristic frequencies. In other words, with the disappearance
of the fj; mode in pressure spectra, no resonance phenomenon is
observed.

These results provide important information on the flowfield or-
ganization. On the one hand, by introducing a pseudoinjected tur-
bulence level at the porous wall, the receptivity of wall velocity
fluctuations to pressure oscillations is weakened; this result was
also observed in the experimental work. On the other hand, be-
cause the wall velocity fluctuations are sensitive to o, levels, the
225 and 450 Hz frequencies are the characteristic shedding fre-
quencies of wall vortices. The 450-Hz frequency is actually close to
the experimental frequency of 480 Hz and corresponds to the first
harmonic of the 225-Hz frequency. Under such conditions, the in-
teraction between the two unstable sources is clearly demonstrated.
Wall vortices are driven by a hydrodynamic frequency and develop
along the porous wall until the rear end of the chamber. The vortex—
nozzle interaction generates acoustic pressure oscillations that di-
rectlyinfluence shearlayer vortex sheddingat the top of the obstacle.
Therefore, wall instability represents the dominant source of acous-
tic energy in the flow, which is also the conclusion of experimental
investigations!> Thus, in this kind of flow configuration, the pres-
sure field is able to act on the shear layer vortex shedding and to
generate self-sustained oscillations. However, the influence of pres-
sure oscillations on the wall vortex shedding is weakened by the
pseudoinjectedturbulence. In this case, wall instability is responsi-
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Fig. 9 Normalized power spectrum of pressure fluctuations at head
end for oy, =2.5%.

ble for pressure wave generation without self-sustained oscillations
occurring.

It would be interesting to understand why this wall instability
has a stronger influence on pressure oscillations than does shear
layer instability. In Fig. 10, the change of the It turbulence intensity
profiles at different locations downstream from the obstacle loca-
tion is shown. Experimental results, 7.,,, are compared with levels
computed from the g turbulent velocity field with o,, equal to 0%
as well as levels of It estimated from the time-dependent velocity
field, It,., and several trends are underscored. The first confirmed
that the shear layer is turbulent whatever the longitudinal location
may be, with a characteristic peak of g directly at the height of the
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Fig. 10 Computed turbulence intensity profiles at four locationsdown-
stream from the obstacle location and comparison with experiment,
o, =0.

top of the obstacle. Therefore, turbulence in the wake of the obsta-
cle acts as a dissipation source that weakens coupling between the
shear layer vortex shedding and the acoustics. However, turbulence
is weak in the vicinity of the injecting walls; coherent wall vortices
are favored by high-velocity fluctuation levels. Thus, the flow is un-
steady and mainly organizes in a laminar way, which explains why
wall vortex-nozzle interaction is significant.

Finally, Table 2 shows the influence of the different simulations
involved on the overall pressure oscillation level. For the laminar
case, the nondimensional pressure fluctuation rms reaches 10 times
the one obtained in the experimental case, but this value is strongly
affected by turbulent simulations. For o, =0, pressure v/p’?/p is
decreased to 0.19%, whereas for the o, =2.5% case, this value is
0.084%. The high difference between these two levels of o, can be
easily explained by that, for o, =2.5%, no resonance is observed,
that is, pressure fluctuations are not organized close to an acoustic
mode; then, no subsequent amplification by the confined chamber
arises. For the other calculations, the higher the pseudoturbulent
level is, the lower the pressure oscillation level, reaching twice the
experimental value for o, = 10%. However, although turbulent cal-
culations strongly decrease the oscillatory behavior of the flow, it
is evident that, when computed, unsteady pressure levels are much
higher than experimental figures.

To understand such discrepancies, additional parameters or
flow characteristics have to be taken into account. According to

Table 2 Influence of o, levels
on noise generation

Flow \/F/p,%
Laminar 0.252
Turbulent
0=0% 0.190
0=25% 0.084
0=5% 0.070
o =10% 0.055
Experiment 0.025
Lupoglazoffand Vuillot,'"* porous wall admittance could be the rea-

son for low experimental levels. Their estimation of the acoustic
mass response of the porous wall resulted in a quasi-steady law
independent of the frequency:

mw =qa- pil

where a is a constant fixed by experimental conditions. To check
the influence of such boundary conditions on the flowfield behav-
ior, a similar response was introduced in the o, =2.5% turbulent
case; the value n = —12, such as the one used by the authors, was
found to be close to the porous wall characteristicsemployed in the
present work. The results showed that no difference appeared in the
frequenciesinvolved in the pressure and velocity spectra compared
with the case without porosity response. Nevertheless, a strong in-
fluence was observed on the overall pressure fluctuation level. The
computed +/p’2/ p ratio reached 0.038%, that is, less than half that
obtained without porosity response, that is, 1.5 times higher than
the level obtained in the experiment. This result indicates that, for
better noise-levelprediction, the porous wall acousticresponse must
be taken into account.

IV. Conclusions

The study of a flow induced by injecting porous walls inside a
confined chamber has been numerically carried out; the chamber
included an emerging obstacle, as well as a submerged nozzle. This
work was part of a study evaluating periodic vortex shedding as a
source of acoustic energy in solid propellant rocket motors. As a
result of the cold-gas model, as well as time-dependent compress-
ible Navier—Stokes equations with- and without-turbulencemodels,
some key conclusions may now be drawn.

First, experimental and numerical results agree that an unstable
phenomenon occurs in the wake of the obstacle as a shear layer
instability. Vortices are shed and impinge on the submerged noz-
zle. Self-sustained oscillations occur between velocity and pressure
fluctuations. The shear layer, modulated by acoustics, showed in
numerical simulations that nonlinear phenomena, such as pairing
processes,are observed, whichresultin a vortex shedding frequency
that matched with an acoustic mode.

Second, and by far the most important result, the role of injec-
tion through porous walls is underlined by an unstable development
in the vicinity of the porous walls. Wall vortex shedding is cre-
ated, and elongated vortices are convected all along the porous wall
and impinge on the nozzle at the rear end of the chamber. Experi-
mentally, this second unstable source was also detected and found
to be the most important unstable source, that is, it generates the
resonant state.

Finally, turbulent calculations with a classical g-w turbulent
model were used to estimate the role of the pseudoinjected tur-
bulence on the flow organization. Turbulence acts quite particularly
as a dissipation source on shear layer vortices, and the higher the
pseudoturbulentlevels are, the better the head-end pressure fluctua-
tion prediction’s. Furthermore, the injected pseudoturbulencelevels
weakened the influence of the acoustics on the wall vortex shed-
ding, which is driven by hydrodynamic frequencies. Numerical re-
sults failed to predict pressure oscillation levels. In fact, compu-
tations taking into account the response of the porous wall were
conducted and showed more satisfactory agreement. Nevertheless,
even if turbulent calculations slightly improved the results obtained
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in comparison with the experimental ones, the unsteady flow in
terms of broadband spectra was poorly reproduced. This problem
is of special importance. Indeed, in the experimental work, even if
the influence of pressure oscillationson wall velocity fluctuationsis
not observed, the wall vortex shedding frequency band is so broad
that the first acoustic modes are simultaneously excited. However,
with statistical turbulent models, such broadband spectra are not ob-
served; no resonancetakes place. Also note that, even if a statistical
model is not adapted to such unsteady solutions, the results allow
one to describe the main features occurring in this particular flow.
In fact, in the wake of the obstacle, the model is able to catch the
generation of the large structures while it takes into account the dis-
sipation through turbulence. Nevertheless, the dissipation process
is not entirely taken into account, which explains, for instance, the
main difference of spectral response obtained between numerical
and experimental results.

Becauseof the improvementof unsteady turbulentmodels such as
LES, three-dimensionalnumerical simulations should entail better
flow prediction. From a fundamental point of view, such simulations
should also provide further information on this complex flow. For
instance, experimentalresults showed that shear layer and wall vor-
tex shedding are characterized by hydrodynamic frequencies very
close to each other. The presence of a sheared flow is probably the
destabilizationeffectresponsiblefor the wall instability appearance.
The links between the two instabilities, that is, the shear layer with
the wall vortices interaction and the energy transfer between them,
have yet to be fully understood. It also will be interesting to provide
spatial-dependent conditions at the injecting wall to characterize
their influence on the vortex shedding phenomena.
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