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Cold Gas Simulations of the Influence of Inhibitor Shape
in Combustor Combustion
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A cold-gas setup is used to analyze the internal acoustic response of small-scale solid propellant rocket motors.
These motors are characterized by a forward, a central, and an aft segment, with nonablative inhibitors on the
last segment forward face. Investigations have been carried out with four inhibitors with different protrusions and
shapes, each leading to specific pressure oscillation behavior. The cold-flow setup has been designed to reproduce
the general features of the internal geometry of the combustors corresponding to two burning times. It is found
that pressure measurements reproduce the acoustic response of firing tests with satisfactory agreement. Velocity
fluctuations are used to analyze vortex-shedding-driven pressure oscillations. Measurements in the shear layer
generated downstream from the inhibitors and in the vicinity of the injecting wall allow identification of the
development of two vortex fields. Experiments with small inhibitors show the development of only one kind of
instability, combining the vortex development of the shear layer with an effect of vorticity amplification due to
the wall injection. Finally, an estimation of the convection velocity is proposed to explain resonance frequency

evolution during the combustion.

I. Introduction

OLD-FLOW experiments are extensively used to simulate the

internal unsteady behavior of solid rocket motors. During com-
bustion, a large number of phenomena can develop and change the
stability of the motor that may affect its firing. More specifically,
cold-gas simulations represent an easy and useful step in analysis of
the vortex-shedding responsible for acoustic pressure oscillations.
This mechanism was first expected to occur from protruding in-
hibitors placed in the flow, used for the insulation of the propellant
segment end faces. A large number of studies have described the cou-
pling mechanism between the vortex-shedding formation behind the
inhibitor and pressure oscillations through experiments conducted
in duct flows with baffles.”~* The basic phenomenon is linked to
an acoustic feedback resulting from impingement of vortices upon
an obstacle. Numerous demonstrated examples are available in the
literature dealing with cavity tone, hole tone, edge tone, or ring
tone,>® and some similarities may be found with the internal con-
figuration of segmented solid propellant rocket motors, where the
acoustic feedback results from impingement of vortices upon the
nozzle. Other works have been dedicated to the characterization of
flows generated by wall injection by using porous walls to simu-
late the internal aerodynamic. The mean flowfield and turbulence
development”® were investigated, as well as the effects induced by
the use of porous material.” The analysis of mean and fluctuating
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velocities in a simulated cylindrical port rocket chamber by Dunlap
et al.'” was of major importance and led to the first observation of
vortices close to the injecting wall.

Since the first experiments devoted to the simulation of solid
rocket motors, improvement of computer performance has given
new impetus to the understanding of flows developing in combus-
tion chambers. The use of a time-dependent two-equation model by
Shu et al.!! and the numerical simulation in a two-dimensional case
of Menon and Jou'? are some examples of the first approaches in this
field. Later, Lupoglazoff and Vuillot'? confirmed numerically the ex-
istence of the wall vortices and they were the first to consider the cou-
pling with the acoustic as a driven mechanism. Thanks to large-eddy
simulation,'*!3 the turbulence effects are better taken into account
but require a subgrid-scale turbulence model in a position to take
into account the complex geometry and all of the dynamic scales of
these particular flows, including the unknown scales introduced by
the injecting wall. Moreover, the numerical calculations are mainly
restricted to one burning time. In computation of the unstable flow
behavior during a whole firing, a varying burning rate surface mod-
ule has to be coupled with the simulations of the fluid dynamic.'¢
However, such simulations are conducted with simplifications and
generally for a two-dimensional case. That is the reason why cold-
gas experiments are useful, not only for numerical validation but also
from a fundamental point of view. The cold-gas setup used here is
dedicated to this approach and is both sufficiently representative to
exhibit the elementary phenomena that are supposed to occur in a
three-segmented motor and basic enough to allow for appropriate
analysis of the characteristics of the fluctuating flowfield. In spite of
anon-symmetric two-dimensional configuration, which could seem
restrictive, the cold flow setup has been built to reproduce the gen-
eral features of the aerodynamic of small rocket motors, including
the propellant segments, the inhibitors, and a nozzle in the rear end.

The aim of this study is to analyze pressure oscillations occurring
in four combustors with inhibitors that exhibit different shapes and
protrusions in the flow. The acoustic responses of the firing tests
are first compared with the results from cold-gas experiments. After
that, a complete investigation of the flow field by velocity fluctuation
analyzes provide, as deduced from previous fundamental works,
a full understanding of the occurrence of vortex-shedding-driven
pressure oscillations.
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II. Experimental Investigations

A. Small-Scale Motors and Definition of Test Cases

The combustors studied are subscale motors of the solid rocket
motors of Ariane 5. The propellant is a nonmetallized propellant
containing nonactive stabilizing additives. The geometry, given in
Fig. 1, shows the presence of conical propellant grains in both central
and aft segments, as well as a head-end star-shaped grain. A thermal
protection is placed at the first intersegment, whereas the aft segment
forward face is insulated with a metallic inhibitor. The use of the
latter was naturally motivated by its nonablative property so that the
diameter of the section is known whatever the combustion time and
because any possible coupling between the flow oscillations and the
vibration of the inhibitor is excluded because it has been replaced
by a rigid metallic part. A detailed description of the experimental
configuration and data reduction is given in Ref. 17.

Among the combustor configurations available, investigations
were performed on motors that present similar propellant segments
and four kind of inhibitors, as presented in Table 1. The first con-
figuration (test case 1) is characterized by a straight inhibitor that
strongly reduces the internal section between the two propellant
segments. The second test case involves a straight inhibitor, whose
height is lower than the first one. The height of the inhibitor in the
third configuration is the same as the second one, but its shape is

ZITXTT

» i !I\:::V\\‘

curved. Finally, the last test case presents an inhibitor with a strong
bent shape and small section reduction.

The changes in pressure oscillation spectra during the combustion
time are presented in Fig. 2. For test case 1, weak oscillations occur
for 3 <t <6 s on the third acoustic mode. The second test case
shows first pressure organization on the third mode, then the second,
and finally the first acoustic mode at approximately 9 s, that is,
at the end of the combustion. Pressure oscillations are observed

Table 1 Presentation of test cases

Geometry Characteristic Mass flow rate
Test case of the inhibitor length £, mm ratio ag (t =12)
1 i 16 0.43
2 I/’ 26 043
£
3 I( 26 0.46
=
4 ] i 30 0.44
—=

Fig. 1 Combustor: 1) head-end closure with igniter, 2) forward case, 3) intersegment 1, 4) central case, 5) intersegment 2, 6) pressure transducer,
7) aft case, 8) aft-end closure, 9) nozzle throat, 10) nozzle, 11) divergent part of the nozzle, 12) seal cap, 13) first propellant segment, 14) second

propellant segment, and 15) third propellant segment.
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only for t > 6 s for test case 3, involving to some extent the second
mode, but mainly the first mode. For the last configuration, a strong
amplification of the first mode characterizes the pressure spectra for
6.5<t<9s.

Because amplifications of oscillations occur mainly at the end of
the life of the combustors on a frequency close to the first acoustic
mode of the chamber, only instabilities appearing for relatively large
combustion times were investigated. The frequency and amplitude
of the first longitudinal acoustic mode f; are also in Fig. 2. No pres-
sure oscillations have been observed for the first test case, whereas
the second one shows a strong amplification around t = 8.7 s. Sim-
ilar behavior is observed for test case 3 at t &, =9 s with another
amplification occurring at approximately #; =7 s associated with
a decrease in the frequency. The last configuration studied (test
case 4) provides the largest instability duration on the first longitu-
dinal mode (6.5 <t < 9.2 s), involving two characteristic evolutions
of the first acoustic mode frequency separated by a frequency jump.
Thus, cold-gas simulations were chosen to reproduce two combus-
tion times, thatis, atf; =7 sand t, =9 s.

B. Cold-Gas Setup

The cold-flow setup is a model of the combustor with a geo-
metric scaling factor of 2.66. However, the scale model does not
completely reproduce the motor but is roughly similar through the
presence of three nonconical injecting blocks, simulating the three
segments. The flow is generated by injecting air at ambient temper-
ature from a feeding unit. Injection into the channel is performed
through a porous wall characterized by a sintered-bronze sphere
Poral plate with 2 um characteristic diameter. A submerged nozzle
without a cavity is located at the rear end of the chamber to ensure
sonic conditions, and the height of the throat can be varied, thereby
controlling the mean flow velocity in the chamber. Each interseg-
ment is reproduced as well, with an obstacle providing a scaling
of the inhibitor, whose protrusions are shown in Table 1. Hot-wire
anemometers and Kistler pressure transducers are used to monitor
the oscillations of the flow. A full description of the test channel,
measuring techniques, and operating conditions may be found in
Refs. 18 and 19.

With use of a monodimensional code,? the experimental mean
pressure inside a combustor is used to obtain the properties of the
flow. For each burning time, the internal geometry is estimated and
the mass flow rate of the propellant grains is deduced, so that all
of the stationary properties of the flow are known. The cold-flow
setup was used for two channel heights, H. = H; =31 mm and
H. = H, =36 mm, corresponding to the simulations of the combus-
tors for the two combustion times. For these characteristic times,
the head-end star-shaped grain is completely burnt, and it is as-
sumed that there is no influence of the second segment thermal
protection. At t =t;, 75% of the propellant is burnt and the mass
flow rates of the second and the third segments are similar so that
cold-gas experiments are used with the same injection velocity for
the two injecting blocks. On the contrary, 95% of the propellant
is burnt at time ¢t =+¢,, where the third propellant grain is almost
completely burnt, and a sharp decrease of the mean pressure in-
side the combustors provided by the conicity of the segments is
observed. The internal shape of this segment is actually conical so
that its length is largely reduced. Thus, two boundary conditions
were considered for cold-gas simulations where the injecting area
was conserved. The first one allows the conservation of the ratio o,
between the mass flow rate of the third block and that of the second
block (Table 1), so that the injection velocity of the third injecting
block was reduced to compensate the injection area. For the sec-
ond boundary condition, the mass flow rate ratio is not conserved,
but the cold-gas simulations have been investigated with respect
to the mass flow rate per unit area. For this last case, the ratio «,
between the injection velocities of the injecting blocks has been
conserved.

The basic phenomena studied with this setup are related to vortex-
shedding-driven pressure oscillations from instabilities at inhibitors.
The characteristic parameters of the instability are determined by
the Strouhal number Sr defined with the momentum thickness 6

(see Ref. 21),
Sr=f0/U (€))

where f is the vortex-shedding frequency and U is the jet exit ve-
locity. By the estimating of the momentum thickness from the cal-
culation of the axial velocity distribution obtained with a transient
flow analysis, the study of Wu and Kung?? led to accurate prediction
of the acoustic responses of several solid rocket motors exhibiting
different types of behaviors. However, in practice, 6 cannot be mea-
sured. Thus, the Strouhal number is usually based on a characteristic
length scale: channel height for planar flows and radius for axisym-
metric flows. Moreover, in the event of a coupling phenomenon be-
tween vortex shedding and acoustics, the vortex emission frequency
corresponds to a longitudinal acoustic mode frequency:

fu = naj2L @

where a is the speed of sound and L the total length of the chamber.
Therefore, the Strouhal number, based on the characteristic length
h, is expressed as follows:

Sr = (n/D[(h/L)/M;] 3

where M; is the Mach number in the inhibitor section. Thus, the
similitude of the unsteady flow between the solid rocket motors and
the cold-flow simulations is achieved by scaling the Mach number
at the inhibitor location. Contrary to the firing tests, cold-gas sim-
ulations are performed for a fixed geometry, but flow behavior is
investigated for a Mach number range around the similitude Mach
number. Indeed, this allows for analysis of the natural or forced char-
acter of oscillations and for the identification of instability frequency
evolution and, therefore, the frequency shifts occurring when a cou-
pling phenomenon is observed. In the presentation of the results
that follows, the influence of the Mach number M on the unsteady
flow is studied. Mach number M value is based on the total mass
flow rate injected through the two injecting blocks and the section
of the channel. The characteristic Mach number M. is the value of
M for which the similitude with the mean Mach number in the sec-
tion of the inhibitor is obtained. The first test case was not directly
simulated because of the too large value of characteristic Mach num-
ber M., but is of great importance because it presents the different
vortex-shedding phenomena appearing in cold-gas experiments.

III. Cold-Gas Simulations

A. Overview of Vortex-Shedding Phenomena: Test Case 1

Cold-gas results for H. = H, are presented in Fig. 3 for the first
test case. Figure 3a shows the evolution of the pressure spectra with
the available Mach number range. The excitation of the first acoustic
mode f; is observed for M < 0.1 and then a transition to the second
mode f, occurs. Spectra of velocity fluctuations measured close to
the injecting wall are plotted in Fig. 3b. As can be seen, a large
frequency range is excited and the increase of the Mach number in-
duces a linear shift of the frequency band. The characteristic shape
observed in velocity spectra was found to represent the frequencies
involved by a wall vortex development. In a geometric configuration
with H. =28 mm (Ref. 18), wall vortices are shed in a location close
to the rear end of the chamber. The presence of an obstacle between
the two injecting blocks induces a high level of velocity fluctuations
downstream. This effect, combined with the pseudoturbulence in-
jected by the porous wall, strongly affects the wall vortex-shedding
frequency at separation and moreover induces an oscillation of the
shedding location. Therefore, the vortex passage frequency oscil-
lates in a large range around a central frequency, which explains
the spectrum shape. All of these effects were also found to weaken
pronouncedly the influence of acoustic velocity oscillations on the
vortex-shedding frequencies. In this way, the involved frequencies
increase with the Mach number because natural instability and the
pressure oscillations generated by vortex—nozzle interaction are re-
sponsible for the successive excitation of the acoustic modes of the
chamber. The results of Fig. 3 are, therefore, an illustration of wall
vortex-shedding-driven resonance mechanisms.
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Fig. 3 Cold-gas experiments, test case 1 for H, = H;: a) pressure spectra and b) wall velocity spectra.
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Fig. 4 Pressure spectra of test case 1, cold-gas experiments for H, = H,.
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Fig. 5 Shear-layer velocity spectra of test case 1 cold-gas simulation for H, = H;: a) close to the obstacle location and b) rear end of the chamber.

Figure 4 shows the results obtained for the simulation of the chan-
nel height H. = H,. For the «, case, shifts of the fi frequency are
observed for M < 0.1 and of the f, frequency for M > 0.08. When
the mass flow rate ratio is conserved, o, the pressure oscillation
behavior is mainly similar to that of the «, case. Frequency shifts
are observed around the f; mode for M <0.09 and close to the
second mode for M > 0.07. However, an interesting feature arises
in the o, case because, for M > 0.1, transition from the second to
the first acoustic mode is observed. Additional studies were per-
formed to explain such a mechanism involving the transition from

a given mode to a lower mode despite the increase of the Mach
number.

In a previous work, ! it was shown that in addition to the wall vor-
tex shedding, vortex shedding occurs in the shear layer developing
downstream from the top of the obstacle. In the case of an unbal-
anced mass flow rate between the two injecting blocks, formation of
the wall vortices is delayed in the rear end of the chamber. For a rel-
atively large increase of the second injecting block mass flow rate,
the shear layer instability is able to drive completely the pressure
oscillation behavior. Here, the ratio «, is close to 0.43 so that no
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wall vortices were observed. Under these conditions, Fig. 5 shows
spectra of velocity fluctuations recorded for two locations at the up-
per limit of the shear layer. Close to the obstacle location (Fig. 5a),
velocity fluctuations are organized around the first acoustic mode
for M <0.07. For higher Mach numbers, several frequency shifts
are observed for f =500-800 Hz. The evolution of the dominant
frequency is also plotted, showing a linear evolution with Mach
number M, characterizing the occurrence of a natural instability, as
observed for the H, =28 mm configuration.?* Farther from the ob-
stacle location (Fig. 5b), similar behavior is observed for M < 0.07.
However, for M > 0.07, the excitation of high frequencies is pro-
nouncedly weakened, whereas the fluctuation organization appears
around the first mode. In particular, two frequency shifts close to
the fine/2 and fin/3 frequencies are observed. A vortex pairing
mechanism involving the merging of two or three vortices occurs
between separation and impingement. '’

The shear layer instability development can, therefore, be de-
scribed as follows. For lower Mach numbers, the natural vortex-
shedding frequency is close to the first acoustic mode and a cou-
pling phenomenon with pressure oscillations generated by vortex
impingement on the nozzle is observed. For higher Mach numbers,
the vortex-shedding frequency increases and induces excitation of
the second acoustic mode. For an additional increase of the Mach
number, the vortex-shedding frequency comes to resemble a har-
monic of the first acoustic mode. The initial shear layer develop-
ment is modulated by the acoustic velocity oscillations implying
a pairing process. The frequency, then divided by two or three by
the merging of two or three vortices, induces shifts around the first
acoustic mode. Because no vortex shedding develops in the vicin-
ity of the injecting wall at frequencies close to the second acoustic
mode, the shear layer drives the pressure oscillations and induces
the transition from the second to the first acoustic mode. In this case,
the shear layer vortex shedding is the mechanism driving pressure
oscillations. Nevertheless, the high-velocity fluctuations induced by
the strongly protruding obstacle disturb the flow, which may explain
the absence of instability in firing test case 1.

B. Test Case 2 and Test Case 3

The cold-gas simulations of the second and third firing tests were
studied simultaneously, because test case 2 uses a straight inhibitor
with the same protrusion in the flow as the curved one in test case
3. Therefore, comparison between the results of these two config-
urations may be applied to the influence of inhibitor bending. Fur-
thermore, even if the two test cases show instabilities at t = t,, only
test case 3 develops pressure oscillations at time # =t,. The pres-
sure spectra obtained for H. = H; are shown in Fig. 6. For test case
2, a large frequency band is excited at low Mach numbers. When
Mach number M increases, the velocity fluctuations organize on
several thin peaks the frequencies of which increase linearly. A
coupling phenomenon is, therefore, observed, but for M > 0.11, the
frequency shifts weaken and the excitation of the second acoustic
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a) Test case 2
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mode is observed. However, no discrete frequencies emerge around
f>; instead, a large frequency band appears. Different behavior is
obtained for test case 3. Even for small Mach numbers, pressure os-
cillation spectra highlight the presence of discrete frequencies. With
the increase of Mach number M, several shifts of the f; mode are
clearly observed, whereas the excitation of the second mode does
not appear. For the two test cases, the characteristic Mach number
is M. =0.093. As seen in Fig. 2, firing test 2 shows at  =¢, only a
weak excitation of the second acoustic mode, whereas the pressure
oscillations develop with a high level on the first acoustic mode for
firing test 3. When a Mach number range around M. is considered, a
satisfactory agreement is obtained between firing tests and cold-gas
results.

To analyze in more detail the differences observed between the
two simulations, Fig. 7 shows the spectra of velocity fluctuations
recorded close to the injecting wall. For test case 2, spectrum be-
havior is similar to that observed in Fig. 3b, showing the presence of
wall vortex development. In addition and as earlier observed in pres-
sure oscillation spectra (cf., Fig. 6), several frequency shifts occur
around the first acoustic mode when increasing the Mach number.
The results obtained for test case 3 are clearly different. The veloc-
ity oscillation frequencies correspond to the pressure fluctuations.
This specific behavior is explained by a differing instability mech-
anism whose origin is linked to the effect of the injected flow on
shear layer development.?* Particularly, it was shown that for this
kind of configuration, the obstacle induces relatively small pertur-
bations on the flow due to its height and shape. Consequently, the
streamlines bypass the obstacle leading to a curved shear layer that
reattaches downstream. Thus, the vortices shed at separation are
convected toward the wall, where injection has the effect of vortic-
ity amplification. This mechanism is attributed by some authors to
the longitudinal pressure gradient effect along the injecting wall.?>2¢

Downstream the reattachment length, the vortices develop as wall
vortices, as observed without the obstacle.?” Therefore, flow devel-
opment is characterized not by two instabilities but by only one,
which combines the characteristics of the shear layer and the wall
vortex shedding. Moreover, in this mechanism, frequency jumps are
not induced by a vortex-pairing phenomenon but rather result from a
modification in the number of vortices developing between separa-
tion and impingement,?® as is usually considered.?® This mechanism
may be, consequently, responsible for the characteristic behavior
observed in test case 3. On the contrary, two vortex-shedding phe-
nomena seem to develop for test case 2. Wall velocity spectra show
the development of wall vortices; due to the relatively small height
of the obstacle, the records of velocity fluctuations close to the in-
jecting wall show frequency shifts. These frequency shifts are not
representative of the wall velocity fluctuations but rather arise from
the induced field generated by the vortices convecting from the top
of the obstacle. In fact, the straight obstacle induces the development
of a shear layer instability whose oscillations are driven by pressure
fluctuations through a coupling phenomenon. Furthermore, it can be
seen that, for the highest Mach numbers, wall vortex development
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Fig. 6 Pressure spectra of cold-gas simulations of test cases 2 and 3 for H, = H;.
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Fig. 7 Wall velocity spectra of cold-gas simulations of test cases 2 and 3 for H, = H;.
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Fig. 8 Pressure spectra of cold-gas simulations of test cases 2 and 3 for H, = H;.

induces excitation of the second acoustic mode leading to the dis-
appearance of the coupling. Then the wall instability appears as the
main instability in the flowfield. Some numerical aspects of these
phenomena are developed in Ref. 30, and the numerical simulations
of test cases 2 and 3 may be found in Ref. 31.

The cold-gas simulations for H. = H, are presented in Fig. 8. For
a,, pressure oscillation behavior is similar in the two test cases. The
increase of the Mach number shows two main shifts of the f; fre-
quency, the first one arising around the characteristic Mach number
M. =0.08. When the injection velocity ratio is taken into account
(o, case), no main differences from the two test cases appear. Pres-
sure oscillations are particularly organized on discrete frequencies
characteristic of a shear layer instability reinforced in vorticity by
the injecting wall.>* Once again, a frequency shift is present around
M. =0.1. By the comparison with the results obtained from the fir-
ing tests of Fig. 2, satisfactory agreement is observed because the
two test cases show a high level of oscillations on the first acoustic
mode.

From a qualitative point of view, it appears that the t, and «,
cases are in a position to predict the flow organization of firing tests.
Table 2 gives the f) amplitude for the overall simulations. The results
of firing tests show that, at t =1,, the levels have the same order of
magnitude for the two test cases, with a lower value obtained at
t =1, for test case 3. For cold-gas simulations, the ratio o, cannot
predict this trend. In fact, the unbalanced mass flow rate has two

Table 2 Nondimensional fluctuating pressure
levels of f; mode, %

Cold-gas simulations

t Combustors ay case a, case
Test case 2

t 0.123 0.007 0.044
Test case 3

1 0.095 0.031 0.031

t 0.118 0.007 0.063

main effects. First, the increase of the second injecting block mass
flow rate induces high-velocity fluctuations when impinging on the
obstacle, as shown previously.'® Second, the decrease of the third
injecting block mass flow rate implies a decrease of the injection
Reynolds number, which increases the turbulence development.?®
The resulting fluctuating flowfield shows a decrease of the vortex
coherence and favors the occurrence of random fluctuations, leading
to a small noise level. However, when the «, ratio is considered, the
order of magnitude between the different simulations is more similar
to the firing test results with the lowest level obtained at# = ¢,. These
observations show that the best quantitative description of the firing
tests is obtained with «,,.
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Fig. 9 Pressure spectra of cold-gas simulations of test case 4.
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Fig. 10 First acoustic mode evolution for test case 4.

C. Test Case 4

The cold-gas simulations of test case 4 are presented in Fig. 9.
Whatever the channel height and the o, or e, ratio, the presence of
discrete frequencies associated with shifts depending on the Mach
number shows the development of a strong coupling phenomenon
inside the flow. The height of the obstacle is 1 mm for H. = H; and
reaches 6 mm for H. = H,. Under these conditions, the obstacle
presents a relatively small perturbation for the flow where the in-
stability initiated at the top of the obstacle is amplified by vorticity
generation at the injecting wall. The characteristic Mach number
M. =0.08 is located on a frequency shift for H. = H, as well as
for M. =0.095 when the «, ratio is taken into account for H. = H,.
However, by the considering of the «, ratio, the level of M, is
not high enough to reach the first frequency shift of the coupling
mechanism, whereas strong pressure oscillations are observed for
the firing test (cf., Fig. 2). The conclusion of the preceding section
is then confirmed here from a qualitative point of view: The pre-
diction of firing tests by cold-gas simulations must be undertaken
using the conservation of the ratio between the injection velocities.
Thus, it appears that the Mach number scaling at the inhibitor sec-
tion is justified a posteriori. The Strouhal similitude refers to the
shear layer, whereas most of the test cases show the development
of wall vortices. Nevertheless, in view of the relatively satisfactory
good agreement between small-scale motor results and cold-gas
simulations, the most important phenomenon implying high levels
of pressure oscillations is the mechanism where the shear layer in-
stability is reinforced by vorticity generation at the injecting wall.
The «, ratio allows the timescale to be properly simulated based on
the injection velocity, whose the surface mechanism is dependent.

The aim of the study was to characterize the frequency shifts
in the acoustic mode behavior. To explain the resonant frequency
evolution during the combustion of solid rocket motors, Rossiter’s
analysis®® is customarily used. It is based on the hypothesis that a
coupling phenomenon is described by the fact that the vortex struc-
tures are the sources of their own shedding. Under these conditions,
if m is the number of vortices located between separation and im-
pingement, and 7T is the oscillation period, by taking into account
the two branches of the self-sustained loop the following expression
for the total duration of one cycle of the phenomenon is obtained:

(C))

where L is the separation to impingement distance, that is, between
the inhibitor and the nozzle, and a is the speed of sound. The oscil-
lation frequency f =1/T can then be written

f=(am/L)[1/(A +a/U)]

mT = LJU.+ L/a

(&)

To obtain the value of the frequency, it is necessary to estimate
the velocity U, at which the vortices travel. Usually, the convection
velocity is expressed as the product of a convection coefficient k
with the velocity in the section of the flow at separation, as is done
for jet instabilities.’>3 In the cases of ramjet and cavity studies,
Dotson et al.?’ cited values between 0.5 and 0.6 and retained a value
of 0.58.

Test case 4 was taken as an example to estimate the validity
of Eq. (5). Figure 10 presents the evolution of the first acoustic
mode frequency with the combustion time. This evolution is mainly
characterized, for r > 6 s, by two shifts of the frequency separated by
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afrequency jump at# = 7.5 s. Two curves added in Fig. 10 have been
obtained from Eq. (5) with m =7 and m = 8 and using k = 0.58. As
can be seen, poor agreement is observed between the theory and the
firing results. Particularly, in the range 6.7 <t < 8 s, the theoretical
frequency is constant. Indeed, at t =6.7 s, the propellant height
reaches the top location of the inhibitor, implying a constant area at
the inhibitor section for larger combustion times and, thus, a constant
convection velocity.

Several points may be discussed as regard this latter result. The
first one involves the initial hypothesis. Indeed, convection velocity
is supposed to be proportional to the mean velocity in the inhibitor
section, but downstream this position, the gas production generated
by the combustion of the aft segment induces an acceleration of
the flow. Then, it is probable that the velocity at which the vortices
travel is increased, and this effect is not taken into account in the
present investigation. Furthermore, the conicity of the aft segment
implies a decrease of its length after r = 8 s, and this may also affect
convection velocity.

However, previous studies on pressure oscillations occurring in
solid propellant motors involved different configurations compared
with the present small-scale motors. In most of the cold-gas simu-
lations dealing with vortex convection velocities, the combustion of
propellant is not simulated, that is, no wall injection occurs, as in the
studies of cylindrical cavities with baffles to represent inhibitors.*
On the other hand, in the analyses of pressure oscillation data of
rocket motors, the configurations do not have inhibitors. Therefore,
the velocity estimated in the inhibitor section evolves during the
combustion and intrinsically takes into account the effects induced
by the presence of an injection velocity accelerating the convection
velocity.?® For these reasons, no model dealing with both the pres-
ence of a section restriction due to the presence of an inhibitor and
the wall injection exists.

The use of cold-gas simulations can, therefore, be dedicated to
this approach. As a result of the calculation of spatiotemporal cross-
correlation coefficients,'® a convection velocity has been estimated
for each of the channel heights in the simulation of test case 4. For
H,. = H,, k reaches a value of 0.587, close to the previous value taken
according to the results of Dotson et al.?’ For H, = H,, the value
is close to 0.55, whereas the cross section at the inhibitor location
is the same. These results, therefore, show that convection velocity
may be sensitive to another parameter. The aim is to propose a
model for estimating U, that takes into account the injection velocity
downstream from the obstacle location.

A schematic of the configuration studied is added in Fig. 10. A
flow of velocity U, generated in a section s, develops in a duct
of section s and length L, fed by a wall injection of velocity
V:. Then the flow takes place in a duct of section S and length
L, without injection. The mean velocity U (x) in each section for
O<x<Lis

U(x) = Up(so/s) + Vi(w/s)x (©)

where w is the injecting channel section perimeter at the location x.
The second term of this equation represents the increase of the mean
velocity due to the injection velocity. The proposed model assumes
that the local convection velocity U, is simultaneously proportional
to the velocity Uy and the increase in the mean velocity,

Uc(x) = al + BVi(w/s)x @)

where o and § are constants. By integration, the mean convection
velocity U, between x =0 and x = L, is deduced from the mean
convection time 77,

Ty = Li/U. = (s/BwV:) bl + (B/a)(Vi/Up)(wLi/$)]  (8)

The length L, (cf., Fig. 10) represents the aft end of a solid rocket
motor where the propellant is completely burnt. For L| < x < L,, the
convection velocity is assumed to be constant and equal to U.(L).
However, in reality, the propellant thickness gradually decreases up
until x = L;. To take into account the change of section at x = L,

the mean convection time 7, between x = L and x = L, is assumed
to be

T = [L2/Uc(LD](s/S) (&)

In cold-gas simulations, the time 75 is equal to zero, and the injection
velocity is proportional to Uy, so that according to Eq. (8), U, is
proportional to V;, that is, M. As already explained, two convection
coefficients have been deduced from experimental data obtained for
the two channel heights. The constants of the model have then been
estimated to be

a =0.276, p=1.132 (10)

Then, the model was applied to the estimated geometric and dy-
namic data of test case 4. Figure 10 shows the results obtained using
Egs. (8) and (9) in Eq. (4). Even if the model does not exactly fit
the firing test results, an improvement may be observed. The first
frequency shift is close to the model with m = 6 vortices.

Less satisfactory agreement is obtained with the second shift,
m =17, but the general trends of the first mode evolution are clearly
reproduced, that is, a decrease, then an increase, and a new decrease
of the oscillation frequency. When constant « is adjusted to 0.2, it is
observed that more accurate prediction prevision of the frequency
evolution is obtained. In fact, because of the measurements accuracy
and the relatively close values of the convection coefficients obtained
for the two channel heights, it appears that the values of « and g are
highly sensitive to the experimental results. This indicates that the
model may be improved to better reproduce the firing tests.

IV. Conclusions

The aim of the study was to analyze the pressure oscillation be-
havior occurring during firing tests of small solid rocket motors by
means of a cold-flow setup. Four configurations, with similar pro-
pellant segments, were retained involving different inhibitor shapes
and protrusions in the flow. Cold-gas simulations for two combus-
tion times, corresponding to two channel heights, have been defined
from the time history data of pressure oscillations. For the dynamic
conditions, the similitude is based on the mean Mach number at
the inhibitor ring. Moreover, two boundary conditions were consid-
ered, conserving either the ratio of the injection velocities of the two
segments or the ratio of the mass flow rates.

A general agreement is observed between the firing tests and the
simulations. Some general trends have been described for the first
firing test case that allowed one to analyze a transition mechanism
from a given mode to an inferior one despite the increase of the
internal Mach number. A restrictor with a strong protrusion actu-
ally generates high random velocity fluctuations leading to weak
receptivity of wall velocity fluctuations to pressure oscillations, and
therefore, no strong instability is observed. Comparisons between
cold-gas simulations of tests involving different shapes for the same
height (test cases 2 and 3) show that simple bending of the restrictor
modifies the unsteady behavior arising from the natural or forced
nature of the flowfield oscillations. More specifically, the curved ob-
stacle allows for a stronger interaction between the vortices gener-
ated at the top of the restrictor and the wall injection, thus, providing
a stronger excitation of the first axial mode.

Therefore, the main phenomenon furnishing high vortex-
shedding-driven pressure oscillation levels is wall instability when
strong coupling with the acoustic is possible. This condition is ob-
served when a short protruding restrictor allows the flow to reattach
downstream. The location of the wall vortex formation is in this way
imposed close to the middle of the chamber where the amplitude of
the acoustic velocity reaches its maximum. Moreover, the bending
of the inhibitor also modifies the turbulence development by its ge-
ometry as long as the shearing created by the obstacle is likewise
modified.

The results obtained show that despite the simple representa-
tion of a cold-gas simulation compared with all of the phenomena
intrinsically linked to the combustion of the propellant, the instabil-
ity developments are well described. Therefore, a cold-flow setup
represents an easy way for a preliminary technology choice in in-
ternal design of a solid rocket motor chamber. As far as the pressure
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oscillation reduction is concerned, studies involving different in-
jection velocities between the segments or focusing on different
inhibitor shapes may be undertaken. For example, the acoustic re-
sponse of combustors with unbalanced mass flow rates leading to
an increase of the central segment injection velocity could be tested
to estimate the quantitative effects on pressure levels. On the other
hand, influence of slots in the axisymmetric inhibitor could perturb
the instability development by three-dimensional effects and could
be easily investigated by cold-flow simulations.
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