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Star-grain rocket motor — nonsteady internal ballistics
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Abstract

The nonsteady internal ballistics of a star-grain solid-propellant rocket motor are investigated through a numerical simulation model that
incorporates both the internal flow and surrounding structure. The effects of structural vibration on burning rate augmentation and wave
development in nonsteady operation are demonstrated. The amount of damping plays a role in influencing the predicted axial combustion
instability symptoms of the motor. The variation in oscillation frequencies about a given star grain section periphery, and along the grain with
different levels of burnback, also influences the means by which the local acceleration drives the combustion and flow behaviour.
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1. Introduction within the motor chamber. The influence of the structural
vibrations and the unsteady acceleration fields they create
Symptoms commonly attributed to axial combustion in- in the motor are thus of importance. However, nonsteady
stability in solid-propellant rocket motors (SRMs) include @accelerations are more difficult to analyze for star-grain
the formation of a sustained limited-amplitude oscillating ©F other non-cylindrical configurations that are common
axial compression wave in the core flow, with an associated I" SRM applications, and a more sophisticated numerical
dc shift in base pressure in some cases. Earlier experimentainodel must be utilized. _ o
findings reported in [12] illustrate that axial combustion in-  This investigation involves the analysis and prediction of

stability symptoms can occur under certain conditions where the nonsteady internal ballistics of a star-grain SRM. The
it is evident that the motor structure influences this behav- N€€d t0 include structural vibration within the framework

iour. Using a numerical simulation model for cylindrical- Of @n internal ballistic simulation model is made evident
grain SRMs, predicted results in [11] illustrated the po- thrqugh observations from previous cylindrical- qnd star-
tential for explicit coupling between structural vibrations 9rain rocket motor research [11,12]. Changes in motor
and nonsteady internal ballistic behaviour, independent of Structure (e.g., propellant grain configuration, surrounding
any other instability driving mechanism (e.g., augmented wall thlckness aqd matenaI. pr9pertlg§) are observed. to
frequency-dependent pressure- or velocity-coupled Combus_result in c.ha!nges in combusthn instability symptom pr.oflle
tion response as commonly applied by combustion insta- characteristics (g.g., duaI—aX|a!—wave systems vs. single-
bility researchers [15]; in more complex grain geometries, wave) and magnitude (€.g., dc rise).
e.g., with segmented propellant sections, vortex shedding is
also being investigated as a driving mechanism of axial wave
symptoms [15]).
Greatrix [6—8] has shown that both steady and unstead : . .
acceleratiorE fieILs can significantly affect th}; burning ratey The numen.cal model S comprised of two parts or
of the solid propellant. This augmentation of the burning quules—the internal ballistic flow (IBF) and t_he stru<_:tura|
rate can play a key role in pressure wave developmentf'mte elgmen_t (SFE) modqle. The IBF model is quasi-one-
dimensional in nature, while the SFE module uses a series
of two-dimensional finite element (FE) sections placed on
" Corresponding author. the nodes of the IBF grid along the long axis of the motor
E-mail address: greatrix@acs.ryerson.ca (D.R. Greatrix). (refer to Fig. 1). Although the sections are independent of

2. Numerical model
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Nomenclature
A local Core area ............oeeevvvunn ... m pressure-based burningrate ............ s
aj longitudinal acceleration . ......... m%or g R specific gas constant.............. Jhe 1
an normal acceleration............... fTPsor g Re; local flow Reynolds number
C pressure-based burning rate t IMe o $
coefficient ..................... n$ kPa " Ty flame temperature ........................
C, gas constant-pressure specific heat Ty surface temperature....................... K
capacity ... JkyK 1 T; initial bulk temperature ................... K
Cs specific heat of propellant (solid u localgasvelocity ..................... ms
Phase) ........covvvviiineninn. JHK -1 Vw flame-front velocity .. ................. ms$
[C] damping matrix X axial distance fromhead-end .............. m
d local core hydraulic diameter.............. m {X} displacement vector
E local total specificenergy ............. JHg AH; netsurface heatof reaction............ Jkg
f friction factor As distance betweennodes................... m
fi frequency.............oiiiiiii kHz B8 heat flux coefficient
Ga accelerative mass flux ............ kotsn—2 y gas specific heat ratio
Ga0 peak accelerative mass flux .. ..... kg2 8o reference energy film thickness ............ m
k thermal conductivity............. wmt K-t & roughnessheight......................... m
K] stiffness matrix s sectional structural damping ratio
[M] mass matrix K local wall dilatationterm ................ -4
n pressure-based burning rate exponent &L axial damping ratio of case/propellant
p local staticpressure ................o...... Pa p localgasdensity..................... kgth
P perimeterlength.......................... m  ps propellantdensity ................... kgt
Pr Prandtl number bi power spectral density ........... Mitdz 1
b overallburningrate ................... m's ba displacementangle...................... rad
rh; nodal burningrate .................... mis WnL case/prop. natural axial frequency ..... rads
o base burningrate ..................... ms wp sectional structural resonant frequency . ratl s
op  d(pu) 10A 4y, 4ry,
ot T ax A" 'Osd_(d+K)p’ @
d(pu) d 5
o TPt
104 , 4ry
=== axp ( 7 +I<)pu par, ()
d(pE )
o7 (puE +up)
1 8 E 4ry E
=~ i (PUE +up) — (d +K>p
4rp 2
+pos— p <Cpr+ 2>—pua1. (3)

Fig. 1. Simulation model schematic.

Note that there are no particulate phase parameters in the
above equations, due to the low percentage in the current
study; where the solid or liquid phase is substantial, the as-
sociated terms can be readily included [7]. In Egs. (1)—(3),
the principal gas flow variables afe p, u, andE, wherep

each other, they will provide a structural response at every is the densityp is the pressurey is the VeIOCIty ands is the

node. Thus an acceleration field will be present to influence total specific energy wherg =

. The additional

the burning rate along the inside boundary of each section. variables in Egs. (1)—(3) are the | port al(eﬂa hydraulic di-
The gquasi-one-dimensional hydrodynamic conservation ameter(d), longitudinal acceleration of the gas;), axial
equations governing the axial gas flow are given below:

distance from the head end of the motey, port dilatation
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above that due to propellant regressien wherex = %%, whereg is the heat flux coefficiens, is the reference energy

flame front velocity ¢,,), and propellant burning rate;). film thickness and;,, is the accelerative mass flux which are
C,, Ty, and p, are constants and refer to the specific heat all defined by Egs. (9), (10) and (11) respectively:
of the gas, flame temperature and propellant density respec-

tively. These conservation equations are solved using theg = Cpdy —1y) , (9)
random-choice method (RCM), which is an explicit, finite- Cs(Ts = Ti) — AH;s

volume integration algorithm for solving systems of hyper- ¢ _ In(1+ ), (10)
bolic equations [4]. The inhomogeneous conservation equa- psroC)p

tions are solved using a generalized higher-order Riemann app 80 ro

approach [1,10]. This higher-order method reduces some of%« = Ty R—ng’ (11)

the lower-level noise present in the first-order scheme from _ _
the source terms. wherea, is the acceleration normal to the surface apd

A quasi-steady (rapid-kinetic-rate) burning rate model is 1S the base burning rate which in this mstanpe is due to
employed for the calculation of the burning rate for any point Pressure and core flow effects. The accelerative mass flux
on the propellant surface. As such, no appreciable lags ordefined in Eq. (11) accounts only for accelerations normal to
overshoots in burning response due to the local flow and the burning surface. To account for lateral and longitudinal
vibration conditions occur in the present simulations (there accelerations, a term that considers the orientation of the

was insufficient experimental information to establish the
transient response behaviour that would be applicable; future
analyses could include the use of a transient model, e.g.,
the Zeldovich—Novozhilov [ZN] solid-phase-based burning

acceleration vector is required, and is defined by [6]
Ga = Ga0COS ¢, (12)

where G, is the peak accelerative mass flux defined by

model [3,15]). The propellant regression rate as described byEg. (11), andg, is the displacement angle and is defined

the phenomenological model is a function of pressure, core
flow velocity and acceleration fields present at the burning
surface. Erosive burning effects are calculated using [5,9]:
h(Ty —Ty) ’ @)
ps[Cs(Ts — T;) — AHy]
whereryg is the base burning rate component which includes
pressure and acceleration effect, is the specific heat
of the propellant,T; is the surface temperaturg, is the
initial propellant temperature, amtiH; is the surface heat
of reaction of the propellant. The convective heat transfer
coefficient(n) is a function of the core flow, and is defined
as

rp, =ro+

pstpChp

= , 5
exp(2Cey — 1 ©)
where
k /
x_K /3
h* = dRedPrl T (6)
and
_ 251 e/d
1/2 _ e e
1= 2'°gl°<¢7 Res 3.7)’ @

wherek is the thermal conductivity of the gag, is the

friction factor inside the port, Reis the local Reynolds
number based on the hydraulic diameterand the core
flow velocity, Pr is the Prandtl number amds the surface
roughness of the propellant.

Augmentation of the burning rate due to an acceleration
field must combine normal, lateral and longitudinal acceler-
ation effects. The combined acceleration augmented burning
rate is defined as [6,8]:

B B(rp 4 Ga/ps)
~ expCpdolpsry + Ga)/ k1 — 1

(8)

Ty

as

ba = tan‘l[K<r—0

b

a

an

3
el
where K is an overall orientation correction factor (exper-
imentally derived) andy; is the vector sum of the lateral
and longitudinal accelerationX for this study is set at 8

[6]. There is only acceleration-based augmentation when the
normal acceleration is negative (into the propellant), such
that the combustion layer is being compressed [6]. If the
normal acceleration is positive, acceleration effects are as-
sumed to be negligible, conforming to experimental obser-
vation [14]. Lateral and longitudinal accelerations are sign-
independent and tend to reduce the amount of augmentation
produced by the normal acceleration.

Egs. (4)—(13) are solved iteratively, along with the press-
ure-dependent burning rate (quasi-steady response via de
St. Robert’s law,r, = Cp"; note that in general, the
base burning rate, for interim burning calculations will
incorporate pressure effects and one of either acceleration
or core flow effects), to converge to the overall burning
rate for any one point on the burning propellant surface. In
this type of model, there are many nodes along the interior
boundary of the FE grid section. Therefore, the velocity and
acceleration-dependentburning rates must converge for each
node along the interior boundary of the FE grid. The burning
rates for each FE node are used in the burnback routines
that regress the propellant grid. For the overall burning rate
used in Egs. (1)—(3), the burning rates are averaged for
each section along the IBF grid. The direction of propellant
regression for any point along the interior boundary of a
section is normal to the local surface [8].

The SFE module uses a nonlinear, large-deformation,
plain-strain analysis. All materials are modelled as linearly
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elastic, with viscous damping applied to the local structural £

motion. The Galerkin method is used to discretize the . %@G
governing differential equations for structural dynamics, .
over a 3-node constant-strain triangle, resulting in the

discrete system [2]: Laggps

[M1{X} + [CI{X} + [K]{X} = [FI, (14)
where[M] is the mass matrix,C] is the damping matrix, - 77 . \ ﬁ

[K] is the stiffness matrix{X} is the displacement vector S 0.0215

(dotted vectors denote various time derivatives such as ' 0.0324 25
velocity and acceleration), ardF] is the applied external 000
force vector where, Dimensions in meters <)

[F]= Z [ﬁ ,ora)dej| n Z [ﬁpds}. (15) Fig. 2. Star-grain geometry details.
elements V boundaries

The force terms in this simulation are the pressure forces ©f Pressurizing the motor to the design chamber pressure
along the burning surface and the exterior of the casjng value, then running que_ISI—Steady IBF calc_ulat|ons along with
and may include centripetal body forces w?) if consid- the prt_)pellant regressmn_algorl_thm to §|mulate the steady
ering any spinning of the SRM. There are no point loads or OPeration of the motor prior to introducing the non-steady
supports, other than those used to prevent lateral rigid-bodycalculations at a predetermined time. . _
motion when symmetry is utilized in the FE grid. The mass  An unstructured triangular grid is used which contains

matrix is lumped and the damping model uses the simple re-the propellantin an aluminium casing surrounded by a thick
lationship [13]: steel sleeve (refer to Fig. 3). A typical flight-ready SRM

does not include this sleeve, but a steel sleeve may be fitted

[C]=2¢wn[M], (16) to motors mounted on a test stand, for safety. The grid for
where ¢ is the structural damping ratio and, is the the propellant is generally created finer than that of the
fundamental resonant frequency of the 2-D section. This casing for two reasons. First, the acceleration field must be
allows an explicit central difference method to be used to accurately calculated along the burning surface to be able to
solve Eq. (14). An explicit method is desirable for this sufficiently model the coupling of structural vibrations with
simulation as the IBF module is also explicit; an implicit the burning rate. Second, the grid should be fine enough such
FE method would be computationally wasteful in this thatas the burning surface regresses, the accuracy of the port
application, as the time step would be limited by the explicit geometry (port area, perimeter length, etc.) is maintained.
IBF solver. The star-grain propellant geometry is based on SRMs

The boundary conditions for both the IBF calculations similar to those motors used in [12]. This geometry is
and the SFE calculations are what couple the two solutions.dimensioned in a pie section as illustrated in Fig. 2. The star-
Output from the IBF solver in terms of local chamber grain geometry exhibits symmetry, so to save on computer
pressure and burning rate provide boundary conditionstime a motor section is broken up into pie slices. Fig. 3
(along with those to prevent lateral rigid body motion) for displays a 110th pie section of the FE grid including a
the SFE and propellant regression calculations. The chambef.27 mm aluminum casing (darkest shade of colour) and a
pressure, having only one value at any one section, is14.1 mm steel sleeve (medium shade, to the right of casing;
constant around the internal boundary of a given section, the propellant being the lightest shade, to the left of casing).
while the burning rate has a unique value for every node The arrows along the propellant burning surface denote the
around the internal boundary. This is true for every section direction of propellant regression.
along the axis of the grain. In turn, output from the As a final note, in order to initiate instability in the
SFE solver in the form of port geometry, and lateral and motor, a traveling wave pulse is introduced into the core
normal accelerations, provide boundary conditions (along flow at a predetermined time. This disturbance consists of a
with a zero-velocity boundary condition at the head-end compression wave front and an expanding tail. In order to be
of the motor) for the IBF and burning rate calculations. consistent with previous experimental tests [12], the motor
While the IBF solver calculates the burning rate for every will be pulsed when 28% of the total propellant by mass has
node of the section to return to the propellant regression burnt away. Therefore, the FE grid will look comparable to
algorithm, the value of, used in the IBF calculations uses the grid shown in Fig. 4. Since the propellant will regress
an value averaged over the perimeter of the section (i.e.,at various rates along the motor length, the actual grid may
rp = Xrp; As/ P, wherery, is the burning rate ata node inthe  vary somewhat from the one displayed in Fig. 4, depending
section,As is the distance between nodes in the section and on the section location. Note that the actual grid used for
P is the perimeter of the internal boundary of the section). the results displayed later in this paper had a much higher
The initial conditions of the unsteady calculations consist element density; it is too dense to be printed here.
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Fig. 4. FE grid at 28% burnback.

3. Simulation predictions natural frequency as the fundamental resonant frequency in
the damping model will result in the peak of the star grain

The propellant characteristics used in these simulationsbeing properly damped (as expected from the employed
are typical for a nonaluminized ammonium perchlorate/ damping ratio) and the trough of the star-grain being under-
hydroxyl-terminated-polybutadiene propellant. These char- damped. In order to maintain a consistent amount of damp-
acteristics are listed in Table 1. Net surface heat releaseing throughout the section such that the system responds as
AH; is set to zero to produce steady-state erosive andexpected for a given damping ratio, the algorithmic damp-
acceleration-based burning model results consistent with ex-ing constant, which filters higher frequency oscillations, is
perimental observation for a wide range of solid propel- increased somewhat to help damp the higher frequency vi-
lants [5,6,8,9]. Note that the FE fundamental resonant fre- brations in the trough of the star grain (refer to Fig. 5). Doing
guency in Table 1 is a value found from an eigenvalue analy- so will make the damping consistent throughout the system
sis of the 2D SRM section at the mid-point of the motor using the lower principal frequency. The fundamental res-
at 28% total propellant mass fraction. The star-grain geome-onant frequency in Table 1 is applied to every section for
try has two principal resonant frequencies, one for the peakthe damping model. This is reasonable since the fundamen-
of the star (thickest web) at about 4200 Hz, and one at thetal resonant frequency will not vary too much from section
trough (thinnest web) at about 14000 Hz. Using the lower to section.
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Table 1
Reference SRM characteristics
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FE fund. resonant frequency,)
FE damping ratioq)

Prop. elastic modulu§Eprop)
Prop. Poisson’s ratiouprop)
Propellant density oprop)
Casing elastic modulug )
Casing Poisson'’s ratica)
Casing densitypa|)

Casing thicknesgta))

Casing inner wall radiug-p))
Sleeve elastic modulu¥'g)
Sleeve Poisson’s rativg)
Sleeve densitypg)

Sleeve thicknes&g)

Sleeve inner wall radiué-g)
Propellant grain lengtkL )
Nozzle throat diamete(d; )
Grain/nozzle conv. length rati@ , /L)
Press.-dep. burn rate,)
Propellant specific hedCy)

4199 Hz
0.25
45 MPa
0.497
1730 kgnt3
80 GPa
0.33
2700 kgnt3
1.27 mm
32.4 mm
200 GPa
0.3
7850 kgnt3
14.1 mm
33.67 mm
518 mm
23 mm
16
0.0007[p(kPaf}35 ms-1
1500 Jkg1k—1

)
(S

Propellant flame temg@7 r) 3000 K
Propellant surface temgTy) 1000 K
Initial propellant temp(7;) 294 K
Propellant surf. roughnegs) 10 ym
Gas specific heaiC),) 1920 Jkglk—1
Gas Prandtl number (Pr) 0.72
Specific gas constaiiR) 320 Jkglk—1
Gas thermal conductivitgk) 0.2wmlk-1
Gas absolute viscosity.) 8.075x 102 Pas
Gas specific heat ratig/) 1.2
Casing/prop. long. damping ratig; ) 0.1
0.14
QOut. Trough
i —¢——Int. Trough
0.12 { "
+ \ — - — - —O0ut. Peak
R «—s— Int. Peak
0.1 { A
Bl | [1 A\
E |. / e % -~ o
,_E_, 0.08 XJ. : \ / \./ A PG ey
1
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[m]

0.04
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t(s)
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Fig. 5. Displacement-time plot for 10.5-MPa step impulse.
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Fig. 6. Head-end pressure-time profile.

corresponds to the axial acoustic frequency of the motor
chamber), and the base pressure increases to a value of
~ 17.5 MPa, a dc rise of- 3.5 MPa. The pulsing time and
resulting dc shift are comparable to the time-averaged star-
grain SRM data presented in [12].

The star-grain propellant structure will generally have a
greater number of significant vibration modes than cylindri-
cal-grain motors. Of particular interest are the regions of the
trough and the peak of the propellant inner surface (refer to
Fig. 3 or Fig. 4). These two regions have differing natural
frequencies as Harris, Wong and de Champlain also noted
in their FE structural analysis [12], and so will affect the
coupling of the structural vibrations to the burning rate.
Looking at the inset of Fig. 6, one cycle of a wave at a
later time (approaching limit amplitude) is displayed. In
comparison to the numerical cylindrical-grain SRM results
seen in [11], there is more post-shock activity present in
Fig. 6. The higher frequency oscillations in the trough of
the grain section would appear, through the acceleration-
augmented burning rate mechanism, to especially reinforce
the secondary waves after the initial shock front has passed,
in addition to burning input from the peak section of the
grain. The coupling of local propellant surface vibrations to
the burning rate is discussed further in this paper.

Figs. 7 and 8 display the normal acceleration-time graphs
for the trough and peak respectively, of the inner propellant
surface at the mid-point of the SRM. Here, it is evident that
there is more activity in the trough of the section than the
peak. The peak acceleration levels approa&b000 g in

For the case studied, the SRM is pulse-triggered into Fig. 7 while they reacht45000 g in Fig. 8. Looking at
instability using a 0.71 MPa overpressure pulse5¢6 of
the base chamber pressure), introduced at 158 ms into theamplitude cycle of the pressure wave arising from the head-
simulated firing. Fig. 6 displays the head-end pressure-timeend location, it can be seen that there is more activity in the
profile for this simulation run. The limiting wave amplitude post-shock oscillations in the trough. This suggests that there
reaches a value of approximately 4 MPa soon after the pulseis more burning rate augmentation in the troughs than at the
is triggered (cycling at a frequency of about 1 kHz, which peaks as a result.

the insets in Figs. 7 and 8 which display one later limit-
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Fig. 10. Mid-point normal acceleration at the sleeve external wall over the
) peak of the star-grain section.
The mid-length sleeve external wall accelerations for

positions directly over the trough and peak are displayed
in Fig. 9 and Fig. 10 respectively. The insets correspond accelerations in the trough, thus leading to a higher burn-
to those for Figs. 7 and 8. Again, variations in the peak ing rate augmentation via the mechanisms presented through
acceleration levels are evident; Fig. 9 having peak levels of Egs. (8)—(13).
+3000 g and Fig. 10 having peak levels$2500 g. The grain section peak has a lesser role in the burning rate
In order to examine the coupling of the structural vibra- Wwith a lower vibration frequency and comparable deflection.
tions with wave development, a displacement-time plot of The lower vibration frequency produces a longer period
one cycle at the mid-length is displayed in Fig. 11 along where the local accelerations augment the burning rate to
with the mid-length chamber pressure in Fig. 12. The higher a lesser degree than the trough, due to the lower mean
frequency oscillations of the trough region are evident in amplitude. The net effect of the overall burning rate input
Fig. 11. The principal frequency of the peak region of the is evident in the inset of Fig. 6 and in Fig. 12, where the
resonant frequency of the motor section 4 kHz), while post-shock pressure does not decay immediately to the base
the principal frequency of the trough region of the star grain pressure level, as observed by Greatrix and Harris for the
is higher at~ 14 kHz; this will correlate to larger local numerical results for a cylindrical-grain SRM [11].

Fig. 8. Mid-point normal acceleration at the peak of the inner propellant
surface.
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Fig. 11. Mid-point displacement of inner propellant surface.

augmentation in the trough of the star grain, which oscillates
19.5 at approximately this frequency.

4. Concluding remarks
18.5 T The ability of this numerical simulation model to describe
star-grain SRM axial instability behaviour has been demon-
strated. Although there was no high-resolution experimental
data to compare to, the numerical output does correlate to
the time-averaged results, indicating a comparable dc shiftin
chamber pressure [12]; experimental data for high-frequency
pressure and motor wall acceleration is required for further
validation. One of the key factors affecting wave develop-
ment in the star-grain motor is the vibration of the peak
. . and trough of the star geometry. Each region oscillates at
16.5 ‘ Tt a different frequency; therefore, each region affects pressure
0.17698 0.17718 0.17738 wave development to a level that depends on the dynamic
t(s) response of that region. Since the trough generally oscillates
at a higher frequency at deflection amplitudes comparable to
the section peak, the local acceleration field will tend to be
stronger, reinforcing the passing shock wave and generating
The power spectral densitg,) of the head-end pressure secondary pressure waves behind the shock front. The peak
data shown in Fig. 6 is displayed in Fig. 13 (sampled at of the star geometry tends to oscillate at a lower frequency,
a later time, when the pressure cycle has reached a quasiand thus appears to augment the burning rate to a lesser de-
equilibrium limit-amplitude status). Here we see that the gree over a longer period. This would appear to reduce the
first prominent frequency corresponds to the fundamental post-shock pressure decay in the pressure wave.
axial resonant frequency of the motor ( kHz). The next This numerical model predicts SRM combustion insta-
spike (2 kHz) is a little stronger than the first, possibly bility symptoms based on an acceleration-augmented burn-
because of contributions from the axial vibration of the ing rate mechanism, independent of any additional tran-
motor on the load-cell/test stand (this vibration has a sient pressure- or velocity-coupled augmented combustion
frequency of~ 2—4 kHz). It is clear that most of the activity  driving mechanism. Axial vibration is not a strong factor in
lies in the frequencies below 5 kHz. However, the graph this study due to the comparatively small axial acceleration
shows that there is an increase of activity in the region of levels, given the heavyweight motor system on the test stand
14 kHz. This could possibly correspond to the burning rate [11]. Other sources of acceleration fields lie in structural vi-

Pc (MPa)

17.5 1

Fig. 12. Mid-point chamber pressure.
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brations affected by transverse waves. Although not modeled [4] J. Glimm, Solutions in the large for nonlinear hyperbolic systems
in this simulation, transverse waves could play an important of equations, in: Communications in Pure and Applied Mathematics,
role in star-grain internal ballistic behaviour. This may be Vol. 18, 1965, pp. 697-715.

ially th | in the firi h t [5] D.R. Greatrix, Parametric analysis of solid-propellant erosive burning,
especially the case early on In the Tiring wnere transverse CSME Forum, June 27-29. 1994,
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