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TRANSIENT COMBUSTION RESPONSE OF HOMOGENEOUS SOLID
PROPELLANT TO ACOUSTIC OSCILLATIONS IN A ROCKET MOTOR

TAE-SEONG ROH, SOURABH APTE axp VIGOR YANG
The Puuu.s'yfum!irr State University
University Park, PA 16802, USA

Interactions between acoustic waves and the transient combustion response of a double-base homoge-
neous propellant in a rocket motor have been analyzed numerically. The analysis extends the previous
work on gas-phase flame dynamics to include the coupling with condensed-phase processes. Consequently.
a more complete description of propellant combustion response to imposed aconstic oscillations can be
obtained. Emp}msis is Pluct'd on the near-surface flame-zone l:h)-’siucht'mistly and its coupliug with un-
steud}- pmpeﬂ:ml buruiug in an (Jscil]utury environment, The formulation treats cmnlJ]ete conservation
equations and the finite-rate chemical kinetics in both the gas-phase and subsurface regions. The instan-
taneous pchpe"unt lluruiug rate is predi(.'ted as part of the solution. Various distinet features of unsteud}-‘
heat release arising from propellant combustion response in a motor with forced oscillations are studied
S},'slmlmlimll}' As in the pure g:n—ph:mt\ d)-'n:l mics of the previous case, the dynnmic behavior of the lu-
minous flame l)lkl}_'s a decisive role in dt‘termlning the motor stdlrilit)-' characteristics, However, the pro-
pellant combustion response may qualitatively modify the temporal evolution of heat-release distribution
in the luminous flame and as a result exerts a significant influence on the global stability behavior. The
primary flame structure adjacent to the propellant surface is usually little affected by flow oscillation. This
may be attributed to the lau'gt- thermal inertia of the condensed phase, which tends to restrain the tem-
perature variation in the near-surface zone in the present study of laminar flows. The situation with a
turbulent flow may be druslicall)-‘ different, as turbulence may l)t'nt-tratt- L]irectl}-' into the L 1'i11|u.1}-' flame

and substantially change the local flame dynamics and transport phenomena.

Introduction

This paper is a companion to our earlier work on
the gas-phase combustion response of a double-base
homogeneous propellant in a rocket motor [1]. The
l)r(.‘\‘l‘[]ll.‘i ‘dllil]}-sis ITIEli“I‘\‘r L'(]"(_'(‘]]t]'ilt(‘(l on t]l(.' gil.‘i-
phase flame dynamics and its response to acoustic
oscillations. Detailed flow structures and heat-re-
lease mechanisms in various parts of the motor, in-
cluding microscale motions in the near-surface flame
zone 'Ll'l'll] l]lilcrl}.‘i('il](' m(lti(ms ill t}l(' 1}11]1{ ()F t]l(‘
L']'Iilln])("r, were (}.‘iil'lrli]ll’.‘(l i” (l(fl)th. Str(mg iIlt(."l":lL‘*
tions between exothermic reactions and acoustic
waves were observed to take place in regions with
steep temperature gradients, due to the large acti-
vation energy of the associated chemical kinetics.
Tlll} (]}"llillTliC l](:]lﬂ\"i()r (]f t}](.‘ llllr]ill()".‘i HHTT'I(.' l)l&l._\_-'(‘(l
an important role in determining the motor stability
characteristics in a laminar flow environment.

The present shldy extends the earlier gzn‘—l)husl-
;lml]ysis to include the (_-(mpling with condensed-
phase processes. Special attention is given to the in-
t(.‘r&l(_’tll(]lls ])(‘t\\"(.‘l.‘” near-suriace ﬂillr](‘—'/.()l](f P}l‘\_,'ﬂi—
The model
bilS{?d on l_'()'lll[)l(‘t(.' c(mst'r\-‘al‘ion !.'qllell‘i(ms El'll(l ﬁ—
nite-rate chemical reactions in both the gas and con-
densed phases. The instantaneous propellant burn-
ing rate is treated as part of the solution. Various

(l(_’ll(..‘l'l’li.‘itl"v il'l'ld su])surfﬂc:(r [)}_"T()I}"Si 5

1111(1(.-1'1)411:.; mechanisms r(.*sl)onsible for (]ri\'ing un-
steady motions in a motor, such as flame dynamics
and propellant combustion response, are studied
S}'st(rmzlticu"}-' to }_)r()\-'i(lc more insigllt into the l)r()l)—
lem. In order to avoid C()mp]imltimw arising from
turbulence, only laminar flows are considered here.
A comprehensive analysis of laminar and turbulent
flows will be performed in subsequent publications.
Much experimental and numerical work has been
performed on cold-flow simulations [2.3]. Recent
studies by Vuillot et al. [4] and Cai and Yang [5]
focussed on the two-phase flow in an oscillatory mo-
tor environment, but no ilttmnl)l was made to cal-
culate nonsteady propellant combustion character-
istics in coupled gas and condensed-phase processes.

TI'I(? I)l'(.‘s(?"t ElTl‘:ll\'QiS ]'I}.L‘i })(3(‘“ (_‘ilr(?{"lln}: \-”(l]i(lilt(.’(]
iIl (.'\"(."l')" 2151)(?Ct ilg&li"ﬁt i\Tlil]}-’tiCi\] S()Illti()".‘i ﬂ)r (.'()I(l—
ﬂ()\V, pr()])(?llanl‘ l)llr‘lling rates over a b'l'()'d(l rung(? ()f
pressure and cross-flow conditions and pressure-
coupled combustion response [1]. The work appears
to be the first of its kind in treating detailed flow
(l('\-‘(‘l()pm(‘nl‘ El'l'l(l l)r()p[’Hlﬂl‘ C()Tllllll!{ti()ll i'll a motor
with forced oscillations. It represents a major step
toward a comprehensive understanding of combus-
tion instabilities of hmm)g(?ucolw l)r()p(?“ants in
rocket propulsion systems.

In subsequent sections, a theoretical formulation
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F1c. 1. Schematic diugr:un of a solid rocket motor,

of gas- and condensed-phase processes is briefly
summarized, and the interfacial boundary conditions
and their 1'lnP](rlrl(rntalti(m are described. The anal-
ysis starts with caleulations of the motor internal flow
fields and propellant burning behavior under steady
operating conditions. Periodic oscillations are then
imposed at the exit to simulate standing acoustic
waves in the chamber. The mutual coupling between
ll'l'lst{."sl(l“\" ]'Il.'i'lt T(.'ll'.‘ils(.' ill](l ]()L‘ﬂl H()\V H"(_'tu‘:lti()".q’ as
well as their global effects on motor instability, are
investigated in depth.

Theoretical Formulation

Gas-Phase Process

Figure 1 shows the physical model considered
herein, a two-dimensional rocket motor loaded with
double-base homogeneous propellant grains. Major
ingredients of the propellant are 52% NC, 43% NG,
and 5% additives. The formulation of the gas-phase
process is identical to that established in Ref. [1]. In
vector form, the governing equations for a multi-
component chemically reacting system of N species
<can I)l.' lrkl)r('ss(‘(] as

Rl eg-ey+Lr-r)=s

at dx dy
where x and y represent the axial and vertical coor-
(li"ili[‘g, Tl'sl)[‘(‘ti\-‘l'l}’. T}l[' L’(}'I'I,‘o'(‘l'\"('(l \’llriil}}l(‘ vector
Qis

Q = [p. pu, po, pe, pY]" (2)

The convective-flux vectors E and F and diffusion-
flux vectors E, and F follow the definitions given in
Ref. [1]. A reduced chemical kinetics mechanism
comprising two global reactions in the condensed
phase and five reactions in the gas phase is employed
to describe the combustion-wave structure [1].

Condensed-Phase Process

The condensed phase consists of a preheated zone
and a superficial degradation (i.e., pyrolysis) layerin
which molecular degradation of the propellant and
reactions of the decomposed species take place. If
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we ignore bulk motion, mass diffusion, and axial
thermal diffusion, and assume constant thermophys-
ical properties, the formulation governing con-

densed-phase processes reduces to a set of one-di-
mensional equations [1]:
mass
o= pury, (3)
energy
Ca’r+ \C ar a?T+, )
L, — mi.,. — = , — o
Pr [= at fs 6!; s 6‘!;2 f

.‘il)[‘(_‘i(.‘S concentration

aY; . aY; ) 5)
Pe o m " 0; (!
where p,. denotes propellant density and rj, burning
rate. The rate of heat release per unit volume ¢, is
determined b}-‘ the net effect of the endothermic de-
composition and the exothermic reaction in the con-
(](‘l]s('(l ph&lﬂ(‘, Th(? i'l'l-(l(‘,pt]l l)()'ll'll(]‘(l'l'}" (_'()'I'l(]iti()"s as-
sociated with equations 4 and 5are T = T;and Y,
= 1, respectively, where T; is the initial (condi-
ti(mml) t(‘ml)(‘ruhlrv of the l)r()pv”mll. The surface
conditions require that the propellant decomposi-
tion be completed; thatis, ¥, = 0 and T = T,

Inte rfm:i{;f Conditions

The processes in the gas and condensed phases
are matched at the propellant surface by requiring
continuities of mass and energy. This l)rocm]urv
(.-\-'(.-utuellly determines the prop(?"unt hurning rate
and surface temperature and species concentrations.

With the application of conservation laws to the
gas—solid interface, the matching conditions are ex-
pressed as follows [1]:
mass balance for mixture

(po)y = —puy (6)
mass balance for species i

IP(U + ﬁj)}’flg = _P(""b}vi‘s (M)

energy balance

= N
— Ay (ﬂ)g + [p > vhlv + 1";-,.)]g

9y i1
-
Ao @S Pelh
N
X [c,.('n. - T+ 2 }’Jejr;] (8)
i=1 5

Subseripts g and s represent conditions at the inter-
face on the gas and solid sides, respectively. Since
molecular degradation takes place in an exceedingly
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t]]ill L'l}'(.‘r, on t}l(‘ (n’d(tr (]f a f(‘\\’ lrli(_‘r()ns. t}](f Cor-
responding residence time is much shorter than that
in the preheated zone by at least 1 order of magni-
tude [6]. A qlmsi—stv;uly—statt‘ approximation is
l‘h(.‘rL.‘ﬁ)r(.‘ !.'m[)l()y(‘(l i]! (l(‘t(?l'lT]il]il]g th(.‘ s‘llbs‘llrfelr_'!.'
pyrolysis behavior. The net heat flux to the preheated
zone can be obtained by integrating the energy
equation for the superficial degradation layer [7,8].

). = ()
do|l—]) = 4, (=
dy /e Ny /e

+ mlQ, + (C. — CUT, - T)]  (9)

where Q, and T, are the net subsurface heat release
and surface temperature under st(r"uly—shtt(r condi-
tions, respectively. A matched asymptotic expansion
technique similar to that derived in Refs. [9,10] is
established to relate the propellant burning rate to
the local heat fluxes across the superficial degrada-
tion layer:

7=
a A, expl—fif
(4T - _ - /
{Ul__/m] (E)?, + [Q, + (C. — C T, — T'_‘)]f.‘!}f (c.r,)
(10)

This equation, along with equations 6, 7, and 9, is
sufficient to solve for the propellant burning rate and
the set of unknowns (v, T, Y;) at the l)r()l)o"ant sur-
face.

Bounda ry Conditions

Boundary conditions at the exit must be carefully
treated based on the method of characteristics to
avoid spurious, nonphysical acoustic reflections. Be-
cause the outflow is subsonic, only one physical con-
dition needs to be specified. The remaining condi-
tions can be obtained by appropriately manipulating
the governing and characteristic equations, as sug-
gt.‘stt.‘(] hy Watson and Myers [11]. At the upstream
])(mlldur_v, the axial \-’(:]Ucit}f and the grzulivnts ol
pressure and radial velocity are set to zero along the
solid wall to prevent the occurrence of a numerically
produced recirculating flow near the head end. Fi-
'I'Iil”}’, ﬂ()\\’ .‘i}"n'ln"l(.'tr’\" 'I\ iisslll]’](‘(l at t]'l(‘ (_‘("I'It(."l'lil](.‘.

Numerical Method

.'"\ til‘nt.‘—accund(‘ SL‘I'I("IY!(.' I)il!’i(f(l on a (llléll tim(‘—
stepping integration method is used in the present
work [12]. The algorithm employs pressure decom-
position and p]'econditioning techniques to circum-
vent difficulties
Mach number flows in rocket motor environments.
Further efficiency is obtained by implementing a

num l."r'i(_‘ﬂ] vncouut(‘r(rd f()r 1()“;

full}f L‘()npl(rd impliuit ADI scheme. The present for-
mulation renders the numerical method very stable
and robust and allows the selection of the time step

to be dictated l))-' l)]l}-" ical processes. The solution to

the gas l)helstr is obtained first, and then an iterative
method is used to determine the propellant mass
burning rate and temperature distribution in the
L‘()"(l(‘"ﬁ(f(l ph‘d.s(? at (?i'l.(.'h I)]I’\".'ii(.'ill lim(? .'it(.’l). T]I(T
temperature, species composition, and mass burning
rate at the interface thus obtained are taken as the
initial conditions for the gas-phase analysis. The con-
densed and gas-phase calculations proceed in turn,
overlapping each other by one-half of the physical
time step.

Results and Discussion

The interactions between gas-phase flame dynam-
ics and condensed-phase response in standing acous-
tic-wave environments Ilﬂ\:(‘ h(?(?'l'l Stll(li(?(l lISil]g t]l(?
analysis described earlier. The propellant ingredi-
ents, chamber dimensions, and operating conditions
are identical to those in Ref. [1]. The computational
domain for the condensed phase measures 100 gm
in (](rpth, which is about twice the estimated thick-
ness of the preheated zone at 60 bar. The corre-
sponding numerical grid consists of 80 and 50 points
in the axial and vertical directions, respectively, and
i.‘s' (_'111.‘1‘['(.']'(?(1 near H'IQ l)llrlling .‘s"ll'l'fil(_'(? to T(.’.‘s'()]\'(? ﬂl(?
steep gradients of temperature and species concen-
trations there. The smallest grid spacing normal to
the surface is about 0.1 gm. After the steady-state
flow field is obtained, periodic oscillations of fre-
quencies of 877.5 and 1755.1 Hz are imposed at the
chamber exit to simulate longitudinal standing waves
of the first and second modes, respectively. The am-
l)lihulc of the oscillation is 2% of the mean pressure.
Data analysis of unsteady flow characteristics is con-
ducted after steady oscillations are achieved in the
(‘.ighth c’vclc of the imp()s(?d acoustic oscillations.

Pressure and Velocity Fields

,"\.‘i iIl th(' l)r[.‘\"i()llﬁ case (Jf l)l]r(? gil.‘i—p]lil.‘i(f (l)-"ll‘ell"i[_'.‘i
without any condensed-phase coupling [1], the
acoustic pressure field is basically one dimensional.
No discernible variation in the vertical direction is
()I)‘i("l'\"(.(l, (111(.‘ to H'I(? I()\\-’ h1 ﬂ(_']l 'Il'll'[l'll)(fr(‘,'l'l\"ir()'l'l|n(f'|'|t
under consideration. The oscillatory velocity field,
however, exhibits a complex multidimensional struc-
ture adjacent to the burning surface within which
retl)i(] variations arising from the interactions be-
tween acoustic (1i‘hlrl)2ul('[‘&', |l|l‘it(‘l\(l)’ S]I(‘ﬂr waves,
and flame oscillations occur. Figures 2a and 2b pres-
ent the results of the first and second modes, re-
sp(rcti\'ul}f. ()nl)’ the upper portion of the chamber is
covered to provide better resolution of the flow field.
The existence of an acoustic boundary layer is clearly
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Fia. 3. Vertical distributions of axial velocity fluctuation
of first mode at various locations: (¢) amplitude and (b)
phase.
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()})S(.‘l'\’(‘d. T}l(? I)l'ilflélr}: (Iiff(?l'(?llc(‘ l](.‘t\\'(.’(."l'l i]l(.’ two
modes lies in the spatial structure and phase distri-
bution of the oscillatory field. The thickness of the
ElC()l].‘itiL’ b()l"l(lilrﬂ\_-" IEI)"(‘]" (I(.’CT(.‘&\.‘;(T.‘C \\"it]] ill(_"'l'(."(lsill!:
[Ir(‘(ll'lf."l'l(_“\_f dll(‘ to (3'[1}12['[1(_'(?(1 ‘-'i.‘s'(_‘()ll.‘; dlllﬂl)i“g. Fi!_|-
ures 3a and 3b show the vertical distributions of the
amplitude and phase of the axial velocity fluctuation
1" of the first mode at three axial locations, respec-
tively. Also included is the flame thickness defined
b)-' the location at which the temperature reaches
97% of the final flame temperature. Compared with
the cold-flow simulation in which chemical reactions
are not involved [13], the rapid increase of tempera-
ture in the flame zone tends to suppress the growth
of velocity fluctuation, due to the strong variation of
acoustic i|r1|)(‘du.m:(? [14]. In the core region, where
the shear wave diminishes, the velocity fluctuation
follows the isentropic relation with the acoustic pres-
sure, with a }_Jh;lﬁc‘ ]eng of 90° with reference to p'.
The amplitude of 1" reaches a magnitude of 14.14
m/s at the acoustic pressure node point (x/L = 0.5).

The distribution of vertical \=('l()L'it)-' fluctuations o'
for the first mode (figure not shown) bears a strong
resemblance to the earlier case for pure gas-phase
dynamics [1]. The transient combustion response of
the propellant only renders a slight increase of v at
the surface. A simple analysis based on the calcu-
lated mass burning-rate fluctuation yields a value of
v’ at the surface around 5 mm/s. This velocity fluc-
tuation is too low to exert any significant influence
on flame structure as compared with the situation
with no condensed-phase coupling but is sufficient
to Inmlify the glo]m] St‘:ll)ilil‘}-’ behavior Hmmgh its
effect on the time evolution of heat-release distri-
butions, a phenomenon discussed later.

Temperature Field and Heat-Release Distribution

The temporal evolution of the temperature field
and its associated heat-release distribution was ob-
tained to provide direct insight into the oscillatory
(_'()In})'ll.‘;ti()" II'I(‘(_'II&'L"i.‘:'lHS, 1‘\ ]m’g(? t(.’l'l"ll)(?nlh]r(? ().‘i(.'i]’
lation occurs in the luminous lame zone where the
major heat-release mechanism is associated with the
reduction of NO species. The ];lrgl.’ activation energy
of the NO reaction produces a stiff flame with a
steep temperature gradient, and as such, any small
variation ()f‘ t]l(‘ Hﬂ.lu(.’ l()(_‘ilt"l()'ll (]'Il(? to I(J(_'il] H(J\\" (li.‘i-
turbances may cause a substantial oscillation of the
temperature field. Also noteworthy is the small per-
turbation of the propellant surface temperature,
about 1 K in the present study. The large thermal
inertia in the condensed l)]uL:s'(‘ tends to restrain the
temperature disturbance near the surface, with the
primary flame being practically unaffected. It should
be noted that this observation is valid only for lam-
inar Hows. The situation in a turbulent flow environ-
ment may be considerably different, since turbu-
lence may penetrate into the primary Hame and
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Fic. 4. Vertical distributions of temperature Auctuation
of first mode at various axial locations: (¢) amplitude and
(b) phase.

qualitatively modify the local flame dynamics and its
coupling with the propellant response [15,16].
Figures 4a and 4b present the vertical distribu-
tions of the amplitude and phase of temperature
fluctuation for the first mode. Although the ampli-
tude shows the same behavior as observed in Ref.
[1], the phase distribution becomes quite different
due to the transient response of the condensed
phase. A large phase variation is observed in the en-
lir{: Hii"l{: zone il]l(l L'l]"S(.'qll(‘]ltl)" 1(.‘21[].‘5 to a (1"Elliti1-
tive change in the heat-release characteristics. The
In'(l.‘i"""". t(‘"ll)(‘nlt"T(‘ \'il]"iilti()l] il] t]l(‘ L‘(]]'(.‘—FI(]\’(r re-
gion is about 10 K, following the isentropic relation
with the acoustic pressure, because this region has
no chemical reaction and negligibly small viscous
stress. The vertical distribution of the heat-release
fluctuation is shown in Fig. 5. It b;li:i(_‘a“)f follows the
gradient of the temperature fluctuation, easily ex-
plained by the energy balance over a control volume
[1]. The distribution exhibits two l)(‘;l]\' values with a
phase difference of around 150° between them in
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t}l(.‘ lllmitl()us ﬂéllnﬂ zone, a l)ll(?ll()'[ll(.’"()'ll (.'()IT'II“()"I)-'
observed for flames with steep temperature profiles.

One critical issue in the present study is the tran-
sient combustion response of the pmp(r"emt to local
flow oscillations in a rocket motor environment. In
this regard, calculations were made to determine the
fluctuations of propellant surface temperature and
mass buruing rate, )-'i(?](ling‘ the results shown in Fig.
6. Of particular interest is that the mass burning-rate
fluctuation 1111i[i)r|r11}' lelg‘a the pressure Huctuation b)\,'
about 20” along the entire propellant surface. The
propellant combustion response is basically pressure
dominant, and the velocity-coupling effect appears
to be subdued in the present study of laminar flows.
The calculated combustion response function, Rp =
[(ri2 'h;:)];"(p'."p) has a real part of 1.72 and an imagi-
nary part of 1.53, being in good agreement with the
experimental data obtained by Lengelle et al. [17].

[Ilﬁtiﬂltil[l(f()lls contour l)]()t‘i ()r C()]l(]l.‘ll.‘i[.’[]—l)]I'd.‘i(?
temperature fluctuation for the first and second
modes are shown in Figs. Ta and Th, rl.’slurcti\-'(.’l)-:
The distributions follow a pattern (:()n'(?sl)()n(ling to
the standing acoustic-wave structure in the gas
phase. The temperature fluctuation reaches its max-
i'lrlll'll'l \"2[111(' at tll(‘ l)r(?.‘i.‘i'll'l'(.’ ﬂ'l'lti'll()(](‘ l)()i'l'lt ill'l(l van-
ishes at the node points, further confirming the pre-
dominance  of  pressure-coupled combustion
response. The maximum surface-temperature flue-
tuations are 1.2 and 1.6 K for the first and second
modes, respectively. The penetration depth of the
thermal wave J,, decreases with increasing frequency
and can be estimated using a simple dimensional
mm]}fsis, 6;, = \:'(}:r,;"f, where QP stands for the thermal
diffusivity of propellant.

Rayleigh’s Parameter

The unsteady heat release needs to be correlated
with the acoustic pressure to pro\’ide a quantitative
measure of the extent to which the flame may drive
or suppress flow oscillations in the chamber. This can
be (rasil}-‘ achieved l))_,-' (:;l](_‘u]uting the Rel)’](rig]l pa-
rameter, {p'q'), a time-averaged quantity of the
product of acoustic pressure and heat-release fluc-
tuation over one (.‘}-'L‘I(? of ascillation. In the previous
work on pure gas-phase dynamics [1], two positive
peaks associated with the oscillation of the luminous
flame were obtained in the vertical distribution of
Heny](riﬁh\' parameter for the first mode, suggesting
that the ()scillelh)r}-’ flame serves as a combination of
an acoustic monopole and a dipole source for driving
instabilities in the chamber. The sitnation is drasti-
L‘a"y chemg(‘(l in the present stu(l_}', as shown in 1"ig.
8, for the first mode. The transient response of the
condensed phase may substantially modify the time
evolution of local heat release, in spite of its limited
effect on the magnitude of heat release [18]. Con-
sequently, the distribution of Rayleigh’s parameter
exhibits both a positive and a negative peak having
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Fic. 5. Vertical distributions of heat-release fluctuation
of first mode at x/L = 0.25: (a) amplitude and (b) phase.
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Fic. 6. Instantaneous distributions of pressure, mass
burning rate, and surface-temperature fluctuations.

';ll)()llt t]'l(' same ﬂlnl)]“"(]l.‘. TII(‘ Illl]]i"()lls ﬂkl]n(.‘ b('—
ll‘d\"l',‘i as an ﬂ(‘[]llgtic (111}(}1!‘ source. Thl' structure ()f
the second mode is even more complicated (not
shown). For both modes, the net value of (p'q’) is
[)(lsiti\'l.‘. TI](‘ 'll]lst(‘ﬂ.(]}’ I](‘ilt T(‘l(.‘kl.‘;(‘ r(.'s"]til]?_’: rr()rn
the flame response to acoustic fluctuations tends to
excite flow oscillations in the chamber.
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Fic. 7. Contour plots of temperature fluctuation in con-
densed phase: (a) first mode and (b) second mode.
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Conclusion

The transient combustion response of a double-
bil.‘i(.‘ ]I()II]()gL‘I](?()llS .‘i()]i(] l)r()p(?"ll]ll to il(_'(”].‘iti(.'
waves in a rocket motor with forced oscillations has
been investigated in detail. Compared with the pre-
\"i()'ll.‘o']}_r' .‘;hl[li(.’d case f‘()'l' l)'[l'l'(.’ gl\.‘i—l)]lil!{(.’ (])"'I'll'll'l’li(_‘.‘i,
the acoustic \-'(‘Ior:it)_,-' field remains belsicn“)-' un-
ch;mgod except for a slight modification of the ver-
tical velocity fluctuation near the burning surface.
The condensed-phase response may, however, sub-
stuntiu“y ch:mg(‘ the t(.’ml)mul evolution of the tem-
perature and heat-release distributions in the lumi-
nous flame zone and consequently may modify the
global stability characteristics of the motor in terms
()f]hty]('ig]l'.‘: parameter. The prinmr}-‘ﬂnm(? structure
is little affected in the present study of laminar flows,
even with the condensed-phase coupling. This may
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be attributed to the ]arg(: thermal interia in the con-
densed phase, which effectively restrains tempera-
ture perturbations in the near surface zone. The sit-
uation with turbulent flows may be (1mstica11y
different due to turbulence-enhanced transport in
the flame zone. Future studies on propellant com-
bustion response in motor environments must ad-

dress this issue.

Nomenclature
C,  specific heat of gas
C. sp(:(_‘ii:i(: heat of condensed p]msu
e specific total internal energy
F convective flux vector
F, diffusion flux vector
E; activation energy
h; specific enthalpy of species i
h¢;  heat of formation of species i
rit mass lumliug rate
f) l)r(!ssllr(!
‘}C' rate Uf II(:Elt r(:l(‘.ElSU ill C(]]l(l(.‘-l]s(‘(l l)]lkls(f }_)(:r
unit volume
q thermal diffusion term
Q d(.‘[)(.‘"(l[.‘"t \"El'l'i'd.l'.ll!! vector

Q;  heat release from reaction of species i
Q.  total heat release in condensed phase

I propellant burning rate

S source vector

t time

T temperature or period of oscillation

v velocity

0; diffusion velocities of gas-phase species i
W molecular weight of mixture

iy Cartesian coordinate

Y;  mass fraction of species i

Greek Symbols

P normalized activation energy

A thermal conductivity or wavelength
P density

T visconus stress

@;  rate of production of species i

Subscript

o l_'(]ll(i(:ll.‘il:d [lll':l.‘il?

Jr g&lS—[)hElS(? .{l':'ll'l'l(.‘

g
i
P

5

gél!&' l)]]éls(f

ith species or initial condition
propellant

l)'lll']li"g Sllrfh\L‘(?

Superscript

T

’

transpose of vector
ﬂu::tueltiug quantity
2
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