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Abstract 

A numerical analysis of unsteady motions in solid 
rocket. motora wit.h a nozzle has been conducted. The 
formulation treats the complete conservation equations 
for the gas phase and the one-dimensional equations in 
the radial direction for the condensed phase. A fully 
coupled implicit scheme baaed on a dual time-stepping 
integration algorithm has been adopted to IOlve the gov
erning equations and asaodated boundary conditions. 
After obtaining a Iteady state solution, periodic pres
sure oscillations are impoeed at. the head end to limu
la.te acoustic oscillationa of a traveling-wave motion in 
the combustion chamber. The amplitude of the pres
sure oscillation is 1.0 % of the mean pretllure and the 
frequency is 1790 BI, corresponding to the twice of the 
fundamental frequency of the chamber. Magnitude and 
pbase of preasure and axial velocity 8uctuationa are in
fluenced by the upetream retlecting wave from the nOl
zle wall. Axial velocity near lurface region oecillatea 
in phase advance manner with reference to the acoustic 
pressure. Large vorticity 8uctuationa are obeerved in 
near surface region. The maaa-tlow-rate at the nozzle 
exit periodically oscillates with a time delay compared 
to the imposed pressure oscillations at the head end. 

I. Introduction 

Combustion inatabilities in solid propellant rocket mo
tors have been extensively studied over several decades. 
Coupled interactiona between combustion proceeeea .and 
internal tlow dynamica in chamber result in inatabihtiea 
of motions in combustion chamber. Several modes of 
interactions between acoustic oscillations and transient 
combustion have been observed, the moet important of 
which are preasure and velocity coupled responses,' de
noting the sensitivity of combustion proceeeea to local 
pressure and velocity Buctuations, respectively. Veloc
ity coupling implies that transient combustion response 
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is strongly intluenced by the velocity oscillations paral
lel to the burning surface, rather than pressure oscilla
tions.2 Beside pressure and velocity couplings, vorticity 
is considered as an interaction betwt'en acoustic oscilla
tions and transient combustion. Since combustion pro
cesses on and near the burning surface control the radial 
velocity, vorticity tluctuations near the propellant sur
face are coupled with acoustic preasure and combustion 
proceas. Vorticity ftuctuations are cloeely related to the 
tluctuating radial (or vertical) velocity component upon 
which system s~bi1ity is so strongly dependent.' 

Various appr~ing methods are required to make 
progreaa in under:atanding mechanisms and behavior of 
extremely complicated combustion instabilities in solid 
propellant rocket. motors. J.. one of the methods, the 
Numerical simulation has provided comprehensive and 
detailed reault.a applicable to the real rocket motor. In a 
series of studies on the interactions between acoust.ic mo
tiona and propellant combustion, .... an analysis capable 
of treating complicated phyaico-chemical procesaea in
volved in unsteady combustion of homogeneous propel
lant.a baa been developed for two-dimensional Cartesian 
and axisymmetric combustion chambers. Turbulence 
closure has been achieved by means of a well-c.alibrated 
two-layer model taking into account the effect of pro
pellant surface transport properties. It bas been shown 
that turbulence penetrates into the primary tlame zone 
and consequently increuea the propellant burning rate, 
a phenomenon commonly referred to as erosive burn
ing.10 The oscillatory tlow characteristica are signifi
cantly altered by the turbulence due to enhanced mo
mentum and energy transport in the gas phase. A 
pbysical insight into the gaseous dynamics and unsteady 
propellant respo~ haa been obtained from analysis of 
unsteady motio~ in the combustion chamber. There, 
however, is a lack of exact simulation of real motor en
vironment.a because computational domains exclude the 
nozzle section. Therefore, the p~rpoee of the present 
work is to conduct a more complete analysis of unsteady 
behaviul' in the axisynlmetric rocket motor with a noz.
zle. Emphasis is p!aced on identifying various distinct 
features of unsteady Bow-fields of the rocket motor in 
oscillatory environments. 

After obl....uing a steady state &Glution shown in 



Ref. 9 for the flow-field of the au phase, periodic pr~ 
sure oscillations are impoeed at the head end to simu
late acoustic oecillations of a traveling-wave motion in 
t.he combust.ion chamber. The amplitude of the pr~ 
sure oscillat.ion ia 1.0 % of the mean preeaure and the 
frequency is 1190 Hz, corresponding to the twice of the 
fundamental frequency of the chamber. Various upecta 
of interactions among traveling acoust.ic oec:illations, Un
steady reacting 80ws, and tranaient propellant combus
t.ion are investigated IYltematically. 

II. Theoretical Formulation 

Figure 1 showl the situation examined here, an ax
isymmetric rocket motor. A choked nozzle ia attached 
to the aft. end of the combustion chamber. The com
bustion chamber consiats of the gu phase and the COn
densecl pbase loaded with a double-hue homogeneous 
propc'llant. grain. The analysia of t.he gu-phase pro
cesses is baaed on the complete conservation equations 
of mass, momentum, enerSf, and lpecies concentration, 
and t.akes int.o account finite-rate chemical kinetics and 
variat.ions of thermo-physical properties with tempera
ture. Turbulent tranaport is considered to dlacuaa the 
effect of turbulent flow dist.urbances on unateady heat
releaae mechanisma. In vector notat.ion, the let of con
servation equat.ions for a 2-D axisymmetric combust.ion 
chamber including a multi-component chemically react.
ing system of N lpecies, C&D be written 81 

l}~ + :z(E-E.)+ :1I(r-ry)=s (1) 

where z and II represent the axial and radial coordinates, 
respectively. The conserved variable vector Q ia defined 
as 

Q = II (p, pu, P", pe, pk, Pf, p~)T (2) 

where the subscript i stands for the ith species, ranging 
from 1 to N - 1, and the luperscript T denotes the 
transpose of the vector. In these equations, p, u, v, k, 
t, and ~ represent the density, axial and radial velocity 
components, turbulent kinetic enerSf, diaaipation rate 
of t.urbulent kinetic enerSf, and mua fract.ion of species 
i, respect.ively. Convect.ive flux vectors E and F in the 
axial and radial directions, respectively, take the from 

E = II [pu, pu2 + p, puv, (pe + p)u,puk, PUf, pul'j]T (3) 

F = II [p", puv, p"2 + p, (pe + p)v, p"k, p"f, p"~lT (4) 

Diffusion-flux vectors Ey and r y are defined below. 
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The T and q denote normal and shear stresses and 
lpecies diffusion, respect.ively. The source vector S in
eludes all source terma uaociated with the axisymmetric 
geometry and,all remaining terma. The detail descrip
t.ion for the complete conservation equations are shown 
in Ref. 9. 

Turbulenceel08ure has been achieved baaed on the 
two-layer model of Rodil l because of its superior per
formance over conventional low-Reynolds-number k-f 
acheme:f in terma of numerical accuracy and conver
gence. For unsteady calculations, the empirical con
stants in the turbulent equations have been corrected 
baaed on the Itudy of Fan and Lakshminarayana.12 

For a multi-component mixture, pressure and tem
perature C&D be calculated iteratively from the thermo
dynamic relation and equation of state. Within the 
preaaure and temperature ranges of practical rocket
motor environments, thermal conductivity and viacos
ity of each lpecies are basically functions of tempera
ture alone. They C&D be well approximated by fourth
order polynomials in temperature, with the coefficients 
of these polynomials lupplied by McBride et aI.,13 valid 
for temperatures ranging from 300 to 6000 K. Thermal 
conductivity and Vlac08ity are calculated using Wilke's 
mixing rule.lt 

Condensed-Phaae Proeell 

The cond~ phaee consiats of a preheated lone and 
a luperficial degradation layer in which both thermal de
composition of the propellant and reaction of the detom
poeed lpecies takes place simultaneously. If we ignore 
the bulk motion, mua diffusion, and axial thermal dif
fusion, and uaume constant thermo-physical properties, 
the condeneed-phase processes are governed by a set of 
one-dimensional equations in the radial direction. The 
boundary condition at the condensed-phase far-field is 
T =~, where ~ ia the initial (conditioned) temperature 
of the propellant. The surface conditions require that 
T = T

" 
where ~ ia the burning surfftCe temperature. 

Chemieal Kinetiel Model 

Owing to the difficulties in establishing a complete 
chemical kinetics scheme and limitations of computa
tional resources, a tborough consideration of all physical 
and chemical processes does not appear feasible. A re
duced reaction mechanism is therefore used to describe 
the combustion wave structure in both the gas and COD

deneed phaaea. The chemical kinetics used here follow 
the model established in Ref. 7. Thia model is a viable 
alternative which provides well-resolved and reasonably 
accurate information about major chemical kinetic path
ways. 



Boundar)' Condition. 

The processes in the gaa and condensed phases are 
matched at the propellant surface by requiring conti
nuity of maaa and energy. This procedure ultimately 
determines the propellant burning rate, temperature, 
and species concentrations at the surface. Conserva
tion laws are applied to maaa and species balances at 
the gas-solid interface. For unsteady :-l.I.lculations, the 
energy balance at the interface is also considered. Ad
ditionally, the no-slip condition along the axial direction 
is enforced on the propellant surface and the nozzle wall, 
where preasure is obtained from the momentum balance. 
Flow symmetry is aaaumed to specify the variables along 
the center line. Boundary conditions at the head end 
require that the preasure gradient and axial velocity be 
zero. A second-order extrapolation are adopted at the 
nozzle exit to obtain boundary variables in supersonic 
condition. 

IV. Numerical Method 

A convenient and systematic procedure to convert 
two-dimensional Cartesian codes into 2-D axisymmetric 
codes haa been proposed. III Even though careful cal
culations of the volume and surface areaa of the control 
volume is considered, a singularity problem is inevitably 
encountered in certain eaaea of 2-D axisymmetric calcu
lations. In order to avoid this problem, the governing 
equations have been modified and solved aa if they are 
two-dimensional Cartesian equations. 

84 8 ( ) 8 ( .) -+- t-t. +- t-t. =s. 
~ 8z 8y 

(7) 

where the superscript' denotes that there is no y term in 
each vector, and the new source vector can be expressed 
as 

(8) 

This set of governing equations is solved numerically 
by means of a finite-volume approach. An dual time
stepping integration methodll proven to be quite effi
cient and robust for reacting flows at all speeds haa been 
adopted to study the unsteady behavior in the combus
tion chamber of the solid rocket motor. A fully-coupled 
implicit formulation is used to enhance numerical sta
bility and efficiency. 

III. Calculation. 

The computational grid system" the same aa shown in 
Ref. 9. The combustion chamber, haa a mean preasure 
of 60 atm, is closed upstream, and meaaures 5.08 cm in 
diameter and 0.6 m in length. The computational grid 
for the combustion chamber consists of 50 x 80 points 

in the axial and radial directions, respectively, while the 
condensed-phase grid is composed of 50 x 50 points in 
the same respective directions. The nozzle contour is 
delineated by a third-order polynomial in the axial co
ordinate, with the throat diameter being 2.3 cm. The 
nozzle haa 30 x 80 mesh points of computational grid. 
The grids of the combustion chamber are clustered near 
the burning surface in the radial direction to resolve the 
steep gradients of temperature and species concentra
tions occurring in the condensed-phase near field. The 
maximum grid aspect ratio in the combustion chamber 
is around 10,000. Major ingredients of the propellant 
are 52% NC and 43% NG, and the thermo-chemical pa
rameters used in the present study are listed in Ref. 7. 
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The steady-state flow field must be obtained first to 
provide the initial conditions for analysis of unsteady 
motions. Calculation results for the Bow-field of the gas 
phase are illustrated in Ref. 9. After obtaining a steady 
state solution, periodic pressure oscillations are imposed 
at the head end to simulate acoustic oscillations of a 
traveling-wave motion in the combustion chamber. The 
amplitude of the preasure oscillation is 1.0 % of the mean 
preasure and the frequency is 1790 Hz, corresponding to 
the twice of the fundamental frequency of the chamber. 

V. Results and Discussiona 

Figure 2 presents time history of pressure oscilla
tions. at various axial locations. Amplitudes of Prea
sure Oscillations alightl)' increases after 2 cycle of 0s

cillations. In case of the axial location X/L = 0.5 
(L denotes axial combustion-chamber length), however, 
preasure oscillations undergo alight change in amplitude 
and phase. Power of pressure oscillations in Fig. 3 in
dicates preasure oscillations at X/L=O.5 imply a lower 
frequency oscillation. The dominating frequency, how
ever, is still the same as the imposed frequency. The 
reason of the change in pressure oscillations after a few 
cycles is aaaumed that the downstream traveling wave 
be confronted with the upstream propagating wave re
flected at the nozlle wall. Magnitude and phase of the 
reflecting wave seem to be around 20 % and 90 degrees 
of those of impoeed oscillations, respectively. Figure 
4 and 5 shOWl the corresponding contour plot of the 
traveling wave. The low Mach-number environment 
basically renders a one-dimenaional pressure field, with 
no discernible variation in the radial direction, which 
'is the same as the result of two-dimensional Cartesian 
calculations. T 

The evolutiQns of the axial velocity fluctuations at 
four different times within one cycle of oscillations are 
shown in Figa. 6 and 7. Boundary-layer-type distribu
tions of axial velocity fluctuations are observed but the 
complex structure near the head-end region shown in a 
laminar ACOustic boundary layer T are not clearly found. 



Figures 8-11 present time history of axial velocity fl11ctu
ations at various radial locations. The radial location, 
Y fH= 1.00 denotes near lurface region (primary flame 
zone), Y fH=0.99 darkzone region (in caae of laminar 
flow), Y fH=O.Ol core region, respectively (H represents 
radius of combustion chamber). Unlike time history of 
pressure oscillations, aa a whole, the magnitude of ax
ial velocity ftuctuations in core region decrease at axial 
locations X/L=0.25 and 0.75 while it increases at ax
ial location X/L=0.5 after a few cycles. With careful 
examination, the phenomena are also round regardless 
of radial locations. This implies the downstream trav
eling waves are inftuenced by the upstream reflecting 
waves, same aa the case of pressure oscillations. The 
influenced waves show a slight trend of ltanding wave 
properties even though traveling wave property is still 
dominating in an entire oscillatory environment. The 
axial velocity fluctuations near lurface region in Fig. 8 
show a phase advance of 90 degreee with reference to 
those of core region which follow the iaentropic: relation 
with the acoustic pressure. ThOle at Y /H=0.99 show 
around 60 degreee of phase advance, also. Therefore, aa 
the radial location moves toward the propellant lurface, 
the phase of the acoustic: velocity increases with respect 
to the acoustic: preasure. This phenomenon is alao found 
in Fig. 9 and 10 which show the axial velocity fluctua
tions at axial locations, X/L=0.5 and 0.75, respectively. 
Axial velocity fluctuations at the end of the combustion 
chamber(Fig. 11) hardly exhibit the radial variation of 
same phase difference aa shown in inner a.xiallocations. 
A slight phase lag in axial velocity fluctuations, on the 
contrary, is revealed near propellant· IUrface. Besides, 
magnitudes of the fluctuations at the chamber end are 
larger than those of inner chamber. Magnitude increase 
at the chamber end implies the oscillations are affected 
by reflected waves on the rigid wall, the nozzle wall. 
This also supports the fact that reflecting waves from 
the nozzle wall exist in the combustion chamber even 
though they playa minor role in an oscillatory environ
ment. Figures 12 and 13 Ihow the vertical distributions 
of amplitudes and phases of axial velocity ftuctuations at 
various axial locations. The amplitude reveala a llight 
trace of a shear wave near the propellant .wr..ce o::.d an 
isentropic relation with acoustic pressure in core region. 
Figure 13 clearly shows the phaae difference mentioned 
above. 

The contour of vorticity ftuctuations is .hown in Fig. 
14. Large vorticity ftuctuations are obeerved in near 
surface region opposite to the axial velocity ftuctuations 
because only velocity changes of near lurface region play 
an important role in vorticity ftuctuations. In reality, 
axial velocity change along the radial direction in tl!e 
core region is almost lero even though it loou much 
larger than that of nf'.ar surface region. Fluctuations 
of vorticity responde to the preasure wave in phase-lag 

manner. Phaae delay of vorticity fluctuations, how
ever, is almost linear from the surface. Time evolutions 
of vorticity fluctuations at various axial locations are 
shown in Figs. 15-18. A4 the axial location moves to 
the end of the combustion chamber, the extent which 
haa vorticity fluctuations reduces toward the propellant 
surface. 

Figure 19 shows the time average of < p'v' > on the 
propellant surface. Acoustic admittance is defined as 
the response of vertical velocity fluctuations to local 
pressure ftuctuations. us The real part of acoustic ad
mittance is proportional to the product of pressure and 
velocity fluctuations within one period of acoustic 0s

cillations < p'v' >. Physically, < p'v' > acts like a 
piston which pumps acoustic energy into the core flow 
region if the value is positive, and vice versa. Negative 
value region in Fig. 19 implies that all vertical veloc
ity responses out of phaae with acoustic preasure, which 
predicts the damping effect. Figure 20 reveals < p'v' > 
in core region at various axial locations. Different from 
the surface, value of < II v' > near the head end is only 
positive. 
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The contours of temperature fluctuations are shown 
in Figs. 21 and 22. Temperature changes are mostly 
observed in flame zones, including large temperature 
fluctuations near surface region in the vicinity of the 
axial location X/L= 0.75, where the luminous flame 
lone merges with the primary ftame zone because of the 
turbulence-enhanced heat transfer. Figures 23-26 show 
the vertical:distributions of temperature ftuctuations at 
various axial locations. At axial location X/L=0.25 
(Fig. 23), temperature ftuctuations are clearly exhibited 
in both primary and luminous flame zones. Tempera
ture at axial locations, X/L=0.50 and 0.75 (Figs. 25 
and 26) oscillates aa if there exists a single-stage flame 
zone near the propellant surface. 

Time evolutions of the heat-release fluctuations at 
various axial locations are presented in Figs. 27-30. 
Large fluctuations occur in the secondary flame zone 
near the head end region, while the downstream re
gion shows a small amplitude of heat release fluctua
tions, similar to t.he behavior oheerved for the temper
ature ftuctu".tions. Since enhanced mixing processes 
due to turbulence distribute the chemical reaction over 
the entire reacting lone (rather than having a strongly 
exothermic reaction concentrated in the thin secondary 
flame zone), the amplitudes of temperature and heat
release ftuctuation decrease in the downstream region. 
It is also shown that heat-release fluctuation follows the 
gradient of the temperature fluctuation. 

The effect of heat releaae on motor stability character
istics can be investigated using Rayleigh's criterion, 1 T, 18 

"hich determines the conditions for driving'or suppress
ing flow oscillations "hen thermal energy is added (or 
subtracted) periodically to (or fron,) the acoustic: field. 



The Rayleigh's criterion results for varioUi axial loca
tions are presented in Fig. 31. Owing to the re
duced hellt-releue fluctuations, the Rayleigh parame
ter < yq' >, contains small values in the down stream 
region. The region which tends to drive the flow oscil
lations in a rocket motor due to nonsteady heat-release 
fluctuations agrees with the result shown in Fig. 19. 

Figure 32 show time history 0( surface temperature 
fluctuations at the VarioUi locations. Primary flame 
behavior is strongly related to the combUition charac
teristica of the condensed phase. Large .urface temper
ature fluctuations at the end of the combustion chamber 
are closely related to the m&e&-flow-rate fluctuation. on 
the propellant .urface shown in Fig. 33. The mass-flow
rate at the nozzle exit periodically oscillates with a time 
delay compared to the imposed pressure oscillations at 
the head end. 

VI. Conelulionl 

A numerical analysis of unsteady motions in solid 
rocket motor with a nozzle has been conducted. The 
formulation considen a 2-D axisymmetric combustion 
chamber and treats the complete conservation equa
tions, accounting for turbulence closure and finite-rate 
chemical kinetica in the gas phase and .ubsurface reac
tions. The governing equations have been modified and 
solved as two-dimension,.} Cartesian equations. A fully
coupled implicit scheme based on a dual time-stepping 
integration algorithm has been adopted to solve the gov
erning equations and associated boundary conditions. 

After obtaining a steady state solution, periodic pres
sure oscillations are imposed at the head end to sim
ulate acoustic oscillations of a traveling-wave motion 
in the combustion chamber. The amplitude of the 
pressure oscillation is 1.0 % of the mean pressure and 
the frequency is 1790 Hz, corresponding to the twice 
of the fundamental frequency of the chamber. The 
low Mach-number environment basically renden a one
dimensional pressure field, with no discernible variation 
in the radial direction, which is the same as the re
sult of two-dimensional Cartesian calculations. Due 
to influence of upstream reflecting waves from the noz
zle wall, magnitude decreases of pressure oeci11ations at 
X/L::0.5 and axial velocity oecillations at X/L::O.25 
and 0.75 and magnitude increases of Pressure oscilla
tions at X/L=O.25 and 0.75 and axial velocity oeciUa
tions at X/L=O.5 have been detected. The influenced 
waves have a slight trend of standing wave properties 
even though traveling wave property is still dominating 
in an entire oecillatory environment. As the radial 10-
cation moves toward the propellant .urface, the phase 
of the acoustic velocity incrcaaea with respect to the 
acoustic pressure except for the end of the combustion 
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chamber. 
Large vorticity fluctuatioDl are observed in near sur

face region opposite to the axial velocity fluctuations 
because only velocity changes in near surface region 
play an important role in vorticity fluctuations. AB 
the axial l~tion moves to the end of the combustion 
chamber, the extent which has vorticity fluctuations re
duces toward the propellant .urface. The time aver
age of < y v' > on the propellant .urface predicts that 
there are two regions which have driving and damping 
effect on acoustic oecillations. Temperature changes are 
mostly observed in flame zones, including large temper
ature fluctuations near .urface region in the vicinity of 
the axial location X/L= O. i5. According to the result of 
the Rayleigh parameter < yq' >, the region which have 
driving effect on the acou.tic oscillations agrees with the 
result of the time average of < yv' >. The mass-flow
rate at the nozzle exit periodically oscillates with a time 
delay compared to the imposed pressure oscillations at 
the head end. 
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Figure 1: Schematic: diagram of a solid rocket motor. 
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Figure 2: Time history of pressure oscillations at various 
axial locations. 

1.2E+ 13~..l:..:=.===oI:....:PrNU....:.=::.:. .. =-0IcIIIatI0ns===1 

I 8.0E+12 

4.0E+12 

XIl.O.25 

XIl.O.50 

8000 

Figure 3: Power spectrum of pressure oscillat.ions at t.wo 
different axialloc:at.ions. 



Figure 4: Contour plot of propagation of pressure oscil
lations on t = 2.25T - 2.S0T 
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Figure 5: Contour plot of propagation of pressure oscil
lations on t = 2.75T - 3.0T 
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Figure 6: Contour plot of axial velocity fluctuations on 
t = 2.25T - 2.S0T 
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Figure 7: Contour plot of axial velocity fluctuations on 
t = 2.7ST - 3.0T 
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Figure 8: Time evolution of axial velocity fluctuations 
at axial location, X/L = 0.25 
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Figure 9: Time evolution of axial velocity fluctuations 
at axial location, X/L = 0.50 
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Figure 10: Time evolution of axial velocity fluctuations 
at axial location, X/L = 0.75 
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Figure 11: Time evolution of axial velocity fluctuations 
at axial location, X/L = 0.95 
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Figure 12: Amplitude of axial velocity ftuctuations at 
various axial locations 
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Figure 13: Phase of axial velocity ftuctuations at various 
axial locations 
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Figure 14: Contour plot of vorticity ftuctuations on t = 
2.50T - 3.0T 
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Figure 15: Time evolution of vorticity fluctuations at 
axial location, X/L = 0.25 
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Figure 16: Time evolution of vorticity fluctuations at 
axial location, X/L = 0.50 
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Figure 17: Time evolution of vorticity fluctuations at 
axial location, X/L = 0.75 
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Figure 18: Time evolution of vorticity fluctuations at 
axial location, X/L = 0.95 
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Figure 19: Time average of < yv' > on propellant sur
face at t = 5.0T 
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Figure 20: Time average of < p'v' > on propellant sur
face at various axial locations 
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Figure 21: Contour plot of temperature fluctuations on 
t = 2.25T - 2.50:r 
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Figure 22: Contour plot of temperature fluctuations on 
t = 2.75T - 3.OT 
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Figure 23: Time evolution of temperature fluctuations 
at axial location, X/L = 0.25 
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Figure 24: Time evolution of temperature fluctuations 
at axial location, X/L = 0.50 
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Figure 25: TIme evolution of temperature fluctuations 
at axial location, X/L = 0.75 
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Figure 26: Time evolution of temperature fluctuations 
at axial location, X/L = 0.95 
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Figure 27: Time evolution of heat-release fluctuations 
at axial location, X/L = 0.25 
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Figure 28: Time evolution of beat-release ftuduationa 
at axial location, X/L = 0.50 
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Figure 29: Time evolution of beat-release ftuctuationa 
at axial location, X/L = 0.75 
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Figure 30: Time evolution of beat-release ftuctuations 
at axial location, X/L = 0.95 

~ 
>' 10" , 

I- 1780Hz 
I-S.OT 

- .. - ... )(,\, .. 0.25 
-.- - )(,\.. ~.5O 

M..0.75 
-- M..0.95 

Figure 31: T~~e average of < p'q' > at various axial 
locationa 
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Figure 32: Time history of surface temperatu&"e ftuctu
ationa at various axiallocationa 
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Figure 33: Time history of mass-ftow rat~ ftuctuations 
at propellant 8.urface and nozzle exit 


