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Abstract. High frequency combustion instabilities imply a jorarisk for the solid
rocket motor’s stable operation and they are dyditked to the response of the solid
propellant to the pressure coupling. Our paper a@thglefining a linearized one-
dimensional flow study model of the solid propeflarocket motors’ disturbed
functioning analysis. Experimental researches wieme with an adequate setup, built
and improved in our lab, functioning on the basistt® nozzle throat intermittent
modulating technique developed by ONERA researclabie to evaluate the propellant
response by the interpretation of the pressurellasons damping in terms of
propellant response.
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1. INTRODUCTION

Combustion instability is a major concern in albpulsion and power
generation systems. It is characterized by vibnatisvithin the combustion
chamber, generally measured as an oscillating press

* Presented at"8International Armament Conference on ,Scientifispacts of Armament and Safety Technology”,
Puttusk, Poland, 6-8 October, 2010.
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The paper’'s main task is to study the influencenigh frequency of the
oscillatory pressure on the solid rocket motor apen.

In this order, we are interested to obtain in tingt stage, the influence of
case average pressure level, in direct connectitinthe oscillation frequency
level on the propellant response function. The qanes coupled response is the
often referred parameter to describe combustiotalily characteristics of
a rocket propellant. This type of response is deckpo be an important
function able to characterize the motor workingogity, hence to express the
motor working behavior.

An investigation of combustion instability in solidcket motors was done
in our labs considering the association of two @gals: the disturbing of
a subscale test motor by intermittent modulatingt®fnozzle throat and the
interpretation of the induced pressure oscillatictemping in terms of
propellant response. Our investigation setup islainwith the experimental
devicepropulseur a éjection modulé PEM promoted by ONERA researchers
[3, 4, 6] having as its main part a subscale tetl socket motor. By this
important component and the facility to explorethigequency motor operation
the jet intermittent modulating technique bringst@i@a advantages as an
indirect investigation method for longitudinal iabtlities [2, 3, 6].

Our theoretical researches were focused on defiamgadequate study
model for the solid rocket motors disturbed operatianalyzing mainly the
propellant response function to the pressure cogpbn the basis of the
pressure- time evolution for various propellants. It's abautt interdisciplinary
research study in order to realize a better mogeth the rocket motors
perturbed operation at high frequencies. The highquiency pressure
oscillations including their alternative componentwovide the main
information to evaluate the propellant response.

2. MATHEMATICAL MODEL
2.1. Assumptions and basic equations

In order to make the analysis easier to be impléeteand amenable to
solution, many simplifying assumptions are consgiden our presentation, but
the essential features of combustion — flow progessetained in our study
model.

The working fluid is considered as a mixture of emsassumed to be
homocompositional as well as thermally and caldlsigaerfect. The flow will
be assumed to be non-heating-conducting. Our swdyased on the general
form of conservation equations [2-4], for onelimensional motion of gases in
the grain core, with cross-area variable alongibeor case:
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Conservation of Mass:

0 0 R
A)+ VA= p,u 1
o )+ (ovA)= ooy (1)
Conservation of Momentum:
0
p —(ovA) +—[(p+p|/ )A] pP,tg 8 2)
Conservation of Energy:
0 0 AP R,
—|PoAH; )+ —(poVAH; + P u —— 3
at(p |) aX(p |) ot :Opb pCO‘H ()
Equation of State: p=pPRT (4)

Although egs. (1)-(4) are enough to determine tlog fstate, transport
equations for certain other thermodynamic variaésalso prove useful. In
particular, we have:

Equation for the Entropy:

2 u 2
95, 982 SV ()| Vi, -2 ©)
at Vox pa’rcosd 2

The mathematical model took into account the Iqualpellant burning
rate, U, (absolute propellant wall velocity), the burningogucts emission

velocity from burning surfacefi,, [3] (Fig. 1) and of the local burning
perimeterR,, (Fig. 2):

Pp GAb 1 0A
U, =u,| —-1/{, = sé’-——cosﬂ 6
g b( 0 J IDb 6t ( )

The total enthalpy of gas in every slide of themcre,H; andH,, the total
enthalpy of propellant burning products are exgess

V_yp ug
Hi:h+_:__- Hp:hp+_ (7)
2 y-1p 2

The grain geometry (Fig. 2) is expressed by theWilg non-dimensional
parameters:
bl__’ bZ_L __<1 bl’ :i

I’2 2I’2 l'2 JT |"22
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Fig. 1. The local burning rate and the productsssion velocity vectors at the burning
surface level

Iy propellant case

Fig. 2. Schematic of propellant grain geometry

2.2. Unsteady model

The fundamental equations (1)-(5) are nonlineawéi@r, a linearization
process is possible using the method of regulaugmations. In this process,
the internal flowfield is separated into two coments, a steady part and an
unsteady or oscillatory part.

The unsteady burning and flow processes generatlyigee an oscillatory
pressure in the motor chamber. Our study casedeubiout the presence of
small pressure oscillations around the case averagsure fipmay < 05bar,
p'/P<<1). Hence, the acoustic linear analysis can be eg@hd the pressure
oscillations can be considered as harmonic odoifiat

Since the time- dependent part is oscillatory, then each of tihependent
variables [4, 5] can be written as

Fu)=FOM+ FO(xt) OF + =F +eRdF(xe )
H_J

steady time-dependent
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We introduce the following non-dimensional variable

i
u . _Hp_
- ,Tp—T—
H
p
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,rD:L (8)
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where:m=2p, u, /(r cosd ).

Defining each unsteady compondnt= Re(IE o) = Ecos@r , Where:
F- amplitude of unsteady component variation,
r =3,t/L — normalized time,

Q =%(2nf +i a) — normalizedpulsation in complex form, in which

theduencyf and dampingt parameter appear.
By adequate transformations of eqgs. (1-3, 5) wainbt

|Qv+—ﬁ ML{Z OI(erD)~+M dv}

9
y dx’ e Lo ®)
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i0S = ML{V d('\é'lr IMI) [z s (y-1F - 18] Mld(} (11)
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The solutions of this system can be expresseckifiolfowing form:

F=Fo+MPy+... V=Vg+M+

= - (12)
S=5+M S +.... Q=Qy+M Q;+

where M, =(V/a),_ is the perturbation parameter.

According to the perturbations method, the eqs(12) become:

—order“1™ iQoV +—OIL50 (13)
y dx’

iQO¢*O+—dr— yd—V—O (14)

r2 dx” dx”

S =0 (15)
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—order “M "
__ 1dg . 2 dMD) |- dv,
Qg +——2=—iQ+=——"L Ij-M;—2 16
Ty axd {1rﬂ dx'j}o b (16)
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~ o'?v
iQofy + [Q xD i+ l
7 17)
y d(Myr®) + 9Py
r -9)-iQ M
{ar " (u #)-iQy |@o - 130
08 =[ 2 4+y-1]L d(er M) 5, (18)
] r2
The boundary conditions are:
X?=0: +@,=1 =0420,=0,1,=0, (19)

F =5, =14 =Relge®" )= cos[(Qq + M, 2,)7]
0 =, + M, = 0,V = Relid?")=0
x"=1: unsteady flow continuity condition at the nozelgrance:
=M (v #+w S),

v.,w_ - normalized complex [4] coefficients/ nozzle adamite and
coadmittancethus:

. |70 = O’ (20a)
eeU;=V_ @y, V. computed forQ,. (20b)

The order “1” solutionis provided by egs. (13) and (14) with boundary
conditions (19) and (20a). We can obtain depending ong, and Q, [4, 5],
and from eq. (14) we can write an unique differ@rg. ing,. The normalized
pulsationQ,can be computed based on a transcendent eq.rbthisistage. As

the first evaluation of this paramet@” , we have:

QO =2(x -1+ a)sin(wj +kiT (21)
bcosa

The egs. (16) and (17) with boundary conditiong @réd (20b) provide the
solution of “M | "order.
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In this case we can expregs depending ong, and - and an unique
differential eq. ing,. The pulsationQ, can be computed as solution of the
following eq.:

2in'1:y( 7 p_VT_ljlz_ls_(l*‘VVL) (22)

where:
1 1 52
d\M,r
u:jr@%dxﬂ.lfjiﬁ)%dxﬂ
0 0

(23)

Ed(mer®)( 1 dg, Y
|3_£ ™ (Q_O dng dx

Analyzing these integrals we can identify a phylsggnificance: I, is
proportional with chamber acoustic energy, expresseghe interdependence/

coupling between the pressure oscillations andcthrabustion phenomenoh,

showsthe acoustic energy spent to get an axial unsteagcity of burning
products — “flow turning” losses The last term of eq. (22) expresses the
acoustic energy losses in the nozzle
Considering the steady-state conditions, the ggges solutions may take
the form:
P = Ry(x*) + M B (x*) + MZP,(x*) +..... (24)
M =M M (X*) + MM, (X*) +.....

with the following boundary conditions:
RO=L,R0O)=0R,0)=0..M;0)=0,M,0)=0,. MD=1,M,@0) =0

The variation of the chamber static presspreand the evolution of Mach

numberM in the grain core for various X parameter valueglicitly its time
variation) can be obtained by integrating the syiste

d*(r)* M1/1+_y_1|\72]=—_4_pp*bub ¥
dx 2 P 3y Ig cosf
*\2 1 __
—p*M ide(rS) 1+ Y L2
(1) o V2

(25)
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d [ o oo 1d(r)?
*N+yMe|l=—-yp*M 26
dX*[p (1 4 )] yp (r;)Z dx* ( )
X x_r P
wherex* =— r. =— ,p*=—
TP Po

According to this model, the variablpgndv can be computed as functions of
time:

P=pPA+eP)=PolPo(x*) +

) _ 27
+ M P, (x*)] {1+ £ Re[[@, + M §,)e/ (F0MLoD7y @0

v=v+eav =aM M, (x*) +ca Re[(|7O + I\WLﬁl)ei(Qmm'-Ql)r] (28)

2.3. Propéllant response to pressure coupling

In order to evaluate the propellant response itesessary to know its
dependence on thaescillations amplitude and frequency, the natufeflow
oscillations, on average pressure and the propékampositior{1, 2].

In the case of enotor working operatiors aharmonicone and assuming
the propellant response is dependent of steadgymeand pulsation and taking
into account onlythe pressure couplingand neglecting, the admittance
corrections, we can write [2, 4, 5, 6]:

Rup :% = UE;lib , response in burning rate to the pressure coupling
p/p
f ~ p—
Rrp :?p = E;ﬁb , response in burning temperature to the pressure
coupling. Thus
H+T,
Ro = Roo =Rip* Rp = =5 (29)

is the propellant response in combustion to th&ebmotor pressure coupling,
named the linear propellant response. Taking intcoant the normalized
pulsation,Q, [4, 6, 7],

Q=L @t +ia)0Q+M Q=i =25 + L [ZHfL_QOJ
9 QM. M,



Regarding the Influence of High Frequency Combusdiistabilities... 15

the real part and the imaginary one of the combastsponser. will be:

N
- 1+VV|(_r)+|3__26;7L Iy
RO =YL, g My
oy vyl | (30)
yv('>+i| (27TfL QOJ
L — —
RO = L ) )
P yl,

2.4. Experimental setup

Experimental research was performed with an adegeiierimental setup,
built in our lab on the basis of the nozzle thnmaidulating device developed by
ONERA researchers [2, 3, 5], able to evaluate tlopgilant response by the
interpretation of the damping of pressure oscdladi in terms of propellant
response.

The perturbed working simulation device, in thenfeaof jet intermittent
modulating techniques, offers many investigatiopasfunities [3, 4, 5, 6]. It is
equipped with a speciatéeth wheélwith 3 modulating teeth on a small wheel
sector which spins at a given speed (depending hen studied range of
frequencies) in a cross — section near the nobartat

1 2 3 4 5 6

Fig. 3. Sketch of subscale test motor with moduotatievice:
1 — dynamic quartz piezoelectric sensor, 2 — igne- chamber wall, 4 — propellant
grain, 5 — aft end cover, 6 — nozzle, 7 — moduipteéeth, 8 — modulating wheel

This autonomic setup measures by a dynamic quétzo@ectric sensor
the chamber pressure and records these data, fousarain shapes, and has
multiple analyzing possibilities depending on tiered frequency (Fig. 3).
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The disturbing intensity is determined by the ratd nozzle throat
obturation and also by the position of the wheahpl as to the nozzle throat.
Although this device is not really a continuoussatibr, this method could be
used to drive selected frequencies during an exgerti and numerous pulses
could be obtained in a single test.

In our experiments with a non-metalized compositeppllant the teeth
wheel 7 (Fig. 3) was used to modulate the thrasa at frequencies up to 7 kHz
on each revolution. After the pass of the thirdthpahe combustor gets into
a natural damping process for the remaining parhefrevolution time. The
teeth sector during each pass operates obstruslivigof the nozzle throat.

3. RESULTSAND CONCLUSIONS

In the frame of the developed model, the variatiohsinsteady pressure
and flow velocity amplituded, , V), for longitudinal oscillation mode (k = 1),
can be easily evaluated. Thus, one observes tlaenpéer variation off,(x *)

is very appropriate of cosi(*), (Fig. 4). The flow velocity amplitude reaches
maximum at the middle of the chamber and this patamat the beginning of
the burning is greater by about 30% than its valube end of motor operation.
We can assert, on the basis of the theoretical madat the real part of
propellant response R, is a function of thescillation dampingacoustic
energyin the motor chamber andarious losses in the burning chamb&he
imaginary part of propellant responseR"” , mainly depends on thermalized

pulsation on theburning chamber gas columand on the pressure oscillations
frequency

The computing procedure of the propellant resposgaiuation model
basically demands 3 types of data:

a) combustion products characteristics (thermodyoamalculus);

b) dimensions of the grain, case and nozzle;

c) experimental results — the average pressur@eduhickness, frequency
and damping oscillations as time functions.

Applying our model, the main steps of computinggedure are:

> calculus of perturbation parameter, based on the rateX / A, ), [5];

» iterative calculus of normalized pulsatiéhy, [4, 5], (first evaluation (21),
Fig. 5);

» determining of the integrals, I,, 15 and ofv”, v{" , [4-6];

» calculus of the global response in combustiRp, eq. (30), using the
experimental data obtained by jet intermittent natiing techniques.
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Regarding the evaluation of the integrdls 1,, |5, for the considered

grain shape, we can use a suitable analytical flarninus, Figure 6 depicts the
variations of these integrals depending on thetiveleburning grain thickness

for the first oscillation mode.
It's important to highlight that the grain core ilounsteady velocity

calculus, eq. (28), demands to kn@wyor M parameter, and for this reason the
M;(x*) evolution was computed by numerical integratioorresponding to

tL{0, @/5),, (2/5)t,, 3/5),, (4/5)t, .t} (Fig. 7).

1.00

Fig. 4. Unsteady pressure amplitu{ﬁ@ vs. non-dimensional length x*
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Fig. 5. Normalized pulsation ratio tatk's. non-dimensional thickness ratio tob}-
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We present for evidencing one of our many applecetiusing the presented
method. Our experiments and theoretical evaluatiere done taking a non-
metalized propellant, based ammonium perchloratand polybutadiend4],

(c* =1490m/s, T, =1,285 p**74).

The grain geometry (Fig. 2) is characterized byftiilwing parameters:

b, = 0,468,b, = 2,660,0 = 7/#3. The grain length of 50 mm has been established
so that the frequency of the fundamental longitadmode takes values in the
vicinity of 10 KHz. Considering the propellant grageometry of cylindrical

tubular shape, we avoided having discontinuitiethefgrain core cross-section
along the motor’s length and thus we facilitategl ititerpretation of the results.

1.0

X/(1- by)
0 0.25 0.5 0.75 100

Fig. 6. The integralf, 1, andl; vs. non-dimensional thickness ratio tobg) -

M,

t=t -
by [

0.25 0.50 0.75 1.00

Fig. 7. Mach parametd; vs. non-dimensional length x* at several burrtinge
values
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We used the laboratory and presented analyticd$ ttmocharacterize the
acoustic response properties of a solid prope#iard function of frequency for
different values of case average pressure.

o’ T
[MPa]

tlsl

Fig. 8. Experimental head end pressure — time Iprafith no disturbances

[MPa]

|
o 0l 0.2 0.3 04 0.5 0.6 t [S]

Fig. 9. Experimental head end pressure — time tyistaith low disturbing intensity
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Time evolution of measured chamber pressure ubiadpboratory setup at
low and high disturbing intensity levels (Fig. @) versus the nominal curve
p(t) (Fig. 8), basically preserves the average presswmution shape. In
certain disturbing conditions a perturbed zoneagpear (starting from0,4 s,
Fig. 10) with a significant deviation of the aveeagressure. This combustion
instability phenomenon was pointed out in [4], too.

The variations of frequency and damping parametédg. (11), were
computed on the basis of pressure — time recorids 9. These 2 influence
factors can be mathematically correlated and tloeyespond to the same case
average pressure. The timefrequency analysis was done for a low level
disturbing case and a linear variation of frequewey observed. The real part
values of the propellant response, eq. (30) wetairmdd taking into account the
dependence time damping parameter.

The results concerning the variation of the realt pd the propellant

response in respect of the frequency is illustrateeig. 12. TheRpr magnitude

is acceptable and we can observe its increasingticar until a maximum value
corresponding to a frequency level of about 10 KHz.

An explanation of this variation trend may be fouird the unsteady
behaviour of the burning zone to high frequency.

T
[MPa]

0.6 t [S ] 0.7

Fig. 10. Experimental head end pressure — timetyistvith high disturbing intensity
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Fig. 11. Frequency and damping parameter of pressagillations vs. burning time

The absolute value d’RS) doesn’'t exceed in magnitude some units and it is

very sensitive witha, (e.g.— 5%a, inducing the response decreasing at about

zero) and can influence the average pressure mugafrequencies (e.g- 2 at
7 KHz,-30 at 9 KHz).

Our paper pointed out that during all the testdwiite subscale test solid
rocket motor, for average pressures of 3-8 MPa, eketed mode was the
fundamental longitudinal mode (first and eventwadand harmonics).

We have extended the application of the presentasgkfralso in the case of
a DB propellant [5], (based on NG/NC/DNT,c*=1380 m/s

T, = 0,675 p*°%), used for a 122 mm solid rocket motor. Thus, uFég13

depicts the influence of the mean pressure on tbeefiant response function,
for frequency values of 1-3 KHz. This result ispiontant for a DB propellant
rocket motor design, especially with a higher l&angt diameter grain ratio, and
a higher volume charge rate of the motor case.

As an important conclusion for the two case stydies most unfavourable
propellant response is obtained at smaller pressuire the proximity of the
stable working limit of the rocket motor. Moreovére unsteady motor working
changes could be accompanied by abrupt rise ohgegarthamber pressure.
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Fig. 12. Real part of coupled pressure responsgtitmvs. frequency at 3 case average
pressure values — composite propellant
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Fig. 13. Real part of coupled pressure responsgtitmvs. frequency at 2 case average
pressure values — DB propellant
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Taking into account the researches made by Kuemiznzand Traineau
[3, 4, 6] for several composite propellants we haxtended the application of
this propellant response evaluation indirect metliod the DB propellant
mentioned before. Thus, during the tests made thétsame solid rocket motor
(MR-01, Dg = 122 mm [5]), at two different initial temperags; we observed
that rather high level frequency combustion indil#ds can appear in certain
conditions and they can induce an important vanabf the average pressure
evolution (Fig. 14, 15). The most disturbed timegsure evolution (nonlinear
instabilities) was recorded for smaller pressurdues corresponding of
negative propellant initial temperatufe=-40°C (Fig. 15).

P [MPa]
40.00|

MR.01
- 40°c

N T

20.00 \ ] w\

- \
10.00|
\_t[s]

1.80

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Fig. 14. Pressure/time history, at= 40°C, for DB propellant motoDg= 122 mm, [5])

15
P MR-01 —— 40"
[MPa Ti_ 40°C

12.5

10

0 0.5 1.0 1.5 2.0 2.5 t[s] 3.0

Fig. 15. Pressure/time history,at= —40°C for DB propellant motor
(Dr=122 mm, [5])
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This experiment comes to sustain the conclusiorcewing the prediction
property of propellant response function towardsrttotor behaviour. Hence, at
smaller chamber mean pressures, the high frequeoimpustion instabilities
may have a significant influence on the rocket matorking.

Our linear acoustic analysis can’t be applied & gropellant burning rate
becomes non-sinusoidal when the pressure oscillatiagnitude grows larger
than about 10% of the mean pressure [1, 2].

Research towards predicting and quantifying unebkraxial combustion
instability symptoms necessitates a comprehengiwgenical model for internal
ballistic simulation under dynamic flow and combaistconditions. The study
model of the present paper, based on perturbatimibod was included in the
mathematical model of a complex simulation compptegram of solid rocket
motors disturbed operation, which operates withrgd thermo-gas-dynamical
and engine construction data basis. This is albereefit of using an indirect
evaluation method of coupled pressure propellssgarse function.

Our next step in the combustion instabilities studl be to carry on the
improvement of the mathematical model and to use j#t modulating
technique to continue the investigation of DB mitants and to explore the
response function of metalized propellants in uaioperating conditions.
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