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Abstract

The experimental study of the frequency response of burning solid propellants
has been done using, as external forcing energy source, a CO, laser (60 W, 10.6 pm).

The laser radiant flux intensity was sinusoidally modulated and the response of
the burning propellant was detected measuring the recoil force generated by the gases
coming out from the burning surface using a strain-gage load cell which can operate
inside the combustion chamber at the operating pressure. The tests were performed in
the sub-atmospheric pressure range and a composite propellant (AP.HTPB/86.14) was
used. The combustion chamber was filled by inert gas (N,) and for each working pres-
sure several tests were carried out at different radiant flux frequency modulations in
the range from 5 to 50 Hz. The results evince that the recoil force amplitude depends
on the forcing laser frequency with a maximum for every working pressure.

This experimental data set was then used to compare the nonlinear frequency res-
ponse curves obtained by numerical integration of the combustion model equations.
Comparisons between experimental and numerical results at 0.3 and 0.5 atm are shown
and the general trend, obtained by numerical simulations, of the propellant frequency
response vs pressure in a broader range is presented and discussed.

Introduction

The frequency response study of solid rocket propellants is a peculiar
aspect related to the combustion instability problem in the motors. Many
theoretical and experimental works were devoted to acquire more detailed
knowledge of the phenomenon and many experimental techniques were
developed to get data in a wide frequency range [1, 2].

The laser driven combustion technique is the method to influence the
solid rocket propellant burning process which has advantages over others.
The easiness to control and measure the transient, the possibility to choose
different kind of waveforms and the contactless of the method make this
equipment very flexible and convenient to be used.

This study, besides the importance to deepen the dynamic behavior of
burning propellants, should give further information for the characterization
of the composite propellant used in this work. In fact, it is experimentally
well defined under steady state configuration [3], in the self-sustained oscil-
latory combustion regime close to the pressure deflagration limit [4, 5] and
during the ignition transients [6—8]. The experimental work is mainly
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focalized to define, at every working pressure, the frequency for which the
burning propellant has the maximum response to the external stimulus and
more experimental techniques have been used to confirm the results. The
numerical simulations of phenomenon is addressed to reproduce the experi-
mental results to explore broader ranges of pressure and incident flux inten-
sity to define the general trend of the propellant frequency response.

Experimental Apparatus and Procedure

The schematic diagram of the CO; laser set up is shown in Fig. 1.
A stainless steel combustion chamber is collimated with the optical axis of
the laser beam. Along the optical line an electro-mechanical shutter, a laser
beam analyzer and a power meter are placed. The laser beam comes, through
a coated ZnSe window, into the combustion chamber and impinges on the
propellant sample (6 mm diameter and 15 mm length) fixed at the load cell
which is mounted on a micro X—Y positioning bed to provide convenience
in aligning. The CO, laser beam (TEMgy mode) has a size of 7.5 mm and
it is opened operating the shutter. The laser beam analyzer is used to detect
the power intensity distribution of the beam and the total power is checked
by means of the power meter before and after each test.

Recordings of the burning propellant, by a video system, through one
of the two side glass windows, allow to measure the average burning rate
[3] and to follow the propellant sample combustion,

Other diagnostic techniques have been implemented to get further data
about the propellant burning behavior: Laser Doppler Velocimetry, micro-
thermocouples and photodiode. These ones gave useful results in the study
of the self-sustained oscillatory combustion regime [4].

The test procedure consists of filling the combustion chamber by N2
gas to reach the working pressure, then the power meter is removed from
the laser beam line and finally the shutter is operated. Signals generated by
the shutter opening, used as trigger of the acquisition systems, and by the
load cell are sent to the digital oscilloscope and stored on disk.

GAS EXAUST
SHUTTER
CONTROL l |
LASER CD2 . —
B o [l B

L -ILASER
POWER SUPPLY
P. PROPELLANT l

V.P. VACUUM PUMP
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P.A.  POWER ATTENUATOR
L.B.A. LASER BEAM ANALYZER
PM.  POWER METER

V.C. VIDEO CAMERA

M. MANOMETER

PR. PRESSURE REDUCER
N.V. NEEDLE VALVE

G.C. GAS CYLINDER

L. LOAD CELL
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Fig. 1. Experimental apparatus.
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Numerical Approach

The 1-D mathematical model is written for a solid propellant cylindrical
sample subjected to a sinusoidally modulated radiant flux impinging on
the cross section of the propellant. The propellant sample is considered
semi-infinite and the reference frame, assumed to write the energy conser-
vation equation, is fixed to the irradiated surface. In such case the equation
has to include a term accounting for the convective energy transport due to
the relative motion between the propellant and the frame. A scale transfor-
mation is used to take into account the steeper gradients in the temperature
profile near the burning surface. The scale transformation x = exp —1
[9] is implemented to map the semi-infinite region —eo <<z’ <<0 into the
finite domain —1<<zx<<0; p has to be chosen to keep the temperature
derivative bounded at x = —1. The nondimensional condensed phase energy
equation assumes the form:
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where F, the nondimensional external radiant flux intensity, changes in
time with a sinusoidal law. To be integrated the equation needs the initial
condition: viz. 1= 0)-assigned function and the boundary conditions:
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where ¢,, is the nondimensional heat feedback from the gas phlase to the
burning surface; it is described by means of an appropriate flame model.
In this work the KTSS nonlinear flame model [10] is implemented.

The finite difference form of Eq. 1 can be applied to all the grid points,
leading to a set of Jf-2 algebraic equations whose coefficients yield a tridia-
gonal matrix. The Thomas algorithm was used to solve the system.

Results

To face the experimental study of the frequency response it is useful to
know the influence on the average burning rate of the radiant flux intensity
impinging on the burning propellant surface. This knowledge allows to
estimate if the radiant flux intensity variation is large enough (+5—10 %)
to get significant burning rate changes without dynamic effects for the
burning system and to perform tests at different pressures inducing the same
external perturbation to the burning propellant. Results related to these tests
indicate that to get the same percentage burning rate increase one has to
use higher radiant intensities flux as the operating pressure increases (see
Tab. 1).

The data, obtained in the experimental study of the frequency response
are processed in order to get, when it is possible, the amplitude of the sig-
nal component associated to the forcing frequency. That allows to determine
the burning propellant response to the external radiation modulated in the
chosen frequency range. Data of the experimental tests and numerical
computations are reported in Tab. 2: AR is the nondimensional difference
between the maximum and the minimum burning rate values while ARy«
is larger AR in the investigated range. The average flux intensity (/.) is
not the same for the whole data set. The general trend indicated by Tab. 2
is depicted in Fig. 2. This figure is a plot of the resonance frequency vs
average flux intensity for different operating pressures. Larger pressure and
I, yield higher resonance frequency and this tendency is physically based
on the condensed phase characteristic time decrease with the pressure
and/or the /., increase.
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TAB.1

Flux intensity increment to get the same steady burning increase at

differsnt working pressure when the incident flux intensity is 5 cal/cm? s

Arp — 2.5% Arp = 10% Arp = 15%
P [atm] AIp% AIp% AIp% AIg%
0.1 10 20 36 55
| 0.5 20 40 72 100
1 34 60 100 l 135
TAB.2

Deper:dence of the amplitude ratio AR/ARmax on the forcing frequency
Numerical and experimental results.

AR/ ARmax |
0.3 [atm) 0.5 [atm) 0.9 [atm]| 5 [atm]!
f [Ez) num exp num exp num num

0.78 0.39 0.65 0.48 0.63 —_—

8 1 0.82 | —— | 0.65 | —— S
10 0.98 | 1 0.95 | 0.71 | 0.90 0.55
15 0.91 | 0.84 | 1 —_ | — 0.58
) 0.83 | 0.62 | 0.97 | 0.90 | 0.99 !
z5 _ 0.91 | 1 1 0.70
| 30 0.68 | —— | 0.83 | 0.94 | 0.98 _ g
=g E 0.82
100 0.34 | —— | 0.43 | —— | 0.62 0.94
| 150 ’ 0.99
260 I 0.51 1
620 ! 0.€7
i Im i 2 5 f 0.3 6 0.5 5
| fcal/em? s] i ,

Conclusions

The solid propellants combustion driven by laser radiation applied to
the study of the irequency response of burning propellants is a method
which allows to work at constant pressure of the combustion chamber avoi-
ding some pressure coupling.
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Fig. 2. Resonance frequency vs incident flux intensity for AP.HTPB/86.14 pro-
pellant at different working pressure.

The experimental diagnostic techniques used to study the frequency
response of burning propellant has given reasonable results in the sub-
atmospheric pressure range. The more reliable one is the method to measure
the recoil force generated by the gas coming out from the burning surface
because by means these results is possible to evaluate the instantaneous
burning rate. The tests carried out at different operating pressure have poin-
ted out that at every pressure a frequency exists for which the burning
propellant has its larger response and that this value increases with the
pressure increase. The numerical simulation has shown that the data set,
experimentally obtained, is suitable to the unsteady burning propellant
description and the results well compare with the experimental data and give
the possibility to explore the propellant frequency response in a wide pres-
sure range.
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CIIOCOB OIIPENEJJIEHNA OTRIINKA
CROPOCTH T'OPEHIA TOIIJINBA
HA N3MEHEHHNE TABJIEHUA C IIOMOIIBIO NM3JIIYYEHNA

B pamrax ¢heHOMEHOJIOrmIECKOro NOAXOfAa 3elbaoBuda — HoBOKHIOBA paccMaTpm-
BAaeTCsA BO3MOJKHOCTH IONYy4eHUs (QYHKRIME OTKJIMKA C HNOMOIIBI0 H3JIYIEHHS W C MOCHe-
AyoIqAM HepecdeToM B (YHKIMIO OTRIMKA HO JaBieHWi0. IIpemosKeHa MeTORMKA HeEIMOo-
CPefICTBEeHHOI0 MOJNYYeHNS BHUA HECTAI[HOHAPDHOTO OTKIUKA CKODOCTH TOPEHHS IO [aB-
JeHWI0 HM3 DKCIEPUMEHTOB HO TOPEHWI0 TOIJIHBA HPH HAeicTBAM CHENUATBHBIM 00pasoM
MOLYIHPOBAHHEIM H3IyIeHWEM.

JIo cHX Iop BKCIEPIMEHTAIBHO ONPeNelsaTh 3aKOHOMEDPHOCTy IIOBETEHNS
HecTAIlHOHAPHOU CKOPOCTH TOpPeHUs TBePAbIX TOIINB IIPH W3MEHEHHH JaBje-
HHS JOCTATOYHO CJOYKHO. B CBASH ¢ 3THM BechbMa 3aMaHYIBBEIM BBITJIANUT
cIoco0 IONYYeHHA TAKHX 3aKOHOMEPHOCTeH ¢ IIOMOIbI0 BO3MelicTBUA m3ayde-
dreM Ha IPOIECC TOPeHHA ¢ IOCHeIYIONNM TepecTeToM pe3yiabTarta B OTKIMK
cropoctn 1o fAaBiaeHmio. TeopeTmuecKl Takaa BO3MOMKHOCTH ITOKa3aHa B pa-
gore [1] ma mpmMepe (yHKIHUII OTKIMKA II0 JABIEHI0 II M3JIYyYEHHIO JIA
MOflell TOPEHHA ¢ KBa3WCTAIIIOHAPHBIMH 30HAMH XUMIIYECKHX peariuii B
TasoBOll M KOHIEHCHPOBAHHO}{ (B GECKOHEYHO Y3KOM IIOBEPXHOCTHOM CJIOE)
daszax. Ilpm sToM BaskHO YCIOBHE IOTJIOMIEHIA W3JIYyYCHHWSA HA IIOBEPXHOCTU
tTommmBa. B sToM cayuae o6e QYHKIUHN OTKINKA COBIAJAlT ¢ TOTHOCTHIO
70 xoopdummenta. B [2] yrowmeno, 4uTo pesyabTAT cIpaBeIJIIB TOJBKO HpPH
JAOCTATOYHO MAaloM cpeJHeM YPOBHE MOIMHOCTH M3IyIeHNUsA.

B pamkax d¢eHoMeHoIOrmIeCcKOro Iogxofa JSeangobida — HoBommio-
ea [3], B xoropom cdopmyanposana mamGomee obmas GopMysIHpOBKA KBazu-
CTAIMOHAPHOTO METOLA B TEOPHH HECTAMOHAPHOTO TOPEHHs TBEPABIX TOILIUB,
MOBEeHIIe CKOPOCTH TOPEHIIA OIMCHIBAETCH YPABHEHIIEM TEILIONPOBOMHOCTH B
K-dase ¢ COOTBETCTBYMOIIUMHI TPAHNYHBIMH W HATAIbHBIMH YCIOBHSME

or +u%:u{f~—f, — oo < <0, 1)
u:uO(Ts—%(P/uv D, Q)i (2)
Ts= TE(TS_’%(P/UH P q)v (3)
or
xX=0

q=q(), T(z, 0)="To(x).

Smecy T — remmeparypa K-hasbl; U — CKOPOCTL TOPEHUSA; — BpeMsa; & —
LPOCTPAHCTBEHHAA KOODAIIHATA; p — JABJIenne; ¢ — MOTION[ANEeca Ha Io-
BePXHOCTH H3IyUeHNe; ¥ — TeMIeparypoumpoBogHocTs. WHTEKC § coorBer-
CTByeT IIOBePXHOCTH, IHAEKC HYJh BBEPXY — CTAIMOHAPHBIM YCJIOBHAM, BHH-
3y — HAYaJBHBIM.

IIpoo6passl HecranmumoHapuBIX 3aBucuMocreir (2), (3)— crammonapabie

dyuaxmma u®(To, p, q), T° Ty, Py q). Dymkmus oTKIZKA (IPOTYKT Jd-
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