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Solid-Propellant Combustion Response Function from Direct
Measurement Methods: ONERA Experience

Franck Cauty*
ONERA, BP 72-F92322 Chatillon CEDEX, France

Usually, the pressure-coupled response function of a solid propellant is determined using the traditional indirect
methods such as T-burner or modulated exhaust jet technique. A few direct methods, based on wave propagation
through the solid-propellant grain, exist: microwave and ultrasound techniques. There is also the magnetohydro-
dynamic technique derived from magnetic velocimetry through the gas phase. The theoretical approaches of each
method are explained and are coupled with an acoustic analysis of the pressure oscillations. The response func-
tion is determined using these direct and nonintrusive methods for the Ariane V solid propellant (HTPB-AP-Al)
and a nonmetalized propellant. Results obtained for composite propellants, such as that of the Ariane V, show
the accuracy of each method and underline the advantages or disadvantages of each method as far as ONERA’s
experience can carry it out. Direct methods are nonintrusive but are limited because of their principle itself. There
is a frequency limit above which the measurement cannot be performed. Finally, the objectives of future ONERA

work are proposed.

Nomenclature

A = kinetic parameter in the response function,

= acoustic admittance of the burning surface

= thermal diffusivity, m/s?

speed of sound, m/s

parameter in the response function, [0 (T, — T;)]~!

or magnetic flux density, Wb/m?

mechanical wave velocity, m/s

= corrective coefficients

= distance between the electrodes, mm

= thickness, mm; electric field strength, V/m

output voltage, V

frequency, Hz

= mechanical wave sensitivity coefficients for the
propellant, K ~' or MPa™!

= mechanical wave sensitivity coefficients for the
coupling material, K~! or MPa™!

= Mach number

= mass flux, kg/s

= burning-rate pressure exponent, (3 bV, /3l P)

P = pressure, MPa ~ ~

= response function, (' /m)/(P’/P)

ratio of propagation-time amplitude to pressure

amplitude, both reduced with respect to their mean

value, (t'/7)/(P'/P)

root of characteristicequation, s(s — 1) =iQ

= temperature, K

= residence time, ms

= gas velocity, m/s

s = burn rate, mm/s

distance between the electrodes and the burning

surface, mm
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Z = complex coefficient of reflection, X +iY
o = nondimensional coefficient

y = ratio of specific heats

A¢ = phase shift, deg

0 = gas density, kg/m?
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o = temperature sensitivity coefficient of burning rate,
(TJ_0 —To) (00 V, /0l P)

T = mechanical wave propagationtime, us
Q = nondimensional frequency, aw/ Vb2
10} = angular frequency, rad/s

Subscripts

CF = cold flow

c = coupling material

ini = initial conditions

P = pressure

)4 = propellant

refor0 = reference conditions

s = surface

T = temperature

Superscripts

i = imaginary part

r = real part

O = mean quantity

) = fluctuating quantity

* = apparent or noncorrected quantity

Introduction

ESIDES the traditional indirect methods for determining solid-

propellant response, such as the T-burner or the modulated
exhaust jet technique, a few direct methods exist. Based on wave
propagation through the solid-propellant grain, there are the mi-
crowave technique (MWT) and the ultrasound technique (ULT).
There is also the magnetohydrodynamic(MHD) technique derived
from magnetic velocimetry through the gas phase.

ONERA’s experience in such direct methods is presented.
ONERA has been involved in the development of microwave and
ultrasonic measurement techniques for low-frequency pressure-
coupled response determination in the framework of the Ariane
V booster assessment. Furthermore, ONERA has been investigat-
ing the MHD technique following the work done by Wilson and
Micci' at Penn State University. The microwave technique has been
evaluated widely by different research teams: Strand et al.? at Jet
Propulsion Laboratory, Russell® at Naval Surface Warfare Center,
and Wood et al.* at the Virginia Polytechnic Institute and State Uni-
versity. The ultrasound method is more a French technique devoted
for burning-rate determination.
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These three direct methods require a modulated exhaust-jetsetup
to generate pressure oscillations at a selected frequency. These os-
cillations are produced by means of a toothed wheel rotating over
the exit of the nozzle. Sensors and devices are specific depending
on the method: microwave horn with microwave analyzer MWT),
ultrasonic transducer and electronic device for ultrasonic measure-
ment (ULT), and electric probes with a permanent magnet (MHD).
These technicaltools are described. Their theoreticalapproachesare
coupled with an acoustic analysis of the pressure oscillations:cavity
waves for MWT and ULT or part of a standing wave for MHD. They
are explained shortly.

Description of the Methods

The ONERA modulated-exhaust-jettechnique (MEJT) was de-
velopedin the early 1970s. This techniqueis based on the production
of (forced) oscillationsin a (reduced-volume)combustion chamber
by means of a modulating wheel that partially and periodically in-
terrupts the nozzle throat. This setupis shown in Fig. 1 for ULT. The
modulation-wheel profile can be a sine oscillation (low-frequency
range) or square tooth (higher-frequencyrange). An optic-fiber ap-
paratus provides a reference signal related to the throat modulation.
This system is put on the rotating wheel on the MHD setup or on a
second smaller wheel for ULT and MWT.

The MWT experimental setup uses the sample-generator modu-
lated-exhaust-jettechnique drawn in Fig. 2. The operating pressure
is obtained through a main unmetallized propellantgrain. The MHD
setup is small because it has to be put between the poles of a magnet
(Fig. 3).

Grain geometry characteristics are as follows: Diameters are
85 mm for ULT, 36 mm for MHD, and 10 mm for MWT; the strand
thicknessis always around 20-30 mm. The propellant sample size
is small. This reduces test cost, but the modulated throat size is very
small and the pressure level is difficult to adjust. The mean pressure

Fig. 1 Setup for modulated exhaust-jet technique.
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Fig. 2 Microwave experimental setup.

Fig. 3 MHD setup.
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Fig. 4 Principle of the MWT.

often varies during the combustion because of deposits between the
throat and the wheel, modifying the initial gap. Of course, this ef-
fect is stronger with aluminized solid propellants. During the test,
this deposit can be ejected or not. Erosion of the wheel profile by
hot gases also modifies the pressure level, especially the unsteady
component.

The measurement processingis basically the same for these three
methods: The pressure and the specific measurementsignal are dig-
itized for the mean value as well as for the unsteady component,
which is filtered in the suitable frequency range. The unsteady os-
cillations are analyzed using the same data processing method to
give the zero-peak amplitude and the phase window by window. A
phase shiftis computed with respectto the reference pressuresignal.

These are general considerations, but each method requires spe-
cific test conditions and sensors. Each technique is discussed in the
following sections.

MWT

The fundamental principle of the method>® is derived from the
propagation of electromagnetic waves (f = 10 GHz) in absorbing
materials. The propellantsampleis fitted in a cylindrical waveguide.
A microwave source creates the electromagnetic wave, which trav-
els through rectangular microwave guides, then through a conical
transitionelement,andfinally throughthe propellantsample (Fig. 4).

A quasi-completereflection occurs on the burning surface. The in-
stantaneousmeasurementof the phase shiftbetweenincidentand re-
flective waves is directly proportionalto the thickness of the propel-
lant sample. The time derivativeof the phase shift gives the unsteady
burning rate. The microwave signal is obtained from a microwave
analyzerdesignedand developedat ONERA in 1990. This apparatus
measures the complex coefficient of reflection from the transition
element(Z). The assumedlinearizedrelationshipbetweenthe exper-
imental signal and the phase shift with w the pulsationfrequency is

Z=X+iY

iw X' +iY’
Ryp = _ .
<P’/P> [(dX/dt) + (i dY/dt):|
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Fig. 5 Microwave interferometer device: basic results.

The response function is computed by deducing w, P’, and P from
the pressure measurementsand X', Y’, dX/dt, anddY/ dt from the
microwave measurements (Fig. 5). Each parameter of the Ryp re-
lationship is determined; thus the response function is obtained for
many analysis windows through the test.

The response-functionvalues obtained from these signals lead to
a few remarks. First, the computed response functionis not constant
during a test at constant pressure. Second, the response functions
measured above 200 Hz seem to be high compared to data obtained
by indirect methods. Third, the existence of a linear relationship
between the phase shift and the propellantthicknessis only partially
true: The phase shiftis only the argumentof the complex coefficient
of reflection from the transition element and the question arises as
to the meaning of the modulus. A model has been proposed that
takes into account the piling of various waveguide elements. For
metallized propellants, the amplitude of X’ (or Y") is not zero when
dX/dt (or dY/dt) is equal to zero. In short, we can say that this
phenomenon is turned into a second response term corresponding
to a response to pressure oscillations of the coefficient of reflection
from the burning surface’ or to an apparentresponseobtainedfroma
cold-flow test.® The authors note that the basic question of all direct
(and indirect) measurement methods is: What is really measured?
This point is examined later.

ULT

For MWT, the phase shift is related to the thickness. For ULT,”:
the return propagationtime is proportionalto the thicknessby means
of an acoustic velocity C, which, unfortunately, varies with stress—
strain distribution and thermal profile. A theoretical approach to
the ultrasonic measurement analysis under unsteady conditions has

been proposed in Ref. 7. The final relationship shows that the ap-
parent response has to be corrected:

Cl(Riw) +Ci]+ G[(Riw) - 20]
C:+C2

(Ruvp)

Cl(Ri) — a¢:] + Cl(Rew) + €]

Rwp)' =

Coefficients C;—C, are defined by

B kpP
[1—kp(P — Pl

1 _| E,V, _
C=— {kpp[ L2+ ke (T, —Trer)}
[1 - kP(P - Pref)] a

c E.Vb}

C

+ l 13 Pref C
Phe a

Cref

- s’ 1 —s
Cy =14k (T, —Twp)| 1 — -
3 + kr (T, r)|: TRENTOE +— :|

s' s'

(s)2+(s)2 A

These corrective terms represent physical influence parameters.
The coefficient C| is a functionof pressure and propellantultrasonic
velocity sensitivity to pressure kp. Its value is small—a few hun-
dredths. For C,, instantaneous propellant thickness E,, coupling
material characteristics (C. er, [p), geometry (E.), and the steady
combustion thermal profile must be added. C, is much larger be-
cause of the propellantthickness which, of course, decreases during
the combustion. At the end of burning, this coefficient represents
the coupling-material contribution. C3 and Cy4 coefficients depend
on the thermal profile via the temperature sensitivity of the wave
velocity kr and propellant kinetics. They are based on composite
propellant combustionmodel (s = s” +is') (Ref. 9). The influence
of the kinetic parameter A, from Arrhenius law, on C; and Cy is
small at low frequency, below 100 Hz (Ref. 8).

The ultrasonicmeasurementallows one to determine the apparent
response function Ry;,. This function can be calculated from

Cy = ke (T, — Tref)[

(Rip) = (@E,/V,)IS|sin Ap
(Rip) = —(@E,/Vy)|S|cos A

with w the pulsation frequency, A¢ the phase shift between ul-
trasonic and pressure signals, E, the propellant thickness, V), the
burningrate, and S the ratio of the propagation-timeamplitude and
of the pressure amplitude, both reduced with respect to their mean
values.

The data reduction software is splitin three parts. The first partis
common for all unsteady measurement processing: one determines
the zero-peak amplitude and the phase shift between the unsteady
signal and its specific reference signal, step by step, in a small time
interval. For the ultrasonic measurement, the unsteady signal is the
unsteady propagation-time variation and the reference is the un-
steady pressure. Then, in a second part, mean pressure, mean prop-
agation time, propellant thickness, and burning rate are computed
and added to the unsteady output file at each interval of time. The
third part computes the pressure-coupled response function using
the appropriate theory for MEJT.

As seen through the relationships, various parameters influence
the results: coefficients of mechanical wave velocity, propellant
surface temperature and diffusivity, and the corrective coefficients
C,—C,. The pressuretransducercalibrationand the transfer function
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Fig. 6 ULT parametric study.

of unsteady pressure and propagationtime modify S and A¢. They
also must be quantified. This parametric study is represented on
Fig. 6. The basic assumption is that the response function (its real
part) is constant during the test. The value of S is known within a
maximum scattering of 4%. The thermal parameters’ influence is
also in the same range. The effect of k, and [, on response level
is greater. The best fit obtained gives a quasi-constant value of the
real part of the response function (Ryp)”. Thus, the accuracy of
the method depends on having a good knowledge of the corrective
terms, which are valid only if the theoretical analysis is valid.

MHD

This third method is the only one based on a gas-phase measure-
ment. Here, the pressure and velocity oscillationsin the combustion
gases above the surface of the burning solid propellant are mea-
sured. The nondimensionalizedratio of the velocity to the pressure
oscillations gives the complex acoustic admittance of the burning
surface from whichboth the real and imaginary parts of the pressure-
coupled response can be calculated. The method was developed by
Micci et al.! and has been combined with an acousticanalysis of the
standing wave above the surface of the solid-propellant grain.!® In
the magnetic flowmeter burner, the velocity of the gases is measured
by applying a strong magnetic field and measuring the strength of
the electric field generated by the ionized combustion-product gas
moving through the magnetic field. The electric field is equal to the
cross product of the gas velocity and the magneticfield: E = u ® B.

The electric field is measured by placing two electrodes in the
periphery of the flow at right angles to both the magnetic field and
the flow direction. The measured voltage is given by V =auBd,
where « is a nondimensional coefficient 0—1.

The improved magnetic flowmeter burner combines the MEJT
(forced pressureoscillations)and ultrasoundmeasurement (distance

between electrodes and burning surface). The size of this burneris
small because of the distance between the two magnetic poles. The
electrodes are the mostimportant technical point of the MHD setup.

The acoustic analysis is based on the assumption that the mean
flow properties, the frequency of oscillation, the burning surface,
the nondimensional coefficient «, and the propellant acoustic ad-
mittance are constant during a test and that the mean flow and the
oscillationsare one-dimensional. A further assumption s that there
is no feedback effect from the force generated by the magnetic field
on the mean or unsteady flowfields.

The reducedratio of velocity to pressureoscillationcan be written
as

|: i-w-x
= . —exp—
P po-ao ag - (1 — M)

+1+Ab i-w-x i-w-x
- €X exp ———
-4, Pa(+ M P (=M,

1+Ab i-w-Xx
‘e
pao'(1+M0)

These equations give, at any time during the firing, values for the
acoustic admittance of the burning surface A, and o the MHD gain.
Because the acoustic admittance at the surface (x = 0) is related to
the pressure-coupledresponse, the response function Ryp is deter-
mined:

Ryvp = (Ap/y My) + 1

Results

In parallel to presenting these results, examples of the interme-
diate results, such as amplitude and phase shift, also are given and
compared to what is expected from the inverse analysis. A discus-
sion is opened on the quality and accuracy of these direct methods,
pointing out their strengths and weaknesses.

Ariane V Composite Propellant

This solid propellantis well known®”!!: an HTPB—AP propellant
with an aluminum content of 18%. The measurements performed
on this propellant via ULT consist of tests modulated at very low
frequency (80 Hz max) and fired between 4.4 and 6.7 MPa (Ref. 7).
As drawn in Fig. 7, the ratio of reduced amplitudes S has an initial
value of 1.5-2%. This ratio increases during the test because of the
decreasing propellant thickness. The phase shift between unsteady
propagationtime and pressure varies from 175-173 to 172-167 deg
during combustion. This phase shift takes into account the time
delay between mechanical wave reflection on the burning surface
and its arrival on the transducer.

The reducedamplitude and phase shiftof the test lead to an appar-
ent response-function Ry, value that can be separated into a quasi-
constantreal part and an imaginary part, which decreasesas the pro-
pellant grain burns (Fig. 8). The real part diminishes when the influ-
ence of the parameters is taken into account via C;—C, coefficients.
The slope of the imaginary value is proportional to pressure level
and ultrasonic velocity sensitivity to pressure & ,. The C, coefficient
corrects the imaginary part, which ranges between —0.2 and 0.1.

An inverse computation has been performed. Its aim was to de-
termine what unsteady measurement behavior should correspond
to a fixed pressure-coupled response value. There is a fairly good
agreement as shown by the intermediate result S and A¢ in Fig. 7
because they have the same mean feature as the measurement.

The theoretical approach seems to be accurate enough and no
out-of-range result is seen. The accuracy of this method decreases
as the frequency increasesinducing a bad signal-to-noiseratio. This
change can be explained by looking at the sample thickness. The
zero-peak unsteady propagation time (once translated into thick-
ness) varies from 80 um at 20 Hz to 15 pum at 80 Hz (Fig. 9).
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Fig. 7 Reduced amplitude and phase shift of ULT.

Furthermore, this is at the beginning of the test when the modula-
tion level is at its highest.

This behaviorresults in the main limitation of this method, which
is an operating frequency below 100 Hz, which is too low for many
applications. The accuracy of the method also is not yet verified
completely.Response valuesclose to and slightly above the pressure
exponent of the burning-rate law have been found. A comparison
with microwave results is helpful.

In 1991, tests were performed on Ariane V solid propellant us-
ing MWT.® The mechanical response of the grain, which is called
cold-flow response Rcg, was measured systematically before the fir-
ing. The smaller the effect, the more reliable is the result. Response
values during a combustion test show a scatteringaroundan average
valuebut also an evolution with time. This evolutionis probably due
to some fundamental problems associated with microwave propa-
gation or the influence of the mechanical behavior of the sample
(high Rcr increases this effect).

MWT values of the response function have the same tendency
as ULT response values with frequency (Fig. 10). It can be con-
cluded that the real part increases slightly from the pressure expo-
nent value to 1 at 100 Hz. Standard deviation is smaller for ULT
values than for the MWT values. Mean values of the real part of
the pressure-coupledresponse function are plotted on Fig. 10 with
results obtained at higher frequencies by indirect methods.
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A least-squares regression curve is drawn through these values,
following the theoretical response law for composite propellant:

. n(,-,)AB
T s+ (A)s)—(1+A)+AB

RMP

The adjustment gives acceptable values: A = 8.90, B = 0.687, and
a/V}=4.56x10"%sforn(P) = 0.34.

When the MHD techniqueis used, the frequency range changes.
Two tests were conducted with the Ariane V solid propellant at a
modulation frequency of 600 Hz. The MHD velocity signals were
difficultto interpretbecause their levels were changingdrastically at
any given time. This results in an unrealistic value for the pressure-
coupled response. However, there is a strong level on the unsteady
component of the MHD signal for such a metalized propellant, as
opposite to nonmetalized propellants.

Nonmetalized Composite Solid Propellant

A nonmetalized solid propellant!®!? was initially selected for
testing the ability of ULT to give datarelated to the pressure-coupled
response function?® The theoretical hypotheses were verified on
these tests. The main characteristics of the two tests carried out
in 1988 are presented in Table 1.

The nondimensional pressure level is over 20% at the beginning
of the burning. Theresidencetime lasts 10 ms. At these low frequen-
cies, the real part of the response function is close to the pressure
exponent of 0.3. Notice the imaginary part almost equals zero.

It is on this propellant that the MHD method was first applied.
Once the setup was improved, the MHD signals seemed to follow the
expected behavior (Fig. 11). The mean MHD velocity signal shows
a step after the electrodes reached the burning surface and is kept
constant as long as the grain burns, like a velocity measurement.
The unsteady component appears on this signal.

Filtered and amplified, this signal evolution is compared to those
determined from the MHD analysis using an inverse computation.
From a given value of the response function, the unsteady signal
that should be measured for the initial response level is computed
(Figs. 12aand 12b). On the whole, the measured and computed gains
and the phase shifts behave similarly. The maximum sensitivity of
the MHD method is obtained when the electrodes are close to the
propellant surface. The problem is that, at this time, the amplitude
is tiny even if the phase shiftis large. Thus it is difficult to determine
an accurate result under such conditions.

Unfortunately,no other test gave such a result: The time evolution
does not follow the rule, except for only a few data windows per
test. This led to performing new tests using the same propellant
and changing parameters that have a strong effect on the MHD
signal. These parameters are the distance between the two tungsten

Table1 Characteristics of tests of ULT

f.Hz P,MPa P'/P,% t,ms (Rwp)  (Rwp)

40.20 2.98 29.8 10.4 0.453 0.024
60.08 3.01 19.5 10.9 0.309 0.094

Time (s)} -0.2
1 2 3 4 5 6
Fig. 11 MHD signals from the ONERA device.
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Fig. 12b MHD velocity/pressure phase shift.

electrodes, how they are fitted, their diameter, and their length into
contact with the gases. However, no effect was evident when KCl
was added to the propellant to increase the plasma conductivity.
Because the unsteady MHD signal amplitude seemed to be higher
for hotter gas temperature (due to aluminum), a thermoelectronic
emission effect could be suspected. Tests without the magnet, and
therefore without any MHD effect, were fired and gave the same
resultsas thoserun before with the magnet.Is the MHD effecthidden
by something else? To confirm this, a test was conducted where the
electrodes were heated by a welder’s torch with the modulation of
the throat, but without the magnet and without the solid-propellant
sample. The result is drawn in Fig. 13 with the classical MHD
signals for metalized and nonmetalized solid propellants. Finding a
difference between these signals is quite difficult. It could only be
seen from the detailed qualitative MHD signal spectra. Notice that
the MHD level is related to the characteristics of the measurement
circuit. For example, on the inert test MHD signal drawn here, the
resistance was increased from 10 k2 to 1 M, and the MHD level
was drastically amplified.

Discussion

Direct methods are of great interest but there is a main limitation
because of the principleof these methods. Direct methods mean that
one is measuring intrinsic parameters, e.g., the propagation-time
variation or the complex coefficient of reflection and the strength
of the electric field generated by the combustion gases. Thus, this
raises the very basic question: What is being measured?
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Fig. 13 MHD or thermoelectronic emission effect.

Before looking at the unsteady signal related to the pressure-
coupledresponse, one should examine the steady signal. For MWT,
the waves are reflected either on the solid-propellantsurface or on
the flame position. Of course, the flame stands close to the surface
and the gas-phase response time is short compared to the modu-
lation period. This point leads to the definition of the plasma con-
ditions where reflection will occur. This is the position where the
sufficient temperature or/and electronic temperature level will exist.
The behavior of MWT during mean pressure variations, or after the
burnout, could be explained by changes in this position.

MWT is not the only method depending on plasma conditions.
The MHD technique is based on a plasma effect giving an elec-
tric voltage between the electrodes. The best conditions should
be obtained when the electrodes are close to the surface of the
solid-propellant grain; but, at this location, the signal has a small
amplitude. There is a third method not presentedin this paper, which
is the plasma capacitance gage technique, which depends strongly
on the plasma level.'>!3

As long as the results obtained for the complete signal from
a method are not very well understood, one will not be sure of
the method’s accuracy or its validity. The burning rate of a solid
propellant can be obtained from MWT measurement and it is of
significance for the unsteady regime. ULT is devoted mostly to
steady burning-rate determination. The analysis of these two meth-
ods seems to be accurate enough. For MHD, it is not yet totally
proved that the signal obtained is proportionalto the velocity inside
the chamber. For the solid-phase methods (MWT, ULT), the local
conditions affecting the propagation are related only to the solid-
phase behavior. The gas-phase method (MHD) is more difficult to
interpret because the electrode—gas transfer function is modified by
the ionizationlevel of the gas around the electrodeends and deposits
of solid particles on the surface of one or two electrodes change the
signal voltage much like an impedance load variation.

Unsteady Measurement

Regarding the unsteady measurement, it was seen that, for MWT
and ULT, an apparent response function is determined first. Based
on theoretical analysis of the measurement, this apparent response
is corrected. The MWT corrective terms are small (e.g., cold-flow
effect) and can vary with the frequency. ULT method analysis re-
quires a combustion model and the corrective terms significantly
influence the final result. Is the unsteady MHD signal sensitive to
variations mentioned above or not? What is the thermoelectronic
emission effect? This effect alone might be interesting for combus-
tion studies including response function.

Frequency Limit for Direct Methods

The amplitude of the unsteady signals is related drastically to
the frequency of the experiment: A frequency limit is reached
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when the unsteady component amplitude becomes too small com-
pared to the electronic noise. For solid-phase methods, the oper-
ating conditions (P’/P over 20%) are usually far from those cor-
responding to the small-perturbation hypothesis. Thus, concerning
measurements through the solid phase, the ULT upper frequency
limit stands at 80—100 Hz, and for MWT, this limit goes up to
180-200 Hz. These frequency limits are much too low for the prac-
tical response-functionrange of interest up to 1500 Hz. Thanks to
gas-phase velocity amplification, the MHD technique should allow
determination of the solid-propellantresponse in this range.

Conclusions

The aim of future work should be to ensure development of ef-
ficient tools for pressure-coupled response-function determination
using direct measurementmethods. This effortrequires an improve-
ment of the understanding of what is being measured. To achieve
this objective, tests should be performed on small setups devoted to
each measurement method. Direct methods should be coupled two
by two on the same burner, but new devices also should be built.
Initially, the propellant being tested should be clean, without any
particles in its combustion gases. The first step would compare the
methods on a homebuilt composite solid propellant. Then, the ef-
fects of particles on the results should be studied step by step by
including inert oxides or aluminum (size, content). This work also
would be helpful for the understanding of the indirect methods.
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