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Abstract

A theoretical and experimental investigation is being conducted on the effect of
a dynamic external radiant heat flux on the combustion of energetic materials. These
studies have illustrated the need for including the effect of the mean radiant heat flux
and in-depth absorption. Also, a method for obtaining the linear frequency response func-
tion over a range of frequencies from a single test using series of radiant pulses is
demonstrated. Experimental results have been obtained for an AP/HTPB propellant.

Introduction

There is a growing recognition of the advantages of studying the com-
bustion of energetic solids, particularly solid propellants, using unsteady
external radiant energy sources such as lasers. A reason this particular
approach has recently received renewed interest is that it is easier to control
a radiant flux and to simultaneously measure the instantaneous burning
rate than to perform a similar experiment with an unsteady pressure field.
The purpose of this paper is to illustrate the effect of primary parameters
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bhased on QSHOD (quasi-steady gas and surface reaction, homogeneous pro-
pellant, and one-dimensional flame) analysis of radiant flux driven combus-
tion and to present some preliminary experimental data.

Background. For pressure oscillations without the presence of a radiant
flux the classical linear QSHOD approximation results in the following
expression for the pressure frequency response, R, [1]:

Ry=—— . (1)

The parameters in this expression and below: f,, fraction of g absorbed
below surface reaction zone J = q/pr,C(Ts — Tq); JA=q/ory CT,— T*):
k= (T,—T0)(0Inrs/0T0)pq—o; k* =(Ts—T0) (01nry0T0)pq; kA=(Ts— Ty)X
(0 1nry/dT, )p; K., absorption coefficient; p, pressure; ¢ = (1 —7)Tqs; ¢,
external radiant flux; r =(0T/0T¢) pg—o; r* =(0T/0T0)»4; rAz(aTs/aT:)p,q,
rs, burning rate; n, reflectivity; Ry, = (Ars/re)/(Ap/p); Ry={(Ars/75)/(Aqlq);
T, temperature; Ty, = To+qlpr.C; TF—R,/R,; X, length scale;

= X /X, (K.o./ry; A, denotes an oscillatory variable; § =vr — puk; 8, = v* —
—ugk* A =1/2+ 1/2(1 + 4Q) V%, p=1/(Ts— T,) (3Ts/dln P)T,9—0% w*=1/(T,—
— T)(0Ts/0In p)r qi Mg=1/(Ts — T) (31s/0 Inq)1 p: v=(0 In1/0 In p)1 =0
vg=(01n76/0 Ing)1, 3 0p=(9 In16/0T )pgm0; 0" =(3 10 75/0T¢)p,q; 7. — plume

transmissivity; o, angular frequency (rad/sec); Q = w(ozc/r%,); superscripts
and subscripts: *, ¢ > 0 included; c, convective = diffusive; 0, deep into the
propellant (z — —o0); r, radiant heat flux; R, reaction layer; s, surface; —,
denotes the steady condition. The parameters are based solely on the steady
burning characteristics, ry (7o, p) and Ts(7o, p). Equation (1) can also be
cast in the «AB» form proposed by Culick [2].

Assuming X, < X, (surface absorption) Zarko et al. [3] proposed a
modification of two of the parameters in the QSHOD result for R, to obtain
an expression for the radiant heat flux frequency response, R,. It was pro-

posed that vq— (0 1nrp/01n q)p,T0 and 6, = v, — uk replace v and 8 respec-

tively, where pq=—[{1/(Ts— T,)] (0T/01nq)p,r.. This is an extremely con-
venient form because if it is further assumed that §,=8=0, R, is then
related to R, by the factor v/v, at every frequency. Earlier, De Luca [4]
proposed a similar relationship between R, and R, for surface absorption
using a distributed FM approach. Since both these studies neglected the
effect of the mean flux level this result is only valid if the £ and r (or the
A and B) parameters are not changed by the mean value of the radiant
flux, along with the surface absorption assumption (X, < Xz). Recently Son
and Brewster [5] obtained a linear QSHOD expression for R, using the ZN
approach that includes in-depth absorption and the effect of the mean flux
level. In the following section, this result is re-examined. A form of R, as
a function of the parameters originally proposed by Assovskii and Istratov
[6] is also presented.

Generalized Expression

Applying the QSHOD assumptions, including Beer’s law absorption,
and solving the linearized energy equation results in the following expres-
sion [5]:

k7.0 (b — 1)
Vg0 (A= ) =g T
_ 7 K (B, & — 1 f,d . (2)

1+Kr*— A, F A1) }(hMi)

The mean flux level affects R, explicitly through the dimensionless mean
flux, J, and implicitly through changes in the k* and r* parameters
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(the = is used to indicate the presence of a radiant flux). In the general
case of in-depth absorption the fom of Eqn. (2) is in a different form than
Eqn. (1). However, for surface absorption the fraction of radiant flux
absorbed below the surface zone, f., approaches zero and Eqn. (2) takes on
the same form as Eqn. (1), but the implicit effect of the mean radiant flux
can still potentially affect the values of the parameters. If the equivalence
principle holds, v, and k* are not independent parameters and it can be
shown that v, — Jk* so that v, can then be eliminated. Assuming further
that the Jacobian term, §,, also vanishes (e. g., 7s =r+(T;)), Eqn. (2) can
be greatly simplified.

A similar expression can be obtained following similar steps by assu-
ming at the start that the equivalence principle holds and defining the

parameters as Assovskii and Istratov [6] have suggested (denoted with a
superscript «A» here),

(3)

The zero frequency limit of Eqn. (3) is R,(A— 1)=k*J4/(1 + k*J*). The
utility of this expression is that £* and r* may be easier to evaluate from
known k and r data. Equation (3) can also be obtained by deriving relation-
ships between x~. 1*, J and k4, r-, and J* and substituting these -into the
simplified version of Eqn. (2).

There is substantial interest in relating measurements of R, to R,. To
accomplish this a transfer function is defined as TF = R,/R,. Performing
the complex multiplication of 7F with R, will result in the desired R,.
Typically, the case of no external radiant flux, /=0, is of interest for R,.
Therefore, from Eqns. (1) and (2) the most general form of the I'F can
be obtained. Assuming surface absorption (f;—0), §=08,=0, and that
r¥*=r and k*=F (approximately true for small mean radiant flux), the
transfer function then becomes TF =v/v, so |R,| and |R,| are then simply
related at every frequency by a single scaling factor and the phase shift
would be the same for R, and R,. Further, if the equivalence principle holds,
TF =v[k*]. From these results, it is seen that ideally to obtain R, from R,
measurements it is desirable to perform the experiments at the same pres-
sure as the desired R, (k* ~k, r* ~r), use a small mean radiant flux (if

possible, such that k* ~ k, ™ ~r), and have a high absorption coefficient
(if possible, such that f, — 0).

Linear Stability of Steady Burning

The linear stability of steady burning in the presence of a constant
radiant flux is also of interest. Following similar steps as taken by Novoz-
hilov [7] in the linear stability analysis of steady burning without an
external radiant flux the linear stability can be obtained. For the case of
surface absorption the stable burning regime has the same form as the case
without an external radiant flux present, r*>(k* —1)2/(k*+1), where
again the values of k* and r* can in general be modified with the magni-
tude of the radiant flux. Kiskin [8] has previously performed the linear
stability analysis using parameters as defined by Assovskii and Istratov
[6] (assuming the equivalence principle holds and r,=r,(7;)). The result
reported by Kiskin for the opaque limit can also be obtained by substituting
the following relationships into the above expression: k* =Fk*(1+J4)/
[(1+Ek*]*) and r*=r4/(1+Ek*J*). Including in-depth absorption in gene-
ral results in a much more complex stability limit expression, but in the
limit of a very translucent propellant (X, > X.) the following expression is
obtained: r* > (k* —1)2/[(1 —2J)k*+ 1]. These two limiting cases bracket
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the possible stability boundaries in the presence a constant radiant flux.
Again, this result can be transformed into the form obtained by Kiskin for
the same limiting case using the relationships above and J* = J4/(1+J%).

Experimental Setup

A 100 W pulsed Nd:YAG (1.06 um) laser was used as a radiant
source. A Kistler 9207 microforce transducer was used to make the force
measurements. Pneumatic vibration isolation was used to minimize the ef-
fect of extraneous vibrations. The laser beam was spatially integrated using
a SPAWR beam integrator. The transmission loss through the plume above
the burning propellant was measured with an embedded fiber optic. The
fiber optic technique was also used to measure the spatial beam profile.
The mean power was measured with an Ophir 1000 W power meter.
A beam dump signal was monitored with a calibrated photodiode to obtain
the time resolved radiant heat flux. Digital signal processing was used to
analyze the data.

Experimental Results

Figures 1 and 2 show experimental results obtained using the radiant
flux-recoil method using a propellant composed of AP (75 %, 11 pm),
HTPB (24 %), and C (1 %, fine powder). Since the radiative source used
can not be operated continuously, series of pulses were used to perturb the
combustion. Two absorbed mean flux levels were considered: ¢ — 2.3 W/cm?
and ¢ = 11.4 W/em?, The radiative losses due to optics, windows, the propel-
lant plume transmission and reflection from the propellant have been acco-
unted for. Figure 1 shows the ensemble averaged recoil response to various
pulsings (all at 20.75 Hz). The mean recoil force and flux have been sub-
tracted out. Several periods of pulsing (20—30 typically) have been avera-
ged for each time trace. Two of the pulses shown were obtained at the lower
mean power (2.3 W/cm?) and one at the higher level (11.4 W/em?). The
width of the pulse was varied for the low power case. The narrow pulse
(roughly 1 ms wide) results in a large overshoot just after the end of the
pulse that is likely a nonlinear effect. The wider pulse (roughly 3 ms wide)
is composed of lower amplitude harmonics at high frequencies and there-
fore does not exhibit this type of overshoot. That is, the wide pulse case is
likely exhibiting a more linear response than the narrow pulse case because
the high frequency harmonics near the resonance peak frequency are lower
in magnitude. The high power case (also roughly 3 ms wide) also does not
exhibit the large overshoot. It can be seen that the oscillations for this case
die out after a couple of cycles compared to the low power case that exhibits

t (sec)

Fig. 1. Time domain responses to pulsing (ensemble ave-
raged).
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tally analyzed using a Cross Fig. 2. Frequency domain responses.
power spectral analysis. The

magnitude of the recoil frequency response was normalized using the
20 Hz frequency value to obtain [R,l/n, Signals with adequate signal-
to-noise could be obtained up to about 230 Hz. Figure 2 shows the frequency
response for the higher and lower radiant heat flux cases for the wider pulse
(approximately 3 ms). At the lower frequencies the magnitude decreases a
little and then at higher frequencies a distinct peak is evidenced. The first
harmonics of the radiant flux have the largest amplitude, so the rise in the
magnitude at lower {requencies may be evidence of small nonlinear effects
on the measured response. The phase shift is close to zero at the lower
frequencies rising to indicate the expected phase lead and then it approa-
ches zero at the highest frequencies obtained in these tests. The main diffe-
rences between the two cases are that the resonance peak in the magnitude
appears to be flatter (more damped) and occurs at a lower frequency for
the higher radiant flux level compared to the lower flux level. This compa-
rison illustrates the effect of the mean flux level. This trend would be
expected in propellants that exhibit a decrease in k* with mean radiant flux
level using Eqn. (2).

Summary

This paper has shown some recent results of a continuing theoretical
and experimental investigation that is being conducted on radiant heat flux
driven combustion of energetic materials. The radiant heat flux frequency
response and linear stakility, based on thie ZN approach, is presented in
terms of both k*, r* and J parameters, as well as k*, r*, J4. Also, a method
for obtaining the linear frequency response function over a range of frequen-
cies from a single test using series of radiant pulses is demonstrated.
cxperimental results have been obtained for an AP/HTPB propellant that
show a distinct effect of the mean flux. A high power (6 kW) CO; (10.6 pm
wavelength) radiative source will shortly be used to obtain higher radiant
fluxes and to obtain higher absorption coefficients since many materials are
more opaque at wavelengths in the far infrared.
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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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