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Comparison of Laser- and Pressure-Driven
Thrust Response of HMX

Gautam N. Kudva* and Thomas A. Litzinger"
Pennsylvania State University, University Park, PA 16802

The laser- and pressure-driven thrust response functions of HMX (cyclotetramethylene tetranitramine) at pres-
sures near 1 atm were measured during laser-supported combustion at mean CO; laser heat fluxes of 35 and 60
W/cm?. During laser-driven testing, the laser flux was modulated at +-15 W/cm? at driving frequencies ranging
from 4 to 250 Hz. Pressure-driven thrust measurements were made with a 10% peak-to-peak variation about
the mean chamber pressure at driving frequencies ranging from 4 to 100 Hz. Measured steady-state temperature
profiles and numerical predictions of the temperature profiles in the gas-phase reaction zone were used to esti-
mate steady and unsteady heat feedback, respectively. Trends in the experimental results are consistent with a
condensed-phase response to the unsteady heat fluxes and with results in the literature from similar experiments.
Differences in trends with changing mean heat flux between the laser- and pressure-driven results are explained
using the unsteady heat feedback estimates. The experimental results are compared to an analytical model, which
used one-step reactions in the condensed phase and gas phase, and numerical modeling results that used detailed
gas-phase chemistry. The agreement between the analytical model and the data was found to be better than that

between the numerical modeling results and the data.

Nomenclature
b = constantin regressionrate law
f = frequency
M = molecular mass
m = burningrate per unit area
p = pressure
q = laser flux
R = universal gas constant
R, = pressure-drivenresponse function
R, = radiation- (laser-) driven response function
r, = surfaceregressionrate
T, = flame temperature
t. = thermal relaxation time
x = steady value of x
o = thermaldiffusivity
Ax = oscillating value of x
p. = density of condensed phase
p, = density of gas phase
T = thrust per unit area
2 = nondimensional frequency
w = angular frequency
Introduction

SCILLATORY combustion in rocket motors was first mea-

sured in the 1940s with the advent of high-frequency pressure
transducers. Large variations in the mean pressure and the resul-
tant explosions of rocket motors made clear the need for solutions
to oscillatory combustion. This increased awareness of oscillatory
combustion formed the foundation for quantitative understanding
of the phenomena that cause it. Typically, oscillations in the motor
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are sustained by a power input of less than 0.01% of the energy
released during combustion, with the dynamic response of the com-
bustion zone to flow disturbances and the damping processesin the
combustor being the controlling parameters.

Until the 1960s, oscillatory combustion was avoided by geomet-
rical changes to the rocket motor coupled with full-scale evalua-
tions. Because of the increased cost of full-scale testing over the
last 40 years, various research groups have focused on experimen-
tal, analytical,and numerical approachesto understandthe problems
associated with combustion instability. Devices such as T burners
have been used to obtain a pressure oscillatory response function
and admittance."> T burners have provided a tremendous amount
of useful data and insightinto combustion instability issues, but are
relatively expensive to run and are unable to provide quantitative
predictions for full-scale motors.

Several research groups have used radiation-drivenexperimental
setups to study combustion instability, for example, see Refs. 3-7.
The prime motivation behind these radiation-drivenexperiments is
the belief that the radiation- (laser-) driven and pressure-drivenex-
periments are closely related and that the radiation-drivenresponse
can be used to predict the pressure-drivenresponse. The ease with
which the laser can be modulatedin frequency and powerresultsin a
controlledinput source and allows for a relatively accurate response
measurement.

Theoretical studies of laser-driven combustion instability have
shown that the greater the transparency of a given propellant, the
lower is the sensitivity of its condensed phase to the fluctuating radi-
ant flux amplitude. This relationshipis not presentin pressure-driven
combustion® Hence, the laser- and pressure-drivenresponse exper-
iments cannot be considered to be analogous for propellants with
hightransparency.However, for opaque propellants, the normalized,
linear response functions for laser- and pressure-drivencombustion
are predicted to be identical for small values of the average external
radiant laser flux.® The theoretical models of Son and Brewster’ for
the linear pressure- and radiation-drivenresponse of homogeneous
materials relaxed the restriction of small values of average external
radiative flux and showed that a constantscaling factoris inadequate
to describe the relationship between the two response functions.

Two research groups have investigated the response of nitramine
propellants in some detail. Extensive research has been done on
HMX. Isbell and Brewster'” determined the absorption coefficient
of HMX atroom temperatureto be 5670 cm ™! for 10.6-pum radiation
of CO, lasers, a parameterrequired for modelingin-depthabsorption



KUDVA AND LITZINGER 1219

of laser energy. Loner and Brewster developed an analytical model
of the oscillatorylaser-augmentedresponse of HMX, using one-step
reactionsin the condensedand gas phasesand obtainedexperimental
results to verify their predicted response function.!! Brewster pre-
sented experimental results and modeling of HMX response func-
tions that summarize the quasi-steady theory of solid propellant
combustion response.'? Other researchers to expend considerable
effort on modeling the response of nitramine monopropellantswere
Erikson and Beckstead.”® They developed a numerical model with
detailed gas-phase kinetics that predicts both laser- and pressure-
driven thrust response for RDX and HMX.

The primary objectives of the present study were to obtain
laser- and pressure-driven thrust response data for nitramines un-
der similar experimental conditions and to compare the pressure-
and laser-driven responses. A secondary objective was to compare
these results with the predictions of existing analytical and numer-
ical models, namely, those by Loner and Brewster!! and Erikson
and Beckstead.!® Unfortunately, the experimental thrust response
data for RDX (cyclotrimethylene trinitramine) showed very small
magnitudes during laser- and pressure-driven combustion, and so
consistent data could not be obtained. Thus, the study focused
on HMX.

Experimental Approach
Experiments for laser- and pressure-drivencombustion of HMX
were conductedat 1 atm with air as the ambient gas. (Thermocouple
measurementsconfirmed thatheat feedback from the final flame was
notimportant for the conditionsof this study so that the use of air, as
opposed to an inert ambient gas, was expected to have little impact
on theresults.) HMX powder was pressedinto 9.5-mm-diampellets,

Photodiode

which provided an adequate signal-to-noiseratio in the thrust sig-
nal. The pellets were tested in a quartz vial to eliminate side-burning
effects so that the measured thrust was due to one-dimensionaldefla-
gration of the propellant sample. High-magnification video images
were recorded using a Pulnix camera with a Nikon macrolens and
a Mitsubishi video cassette recorder. Separate test chambers and
procedures were used for laser- and pressure-drivencombustion ex-
periments. Detailed descriptions and features of the experimental
setup have been described elsewhere,'*~!® and only a brief expla-
nation will be given here.

Laser-Driven Experiments

Figure 1 shows a schematic of the experimental setup, including
the triple-quadrupole mass spectrometer (TQMS), which has been
used in past studies to measure species oscillations.!” A Synrad 57-
2 CO, laser was used as a heating source to ignite the propellant
and sustain burning, as well as to generate the oscillatory heat flux.
The laser beam had a Gaussian energy distribution and was passed
through an expansion lens to give a nearly uniform heat flux, with
a variation of 10% about the mean. The laser was combined with a
visible diode beam for alignment. An Hewlett Packard-3245A uni-
versal source created the input signal to modulate the laser output,
which was a series of sinusoidal frequencies for a single test. The
laser beam passed through a beam splitter before entering the com-
bustion chamber through a potassium chloride window. The beam
splitter reflected 99.5% of the CO, laser power into the test cham-
ber. The remaining 0.5% was focused onto an HgCdTe detector,
which was used to monitor the laser waveform as a function of fre-
quency. The chamber is 28 cm in height and has a volume of 8138
cm’. Several holes of 9.5 mm diam were drilled into the bottom of
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Fig. 1 Schematic of experimental setup for laser-driven combustion.
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the chamber, and a mechanical pump was connected to the top of
the chamber to remove the combustion gases continuously and to
maintain atmospheric pressure.

Thrust was measured using a Kistler 9207 high-sensitivitymicro-
force transducer. The transducer was placed in an aluminum block,
which acted as a shield and prevented side loads. The natural fre-
quency of the transducer on its test stand was determined to be
approximately 10 kHz by imposing force impulses on the system,
and all tests were performed below 1 kHz to minimize the effect of
resonance on thrust measurements. The signal was amplified using
a Kistler 5010 charge amplifier. A 1-kHz low-pass filter was used
to remove unwanted high-frequency noise. Real-time experimen-
tal control of the CO, laser and data acquisition were performed
through a computer program. The program allowed the user to in-
putdifferent frequencies and mean heat fluxes for a single test. The
excitation signal and thrust were recorded on a two-channel digital
oscilloscope whereas any additional signals were recorded on a per-
sonal computer with a data acquisition card and software. The data
on the oscilloscopewere stored on a floppy disc. VU-Point software
from Nicolet was used to convert the data into text format. These
text-formatted data were then converted into an EXCEL spread-
sheet. A fast Fourier transform was performed on the thrust and
excitation signals, and the ratio of the amplitudes of the thrust and
laser heat flux variations was calculated to obtain the dimensional
thrust response.

Pressure-Driven Experiments

Figure 2 presents the overall experimental setup for the pressure-
driven thrust measurements. The CO, laser was used to ignite and
sustain combustion of the propellantsample. The samples were also
glued into a quartz vial to ensure that no side burn occurred, so that
thrust for one-dimensionalcombustion was measured. The samples
were placed perpendicular to the laser beam on a sample holder.
A Cooper Instruments, pressure insensitive, LPM 510 subminiature
load cell was used to measure thrust response. The load cell used a
cantilever beam strain gauge mechanism and had a measured nat-
ural frequency of 800 Hz. The excitation energy for the load cell
was provided by a 5-V dc power source. To prevent the load cell
from being exposed to high-temperature gases, it was placed in a

ceramic thermal shield. Testing of the complete test setup showed
no resonance peaks below 400 Hz.

A pressure-driven combustion system that provides a nearly si-
nusoidal pressure variation was designed and built in-house.'® Two
model airplaneengines are attached to opposite sides of the chamber
and produce a peak-to-peak pressure variation of 10% of the mean,
regardless of the chamber pressure and frequency of operation. The
length of the chamber walls was 9 cm, and the chamberhad a volume
of 733 cm®. To minimize the effects of velocity oscillations on the
combustion response, the airplane engines were operated 180 deg
out of phase, and the sample was placed in the middle of the cham-
ber. Model BGX-1 airplane engines from O.S. Engine Company
with a maximum operating frequency of 165 Hz were used. A 5-hp
motor from Grainger, Inc., was used to drive the airplane engines
througha drive belt and pulleys. An ac inverter, also from Grainger,
Inc., supplied variable speeds to the motor by changing the input
voltage frequency from 0 to 60 Hz. Variable speeds to the motor
resulted in different piston velocities and, hence, changed the fre-
quency of pressure oscillation within the combustion chamber. The
motor and the test chamber were fixed to a rigid I-beam frame to
reduce the engine and motor vibrations. The motor was mounted
on an adjustable stand because different gears and drive belts were
required to achieve the desired frequency range.

The small chamber volume resulted in a significant increase in
mean pressure during combustion. To negate the effects of pres-
sure increase within the combustion chamber on the load cell, the
pressure insensitive load cell had a vent hole drilled along its bot-
tom surface. In addition, an access path was created in the ceramic
shield, which resulted in the ambient pressure being applied simul-
taneously to the top and bottom of the sensing element of the load
cell. The leads from the load cell were connected to a differen-
tial amplifier (Ectron Model 428) through twisted-pair, insulated
cables. The insulated cables prevented the radio frequency power
source for the CO, laser power supply from contaminating the sig-
nal. Because of the small output from the load cell, an amplification
of 500 was used to measure the thrust. The thrust signals were
recorded on the Nicolet 310 digital oscilloscope whereas the pho-
todiode signals were recorded on the secondary data acquisition
system.
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Fig. 2 Schematic of experimental setup for pressure-driven combustion.
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Fig. 3 Fast Fourier transform of the load cell signal before and during
combustion.

A DP15TL differential pressure transducer, from Validyne Engi-
neering Corporation, was connected to the chamber. The transducer
had one side of its diaphragm exposed to the atmosphere while the
other side measured the excitation pressure oscillations produced
by the model engines, as well as the change in average chamber
pressure. The transducer has a frequency response of greater than
10 kHz. The transducer was connected to a carrier demodulator,
Model CD12, which was also from Validyne Engineering Corpora-
tion. The demodulatoramplified the transduceroutputand provided
the required transducer excitation. The differential output from the
demodulatorwas connected to the two-channel digital oscilloscope.

After a sample was loaded, the chamber was sealed, and the air-
plane engines were turned on. The resulting load cell signal before
combustion was recorded on the digital oscilloscope. A low-pass
software filter was used to filter out the high-frequencynoise above
500 Hz, and then a fast Fourier transform was performed on these
data. Figure 3 shows a typical plot of the fast Fourier transform of
the load cell data before and during combustion; these data, at a
driving frequency of 12 Hz, were taken during the development of
the system using an ammonium perchlorate composite propellant.
The amplitude without combustion was subtracted from response
amplitude with combustion to obtain the thrust response. During
pressure-drivencombustion, the ambient pressure rose from its ini-
tial value of 1 atm to about 1.5 atm, which further complicated data
reduction. As part of the data reduction process, the slow changes
in the force and pressure due to combustion of the sample were ob-
tained through a least-squares fit to the data, and they were deleted
from the thrust and pressure time traces. Elimination of these slow
changes reduced the test-to-test scatter in the amplitude and phase
data, especially at low driving frequencies. It also improved the self-
consistency of the phase and the overall response function trends
in the sense that the phase was consistently positive at frequencies
below that of the maximum response. Details of this data reduc-
tion procedure may be found in Ref. 18, which is available on-
line, at http://etda.libraries.psu.edu/theses/available/etd-0102101-
132547/[August 20, 2002].

Temperature Measurements

To interpret the differences in the pressure- and laser-driven re-
sults, the thermal structure of the flames and the heat fluxes from the
gas phaseto the propellants were needed. Several differenttypes and
geometriesof fine-wire thermocoupleswere used to obtain complete
temperature profiles from the subsurfaceto the final flame in the gas
phase. For measurements from the subsurface to 0.5 mm above the
sample, 25-pum Pt—Pt 13% Rh thermocouples were rolled to a thick-
ness of 10 um and formed into a U shape to minimize conductive
losses. These thermocouples were then inserted between two ver-
tical halves of a cylindrical sample. Measurements from 0.5 mm
above the surface through the final flame were made using W/Re

thermocouples with bead diameters of 75 pm; the larger bead size
was used to extend the life of the thermocouple. The temperature
profiles presented are a combination of these measurements, and all
are corrected for radiation losses. To get a more consistent measure-
ment of surface temperatures, Pt—Pt 13% Rh thermocouples with
a diameter of 25 um were placed across the propellant surface.
The thermocouple wires extended approximately 1 cm beyond the
edge of the propellant, and each wire was weighted by small nuts
that forced the thermocouple wire to lie on the propellant surface
throughoutthe combustion process.

Results and Discussion

The temperature profiles of the HMX flames are discussed first,
so that the results will be availablefor discussionof the trendsin the
response data. Following this discussion, the laser- and pressure-
driven results are presented and discussed and then compared to the
model predictions. Finally, the experimental response amplitudes
for laser- and pressure-driven combustion are compared, and key
trends are discussed.

Thermal Structure of HMX Flames

Figure 4 shows the temperature profiles for HMX at 35 and
60 W/cm? at 1 atm in air. The surface temperatures at 35 and
60 W/cm? are 630+ 10 and 635+ 10, respectively. The propel-
lant burning rates were 0.54 and 0.72 mm/s. At both incident laser
fluxes, the gas-phase temperature shows a very gradual rise in the
near-surface region. About 1 mm above the propellant surface, the
temperature is 700 K at 60 W/cm?, whereas at 35 W/cm?, the tem-
perature 1 mm above the propellantsurface is 740 K. At 35 W/cm?,
the temperature profile shows a sharp rise about 1.3 mm above the
propellant surface to a final flame temperature of 2100 K. At 60
W/cm?, the temperature profiles show a sharp rise about 1.5 mm
above the propellantsurface. These profiles are very consistent with
the previous measurements by Tang.!”

The temperature profiles clearly show that the incident laser flux
increasesthe surface temperature and flame standoff distance above
the propellant surface. The near-surface temperature gradients in-
dicate that the gas-phase heat feedback decreases with an increase
in heat flux. Other researchers have reported similar effects of laser
heating on the structure of nitramine flames at low pressure, for
example, see Parr and Hanson-Parr.!” Note that the flame standoff
distance is much larger than that reported by Zenin for HMX self-
sustaineddeflagration at atmosphericpressureinnitrogen2° Zenin’s
results show a final flame position of approximately0.25 mm, which
is substantially less than those observed in the present study. Based
on the much larger flame standoffdistance compared to the results of
Zenin without a laser flux, the heat feedback is expected to be much
less than the value of 36 W/cm? determined by Zenin. Calculation
of the heat feedback based on the temperature gradient in the gas-
phase confirmed this expectation;the heat feedback was 3 W/cm? at
35 W/cm? and 2 W/cm? at 60 W/cm?. Because of the small volume
of the pressure-driventest chamber, the mean pressure tended to rise
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Fig. 4 Temperature profiles for HMX.
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Fig. 5 Modeling predictions of the effect of burning rate on gas-phase
temperature profiles.

to approximately 1.5 atm during the test leading to slightly higher
burning rates than observed in the laser-driven test chamber. The
values of conductive heat feedback estimated from the temperature
profiles measured at this pressure were 4 W/cm? and 2.5 W/cm?, at
laser fluxes of 35 and 60 W/cm?, respectively.

To estimate the unsteady component of the heat feedback, the
well-established, gas-phase chemistry model for RDX of Yetter
et al.>! was used in the PREMIX model of CHEMKIN. Figure 5
presents typical results for the effect of propellant burning rate
on gas-phase temperature profiles. Figure 5 was created using the
measured surface temperature, surface species, and burning rate as
boundary conditions, with radiation-correctedtemperature profiles
plus surface and gas-phase species profiles as initial input para-
meters. The energy equation was solved in the CHEMKIN code,
and the resulting temperature profiles are those displayed in Fig. 5.
The goal of the modeling was to observe the effect of changing the
burning rate, which corresponds to a change in mean heat flux in
this study, on near-surface temperature profiles, so that the unsteady
component of the heat feedback could be estimated. The model,
which assumed no heat losses were present, predicted final temper-
atures close to the expected value of 3000 K. Because heat feedback
from the final flame is not critical in determining the burning rate
under the conditions used in this study, the overprediction of the
experimental flame temperatures should not introduce significant
errors into the estimate of the unsteady heat feedback to the surface.
The predicted temperature profiles clearly show that the increase in
mass burning rate, correspondingin this case to an increase in heat
flux, results in a larger flame standoff distance. The near-surface
regions show a gradual temperature rise that is consistent with the
experimental measurements.

Laser-Driven Combustion

Figure 6 shows the thrust amplitude and phase responses at heat
fluxes of 35 £ 15 and 60 & 15 W/cm?. In Fig. 6, 95% confidence in-
tervals based on a minimum of five experiments at each frequency
are displayed for response amplitude and phase as error bars. The
normalized thrust amplitude is defined as At/Aq, where At is
the thrust amplitude in newtons and Ag is the heat flux ampli-
tude in watts. For both incident heat fluxes, the thrust amplitude is
small at low frequency, increases to a peak, and then decreases
with an increase in frequency. This trend is consistent with the
classical modeling results obtained under the quasi-steady homo-
geneous one-dimensional framework. At incident heat fluxes of 35
and 60 W/cm?, the maximum thrustresponseamplitudes were 0.016
and 0.014 mN/W at driving frequencies of 12 and 16 Hz, respec-
tively. The increase in the mean heat flux resultsin a lower response
amplitude and a higher resonant frequency; this trend has also been
observed in the work of Zarko et al.>*

Figure 6b shows the relative phase signal as a function of fre-
quency and heat flux. The phase signal shows alead atlow frequency,
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Fig. 6 Thrust amplitude and phase response for laser-driven
combustion.

which decreases monotonically to a lag as frequency increases. For
an incident heat flux of 35 W/cm?, the phase signal shows a lead of
21 deg at 4 Hz, zero at 12 Hz, and a lag of 46 deg at 250 Hz. The
maximum responseamplitude is measuredat 12 Hz, and the relative
phase at this frequency is zero. The phase and amplitude signals ap-
pear to be consistent through the measurements. At 60 W/cm?, the
relative phase leads by 45 deg at 4 Hz, is zero at 16 Hz, and lags by
45 deg at 250 Hz. In general, the trends in the amplitude and phase
data are consistent with those reported by Loner and Brewster!! and
Finlinson et al.?3

An increase in the laser heat flux increases the burning rate and
decreases the condensed-phasethermal relaxation time, which can
be defined for an opaque material as

t.=afr M)

where 1}, is the steady-state propellant surface regressionrate and «
is the thermal diffusivity. Figure 6a clearly shows that the response
amplitude peak shifts to a higher-dimensional frequency with an
increase in heat flux and, hence, burning rate. This trend suggests
that the response amplitude is related to the condensed-phase ther-
mal relaxation time. To account for the effect of the condensed-
phaserelaxation time, the response amplitudes are typically plotted
against nondimensional frequency. The nondimensional frequency
is a product of angular frequency and thermal relaxation time and
is given by

Q=w-1. =2 fa /i 2)

where f is the frequency in hertz.

To facilitate comparison of this response data with the modeling
studies, the response amplitude must also be converted into a nondi-
mensional format. The nondimensional form of the response was
obtained by perturbing the relationship between average burning
rate and thrust given by?

T =m*(RT;/PM) 3)
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where m is the mean burning rate per unit area, 7 is the thrust per
unitarea, P is the ambient pressure,and M is the average molecular
mass. Perturbing Eq. (3) to obtain a relationship between Am /m
and At/7 and substituting the result into the definition of the laser-
driven response function results in the nondimensional laser-driven
response given as follows, where g is the mean heat flux and Agq is
the oscillatory heat flux amplitude:

Rq = (Am/m)/(Aq/q) = (At/Aq)(m/2T)(q/m)  (4)

At/Aq and g /m in Eq. (4) are obtained through the laser-driven
combustion experiments. To determine 72/7 experimentally, the
steady-state burning rate and thrust are required. The signal from
the piezoelectric transducer slowly decays over a period of 15 s;
hence, a series of square waves were imposed on the HMX pellets
to determine the steady-state burn rate and thrust. Figure 7 shows
the relationship between surface regression rate and the ratio of
regression rate to measured thrust; it shows the trend of decreas-
ing inversely with regression rate, which can be derived in a one-
dimensional analysis. As a check on the magnitude of this ratio, it
was estimated using an approximate average molecular mass of 26
for the products and the measured flame temperature of 2100 K.
The resulting magnitude was 3200 for a regressionrate 0.55 mm/s,
which is within 15% of the experimental value. Note that this ratio
was very challenging to determine experimentally and that it in-
troduces added uncertainty into the response results when they are
expressed in dimensionless form.

Figure 8 shows dimensionless R, as a function of frequency at
laser heat fluxes of 35 and 60 W/cm?; the value of R, under the limit
of w — 0 was estimated from the steady-stateregressionrates to be
0.5. Error bars in this figure 8 and Figs. 9-11 represent 95% con-
fidence intervals. The curves with solid symbols are quasi-steady
modeling data obtained from Erikson.?* The curve without sym-
bols is taken from the work of Loner and Brewster,!! who pre-
sented model prediction only at 35 W/cm?. The modeling results of
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Fig. 8 Comparison of laser-driven response to predictions by Loner
and Brewster,!! Erikson and Beckstead,!® and Erikson.24

Table1 Total heat flux as a function of unsteady laser-flux during
laser-driven combustion

Incident laser flux, Absorbed laser flux, Heat feedback, Net heat flux,

W/cm? W/cm? W/cm? W/cm?
35+15 2149 3+£0.6 24+8.4
60+ 15 36+9 2405 38+8.5

Erikson and Beckstead'® predict maximum response function val-
ues that are substantially below the measured values; on the other
hand, the response function of Loner and Brewster!! agrees reason-
ably well with the 35 W/cm? data except for the data point at 125
Hz. At the two different heat fluxes, the experimental results have
maximum R, values that are nearly constant at 1.2, whereas the
modeling results of Erikson and Beckstead!? predict an increase in
maximum R, from 0.35 to 0.4 with an increase in laser heat flux.
The increase in the maximum nondimensional amplitude response
predicted by Erikson®* is within the experimental uncertainties of
this study. Thus, the present study cannot confirm this predicted
increase. Erikson?* believes that the lower values for the response
amplitudes obtained by his modeling efforts may be due to inad-
equate chemical models in the condensed-phase and near-surface
gas-phase regions for HMX.

The nearly constantresponse amplitude with an increase in laser
flux from 35 to 60 W/cm? can be understood in terms of the net
heat flux to the propellant surface and its variation as the laser flux
varies. To estimate the variation in the conductive heat feedback,
the PREMIX routine of the CHEMKIN code was run at burning
rates corresponding to the maximum and minimum amplitudes of
the unsteady laser flux. The energy equation was solved for the gas-
phase temperature profile, and the estimated values of the gas-phase
heat feedback at the two fluxes then gave estimates of the maximum
and minimum conductiveheat feedback. Table 1 presentsthe results
of these calculationsalong with the mean and unsteady components
of the laser flux, using the estimate of Loner and Brewster'! that
approximately 60% of the incidentlaser flux is absorbed.

As the laser flux increases, the flame is pushed farther from the
sample surface, thereby decreasing the conductive heat feedback.
Thus, the unsteady componentof the conductive heat feedback will
tend to be out of phase with the variation in laser flux. However, for
the conditions of these experiments, the unsteady component of the
laser flux is much larger than the unsteady component of the heat
feedback and, hence, masks the change in heat feedback with laser
flux, resulting in the nearly constantresponse amplitudes observed.
In general, the effects of a mean radiant flux on the stability of a
flame can be quite complex, sometimes moving a flame from stable
tounstable or vice versa, depending on the experimental conditions;
see DeLuca et al.”

Pressure-Driven Combustion

Thrust response measurements for HMX during pressure-driven
combustion were made at 35 and 60 W/cm? at frequenciesof4, 8,12,
16,32,64, and 95 Hz. The average burning rates were 0.63 and 0.80
mm/s. As noted earlier, combustion within the small volume of the
test chamber for the pressure-driven tests results in a pressure rise
from an initial pressureof 1 to about 1.5 atm. As aresult, the burning
rates are higher than those obtained during laser-drivencombustion.

Figure 9 shows the dimensionless thrust amplitude and phase re-
sponse for HMX at 35 and 60 W/cm? during pressure-driven com-
bustion. Substitution of the relationship between Am /m and At/t
obtained using Eq. (3) into the definition of dimensionless pressure-
driven response function gives

Rp = (Am/m)/(Ap/p) = (At/Ap)(i/20)(B /i) (5)

where p is the mean pressure and Ap is the amplitude of pressure
variation. The data show a low-thrustresponse at low frequencyand
thenarisetoapeak and decay at the higherfrequencies.The resonant
peak was observed at a driving frequency of 12 Hz for 35 W/cm?
and about 16 Hz for 60 W/cm?; the phase is approximately zero at
the maximum amplitude for each set of experiments. The maximum
amplitudes were 1.6 at 35 W/cm? and 1.4 at 60 W/cm?. The resonant
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Fig. 9 Dimensionless thrust amplitude and phase response during
pressure-driven combustion.
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Fig. 10 Comparison of pressure-driven response to predictions
by Erikson and Beckstead!® and Erikson?* and model of Son and
Brewster.’

peak is lower and appearsto shift to a higher-dimensionalfrequency
with an increase in heat flux. The shift in resonant frequency with
the heat flux is consistent with the postulate that the first peak (in
this study the only peak) is a result of the condensed-phasethermal
relaxation. The values of R, under the limit of @ — 0 were deter-
mined from the steady-stateregression rates to be 0.6 and 0.5 at 35
and 60 W/cm?, respectively.

Figure 10 shows the thrust response amplitude versus nondimen-
sional frequency for both heat flux cases compared to the modeling
results of Erikson and Beckstead"; the solid symbols are model-
ing data obtained from Erikson.2* Direct comparison to results from
Loner and Brewster'' was not possibleas they did not presentan R,,
prediction. Therefore, their recommended values of the parameters
at 35 W/cm? were used to generate the pressure-driven response
functionshown in Fig. 10 based on the model of Son and Brewster.’
The modeling results of Erikson and Beckstead'® underpredict the

Table2 Total heat fluxes as a function of the mean laser-fluxes during
pressure-driven combustion

Incident laser flux, Absorbed laser flux, Heat feedback, Net heat flux,

W/cm? W/cm? W/cm? W/cm?
35 21 4413 25+1.3
60 36 25+1 38+ 1
2
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Fig. 11 Comparison of nondimensional thrust response amplitudes
during laser- and pressure-driven combustion of HMX.

amplitude of the response, whereas the model of Son and Brewster”
tends to overpredict the experimental results. Both the models and
the experimental data predict the maximum response amplitudes
at nondimensional frequencies that lie between 12 and 20. For a
change in heat flux from 35 to 60 W/cm?, the maximum amplitudes
decrease from 1.6 to 1.4 in the experiments and from 0.96 to 0.8 in
the modeling results of Erikson and Beckstead.!* Thus, the trends
with heat flux are the same between their modeling predictions and
the experimental data.

To better understand the effect of the mean laser flux on pressure-
driven response amplitudes, the unsteady gas-phase heat feedback
was evaluated in the same manner as discussed for the laser-driven
tests. Because the pressure-drivenresponse observed is believed to
be condensed-phaseresponse to the unsteady gas-phase heat feed-
back resulting from the oscillatory propellant flames, a decrease
in unsteady gas-phase heat feedback with an increase in laser flux
should resultin a lower response amplitude. The estimated magni-
tudes for the unsteady heat feedback presentedin Table 2 show that
the unsteady heat feedback does decrease with an increase in laser
flux, consistent with the expected trend.

Comparison Between Laser- and Pressure-Driven Combustion

When the estimated unsteady heat fluxes and the measured thrust
responseare used,itis possibleto calculatethe dimensionalresponse
in millinewton per watt for the pressure-driven tests. For the peak
response at 35 W/cm?, the pressure-driven data were equivalent to
0.035mN/W, whereas the peak responseof the laser-drivencase was
0.016 mN/W based on the nominalheat flux variationof £15W/cm?.
(If the effective absorptioncoefficientof 0.6 recommended by Loner
and Brewster'! is used, this response would rise to 0.027 mN/W.)
That the equivalentpressure-drivenresponsein millinewton per watt
is greater than the laser-driven response is consistent with a trend
observed by Loner and Brewster. They found that the dimensional
response increased as the amplitude of the unsteady flux decreased
down to the lowest amplitude at which they could obtain results,
+9 W/cm?. In the presentstudy, the estimated unsteadyheatfluxesin
the pressure-driventests are much less than those in the laser-driven
tests, so the higherresponsein millinewton per watt for the pressure-
driven case is consistent with the Loner and Brewster result.

Figure 11 presents a comparison between non dimensional laser-
and pressure-driven combustion response. Whereas the general
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trends in the two sets of results are consistent, two differences ex-
ist. First, the peak laser-driven response amplitudes do not change
with an increase in laser flux, whereas the pressure-drivenresponse
amplitudes decrease with an increase in laser flux. In addition, the
amplitudes for the laser-drivenresponse are lower than the pressure-
driven response amplitudes.

The different behavior of the laser- and pressure-driven combus-
tion response amplitudes with a change in laser flux can be under-
stood by considering the effects of the mean laser flux on gas-phase
heat feedback. As discussed earlier, the primary effect of an in-
crease in laser flux is an increase in burning rate and flame standoff
distance and a resultant decrease in heat feedback. For the laser-
driven tests, the steady gas-phase heat feedbacks are about 3 and
2 W/cm? at laser fluxes of 35 and 60 W/cm?, respectively. During
laser-driven combustion, the laser was modulated at amplitudes of
+15 W/cm?. Because the unsteady laser flux is much higher than
the unsteady gas-phase heat feedback, the laser-driven combustion
response measurements are primarily condensed-phase responses
to the unsteady laser flux. Because the condensed-phase behavior
is not significantly altered by the increase in mean laser heat flux
and the unsteady gas-phase heat feedback is overwhelmed by the
unsteady laser flux, the condensed-phaseresponse does not change
with the increase in mean laser flux during laser-drivencombustion.
Table 1 shows that there is a very small change in the net unsteady
flux that is incident on the propellant surface with the increase in
laser flux, resulting in very little change in the propellant response
amplitudes.

During pressure-drivencombustion,the variationin ambient pres-
sure results in a change in the flame standoff distance and gas-phase
heat feedback, causing a variation in the burning rate and resulting
thrust, which is measured in this study. The increased laser flux in-
creases the flame standoff distance, decreasing the gas-phase heat
feedback and the condensed-phase response amplitudes. Table 2
shows that the mean and unsteady components of the gas-phase
heat feedback decrease with the increase in heat flux. Because the
propellant condensed phase responds to this unsteady heat feed-
back, a decrease in this heat feedback results in the lower response
amplitude as heat flux increases.

To determine the reasons for the higher response amplitudes dur-
ing pressure-driven combustion compared to laser-driven combus-
tion, the relationship between thrust and burning rate was exam-
ined. The unsteady thrustequationis obtained by perturbing Eq. (3)
for mass flux and neglecting the effect of fluctuation in the flame
temperature:

AT =2 Am(RT;/PM) (©6)

Substitutionsfor the burningrate, propellantdensity,and gas density
lead to the result

AT =2p. - (bp") - (n- Ap/p) - (bp") [ pe ~ P~ (D)

The overall pressure dependence in Eq. (7) was obtained using
Ap/p being constant for the pressure-driven experiments. Based
on this relationship, propellants with a pressure exponentabove 0.5
will show larger response amplitudes with an increase in pressure.
The pressure exponent of HMX at 1 atm in the absence of a ex-
ternal heat flux is 0.8 (Ref. 26). In the present study, the pressure
exponents of the burning rate were estimated to be 0.6 and 0.5 at
35 and 60 W/cm?. These values would suggest that there should
be a greater difference in the pressure- and laser-driven response
functions at 35 W/cm? than at 60 W/cm? and that, at 60 W/cm?, the
two response functionsshould be nearly the same in magnitude. The
results in Fig. 11 are generally consistent with these trends. Hence,
the higher response amplitudes during pressure-drivencombustion
are at least partially due to the increased test pressure of 1.5 atm,
compared in the laser-driven tests that were conducted at 1 atm.

Summary

Thrust response data were collected at laser heat fluxes of 35
and 60 W/cm? during laser-driven combustion. The dimensional

laser-drivenresponsedecreasedin amplitude and moved to a higher-
dimensional frequency with the increase in heat flux. The relation-
ship between burningrate and thrust was used to obtain a nondimen-
sional laser-drivenresponse function that showed that the maximum
response amplitude did not change with mean heat flux. The steady-
state temperature profiles combined with the pseudounsteady mod-
eling analysis showed that the total unsteady component of the heat
flux did not change with the change in mean laser flux. Because the
experiments are condensed-phase responses to this unsteady heat
flux, the nearly constant values of unsteady heat flux produced the
nearly constant laser-driven response amplitudes observed in this
study. The analytical response function of Loner and Brewster'!
agrees reasonably well with the experimental results at 35 W/cm?,
whereas the numericalmodeling results of Erikson and Beckstead'?
and Erikson?* predict much smaller amplitudes of the laser-driven
response than the experimental results at both heat fluxes.

Pressure-driventhrust response was obtained at mean laser fluxes
of 35 and 60 W/cm? coupled with peak-to-peak pressure variations
of 10%. The nondimensional pressure-driven thrust response de-
creased in amplitude and shifted to a higher-dimensionalfrequency
with an increase in the laser flux. An analytical pressure-drivenre-
sponse function derived using the work of Son and Brewster’ and
the parameters of Loner and Brewster!! shows reasonably good
agreement to the 35 W/cm? data. The modeling results of Erikson
and Beckstead'® and Erikson** again underestimate the experimen-
tal values, but not by nearly as much as for the laser-driven case.
Estimates of the unsteady component of the heat feedback showed
that it decreased with an increase in the mean heat flux. Because
these experiments were primarily a condensed-phase response to
the oscillating propellantflame and, hence, the oscillating gas-phase
heat feedback, the decrease in unsteady heat feedback resulted in
the lower response amplitudes. In agreement with this trend, the
model of Erikson and Beckstead'® predicts a decrease in maximum
response amplitude with an increase in the laser flux.
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