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Erosive and Strand Burning of Stick Propellants, Part I:
Measurements of Burning Rates and Thermal-Wave Structures

W. H. Hsieh,* J. M. Char,t C. ZanottU and K. K. Kuo§
The Pennsylvania State University, University Park, Pennsylovania 16802

Burning-rate characteristics and thermal-wave structures of NOSOL-363 stick propellant under erosive- and
strand-burning conditions were studied using a real-time x-ray radiography system, a strand burner setup, and
fine-wire thermocouples. For the erosive-burning rate measurements, locations of instantaneous burning sur-
faces along the center perforation of a cylindrical propellant grain were determined by comparison of x-ray
images obtained during a test and calibration images. The burning rates under strong crossflow conditions,
deduced from the instantaneous burning-surface locations, were found to be much higher (up to 2.5 times) than
the strand-burning rate of NOSOL-363 stick propellant. This study demonstrated that real-time x-ray radiogra-
phy is a powerful and reliable tool for nonintrusive measurements of instantaneous burning rates in an optically
opaque test chamber. From the strand-burning rate data and thermal-wave structures, a set of important
thermochemical properties of NOSOL-363 stick propellant was deduced.

Nomenclature
= preexponential factor, m/s
= normalized cross correlation
= activation energy, J/mole
= x-ray intensity arriving at the input screen of the

image intensifier at an angle of 6, R/s
= initial x-ray intensity
= interaction length of x-ray and propellant, m
= linear attenuation coefficient of photoelectric

absorption, 1/m
= total number of pixels
= universal gas constant, J/mole-K
= burning rate, m/s
= strand burning rate, m/s
= burning surface temperature, K
= room temperature, K
= intensity of x-ray at the nth pixel location of a

calibration image, R/s
= intensity of x-ray at the nth pixel location of an actual

test-firing image, R/s
ap = thermal diffusivity of a propellant, m2/s

Introduction

THERE has been increasing interest in the use of single-per-
forated stick propellants in large-caliber gun systems. In

order to accurately analyze and predict the interior ballistic
performance of large-caliber gun systems using stick propel-
lants, the erosive- and strand-burning characteristics of the
propellants must be determined. Since a typical single-perfo-
rated stick propellant [o.d. 6.4 mm (0.252 in.); i.d. 0.86 mm
(0.034 in.); length, 686 mm (27 in.)] has a very long perfora-
tion, product gases generated from the combustion occurring
inside the perforation can pressurize the perforation region.
This will cause the product gases to flow from the center
toward both ends of the perforation and introduce the erosive-
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burning effect. Stick-propellant grains recovered from test
firings by means of simulated guns1'2 revealed coning phenom-
ena at both ends of the internal surfaces. This suggests the
importance of erosive burning in the combustion of stick
propellants.

Erosive burning of various solid propellants was studied
extensively under different crossflow situations.3 However,
because of the limitation of existing measurement techniques
and hostile experimental conditions, the instantaneous burn-
ing-surface locations and erosive-burning rates along the inter-
nal perforation of a cylindrical propellant grain could not be
determined easily.

In the propellant industry, nonintrusive x-ray radiography
techniques4'5 have been widely used for nonintrusive examina-
tion of propellant integrity in rocket motors. They are also
used to observe the combustion phenomena of propellants.6'7
Most previous studies have employed the flash x-ray system.
In the present study, a real-time x-ray radiography system8 is
used to determine the instantaneous burning-surface locations
along the center perforation of a cylindrical propellant grain.

In the past, no attempt had been made to study thermal-
wave structures (subsurface temperature profiles, burning-sur-
face temperatures, dark zone lengths, characteristic times,
etc.) of NOSOL-363 stick propellants containing 46% NC,
41% METZRO, 10% TEGDN, and other chemical com-
pounds. Nor had the strand burning rate been measured at low
pressures (less than 69 atm). Although the burning-rate expo-
nent for NOSOL-363 stick propellants was found to be 0.965
at high pressures9 (370-2220 atm), this value may not be
suitable for low-pressure conditions; the combustion mecha-
nism of NOSOL-363 stick propellants would vary at different
pressure ranges and result in different values of burning-rate
exponents.

The objectives of this study are 1) to demonstrate the feasi-
bility of using real-time x-ray radiography to measure the
instantaneous burning-surface locations of an axisymmetric
stick-propellant grain; 2) to discuss advantages and limita-
tions of the real-time x-ray method for erosive-burning mea-
surements; 3) to use real-time x-ray radiography to measure
instantaneous burning-surface locations along the center
perforation of NOSOL-363 stick-propellant grains; 4) to de-
termine the strand-burning characteristics of the propellants at
pressures lower than 69 atm; 5) to study the thermal-wave
structures of NOSOL-363 stick propellants; and 6) to deduce
various important thermochemical properties such as burn-
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ing-surface temperature as a function of pressure, thermal
diffusivity, activation energy and pre-exponential factor for
Arrhenius pryolysis law, burning-rate exponent «, and con-
stant a for Saint Robert's burning-rate law.

Method of Approach
Strand-Burning Rate and Thermal-Wave Structure Measurements

A windowed strand burner and fine-wire thermocouples
were adopted to measure the strand-burning rate and thermal-
wave structure and to characterize the thermophysical proper-
ties of the NOSOL-363 stick propellant. Figure 1 shows the
schematic diagram of the windowed strand burner. A propel-
lant strand was mounted vertically between two electrical ter-
minal posts. Ignition of the propellant strand was achieved by
passing electrical current through a nichrome wire, which was
in contact with the top surface of the propellant strand. Dur-
ing the test, a small amount of nitrogen gas flowed continu-
ously from the bottom end to the top end of the chamber. The
nitrogen gas flow was used to carry the combustion product
gases out of the test chamber so that the windows (on both
sides of the test rig) would remain clean for observing combus-
tion phenomena and for recording the instantaneous location
of the burning propellant surface.

A scale was optically superimposed on the image of the
propellant strand by a semitransparent mirror (Rolyn Dielec-
tric Beam Splitter). A Panasonic VCR was used to record test
images and the superimposed scale through the window at the
rate of 30 frames/s. The length of the strand burned in a
certain amount of time could be precisely measured from the
scale superimposed on the test image, and the burning rate
could then be determined.

The chamber pressure was measured by a Validyne pressure
transducer (DP215) and a carrier demodulator (CD 15) with a
frequency response of 1000 Hz. The chamber pressure was
kept constant by a Skinner solenoid valve (XLB11002), which
could be operated at the maximum rate of 10 cps. Operation
of the Skinner solenoid valve was controlled by an IBM-AT

personal computer. Utilizing the above-mentioned equipment
and the accompanying software, pressure fluctuation of the
test chamber during a test could be limited to within ± 1 % of
a preselected pressure level (1-69 atm).

In this study, thermal-wave structures of the combustion
wave of NOSOL-363 stick propellants under strand-burning
conditions are measured by 5-/xm and/or 25-/zm fine-wire
thermocouples. Two different types of thermocouples were
used in the tests. Platinum and 13% platinum-rhodium ther-
mocouple wires with diameters of 25 /xm were used in tests in
which the chamber pressures ranged from 1.7 atm (10 psig) to
28.2 atm (400 psig). For tests in which chamber pressures were
higher than 28.2 atm, platinum and 10% platinum-rhodium
thermocouple wires with diameters of 5 jum were used.

The detailed description of the experimental setup for pro-
ducing fine-wire thermocouples and embedding them in the
propellant sample is given in Ref. 10. The characteristic time
of the solid propellant, thermal diffusivity, and burning-sur-
face temperature of NOSOL-363 stick propellant can be de-
duced from recorded temperature-time trace by a regression
analysis and temperature inflection method. 10~12

Erosive-Burning Rate Measurement
Experimental Apparatus

An experimental investigation was made to observe the
erosive-burning phenomena and to establish a data base for
future model validation. Since stick propellants used in large-
caliber guns generally have cylindrical geometry with single
perforation, it is advantageous to use a test sample with cylin-
drical geometry to attain close simulation. Under normal cir-
cumstances, phenomena occurring in a cylindrical grain can-
not be observed by conventional flow-visualization tech-
niques. This is why most researchers in the past have used
two-dimensional propellant slabs as test samples. Because a
real-time x-ray radiography system is now available for ero-
sive-burning measurements, a test propellant grain with cylin-
drical geometry can be adopted. In order to allow a relatively
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Fig. 1 Schematic diagram of experimental apparatus used in strand-burning tests.
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long test duration (a few seconds) for surface regression-rate
measurement, a thick-walled cylindrical grain with web thick-
ness in the order of 1 cm has been used. A set of NOSOL-363
propellant samples with 2.54 cm o.d. and 0.48 cm i.d. has
been processed for erosive-burning tests.

A test rig was designed and constructed to provide two
different configurations, A and B, as shown in Fig. 2. The test
chamber of configuration A is made of stainless steel with
thermocouple ports for subsurface temperature measurements
at various locations. Replacing the exit nozzle with a rupture
disc assembly, the propellant grain can be extinguished and
recovered by bursting the rupture disc assembly. The main
body of the test chamber of configuration B is made of
LEXAN materials to facilitate x-ray penetration. Configura-
tion B is also equipped with a fast-actuating ejection mecha-
nism using an explosive bolt to achieve interrupted burning
and propellant recovery. In configuration B, the surface re-
gression processes are observed and recorded using real-time
x-ray radiography techniques.

Ignition of the propellant charge in the driving motor is
accomplished by activating the electric primer via a current
input. The combustion products of the propellant charge flow
from the driving motor into the test section through a converg-
ing graphite nozzle. As hot gases enter the stick-propellant
perforation, the test sample is heated quickly to reach a fully
ignited condition. The combustion product gases generated
from the propellant sample join the product gases from the
driving motor and flow through the exit nozzle to the ambient.

Real-Time X-Ray Radiography System
During the test firing with configuration B, the instanta-

neous burning-surface location of the propellant grain is
filmed by a real-time x-ray radiography system.8 Figure 3

shows the layout of various components in the radiography
system. A continuous x ray is generated from the Phillips MG
321 constant potential x-ray system. Two x-ray tubes [one with
a focus spot combination of 0.2x0.2 mm/3.Ox3.0 mm
(MCN 167-160 kV), the other with a focus spot combination
of 1.2x1.2 mm/4.0x4.0 mm (MCN 321-320 kV)] are in-
cluded in the system to satisfy different penetration depth and
spatial-resolution requirements.

After passing through the test rig, x-ray signals are trans-
formed to fluorescent light signals on the output screen of a
trifield image intensifier (Precise Optics, Model PI 2400 ATF,
4-, 6-, or 9-in. field diameter). The input fluor of the image
intensifier is constructed of cesium iodide with a decay-time
constant of 650 ns, and the output fluor is a p20 type with a
85-ns decay-time constant. These time constants are short
enough to allow the motion analysis system to operate at its
maximum framing rate without generating image blur.

The fluorescent light-signal output from the image intensi-
fier is recorded by a Spin Physics 2000 Motion Analysis Sys-
tem or by a Dage camera and Panasonic VCR. The Spin
Physics system can record up to 2000 fully digitized frames per
second, or up to 12,000 digitized pictures per second with
adjustable playback speed.

Digitized data are stored on a high-intensity magnetic
recording tape and can be transferred to the Quantex digital
image-processing system (QX-9210) frame by frame for analy-
sis through an IEEE-488 interface.

The advantages of using real-time x-ray radiography for
erosive-burning measurements are summarized below.

1) No viewing window is needed to record the erosive-burn-
ing event since it is possible to observe the surface regression
process occurring in a steel or optically opaque chamber with
this technique.
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CONFIGURATION B

7 GRAPHITE NOZZLE HOLDER
8 GRAPHITE NOZZLE
9 EROSIVE BURNING TEST CHAMBER
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13 EXIT GRAPHITE NOZZLE
14 GRAPHITE LINING
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Fig. 2 Schematic diagram of test rig assembly for studying erosive-burning phenomena of stick propellants.
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Fig. 3 Layout of real-time x-ray radiograph system.
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shown in Fig. 4, the x-ray intensity distribution over the input
screen of an image intensifier can be evaluated by the follow-
ing equation.

INPUT SCREEN OF
IMAGE INTENSIFIER

Fig. 4 X-ray intensity distribution of a hollow cylinder under ideal-
ized conditions.

2) Real-time x-ray radiography is a nonintrusive technique
which will not affect the erosive-burning processes.

3) The technique can be applied to either two-dimensional
or axisymmetric propellant-grain geometry.

4) It is a real-time data recording system. Pictures captured
in the test event can be played back immediately after the test
firing at a lower speed for visualization and analysis.

5) All of the data are in digital form and are convenient for
recording, analysis, transfer, and storage.

Data Reduction
Despite the advantages listed above, the data-reduction pro-

cedures for deducing the instantaneous internal diameter of a
burning propellant sample are not straightforward.

Theoretically speaking, an ideal radiography image of a
hollow cylindrical solid propellant with known geometry can
be determined from the Beer's law with the assumptions that
1) x-ray radiation is generated from a point source via an
infinitely small focal spot, 2) x ray is only attenuated by
photoelectric absorption, and 3) distribution of x-ray intensity
over the input screen of an image intensifier is uniform. As

= /0exp[-/nL(0)] (1)

The distribution of x-ray intensity is continuous, but with two
cusps at the tangent points of the internal perforation. Even
though the existence of cusps is helpful in determining the
inner diameter,' the continuity of intensity profile makes it
difficult to use direct scaling and standard-edge detection to
determine the precise internal diameter of a hollow propellant
sample. Two-dimensional slab samples would improve the
situation since there i,re drastic intensity discontinuities at the
edges between gas and solid propellant surfaces.

However, the image obtained in a test firing is degraded
severely and thus the cusps are not as distinct as those in Fig.
4. The physical mechanisms responsible for this degradation
are 1) the finite focal-spot size of the x-ray tube head which
generates a grainy or unclear image, 2) Compton scattering13

of the test chamber and propellant sample, which becomes
more pronounced when x-ray radiation energy becomes
higher, 3) the nonuniform intensity distribution of x-ray radi-
ation over the input screen of the image intensifier, and 4) the
degradation caused by the image intensifier, camera, and
recording system.

To deduce accurately the internal diameter of the propellant
sample by image restoration technique, the degradation fac-
tors mentioned above must be properly treated. To bypass a
number of the difficulties involved in image restoration, the
following procedures are adopted in determining the instanta-
neous location of the internal burning surface of the propel-
lant sample.

1) Generation of calibration image: A set of cylindrical
propellant samples was machined to specified internal diame-
ters for calibration purposes. The calibration images were
produced by placing the machined propellant samples inside
the erosive-burning test rig and exposing them to x-ray radia-
tion at the same intensity level as that for test-firing condi-
tions. The setting on the data-acquisition system for calibra-
tion is identical to that used in the actual test firing. To reduce
the noise level in the calibration signal, numerous calibration
images were obtained and averaged for a single specimen.

2) Comparison of images obtained in actual test firing with
calibration images: The intensity distribution of the averaged
calibration signals was compared with the intensity distribu-
tion of test-firing images. A normalized cross correlation
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given by 10.0

8.0

(2)

3) Determination of internal diameter: The instantaneous
internal diameter of the test propellant grain at a given loca-
tion of the test propellant grain is determined from the best
correlation with one of the 27 calibration propellant samples.
Using this procedure, the accuracy of the diameter measure-
ment is of the order of 0.4 mm.

Discussion of Results
Strand-Burning Results

In the strand-burning tests, three modes of gas-phase com-
bustion were observed. At pressures lower than 7.8 atm (100
psig), no visible flame appeared in the gas phase. In this mode
of gas-phase combustion, known as "fizz burning,"12 it was
observed that relatively large-sized particles (~ 1 mm) came
off the burning surface of the propellant sporadically. At
pressure between 7.8-21.4 atm (100-300 psig), bright and
unsteady yellowish flames were observed. The visible flames
were not stationary, but moved around the propellant surface
in upward, downward, and sidewise directions. Also, several
flamelets were attached to the propellant surface. The attach-
ment zone is relatively small in comparison with the sample
burning-surface area. In this study, this mode of combustion
is called "unsteady flame." At pressures higher than 21.4 atm
(300 psig), the flame is clearly visible and quite steady. This
burning with steady luminous flame is called "steady flame
mode"; it is also referred to by Kubota et al.12 as "flame
burning."

The observed luminous flame standoff distance from the
propellant surface decreases as pressure increases. The phe-
nomenon of reduction in flame standoff distance as pressure
increases was first observed by Crawford and Hugget.14 They
measured the distance between the burning surface and the
luminous-flame position for pressures between 20 and 30 atm,
and found that the distance was inversely proportional to the
cube of the pressure. In this study, the flame standoff distance
for NOSOL-363 stick propellants changed from 1.5-0.8 mm
as pressure increased from 35-48.6 atm.

The measured strand-burning rate vs ambient pressure is
plotted in Fig. 5. Each data point represents the average value
of 4-13 measured burning rates. As shown in Fig. 5, the
maximum error is close to 5%. Guided by the pressure
boundary between the steady-flame mode and the unsteady-
flame mode of the gas-phase reaction zone structure, the point
of the slope break at 2.11 MPa (300 psig) was selected. Conse-
quently, the burning-rate data can be easily distinguished into
two regions separated by the above slope break points. The
burning-rate exponents and coefficients for the two different
regions are marked on these line segments. Such a slope break
has been observed for double-base homogeneous propel-
lants,15 and is essentially the result of the change of the com-
bustion mechanism and the rate of heat feedback to the pro-
pellant surface.

Figure 6 shows a typical thermal-wave structure of a NO-
SOL-363 stick propellant. In this figure, the following charac-
teristic zones are identified.

Zone I is a condensed-phase zone, which includes an inert
heating region and a subsurface reaction region. The con-
densed-phase zone ends at the burning-surface temperature of
320-540 °C at different pressures.

Zone II is defined as the fizz zone, which extends from the
burning surface to the region at which the temperature gradi-
ent becomes small. The thickness of the zone is in the order of
80-300 /mi, depending upon the pressure level.

Zone III is defined as the dark zone, which extends from the
end of the fizz zone to the point at which the temperature
begins to increase drastically.

I——I——I—I I I i

PROPELLANT TYPE : NOSOL - 363
T0 * 22 °C

~l————I——I——I—I—I 1 I

a =1.28
n » 0.931

a = 1.58
" n = 0.627

O.I 0.2 0.4 0.6 0.8 1.0 2.0 4.0 6.0 8.0 IOD

PRESSURE, p, MPa

Fig. 5 Strand-burning rates of NOSOL-363 stick propellants at vari-
ous pressures.
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FIZZ ZONE)! (DARK ZONE)

1.5 mm at 35 atm
Q8 mm at 48.6 atm

ZONE IV
(LUMINOUS FLAME ZONE)
DOESN'T EXIST AT PRESSURES
LESS THAN 78 atm

Fig. 6 Schematic description of the flame structure of an NOSOL-
363 stick propellant.

Zone IV is the luminous-flame zone, which begins from the
point of rapidly increasing temperature.

Thickness of the fizz zone depends on the chemical reaction
rate of the gaseous species evolved from the burning surface.
The species chemical reaction rate depends on the pressure;
the rate increases with increasing pressure. Therefore, the
thickness of the fizz zone generally decreases as pressure in-
creases, resulting in an increased temperature gradient and
heat feedback from the gas phase to the condensed phase.

In the dark zone (i.e., zone III), the temperature gradient is
very small, indicating slow chemical reaction. The peak tem-
perature of the dark zone varies from 1000°C at 3.4 atm (35
psig) to 1200°C at 14.6 atm (200 psig). It increases to 1300°C
at 35 atm (500 psig), and to approximately 1500°C at 48.6 atm
(700 psig). Further increase in pressure will eventually result in
the collapse of the dark zone, but will bring about only a slight
increase in maximum temperature in the dark zone.

The pressure dependence of the measured burning-propel-
lant surface temperature is shown in Fig. 7. It is evident that
the burning-surface temperature increases with pressure. Ac-
cording to Arrhenius law, the relation between strand-burning
rate and burning-surface temperature can be written as

(3)

In order to examine the relationship between burning-sur-
face temperatures and strand-burning rates of NOSOL-363
stick propellants, rg vs l/Ts is plotted in Fig. 8. Using least-
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characteristic length of the NOSOL-363 stick propellant as a function
of pressure.
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Fig. 8 Relation between strand-burning rates and burning-surface
temperatures.

square nonlinear regression analysis, it is found that the Ea>s is
8.13 kcal/mole for pressures ranging from 3.4-21.4 atm
(35—300 psig) and that the activation energy is 14.8 kcal/mole
at pressures between 21.4 and 69.02 atm (300 and 1000 psig).

Several important properties of NOSOL-363 stick propel-
lants can be deduced from the temperature profile in the
condensed phase. The thermal diffusivity of the NOSOL-363
propellant (deduced from the condensed-phase temperature
profile) is independent of the ambient pressure, as shown in
Fig. 9. The characteristic time and characteristic length of
NOSOL-363 stick propellants vs pressure are also plotted in
Fig. 9. The slope breaks for both curves at 21.4 atm (300 psig)
correspond to the change of combustion mechanism from
unsteady-flame mode to the steady-flame mode.

Erosive-Burning Results
A typical set of pressure-time traces obtained from the

erosive-burning test firing is shown in Fig. 10. All gauges show
pressure spikes at initial time. The pressure strike are caused
by the strong flow of product gases generated from the driving
motor. After the initial spike, the pressures at all gauge loca-
tions remain relatively constant, with slight decay.

During the entire test period, the pressure at the driving
motor is higher than that at the inlet nozzle or downstream
cavity. This implies that the flow is unidirectional from the
head end to the exit nozzle. From the magnitude of the pres-
sure at the G3 location, one can be sure that (except at the end
of the test firing) the exit nozzle is choked most of the time.

X-ray images of the downstream portion of the test propel-
lant grain were recorded on a videocassette recorder. (Because

Pmfl«= 1-0 MPa

G3
(DOWNSTREAM
CAVITY)

J____1____1____L _L
0.2 0.4, 0.6 0.8 1.0 1.2 1.6 4.6

T I M E , t, s

Fig. 10 A typical set of pressure-time traces (test no. ERB-24).

of the length limitation of the input fluor of the image intensi-
fier, only the downstream portion is recorded.) A typical x-ray
image is shown in Fig. 11. It is evident that the inner diameter
of the propellant grain can be identified. The increase of
internal diameter with respect to time can also be seen on the
video screen. After comparison with calibration samples and
carrying out data-reduction procedures, the time variations of
the inner diameter distributions were determined (see Fig. 12).
Using the data presented in Fig. 12, the burning rates at the
upstream (x = xu - 6.03 cm) and downstream (x -XD - 15.58
cm) locations were deduced and plotted in Fig. 13.

Some interesting observations made from Figs. 11 and 12
are summarized below.

1) In the early time period (/ </3), the contour of the inner
diameter exhibits divergence in the downstream direction due
to the strong erosive-burning effect exhibited there. The flow
Mach number near the downstream end, XD, is nearly sonic,
and hence has a very high burning rate. The Mach number
near the xu location is also quite high (-0.6), but the burning
rate is less than that at the XD location. During this time
period, the pressure gradient (-dp/dx) decreases drastically
with respect to time, and the perforation area increases



398 HSIEH, CHAR, ZANOTTI, AND KUO J. PROPULSION

rapidly. Both effects cause the burning rate at XD to decrease.
2) Between t^ and t5, the burning rate at the upstream

location catches up to and exceeds that at the XD location. This
is due to the fact that as the perforation area opens, the flow
Mach number decreases and the crossflow effect becomes less
pronounced. As a result of the higher burning rate at xU9 the
contour of the internal perforation becomes uniform.

3) Between ^5 and tl9 the burning rate decreases with respect
to time at all locations. During this period, the propellant
charge in the driving motor is largely consumed. Because the
mass flow rate in the crossflow is produced mainly from the
propellant sample, the mass flow rate in the downstream
location becomes significantly higher than that in the up-
stream location. Thus, the rate of decay of the burning rate at
XD is slower than that at xu. As a result of this variation in
burning rate, the contour of the internal perforation again
becomes divergent.

4) The diameter distribution of the recovered propellant
grain (t = t00) between xu and XD is shown in Fig. 12. The
contour of the port area was quite interesting. The minimum
web thickness occurred at x = 6.05 cm, and a portion of the
grain even exhibited a burn-through. The x-ray image shows a
divergent section in the head end of the propellant grain; this
is due to the design of the inlet graphite nozzle which pro-
trudes into the propellant grain. Near the end of test firing, as
other portions of the propellant surface are extinguished by

Fig. 11 A typical x-ray image of stick propellant during test firing
ERB-24.

8.0 10.0 12.0 14.0 16.0

A X I A L COORD., cm

Fig. 12 Time variation of inner diameter distributions deduced from
recorded x-ray images.

the low-pressure condition, the weak gaseous jet from the inlet
nozzle can still expand and impinge on the inner surface of the
propellant grain. Therefore, the burning in this portion dur-
ing the extinction period produced a convergent-divergent
contour.

Another set of data obtained under erosive-burning condi-
tions is shown in Figs. 14 and 15. In Fig. 14, the instantaneous
internal diameter of the propellant grain and the total regres-
sion rate at an axial station (XD = 14.5 cm) are plotted with
respect to time. The instantaneous internal diameter variation
was deduced from the real-time x-ray radiography images, and
the erosive-burning rate was determined from the differentia-
tion of the polynomial which fits the curve of internal diame-
ter variation. It is quite evident that the burning rate decreases
rapidly during the initial time interval, and remains relatively
constant after 3 s.
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Fig. 13
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Measured time variation of erosive-burning rates at up-
and downstream locations.
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Fig. 14 Time variations of internal diameter and erosive-burning
rate obtained from an erosive-burning test (ERB-29).
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Fig. 15 Time variations of static pressure, strand-burning rate, and
erosive-buring augmentation factor obtained from an erosive-burning
test (ERB-29).
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The pressure-time trace measured at the same axial station is
shown in Fig. 15. The strand-burning rate calculated from
both the pressure data and burning-rate law and the burning-
rate augmentation factor are also plotted in Fig. 15. It is
evident that during the initial time interval (less that 2.0 s), the
erosive-burning augmentation factor is quite significant. This
is in agreement with many observed burning phenomena of
center-perforated grains. During the initial time interval, the
cross-sectioned area of the flow is small and the mass flow rate
per unit area is relatively large; hence, the erosive burning is
more pronounced.

Conclusions
Several important conclusions reached in this study are

listed below.
1) Real-time x-ray radiography proved to be a nonintrusive,

powerful, and reliable tool for determinig erosive-burning
rates under confinement conditions.

2) The erosive-burning augmentation factor was found to be
very important during the early phase of combustion processes
in center-perforated grains.

3) Three modes (fizz, unsteady flame, and steady flame) of
gas-phase combustion processes were observed in strand-burn-
ing tests of NOSOL-363 propellants.

4) Two different sets of burning-rate exponents and coeffi-
cients were deduced from burning-rate data obtained from
strand-burner tests. The slope break point at P-2A1 MPa
was found to be the boundary of unsteady and steady flame
modes.

5) From temperature-time traces obtained in strand-burning
tests, burning-surface temperatures were found to be a power
law of pressure.

6) The activation energies for NOSOL-363 stick propellants
are 8.13 kcal/mole in fizz and unsteady-flame modes, and
14.8 kcal/mole in steady-flame mode. The preexponential fac-
tors corresponding to the two flame modes are 79.2 and 9240
cm/s, respectively.
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