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Transient Burning Characteristics of JA2 Propellant
Using Experimentally Determined Zel’dovich Map

Kenneth K. Kuo* and Baoqi Zhang"
Pennsylvania State University, University Park, Pennsylvania 16802

Combustion characteristics of JA2 propellant were studied both experimentally and theoretically. Its steady-
state burning behavior was investigated using an optical strand burner. The parameters measured were the re-
gression rate, subsurface temperature profile, and burning surface temperature at different initial temperatures
(—40<T; <80°C) and pressures (0.1 <P <68 MPa). The measured burning rates r, were correlated as a function
of T; and pressure up to 300 MPa. Predicted r, from the correlation are in close agreement with experimental
data. The temperature sensitivity o, was found to decrease as pressure increases, reaching an asymptotic value
of 0.0024 K~ at high pressures. Surface-temperature data were correlated as a linear function of pressure with
temperature-dependent coefficients. The Zel’dovich map was constructed from the experimental data. This map
was then used in a computer simulation to investigate the transient burning characteristics of JA2 under different
pressurization rates. From the simulation results, it was found that JA2 propellant only exhibits a mild transient
burning effect. This finding is further confirmed with the observations obtained from a parallel experimental study
using an interrupted burner coupled with a real-time X-ray radiography. The reason for this finding is the low
value of o, and its rapid decay as the pressure increases for P <20 MPa.

Nomenclature

A = preexponential coefficient of the Arrhenius
pyrolysis law

a = preexponential for burning-rate law

E, = activation energy of surface reaction

n = exponent for burning-rate law

P = pressure

Rry, = ratio of transient (dynamic) burning rate to
steady-state burning rate

R, = universal gas constant

p = regression rate

T = temperature

Ts0 = burning surface temperature for steady-state condition

t = time

X = distance measured from the burning surface of
propellant to the gas-phase site

o = thermal diffusivity of propellant

y = Novozhilov’s stability parameter defined by Eq. (12)

Apngm nondimensional pressure difference set equal to 2.5

n = dimensionless spatial variable

K = Novozhilov’s stability parameter defined by Eq. (11)

Ae = thermal conductivity of condensed phase

op = temperature sensitivity of propellant defined by
Eq. (8)

T = nondimensional time or characteristic time

TRamp = nondimensional time until which a constant ramping
takes place

Pes = temperature gradient immediately beneath the

burning surface of propellant

Presented as Paper 2003-5270 at the ATAA/ASME/SAE/ASEE 39th Joint
Propulsion Conference and Exhibit, Huntsville, AL, 20-23 July 2003; re-
ceived 29 August 2003; revision received 11 April 2005; accepted for publi-
cation 10 May 2005. Copyright © 2005 by the American Institute of Aero-
nautics and Astronautics, Inc. All rights reserved. Copies of this paper may
be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0748-4658/06 $10.00 in cor-
respondence with the CCC.

*Distinguished Professor of Mechanical Engineering and Director of High
Pressure Combustion Laboratory, Department of Mechanical and Nuclear
Engineering. Fellow ATAA.

TResearch Staff, Department of Mechanical and Nuclear Engineering.

455

Subscripts

c = condensed-phase, characteristic quantity
f = final

g = gas phase

i = initial

max = maximum

ref = reference value

s = surface

0 = steady-state value

1. Introduction

HE instantaneous burning rate under rapidly changing pressure
condition in rockets and gun systems could be significantly dif-
ferent from the steady-state burning rate measured in a strand burner.
Under transient conditions with large-amplitude pressure variations,
the instantaneous regression rate cannot be determined solely by the
instantaneous pressure level, largely because of the delayed time re-
sponse of the thermal profile in the solid propellant. Because of
the importance of the transient burning process (also called dy-
namic burning process) in various propulsion systems, this topic has
been studied both theoretically and experimentally by various re-
searchers, as described in two book chapters.!'> A review of the phys-
ical phenomena and various pioneering work was given by Kuo and
Coates.> Essentially, the transient burning phenomenon is caused
by the finite time lags associated with adjustment of 1) temperature
profiles in the unreacted solid-phase and surface reaction zone and
2) the energy release rate and flame structure in the gas-phase zone.
It has been observed experimentally that the transient burning
effect depends on a large number of parameters, including max-
imum pressurization rate, the entire history of the pressure-time
curve, temperature sensitivity, pressure exponent of the propellant,
exothermic heat release at the surface reaction zone, activation en-
ergy of the propellant, initial temperature of the propellant, and its
thermal properties, etc.’

Physically, the transient burning effect is introduced during rapid
pressure changes by the finite time interval required for tempera-
ture profiles inside the condensed phase, and possibly the reaction
zone, to follow transient pressure variations. The faster the pres-
sure changes, the longer the time (relative to the characteristic time
of the pressure change) required for temperature profiles to adjust
themselves to the new condition. Until temperature profiles in the
solid phase and the surface reaction zones are adjusted to the shape
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corresponding to the steady-state burning condition at the new pres-
sure, there is an out-of-phase blowing effect of the chemically re-
acting gases leaving the burning surface.

Study of dynamic burning characteristics of propellants is com-
plicated by the difficulty of obtaining highly transient data related to
the phenomenon occurring in the gaseous flame. Several theoretical
models describing the transient burning phenomena of solid pro-
pellants were developed by considering the structure of gas-phase
flame behavior.*~7 However, all gas-phase flame structure models
depend strongly upon the detailed heat-release profile in the thin
flame zone of solid propellants. There is a significant amount of
uncertainty in detailed measurements of solid-propellant flames in
order to deduce the energy release rate distribution, especially in the
early years from the 1960s through the 1970s. Even now, with signif-
icant advancements in laser-based diagnostic instrumentation, de-
tailed measurement of energy release rate in solid-propellant flames
still has numerous limitations.® To bypass this kind of difficulty in
describing the flame zone structure, Zel’dovich? suggested a way in
which the heat feedback to the solid propellant immediately beneath
the burning surface could be found using 1) the steady-state exper-
imental data, 2) the Arrhenius form of the propellant pyrolysis law,
and 3) the relationship between the energy flux at burning surface
and the energy gained from the initial temperature of the propellant
to the surface temperature.

Thus, following Zel’dovich’s procedure, to study the dynamic
burning rate of a propellant, it is possible to bypass all detailed
flame structure analysis by solving only the one-dimensional tran-
sient energy equation in the condensed phase, if the quasi-steady
flame assumption is satisfied (i.e., 7, < 7, and 7. ~ 7,). This im-
plies that the gas-phase relaxation time 7, is much shorter than the
characteristic time associated with pressure variation 7, while the
condensed-phase relaxation time 7, can be in the same order mag-
nitude as 7,. Assuming that there is no subsurface heat generation,
the energy equation can be written as

oT N T 9T [ <x<0] ()
— tr— —Qe—— = —00<x <
o P ax T %axe *
The initial condition is
T(x,0) =T + (T;0 — T;) exp(rpx/a.) 2

The cold-end boundary condition is
T(—o00,1) =T, ©))

The boundary condition just beneath the burning propellant surface
is

oT
a—(O ) = ¢ (1), P(1)] “
x

Zel’dovich map' provides the temperature gradient function from
the definition of ¢, ;(r,, P), that is,

oT rp(Ty — T,
Busris PY = 5 L UC)
Burning Surface ¢

JA2is amodified double-base gun propellant used in various propul-
sion systems. It consists of 59.50% nitrocellulose (with 13.14% N),
14.90% nitroglycerin, 24.80% diethylene glycol dinitrite, 0.70%
N’-methyl-N-N-diphenylurea (Akardite II), 0.05% magnesium ox-
ide, and 0.05% graphite by weight. Some steady-state burning data
and transient burning behavior of JA2 were reported by Kuo and
coworkers'®!! using various methods, as well as by Eisenreich
et al.'> and Miller.!* Some burning-rate data were obtained from
closed-bomb testing by the U.S. Army. However, it is difficult to
determine the burning surface temperature and the temperature pro-
files using the closed-bomb method. Therefore, optical strand burner
was adopted not only to study the steady-state burning-rate behav-
ior but also the thermal profile of the JA2 propellant under various
operating conditions.

II. Experimental Approach

A high-pressure optical strand burner was utilized to conduct ex-
periments on JA2 propellant strands. The system has a windowed
stainless-steel chamber (with viewing area of 9.5 x 3.2 cm), an elec-
tric heater, and a cryogenic chiller to control the sample initial tem-
perature at a desirable level by the heated or chilled purge gas.
S-type fine-wire thermocouples made of pure platinum and 10%
rhodium/platinum bare wires were embedded in the sample to mea-
sure the temperature profile and propellant initial temperature con-
trolled by the purge gas temperature. The chamber can withstand a
maximum operating pressure of around 68 MPa. A purge gas pres-
surization and exhaust system is utilized with the optical chamber,
in order to provide the desired pressure environment. A Setra Model
206 pressure transducer was used to monitor the chamber pressure,
which is controlled at a fixed level during the test. The chamber
has several diagnostic ports, through which break wire and thermo-
couple signals are obtained from the tested propellant strand. The
signals are fed to a multichannel data-acquisition system for storage
and analysis.

In strand burner tests, JA2 propellant samples of the follow-
ing specifications were used. The overall sample length was about
5.7 cm, and the diameter was 0.635 cm. It consisted of two pieces. On
the bottom end of the longer piece, an inverted conical cup space was
accurately machined, whereas on the top end of the shorter piece a
truncated cone with a flat top was machined to match exactly with the
cup space. At the matched interface, a fine-wire S-type thermocou-
ple with an average thickness on the order of 2—-5 um was embedded
in the sample at a distance about 3.5 cm from the top of the sample.
The thermocouple was carefully installed on the platform of the
truncated cone surface under a microscope. Then the cup and cone
sample elements were joined together with a specially constructed
sample holder for connecting them under a selected force loading.
A small amount of epoxy was used on the lateral surface around the
connecting station, which is offset from the thermocouple bead sta-
tion. After the two sample elements were rigidly connected, a small
piece of igniter propellant with a Nichrome alloy wire for energy
supply was affixed to the top of the sample. The propellant sample
was then coated on the lateral surface with a clear fingernail polish to
prevent the flame from spreading along the lateral surface, thereby
the regression takes place in a one-dimensional manner along the
axis of the sample. Two break wires (0.12-mm-diam fuse wire) were
installed at 2 cm apart from each other to obtain propellant burning
rate in addition to visual records; these wires were mounted above
the thermocouple junction station.

III. Experimental Results and Discussion

A. Regression Rate and Temperature Sensitivity

The regression-rate data were reduced, compiled, and correlated.
Several correlations were established using the data for broad ranges
of pressure and initial temperatures. All of the burn-rate data were
correlated to the following expression:

'y = aP" CXP[O'[,(T,- - Ti,ref)] (6)

where T; . =298 K and o, represents the temperature sensitivity,
which in general is a function of pressure. Comparison of the corre-
lated burning-rate expression of JA2 propellant with the measured
burning rates, including some high-pressure data obtained earlier
at the Pennsylvania State University and U.S. Army, is shown in
Fig. 1.

The temperature sensitivity o, shown in Eq. (7) was considered
as a function of pressure according to the following expression:

Op =0pc + b/(C] +cP) (@)

As usual, the definition of temperature sensitivity o, is given by
Eq. (8):

Al
o, = b ®)
T, |,
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Fig. 1 Comparison of correlated burning-rate expression of JA2 pro-
pellant with the measured burning-rate data.

Note that this definition does not have any conflict with the consid-
eration for o, to be a function of pressure. One can verify this point
by differentiating the natural log of Eq. (6). The parameter values
obtained from the burning-rate curve-fitting procedure are

a = 0.2478 (cm/s) (MPa)™", n = 0.8222

0pe=000240K™", b =0.0537K"

¢ = 17.0425, ¢ =2.2108 MPa™'
The initial temperature of the samples was between 233 and 333 K.
It is obvious that the overall burning-rate correlation is valid for a
broad range of temperatures as shown in Fig. 1. All data points,
plotted in terms of burning rates multiplied by different factors for
the purpose of separating data obtained from different initial tem-
peratures, lie on corresponding correlation curves. This indicates
close agreement between the correlation and experimental data. The
functional form of the correlation is represented by Eq. (6) with the
pressure-dependent o, from Eq. (7) and the constants just given.
Figure 2 shows o, of JA2 propellant as a function of pressure. It
is apparent from the plot that for the high-pressure range o, does
not vary significantly and approaches asymptotically to o, .. In the
low-pressure range (p < 20 MPa), however, temperature sensitivity
falls sharply with increase of pressure.

B. Propellant Surface-Temperature Determination

Figure 3 shows a typical experimentally measured temperature
profile in JA2 propellant on two different scales; a 7-¢ plot and a
(n(T-T;) vs time plot. From this experimentally measured tempera-
ture profile, it was observed that the natural log plot showed a linear
behavior in the region beneath the burning surface as indicated by
the overlapped region of the tangent line to the curve. In the low-
temperature range close to 7;, the natural log curve showed some
variance, which is normal and caused by the noise for temperature
variations within 1 or 2 degrees K. The departure point from the tan-
gent line after the overlapped region is selected as the time when the
thermocouple bead reached the burning surface of the propellant.
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Fig. 2 Temperature sensitivity of JA2 propellant as a monotonically
decreasing function of pressure.
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Fig. 3 Measured temperature profile and the corresponding plot of
(n(T-T;) vs t for burning JA2 propellant surface-temperature determi-
nation (P =5.34 MPa, T; =303 K).

The corresponding temperature is therefore selected as the surface
temperature 7.

As shown in Fig. 3, at the propellant burning surface there is a
noticeable change of slope from the tangent line to the (w(T-T;)
curve. On the coordinate perpendicular to the surface, the burning
surface is considered to be at x = 0 position. The negative x values
correspond to the points in the subsurface region of the solid pro-
pellant, while the positive values of x correspond to the burnt gas
region. The subsurface heat generation does not seem to be signifi-
cant at all in JA2 propellant. This can be supported by the fact that
if any noticeable heat generation were occurring then there should
be a bump showing a rise in temperature near the burning surface in
(n(T-T;) curve of the temperature profile, instead of a close match
with the tangent line for more than 30-m distance below the burn-
ing propellant surface.

Figure 4 shows a three-dimensional plot of surface temperature
of JA2 as a function of initial temperature 7; and pressure P with
pressures less than 9 MPa. For the range of pressure for which
surface temperatures were available from experiments, a pressure
and initial temperature-dependent relationship shown by Eq. (9) was
chosen based upon the curve-fitting results.

T, = (ap + a1 T;) + (bo + b1 T;) P 9
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Fig. 4 Correlation of JA2 propellant burning surface temperature vs
initial temperature and pressure (for P <9 MPa).
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Fig. 5 Microthermocouple trace for JA2 propellant burning at
34.6 MPa (5000 psig) with initial temperature of 221 K.

which is the equation of a plane. The parameters obtained for
Eq. (9) are ay = 382.862 K, a; = 0.2883, by =28.2059 K MPa~!,
and b; = —0.0406 MPa~'. The departure of the measured surface
temperature (dot data points) from that predicted by the correlation
(cross points on the correlation plane) is shown in Fig. 4 by the ver-
tical distance between the dot and cross points. The average error is
about £25 K.

A linear fit is not valid for high-pressure data much greater than
9 MPa. A microthermocouple trace for JA2 propellant burning at
34.6 MPa (5000 psig) with initial temperature of 221 K is shown in
Fig. 5. The surface temperature is near 766.9 K. The burning surface
temperature generally increases with pressure; however, the value
of d7, /d P decreases very significantly with the increase of pressure
for the low-pressure range (P < 20 MPa). Beyond 20 MPa, the slope
decreases continuously as pressure increases. For high-pressure
range (P > 30 MPa), the slope reaches nearly a constant value.'!
A relation that predicted the trend of the surface-temperature vari-
ation with pressures for double-base propellant was also suggested
by Zenin."*

10_""I“"I""I“"l""l""l""
L —_—r= A* exp(-EaIRuTs
A=271.74 cm/s, Ea=26.612 kJ/mol
R=0.85975
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Fig. 6 Burning-rate vs 1/R, T for obtaining the activation energy of
JA2 propellant at low pressures (P <9 MPa).

The activation energy for a low-pressure regime (P <9 MPa) of
the JA2 propellant was derived using the experimentally obtained
regression rate and the surface temperature. The burning rate was
plotted against 1/R, T, in Fig. 6 on a semilog plot and fitted with a
straight line. The activation energy E, was obtained from the slope
of the line. For this low-pressure regime, the value of E, was found
to be 26.61 kJ/mol with preexponential Arrhenius coefficient A of
271.74 cm/s. Essentially, using this set of values one can obtain the
propellant burning rate from surface temperature in degrees Kelvin
with the following Arrhenius equation for this low-pressure regime.
In Eq. (10), the regression rate is given in centimeters/second and
the surface temperature in degrees Kelvin:

rp = A-exp[—Eq/R,T;] 10)

In this work, a correlation with BT# to replace A in Eq. (10) was
attempted initially. However, the best correlation was obtained with
A as a constant.

The activation energy of the JA2 propellant is a function of pres-
sure. In a different pressure regime, the value was found to be around
47 kJ/mole, based upon the data of Kopicz et al.'® For a higher-
pressure regime, Lengelle et al.'> reported that the E, values for
double-base propellants lie around 71 to 84 kJ/mole. The change
of activation energy with respect to pressure can be regarded by
the influence of pressure on chemical reaction mechanism. For ex-
ample, certain three-body reactions can become more important at
high-pressure conditions. In the current study, we are particularly
interested in the relatively low-pressure regime because o, has very
steep variations at low pressures (P < 20 MPa).

C. Novozhilov Stability Parameters

Novozhilov stability parameters « and y, defined by Eqgs. (11)
and (12), were determined from the experimental data. Their math-
ematical definitions are

K= (Tv - E)Ul) (11)

= (& 12)
V= a7, ,

Using the correlated results of 7; with P and 7; given in Eq. (9), y
is deduced as

y=a +aP (13)

According to Novozhilov Stability criteria,”> a solid propellant
is stable 1) if either x <1 2) or if « > 1, then y > y*, where
y*=(kx — 1)2/(k + 1). From the plot of k¥ vs T; and P (Fig. 7), it is
observed that ¥ < 1 for some region of the two operating variables
[P, T;], while « > 1 for the rest of the region. Therefore, one has to
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Fig. 7 Plot of JA2 stability parameter « vs initial temperature and
pressure.

Fig. 8 Comparison of JA2 stability parameter ~ surface with the ~*
surface.

compare y surface with y* surface as well. From the plot of y and
y* surfaces vs 7; and P shown in Fig. 8, it is found that the y surface
is above the y* surface for the ranges of pressures less than 7 MPa
at various initial temperatures. The y surface is a plane because of
the linear correlation of 7. If a different function were selected,
the surface could have been a little different. Nevertheless, it cannot
be concluded that JA2 propellant can burn in a stable manner for
the operating range indicated by just considering the Novozhilov
stability parameters. We need to consider the Zel’dovich map for
more detailed analysis of transient burning behavior.

D. Zel’dovich Map Construction

The Zel’dovich map of JA2 propellant was constructed using the
experimentally obtained parameters and relations. Figure 9 shows
the Zel’dovich map of JA2 propellant, which essentially shows the
temperature gradient immediately beneath the burning surface as a
function of regression rate for different P and 7;. The procedure
of construction of the Zel’dovich map has been described by Kuo
et al.! Under very rare situation, the Zel’dovich map is available
for a given solid propellant, caused largely by the extensive data
requirement for broad ranges of test conditions.

b [cm/s]

Fig. 9 Zel’dovich map of JA2 propellant showing regression rate vs
temperature gradient at burning surface for different pressures and
initial temperatures.

IV. Dynamic Burning Simulation Results
and Discussion

A dynamic burning simulation was performed using the
Zel’dovich approach. Essentially, the Zel’dovich map was used as
one of the boundary conditions for the transient energy equation
[Eq. (1)]. It was assumed that there is no subsurface heat release
in JA2 propellant, as has been supported by the temperature pro-
files recorded. If there is any noticeable subsurface heat release, the
Zel’dovich approach cannot be applied.

Invariant imbedding scheme was used in the solution of the
nonlinear equation with rapidly rising external pressure imposed
on the burning environment to find out various quantities of inter-
est. Kooker and Nelson'® showed that this scheme works best for
the type of equation in consideration. They have described the in-
variant imbedding scheme in detail. Theoretical treatment of this
method was also presented by Meyer.!” This numerical scheme
is unconditionally stable.'® It is first-order accurate in time and
second-order accurate in space, that is, O(At, An2,.). The time
and distance variables (¢ and x) were made dimensionless, and the
calculations were performed in nondimensional form. Later on the
quantities were reverted to dimensional form. Because the problem
involves a thermal profile, which might have very steep gradients
near the burning surface, the spatial mesh was closely spaced in
this region (i.e., An < 1). A 231-grid point system (21 points in the
region —0.01 <7 <0; 30 points in the region —0.10 <n < —0.01;
50 points in the region —2.00 <7 < —0.10; 130 points in the region
—15.00 < n < —2.00) was selected for the calculation. The different
quantities used in the calculations are described next.

ryo = 02476 cm/s,  T,o=389.3K, T, =298.0K

te=2153ms, t=t/te=1-(rp/c)
7 = 0.0, 7, = 3.0, At =0.01
X, = 53.31 um, n=x/x.=x-(rp/a), no = —15.00
o, = 1.32 x 1077 m%s, Py = 1.00 MPa, Apndm = 2.5

In the following sections, the results of the simulation are pre-
sented. The purpose of this study was to compute the burning rate
response to a rapidly increasing pressure excursion. For simulat-
ing abrupt pressure increase, ramp-type profiles as described by
Egs. (14a) and (14b) were selected with different initial pressuriza-
tion rates. The maximum pressure was chosen to be the same for all
of the cases, but the value of Tray, is different for different cases.

The pressure profile is a ramp starting at Py and rising at a certain
pressurization rate d P /d¢ and then remaining at constant pressure
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Fig. 10 Time variations of the ratio of dynamic burning rate to steady-
state burning rate for four different pressurization rates.

of Py[1.0 + Apyam] after T = tramp defined by

P(t) = Py[1.0 + APndm(.[/.’;Ralmp)] for 0<t< TRamp

(14a)

P(t) = Py[1.0 + Apngm] for T>Tramp  (14b)
Four different pressure profiles were chosen with initial pressuriza-
tion rates of 0.1, 0.5, 1.0, and 5.0 GPa/s.

Figure 10 shows the time variation of the ratio of dynamic burning
rate to steady-state burning rate Rry, calculated using the pressure
profile and steady-state burning-rate law [Eq. (6)]. At first, the ra-
tio Rr, falls below one, indicating that the thermal profile, which
controls the burning rate, does not respond instantaneously to the
increasing pressure. One can observe a slight increase in the burn-
ing rate near the initial part of the profile. The maximum overshoot
value of Rr, is around 1.28, signifying a relatively weak dynamic
burning effect of JA2 propellant. After the initial transient period
Rrp, reaches the steady-state value of unity for all cases studied.

The calculated subsurface temperature profiles in JA2 propel-
lant for different times in the dynamic burning event under different
pressurization rates indicated that the surface temperature has to first
catch up with the pressure increase resulting in negative dynamic
burning effect (with Rr, < 1) during the initial period. Later on, the
thermal profile in the condensed phase exhibited the preheat effect
caused by the thermal energy storage in the propellant, while burn-
ing under lower pressure conditions. Essentially, the temperature
profiles cross over during the development process in the transient
period of pressure excursion. The temperature gradient immedi-
ately beneath the burning surface is higher during the times when
the burning rate is higher than the steady-state burning rate.

To determine the degree of transient burning-rate response of JA2
propellant, a series of experimental tests was conducted using an in-
terrupted burner with X-ray translucent windows that permit obser-
vation of the propellant sample during combustion. This test rig is
also equipped with rupture diaphragms of different thicknesses. The
instantaneous burning rates of JA2 propellant rods were determined
using X-ray radiography images and a modified interior ballistic
burning-rate analysis code'® for data reduction. Also, immediately
following the rupture of the diaphragm, the chamber pressure de-
creased rapidly, thereby extinguishing the propellant samples. Dur-
ing the rapid depressurization, the propellant samples are retained
within the test chamber and recovered later for postfiring examina-
tion. The experimental setup of these tests is similar to that described
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Fig. 11 Comparison of transient (dynamic) burning rates measured
from an interrupted windowed burner to steady-state burning rates of
JA2 propellant at various pressure levels.

in the work of Watson et al.'! To achieve different chamber pressur-
ization rates, different propellant loading fractions were used. The
maximum chamber pressurization rate attained was 11,000 MPa/s.
The transient burning rates of these tests were compared with the
steady-state burning rates of JA2 propellant as well as the room-
temperature burning-rate correlations in Fig. 11. It is quite obvious
that the differences are very small. For the relatively low-pressure
regime (below 13.8 MPa), the r, correlation at room temperature
can be represented by correlation A:

r, (cm/s) = 1.127[ P (MPa)/6.894]%63
for 0.70< P <13.8MPa (15a)

For the high-pressure regime (above 13.8 MPa), the r, correlation
at room temperature can be represented by correlation B:

r, (cm/s) = 5.822[ P(MPa) /48.26]%%7
for 13.8< P <96.5MPa (15b)

This experimental verification further supports the theoretical find-
ing that transient burning effect of JA2 propellants is quite insignif-
icant.

V. Conclusions

1) A generalized burning-rate correlation of the JA2 propellant
as a function of pressure and initial temperature was developed to
cover a broad range of pressures up to 300 MPa and initial temper-
ature from —40 to 80°C. The correlated burning rate compares very
closely with measured data.

2) Temperature sensitivity of JA2 propellant was found to de-
crease drastically as the pressure is increased to about 30 MPa; it
then reaches an asymptotic value of 0.0024 K~! at very high pres-
sures.

3) Surface-temperature data for JA2 were determined from the
fine-wire thermocouple traces measured from strand burning tests.
The surface temperature was correlated with pressure (P <9 MPa)
and initial temperature (—40 < 7; < 80°C) as a linear function of
pressure with coefficients dependent on the initial temperature. This
function was very helpful for the development of the Arrhenius py-
rolysis law, which was utilized in the construction of the Zel’dovich
map.

4) The Zel’dovich map of JA2 propellant was constructed and
used in the study of the dynamic burning characteristics. The results
indicated that JA2 propellant does not have significant dynamic
burning effects in the range of test variables considered. The main
reason for the weak dynamic burning effect seems to be the low
value of the temperature sensitivity o, and its rapid decay as the
pressure increases in the low-pressure region (P < 20 MPa).
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5) Experimental results obtained from a series of test firings using
an interrupted burner with X-ray translucent windows also verify
theoretical finding that transient burning effect of JA2 propellants
is quite insignificant, even the chamber pressurization rate was up
to 11,000 MPa/s.
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