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Influence of Thermal Radiation on Solid Propellant
Burning Rate

LEONARD H. CAVENY,* THOMAS J. OHLEMILLER^
AND

MARTIN SUMMERFIELD$
Princeton University, Princeton, N.J.

Radiation assisted burning rate data r(qr] and temperature sensitivity of burning rate data [r(p, T0) and op =
dr/dT0)p] were obtained for a well characterized double base propellant (nitrocellulose and metriol trinitrate). For
example, at 14.6 atm, 70 cal/sec-cm2 of xenon arc radiation increased the burning from 0.2 to 0.6 cm/sec.
Analysis of the heat feedback from the flame revealed that once r(T0) data are available, r(qr) data does not
permit additional properties of the combustion zone to be deduced. However, a simple analytical relationship
between r(qr) and op was developed that approximates the measured results. Propellant burning rate responsiveness
to external thermal radiation increases with higher ap and lower burning rate.

Nomenclature
c = specific heat of propellant, cal/g-K
/ = incident radiation, cal/sec-cm2

p = pressure, atm
Qs = surface heat release, cal/g

= radiation absorbed by propellant surface, /( /— re), cal/sec-cm2

= steady state burning rate, cm/sec
= reflectivity of propellant surface
= temperature, K
= distance normal to surface, cm
= propellant thermal conductivity, cal/cm-sec-K
= propellant density, g/cm3

= temperature sensitivity of burning rate at constant pressure

Subscripts :
eq = equivalent value
/ == flame zone
n = no externally imposed radiation
ref = reference conditions for empirical r(p, T0) relation
s = surface
o = temperature of propellant before approach of thermal wave

Introduction

INVESTIGATIONS to understand and control solid propel-
lant combustion processes must account for the influence of

thermal radiation from the surroundings to the burning surface.
For example, questions arise concerning the extent that radiation
from chamber gases influence burning rate as a function of
motor size, gas composition, flame temperature, etc. Also, it is of
interest to speculate1 on methods of increasing burning rate
by devices that intensify radiant heating (e.g., by increasing the
emissivity of the chamber gases or by decreasing the reflectivity
of the propellant surface).

Konev2 carried out direct measurements of burning rate vs
externally imposed radiation using a double base propellant,
(i.e., the Soviet's N powder). Konev was limited to rather low
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heat fluxes, 8 cal/sec-cm2 at 1 atm and 4 cal/sec-cm2 at 21.4 atm.
Konev recognized that, under some conditions, externally
imposed radiation is equivalent to increasing the initial tempera-
ture of the propellant. However, he did not develop the equations
showing this relationship. Eater Konev and Khlevnoi3 con-
sidered analytically the complex interaction by which radiation
transmitted below the propellant surface may accelerate (by
simple heating) the condensed phase heating processes; they
showed that the degree of acceleration depends on the ratio of
radiation absorption length to subsurface reaction thickness.

At Princeton University,4 experiments were carried out in
which carbon-arc radiation was imaged onto burning ammonium
perchlorate (AP) composite propellant. However, efforts to
obtain consistent burning rate measurements as a function of
radiant heat flux were hampered by ejection of AP particles
from the surface. The radiation was partially transmitted through
the individual AP crystals and concentrated at the AP/binder
interface and, thereby, produced subsurface ignitions at the AP/
binder interface.

Investigators at Brigham Young University5 ~6 evaluated the
effect of radiation on burning rate by placing propellants in a
furnace (max temp was HOOK) at pressures between 0.4 and
1.4 atm. The maximum heat flux they obtained was 2.6 cal/sec-
cm2. Investigators at the University of Utah,7 made measure-
ments at one atm using heat fluxes up to 15 cal/sec-cm2. They
found that the effects of radiation on burning rate were
appreciable.

Thompson and Suh8 examined the same problem both
theoretically and experimentally; they concluded that fluxes up
to 1.5 cal/cm2-sec have no significant effect on burning rate
of M-2 double base propellant.

In this study, we directed our attention at obtaining burning
rate data at higher pressures and higher heat fluxes and at
providing a more complete treatment of the relationships be-
tween externally imposed energy and temperature sensitivity of
burning rate data.

Analysis
Predictions of radiation effects on burning rate must account

for the complex interplay between the increased gas velocities
in the flame zone (resulting from the burning rate increase)
and the changes in the heat feedback from flame and surface
zones. A conventional analytical approach would be to add an
externally imposed radiation term to one of the existing flame
models. Predictions using such theories6'7 require a rather
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Fig. 1 During steady-state burning, externally imposed radiation
produces increased burning rates similar to those obtained by increasing
the initial temperature of the propellant.

detailed knowledge of surface temperature, surface reaction
processes, and flame zone kinetics. In this paper, we have
avoided the uncertainties of those parameters and processes
and employed a prediction technique that requires only r(p, T0),
specific heat, and density data.

In the equation development, we assume that the important
condensed phase reactions occur in a layer that is thin compared
to both the thermal wave depth and the radiation penetration
depth. The former comparison is generally accepted to be valid
for the range of burning rates encountered here (at 0.2 cm/sec
the reaction layer in a PNC/MTN propellant is less than one-
tenth the thermal wave thickness9). The latter comparison is
similar; the radiation penetration is comparable to the thermal
wave thickness (see absorptivity data below). Temperature
sensitivity of burning rate, ap, was taken to be constant, a good
approximation for most propellants. Writing the energy balance
across the control volume shown in Fig. 1 and noting that
under steady-state conditions (with the above assumptions) the
spatial distribution of temperature and the transmitted radiation
need not be accounted for when the control volume includes
the significant portion of the temperature profile and the depth
to which radiation is absorbed

rpcT0 = rpcTs(r) - AdT/dx)s-qr (1)
where qr is the portion of incident radiation that is absorbed.

There is some equivalent value of initial temperature, Tofi^ that
corresponds to the burning rate enhancement by external
radiation, qr. Thus,

I
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Fig. 2 Increase in burning rate produced by xenon arc radiation.

-Tofq] (2)
From the definition of constant ap, the T0iCq corresponding to
a particular burning rate r is

T0.eq = (l/ap)ln(r/rnS) + T0tf (3)
Substituting Eqs. (2) and (3) into Eq. (1) and simplifying yields

r = rref exp [ap(T0- T0ttef) + ap qr/(rpc]] (4)
which is an implicit expression for r in terms of the externally
imposed heat flux abosrbed by the propellant. Note that since
7^ is eliminated, Ts(r, p,...) data are not required. The secant
method was used to solve Eq. (4) for r.

As shown in Fig. 1 and Eq. (4), qr produces an effect equivalent
to increasing the initial temperature by an amount A 7^ = qr/rpc.
If the surface temperature is expressed in terms of an Arrhenius
type pyrolysis law, r = Ase\p( — Es/RTs), the corresponding
increase in surface temperature is

ATS = (RTs
2<rp/Es)(qr/rpc) (5)

The increase in flame temperature is
AT} = qj(rpcf) (6)

Comparison of Theory with Experimental Results
A xenon arc-image furnace was modified to obtain r(p,I)

data. A drive mechanism was devised to maintain the burning
surface of a strand at the focus of the arc. Thus, as the
strand was burned, the linear positioning rate was adjusted
until it was equal to the burning rate. Using this technique,
several centimeters of the strand were burned while the linear
rate was recorded on an oscillograph. A purge flow was used
to rapidly sweep away propellant gases. This and the small
diameter (0.25 cm) of the samples minimized the scattering gas/
particle layer the incident radiation passed through. Thus,
although no direct measurement was made, the attenuation of
the flux by the flame is assumed to be negligible.

As indicated on Fig. 2, r(/) data were obtained for two
double base propellants. The nonplatonized propellant contains
53% nitrocellulose, 39% metriol trinitrate, 7% triethylene glycol
dini.trate, 0.1-0.2% carbon powder plus stabilizers. The
platonized propellant is similar but contains 1% lead salicylate
and 1% copper salicylate added to accelerate burning rate and
to produce plateau burning. For detailed information on these

_NONPLATONIZED DOUBLE BASE PROPELLANT _
(1041)

PRESSURE =14.6 ATM

i i i 1 1 1 i i r i
246°K \ .

NONPLATONIZED
. PROPELLANT
(SIMILAR TO 1041)

\ i i I 1 1 1
«l 2 4 6 10 20 40 60 100

PRESSURE, ATM

Fig. 3 Burning rate and temperature sensitivity data of three double
base propellants.
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propellants see propellants 1040 and 1041 described in Ref. 9.
Burning rate data (Fig. 3) were obtained for the propellants
at two temperatures over the pressure range from 2 to 100 atm
using 0.6 x 0.6 cm strands in a temperature conditioned chimney
burner. The nearly equal separation distances of the 296 and
330 K lines for the nonplatonized propellant indicate that ap
is nearly constant over the pressure range. A wider range of
temperatures was taken at 14.6 atm (the pressure of the r(7)
data], and from the Inrvs T0 plot the ap values were found to
be nearly constant over the test range. The r(p, T0) data for the
other platonized propellant (1031) are included to show the
influence of AT0 on burning rate of a platonized propellant; r(7)
data are not available for 1031.

The measured10 reflectivity of the cut propellant surfaces,
averaged after weighting in accord with the spectral distribution
of the arc, is approximately 0.06. Since the burning surface
is generally covered with carbonaceous material there is no
reason to believe that the reflectivity of the burning propellant is
greater than the unburned surface. Reflectivity measurements2

of extinguished propellant surfaces may not approximate the
reflectivities of burning double base propellants since the
extinguishment process removes much of the surface deposits.

The particulate additives tended to opacify the propellants.10

Near the wavelength of the peak intensity of the xenon arc,
the extinction coefficient of propellants 1040 and 1041 are about
80 and 50 cm"1 respectively, while the extinction coefficient
of the basic propellant without particulate additives is about
5 cm"1. Thus the propellants were opacified sufficiently that
the catastrophic decomposition triggered by the absorption
of radiation deep into the solid (i.e., wormholing) was not a
consideration.

Table 1 Properties of nonplatonized double base propellants used in
calculations

P =
r —
c =
P =

Reflectivity =

14.6 atm
0.215 cm/sec
0.34 cal/g-K
1.54g/cm3

0.0046 (K)-1

0.06
T0 = 298 K

The values listed in Table 1 were used in Eq. (4) to obtain
the calculated results shown on Fig. 2. Considering the simplicity
of Eq. (4), the agreement between experiment and theory is
reasonable. We do not have a complete explanation for the
higher experimental burning rates; errors in the Table 1 values
cannot account for the difference. It should be noted, however,
that the higher fluxes correspond to quite large values of A7^.
The assumptions leading to Eq. (4) may break down if these high
fluxes induce extensive surface reactions and, in effect, change the
value of op. In our continuing studies, we are also evaluating
the possibility of photochemical effects enhancing the subsurface
heat release or that near-surface "micro-wormholing" may
increase the burning area at high fluxes. Still another possiblity
is that radiative heating of the carbonaceous material above the
propellant surface may accelerate reactions in the fizz zone of
the double base propellant flame structure.

According to Konev and Khlevnoi (whose theory implicitly
accounts for temperature sensitivity of burning rate in the
nonradiation case),3 the maximum purely thermal effect of
external radiation occurs when the radiation penetration is large
compared to the subsurface reaction layer thickness; this
maximum effect is then equivalent to the same initial temperature
increase utilized above. In other words, their maximum allowable
increase is the same as that computed here by more straight-
forward means. Yet the experimental data appear to significantly
exceed this limit.

0.0045
0.0015

oO 10 20 30 40 50 60
ABSORBED RADIATION, q r / CAL/CM2-SEC

Fig. 4 Calculated results showing that degree of burning rate enhance-
ment increases with decreasing burning rate and increasing temperature

sensitivity.

It has been suggested7 that radiation assisted burning experi-
ments would provide sufficient information to determine the
surface heat release, Qs. However, since the externally imposed
radiation alters the heat feedback from the flame zone, the
experiment introduces an additional unknown into the energy
equation, dqf/dqr> i.e.,

<if~<if,n+(dqf/dqr)qr (8)
Writing the energy equation so that it includes the gas phase
adjacent to the surface,

rpcT0 = rpcTs - rpQs -qf-qr (9)
where Qs is the heat of reaction at the surface. Solving for r
yields,

p[c(T.-T.)-Qj
While the magnitude of the factor multiplying qr is the slope
of the curves on Fig. 2, the experiment does not provide
sufficient information to evaluate dqf/dqr. Thus, Qs cannot be
established from the r(7) data alone. In Ref. 8, Qs was determined
from micro-thermocouple data and the energy balance at the
burning surface.

Figure 4 illustrates the conditions under which external
heating can be significant. The curves are calculated from Eq. (4).
As burning rate increases, the effect is of secondary importance,
as one would expect, because external radiant flux becomes small
compared to the conductive fluxes in the flame zone.
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Sensitivity of Laser Absorption Wave Formation to
Nonequilibrium and Transport Phenomena

M. R. STAMM* AND P. E. NiELSENt
Air Force Weapons Laboratory, Kinland Air Force Base, N. Mex.

Experiments have shown that laser absorption waves (LAW's) may be ignited in air from aerosols or solid surfaces
at laser intensities below the clean air breakdown threshold. We present detailed numerical calculations of the
formation and structure of such LA W's made with a two-temperature, Laprangian hydrodynamic computer program
containing a fully coupled nonequilibrium breakdown chemistry, electron diffusion, and radiation transport. The
detailed LAW structure is then interpreted to delineate the roles of the nonequilibrium, radiative, and transport
processes in various regimes.

A£
e
f

m(M)
n
N = Nt+N2-

Rr

Nomenclature
= velocity of light = 3 x 1010 (cm sec'1)

= electron charge (esu)
= laser flux (W cm"2)
= ionization energy of the ground (first excited)

state (ev)
= 4ne2/mcco2 ~ 2 x 10~x * (ev cm2 watt" *) for ha> =

0.12 ev
= electron (atom) mass (gm)
= electron number density (cm~3)
= total number of heavy particles (cm"3)
= number density of atoms in the ground (first

excited) state (cm~3)
= total number of neutral particles (cm~3)
= pressure (erg cm~3)
= electron attachment rate =

f l . 7 x l O - 1 2 N ( n - l ) (Ref. 1) TV/< 0.4 ev
JO TV/ ^ 0.4 ev

= electron impact ionization rate from the ground
(first excited) state ^

vn exp(-/1,/Te)[t;l2exp(-/2/7;)] (Ref. 2)
= radiative recombination rate ~

1.3 x 10~13TT1/2(Ref. 2)

Presented as Paper 74-229 at the AIAA 12th Aerospace Sciences
Meeting, Washington, D.C., Jan. 30-Feb. 1, 1974; submitted Feb. 14,
1974; revision received July 15, 1974.

Index categories: Lasers; Plasma Dynamics and MHD.
*.Physicist, Theoretical Branch; presently at ARL/LU, Plasma

Physics Research Laboratory, Aerospace Research Laboratories.
Wright-Patterson Air Force Base, Ohio.

t Chief, Interaction Physics Group, Theoretical Branch; presently at
Department of Physics, Air Force Institute of Technology, Wright-
Patterson Air Force Base, Ohio.

Rx = electron impact excitation rate ~
1.6 x 10-8exp(-A£/Te)(Refs. 3,4)

Rx,Rn,Ri2 = inverse rates of Rx, Rn, Ri2 from detailed balancing
Te(Tg)
vei(ven)

Vi\(vi2)

= electron (gas) temperature (ev)
= electron ion (neutral) elastic collision rate

3.0 x 10~6Te~3/2(1.3 x 10~7Te
1/2)(Refs. 2, 4)

= electron impact ionization rates from ground (first
excited) states vtl ~ 10"3 (cm2 sec"1) (Refs. 2, 5)
vi2 ^ 3.2 x 10~7 (cm2 sec'1) (Ref. 2)

= specific heat ratio = CP/CV

</> = vn/vi2
p = density (g cm"3)
a = photoionization cross section in nitrogen, ~ 8 x l O " 1 8

cm2 (Ref. 2)
co = laser frequency (sec" M

Introduction

COLD clean air breaks down at a threshold CO2 laser flux
of a few times 109 W/cm2,6'7 but it has been found that in

the presence of either solid surfaces or aerosols it may break
down in fluxes considerably lower than the clean air breakdown
threshold. Once formed, the resulting plasmas may be main-
tained by fluxes as low as a few times 104 W/cm2.8'9 These
plasmas, which propagate up the beam at well-defined velocities,
are called laser supported absorption waves, or "LAW's." The
evolution of such LAW's may be divided into three consecutive
phases: ignition, formation, and maintenance, each of which is,
at present, better understood than the last. These phases refer
respectively to the detailed evolution of the solid target material
into a plasma, the formation of a LAW in the air ahead of this
plasma, and its steady-state propagation in air up the laser beam.


