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Particle Radiative Feedback
L3 * *
in Ammonium Perchlorate Deflagration
M. Quinn Brewster*
University of Utah, Salt Lake City, Utah
The deflagration behavior of ammonium perchlorate (AP) with carbon black and copper chromite catalyst ad-
ditives was studied over a pressure range of 4.3-171 MPa (50-2500 psig) using light transmission and emission
measurements in a window bomb and burn rate measurements in a conventional strand burner. It was found
that a maximum value of the lower pressure limit Pp; exists at intermediate values of carbon black concentra-
tion similar to that already reported for copper chromite catalyst. It was also found that sufficiently high con-
centrations of carbon black augment the steady deflagration rate of AP. Since carbon black is not a catalyst of
AP decomposition, it is postulated that particle radiative feedback is more likely to be the cause of the observed
behavior than previously suggested catalyst effects. To quantify the amount of radiative heat feedback, flame
temperature and emissivity values were calculated from light emission/transmission measurements. These
calculations yielded flame temperatures between 1406 and 1449 K and a value for the effective particle absorp-
tion efficiency over diameter Q,/d of 4.1 ;AEm“1 in good agreement with expected values. A simple analysis
shows that the observed trends (increasing Pyy; at low particle concentrations and decreasing Pp,; at higher con-
centrations) can be predicted from simple radiative transfer considerations together with particle and matrix
continuity equations.
Nomenclature U = gas velocity above propellant
a = absorption coefficient, ym ~! € = monochromat@c flame emi.ssivity
C, = absorption cross-section, cm? K = monochromatic ﬂarr_le.optlcal depth
C, = AP specific heat, 0.33 cal/g-K A = AP th_ermal consiuctw;ty, 9% 10~* cal/ cm-s -K
d = particle diameter P = d‘lr.ectlonal-hemlsphencal monochromatic reflec-
D = diameter of pellet and flame, 1.27 cm tivity . .
Fm = mass fraction of particles Pgsp = densnsy of gas (from ideal-gas law), solid 1.95
A = volume fraction of particles g/cm?, or particles " )
H =thickness of isothermal radiative surface zone, ym g = Stefan-Boltzmann constant, 1.37 X 107 cal/cm?-s
I = intensity, W/cm? -nm - st T = mpnochromatlg fl.ar.ne transmissivity
I, =incident intensity Tw =window transmissivity
k =proportionality constant, including efficiency of .
optics and detector sensitivity, V/(W/cm?-nm -sr) Subscripts
or imaginary component of refractive index, n— ik b = blackbody
L =height of flame zone, cm DL =deflagration limit
M, =mean molecular weight of combustion product b4 = gas phase
gases, 28.4 g/mole s =solid (or condensed) phase
n =real part of refractive index, n — ik w =window
N =number density of particles, cm —3
P =pressure, psi or Pa Introduction
q =net radiative heat loss from surface, cal/cm?-s Q MMONIUM perchlorate (AP) has been the subject of
Q, = particle absorption efficiency any combustion studies due to its importance as a com-
r =linear burn rate, cm/s, or particle radius, um posite propellant ingredient. Among the various factors
R =unjversal gas constant, 1206.2 psia-cm?/mole-K known to influence the deflagration behavior of AP are parti-
S;_4  =signal voltages cle additives,!s dopants,5 external radiation,®” and sample
SI = spectral irradiance = JAQ, W/cm? -nm preparation effects,®? including AP purity, pellet density, AP
T =temperature, K size, AP type, and initial temperature. Among these, the in-
T, =overall transmittance for two combustion bomb fluence of particle additives has received particular attention.
windows Of the various particle additives tested, copper chromite has
T, =flame temperature, K achieved a considerable reputation as an effective catalyst of
T, =surface temperature, K AP decomposition. Friedman et al.! and Levy and Friedman?

TCP  =tricalcium phosphate
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noted that, while small amounts of copper chromite tend to in-
hibit AP deflagration as evidenced by lower burn rates and
higher low-pressure deflagration limits (Pp; ), large amounts
of the catalyst actually enhance burning as evidenced by
higher burn rates and much lower values of Py . Cohen Nir*
reported similar behavior upon addition of the catalyst
cuprous oxide.

The probable explanation for the inhibiting effect of the
particles at relatively low concentrations is that the effective
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emissivity of the surface is increased by their presence.
Spalding!® demonstrated that radiative heat loss from the
propellant surface can lead to the existence of both lower
and upper limits to the pressure under which stable burning
is possible. Thus, increasing the propellant emissivity by the
addition of black particles causes steady deflagration to be
increasingly more difficult.

At high particle concentrations, however, the opposite
trend is observed. Beyond a certain amount, further addition
of catalyst causes the burn rate to increase above that for
pure AP and the lower pressure limit to decrease. One ex-
planation offered for this behavior is that, at higher additive
concentrations, catalysis of the gas-phase reactions offsets
the heat loss effect, thus enhancing deflagration.?

The purpose of this study was to investigate another possi-
ble explanation for the enhancement of AP deflagration at
relatively high particle concentrations—that of particle
radiative feedback. It is likely that the observed augmenta-
tion of deflagration at higher particle loadings could be due
to increased thermal radiative feedback coming from the hot
particles in the gas above the propellant surface rather than
more effective catalysis of gaseous reactions. To test this
hypothesis, two types of experiments were performed. First,
standard burn rate measurements of pressed AP pellets con-
taining carbon black were made to determine if the same
deflagration enhancement existed for a noncatalytic additive
at high particle loadings, as was observed for known
catalytic materials. Second, in-situ measurements of flame
temperature and emissivity were made for AP pellets con-
taining carbon black to determine whether sufficient
radiative feedback may be present to offset the surface
radiative loss.

Sample Preparation

Cylindrical pellets for use in both the strand burner tests
and the window bomb studies were formed by pressing AP
in a cylindrical die. The pellets were 1.27 ¢m (0.5 in.) in
diameter and 1.17 ¢cm (0.46 in.) in length. They were pressed
hydraulically to 54.4 MPa (8000 psi) and held for approx-
imately 60 s. Effects of variation in pressure and duration of
compression have been discussed elsewhere.” The percent
theoretical maximum density of the pellets was not deter-
mined. All of the pellets were prepared in the same manner,
however.

The AP used to make the pellets was reclaimed AP that
had been recoated with tricalcium phosphate (TCP) for an-
ticaking behavior. Because the AP had been recoated with
TCP, the burn rate was substantially suppressed below that
of pure AP. Boggs et al.? discuss the influence of TCP as
well as other factors on the deflagration of pure AP. Two
sizes of AP were used in the present studies, 24 and 50 um.

Two types of particles were investigated, Thermax carbon
black and Harshaw ‘‘copper chromite,”” coded Cu0202. As
discussed by Boggs et al.,” Harshaw Cu0202 is actually not
copper chromite, Cu,Cr, O, or CuO-CuCr,0,, but a com-
pound containing 65.1% Cu and 11.8% Cr, with an average
particle diameter of 0.54 um which is more nearly described
by the chemical formula 9CuO-Cr,0; or 8CuO-CuCr,0,.

Both the window bomb and strand burner samples used in
this study were coated with a thin layer of, ignitor paste to
facilitate ignition. Inhibition of the sides of the pellets was
not found to be necessary.

Strand Burner Measurements

Burn rate measurements were made in a conventional
strand burner, pressurized with nitrogen, with the burn rate
determined from acoustic emission. Four particle concentra-
tions were used, approximately 0.1, 1, 10, and 20% by mass,
with two particle types, carbon black and Cu0202. For the
carbon black, two AP sizes were used, 50 and 24 um. For
the Cu0202 only 24 um AP was used. For each mixture burn
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Table 1 Burn rate in strand burner

Burn rate, cm/s
Fms 24 um AP 24 uym AP 50 um AP

Carbon

n
P=psig (MPA) % Cu0202 carbon carbon
2500 (17.0) 0 — 0.65 I.1
0.1 1.8 No burn 0.94
1 3.1 0.93 0.31
i0 4.0 1.1 0.87
20 5.3 1.7 2.8
2000 (13.6) 0 — 0.52 1.1
0.1 2.1 0.43 0.83
i 2.7 0.83 0.20
10 3.9 0.93 0.63
20 3.6 1.3 2.1
1500 (10.3) 0 — 0.44 0.90
0.1 1.3 0.35 0.57
1 2.3 0.30 Partial
10 5.3 No burn Partial
20 2.5 1.2 0.84
1000 6.9) 0 — 0.29 0.86
0.1 1.0 Partial 0.37
1 1.5 Partial No burn
10 No data No burn No burn
20 3.6 1.9 0.98
500 3.5 0 — Partial 0.41
0.1 1.2 No burn Partial
1 1.1 No burn No burn
10 No data No burn No burn
20 1.5 0.6 No data
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rate was measured at five pressure, 3.4, 6.8, 10.2, 13.6, and
17.0 MPa (500, 1000, 1500, 2000, and 2500 psi). The results
for burn rate are presented in Table 1 and Figs. 1-3. In Table
1, the mass fraction f,, is listed only approximately as either
0, 0.1, 1, 10, or 20% so that burn rates for different particle
types with similar mass fractions can be compared. The exact
values of f,, are listed in Figs. 1-3. For some of the tests in-
volving carbon, the samples did not burn or burned only
partially. These cases are noted in Table 1.

Several observations can be made about the results in Figs.
1-3.

1) The results for Cu0202 (Fig. 1) compared with those of
carbon black (Figs. 2 and 3) demonstrate clearly that Cu0202
enhances burn rate better than carbon black, presumably due
to a catalytic effect.

2) Although 50 um AP clearly burns faster than 24 um AP
without an additive (due to a smaller amount of TCP in-
hibitor present in the 50 um pellets), with carbon black pres-
ent such a clear distinction is not evident.

3) While small amounts of carbon black tend to depress
the burn rate below that of pure AP, larger amounts aug-
ment the burn rate even above that for pure AP.
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The latter observation is the same one that has been made
with regard to the addition of catalyst particles, Cu,O and
Cu0202, indicating that either the carbon black is effectively
catalyzing the combustion reactions or that another mechanism
is responsible for the observed behavior. The unlikelihood of
effective catalysis by carbon black is evidenced by no known
observations of carbon black catalyzing AP decomposition at
low temperatures similar to that which has been widely
reported for Cu0202.!1

The minimum pressure at which steady, stable deflagra-
tion was observed is plotted in Fig. 4. The important obser-
vation to be made from this figure is that a maximum value
of Pp, exists at some intermediate value of f,, and that at
higher carbon mass fractions the radiative loss at the pro-
pellant surface is somehow substantially offset.

One possible reason for the enhanced burn rates and
depressed Pp; values at high carbon mass fractions is the
change in the thermochemistry of the flame. At 68 MPa
(1000 psi), the equilibrium flame temperatures of AP pellets
with 0, 1, and 16% carbon added (by mass) are, respectively,
1404, 1600, and 2928 K. Thus, there is the definite possibility
that carbon participation in the flame chemistry could be
playing a role in the observed trends of Figs. 2-4. However,
similar behavior is noted in AP/Cu0202/carbon pellets, as
discussed in the following sections, even at much lower car-
bon mass fractions (0.1-1%). These amounts of carbon
(0.1-1%) are so small that the change in the flame chemistry
due to carbon could not be a factor. This suggests the
possibility of radiative heat feedback from the flame offset-
ting the radiative heat loss from the propellant surface.

Emission/Transmission Measurements

To characterize the radiative characteristics of the flame
zone above the propellant samples monochromatic emission
and transmission measurements were carried out in a win-
dow bomb. The optical system is pictured schematically in
the plan view in Fig. 5.

The 0.25 mm vertical monochromator entrance slit is im-
aged as a horizontal slit at the center of the flame zone by
lenses L1 and L2 and mirrors M1 and M2. Between mirrors
M1 and M2 the optical path is vertical, perpendicular to the
plane of the paper. The first stop S1, with diameter of 0.635
cm (0.25 in.) insures that all rays originating at the FEL light
source and transmitted to the detector actually pass through
the flame and not around it. The second stop S2, with a
diameter of 1.07 cm (0.42 in.), minimizes entrance of stray
light. The bandpass filter BPF has a bandpass of 15 nm
centered at 725 nm and is used to eliminate higher-order
wavelengths, which are passed by the grating monochromator,
from reaching the detector. The monochromator, a 1.4 m Spex
is centered at 725 nm with a 1200 groove/mm grating which
gives a resolving power of 40 A /mm. Combined with the 0.25
mm slit, this gives a bandpass of 1.0 nm.,
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Fig. 5 Plan view of emission/transmission measurement system.

The wavelength of 725 nm was chosen according to three
criteria: 1) it had to be within the range of reasonable detec-
tor response; for the PMT used, the peak response was in
the neighborhood of 550 nm, dropping off at longer
wavelengths; 2) the wavelength needed to be as large as
possible to be near the maximum of the Planck function for
the temperatures of interest, in this case, approximately 1400
K; and 3) the wavelength selected had to be away from any
strong spectral emission lines due to gaseous species in the
flame. This was so that the emission could be assumed to be
due to particle incandescence (blackbody radiation) only.
The wavelength of 725 nm was selected because it satisfied
all three of these criteria. The flame was scanned with an
EG&G PAR optical multichanne] analyzer to insure that 725
nm was in the flat portion of the emission curve. It was
thereby verified that the nearest spectral lines were those at-
tributable to potassium at approximately 760 nm, which is
well outside the bandpass of the monochromator.



1144 M. Q. BREWSTER

The source for the reference intensity I, was an FEL
coiled-coil tungsten filament quartz halogen spectral irra-
diance standard lamp manufactured and calibrated for spec-
tral irradiance (SI)=71AQ, (see Fig. 5) by Eppley
Laboratories. The lamp operated at the calibration current
of 7.9 A d.c. and had an effective temperature of 3200 K.
Since the lamp was calibrated in terms of the SI at a distance
of 50 cm from the lamp, the light was reflected off of a dif-
fuse surface R1 (Fig. 5) with high reflectivity to obtain the
absolute reference intensity (or radiance) I, with units of
W/cm?-nm-sr. A conversion was performed to obtain inten-
sity from the calibration quantity SI. The radiant energy per
unit area, time and wavelength incident on the reflector plate
located 20 cm from the lamp is given by the expression, SI
(W/cm? -nm)(50/20)> =IAQ. The flux reflected from the
plate is then p(SI)(50/20)2, where p is the spectral
directional-hemispherical reflectivity, assumed to be equal to
the spectral bidirectional reflectivity (lambertian surface).
The reflected intensity is then given as

S1)(50/20)?
1, = PEDE0/207 )

™

The diffuse reflector plate was prepared by painting a 10
cm (4 in.) square aluminum plate with Kodak white reflec-
tance coating, a high reflectance barium sulfate paint. The
reflectance of the coating at the measurement wavelength of
725 nm was p=0.992. The lamp was enclosed in a plywood
box 0.67 x0.67 x 1 m tall painted black.

The reference beam I, after exiting the protective lamp
housing box was chopped at approximately 100 Hz to
discriminate between the times when the detector signal was
proportional to the emitted plus transmitted intensity at the
flame (chopper open) and the times when the signal was pro-
portional to just the emitted intensity (chopper closed). The
intensity I, was thus used as both a known reference intensity
for emission measurements and as an incident intensity for
transmission measurements.

Transfer Equation

For purposes of this study, the flame was assumed to be a
homogenous, isothermal, nonscattering medium. The trans-
fer equation along the optical axis is then

d7
= el e, 1s=0=Iy P)

and the intensity after passing through the flame is

I(s=D)=el,+71l, 3

where
e=1—exp(—«) and 7=exp(—«) @)
k=a,D 5)

Here, D is the diameter of the flame, taken to be the
diameter of the pellet, 1.27 cm (0.5 in.); « the optical depth;
and a, the absorption coefficient in the gas above the pro-
pellant given by

4, =N C,=1.5,,(Q,/d) ©

where f,, is the particle volume fraction in the gas, Q, the
effective monodisperse particle absorption efficiency, and d
the effective monodisperse particle diameter, assuming
spherical particles.

The output from the photomultiplier tube was fed into a
PAR 184 current sensitive preamplifier connected to a PAR
126 lock-in amplifier (see Fig. 5). Two signals were recorded,
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Table 2 Emission/transmission results window bomb

Carbon, Cu0202, P, Q,/d,

Run % %o MPa T «  TpK pm™!
1 1 1 0.42 0.656 0.421 1406 4.1
2 1 1 0.42 0.664 0.409 1420 4.1
3 2 1 0.76 0.209 1.57 1428 4.1
4 2 1 4.8

0.76 0.178 1.72 1449

a d.c. signal at the output monitor of the preamp and an a.c.
signal at the output of the lock-in amplifier. These two
signals were recorded on a strip-chart recorder and used to
determine the flame emissivity (equivalent to transmissivity)
and I, (equivalent to T, through Planck’s equation).

Particle and Matrix Continuity

In order to relate the particle volume fraction in the gas
S to that in the propellant f,, the particle and matrix (non-
particle) continuity equations were utilized. The particle con-
tinuity equation is

PpSust =0, S g U Y]

where p,, is the particle density, r the linear burn rate of the
propellant, and U the particle velocity in the gas phase,
assumed equal to the gas velocity (no slip). Since the particle
density is constant the particle continuity equation reduces to

Sus? =fvg U ®

Similarly the continuity equation for the matrix (nonparti-
cle) phase is,

(1 _fvs)psr= (l_fvg)ng (9)

where p, is the gas density and p, the AP density. Assuming
that

fvs<1 and fvg<1 (10)

the particle continuity, matrix continuity, and ideal gas equa-
tions can be combined to relate the gas-phase particle volume
fraction to that in the “‘solid” propellant phase as

Juu=ts (FP%%) an

where P is the pressure, M, the mean molecular weight of
the gaseous species (taken here to be 28.4, see Ref. 12) and R
the universal gas constant, 1206.2 psia-cm3/mole-K. The
AP density was taken as 1.95 g/cm?.

Using Egs. (5), (6), and (11), an effective value for the
particle absorption efficiency over diameter Q,/d was
calculated.

Emission/Transmission Results

The results for the flame transmissivity 7, optical depth «,
temperature T, and effective particle absorption efficiency
over diameter Q,/d are listed in Table 2. Not all of the win-
dow bomb runs made were used to calculate these flame
radiative properties. Video recordings of the burning process
indicated that a heavy condensate often formed that the
nitrogen flow was unable to purge from the bomb. The
higher the concentration of copper chromite, the greater this
tendency seemed to be. Two further difficulties encountered
were 1) excessively fast burn rates, which caused the bomb to
be filled with a dense smoke cloud, and 2) inability to burn
some pellets at all. The pellets with high Cu0202 concentra-
tion had a greater tendency for high burn rates, while those
with pure carbon black were extremely difficult to burn. As
a result, it was not possible to obtain emission/transmission
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measurements for any of the samples with either Cu0202 or
carbon black only in the AP. The orly successful runs ex-
hibiting a slow, steady burn with a clearly defined luminous
flame (as verified by the video tape) were those for a mixture
of Cu0202 and carbon black with AP, as listed in Table 2.
There are several checks on the validity of the results in
Table 2. First, the flame temperatures measured, 1406-1449
K, are in good agreement with generally accepted values for
AP monopropellant flames. If anything, they are slightly
higher, which may be due to oxidation of the carbon par-
ticles. Second, the Q,/d value of 4.1 pm~! is consistent with
what would be expected for submicron carbon black par-
ticles. For comparison, Q,/d was also determined from a
histogram of the size distribution of thermax carbon par-
ticles obtained from scanning electron micrographs.'> The
observed size distribution N(r) was used together with an
assumed complex refractive index!® of n—ik=1.7—-0.7/ and
;13 Mie property computer program to calculate Q,/d from
a. (12),

%: So rQ, (21rr/)\,n,k)N(r)dr/25O PN(r)ydr 12)
The resulting value of Q,/d=3.3 um~! is fairly close to the
4.1 um-! value obtained from emission/transmission
measurements. The difference is probably due to an error in
the assumed optical constants and the neglect of scattering in
the emission/transmission result. Finally, the predicted value
of Q,/d=4.1 pm~! seems to be fairly consistent for two
particle loadings f,. Two factors change between runs 1-2
and 3-4: the particle concentration in the propellant doubles
and the pressure doubles. The measured optical depth
quadruples, indicating correctly that the particle concenta-
tion in the gas phase also quadruples. (This assumes that
Q,/d remains constant from the propellant condensed phase
to the gas phase just above the surface, which should be a
reasonable approximation.) That the gas-phase particle con-
centration quadruples follows from two factors. One factor
of two comes from twice the particles being added to the
propellant. The other factor of two comes from the matrix
continuity equation. Since the pressure also doubles, the gas
velocity U is halved and therefore the particle number density
doubles. These two factors of two result in a quadrupling
of the gas-phase particle concentration and hence the optical
depth.

It should be noted that the values for Q,/d were obtained
by neglecting the presence of Cu0202 particles, even though
1% Cu0202 was present in the propellant. This procedure is
felt to be justified due to the lack of luminos-
ity observed for the Cu0202/AP flames. The reason for the
lack of luminosity is probably that the Cu0202 particles are
larger and more dense. The density of copper chromite is
5.27 and that of carbon black 1.9-2.1. The Cu0202 is prob-
ably at least twice as large in effective diameter as the
carbon black; so, taken together, the size and density dif-
ferences will result in at least an order of magnitude dif-
ference between the optical density due to carbon black and
that due to Cu0202 for runs 1-4 in Table 2.

Since a mixture of 1% Cu0202 with carbon black was the
only combination found that produced successful emissiv-
ity/transmissivity results, further tests were conducted in
which the concentration of Cu0202 was held constant at 1%
and the concentration of the carbon black was varied to see
the effect on Pp,. Figure 6 displays these results. As the
mass fraction of carbon black increases from 10-3 to 1072,
Py, drops from 1000 to 50 psig. Since the concentration of
the catalyst Cu0202 is constant, the lowéring of the pressure
limit must be due, at least in part, to the increased radiative
feedback. It cannot be attributed to more efficient gas-phase
catalysis by Cu0202, since the gas-phase particle concentra-
tion is decreasing due to the lower pressure and higher gas
velocity.
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Comparing the results in Figs. 4 and 6, it can be seen that
the concentration of carbon needed to substantially drop
Py, without Cu0202 is 16% as compared with 1% with
Cu0202. The effect of Cu0202 alone in a concentration of
1% is known to be that of augmenting the burn rate and
decreasing Pp; (Fig. 1). Since the Cu0202 is apparently play-
ing such an important role in the flame chemistry, it seems
logical that the pellets without Cu0202 would require a much
higher concentration of carbon than the pellets with Cu0202
before radiative feedback from the flame could compensate
for the radiative loss from the pellet surface.

Figure 7 gives the results for the burn rate measured at the
lower pressure limit in the window bomb. The burn rate
follows approximately the same trend as Pp; .

Finally, Fig. 8 shows some results for burn rate as a func-
tion of pressure for a limited number of pressures above the
lower limit. These results were also obtained in the window
bomb for AP pellets containing mixture of Cu0202 and car-
bon black. Both the 1 and 2% carbon mixtures show rather
large pressure exponents of 0.93 and 0.95, respectively. The
somewhat surprising result, however, is that the 2% carbon
pellets are harder to burn, as evidenced by lower burn rates
in Fig. 8 and a higher lower pressure limit (Fig. 6). A possi-
ble explanation is that the carbon particles are not par-
ticipating in the flame chemistry, but are simply acting as a
heat sink.

Radiative Analysis

To determine if sufficient radiative feedback is available
for that to be the cause of the observed augmentation of AP
deflagration at high particle concentrations, an approximate
radiative analysis is performed on the flame zone and thin
propellant surface layer, using the radiative parameters ob-
tained from the emission/transmission measurements. Two
isothermal, homogenous, nonscattering regions are con-
sidered. One is the thin liquid/solid surface layer of thickness H
at temperature 7, =900 K containing particles with volume
fraction f,; and an effective absorption efficiency over
diameter Q,/d of 4.1 pm~!. This region is assumed to be an in-
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finite slab with a mean beam length of 1.8 H (see Ref. 14). The
other region is the gas zone above the surface, which is taken to
be a right cylinder of diameter D and height L. Based on review
of the video tapes taken during the bomb window studies, L/D
is taken to be 2. The mean beam length for the gas radiating to
the surface!® is thus 0.6 D. The temperature in the gas region T,
is assumed to be 1400 K.

The thickness of the surface layer H is taken as the
characteristic length for conduction into the propellant
(assuming a nonradiative, convective diffusive zone), which
can be calculated as

H=N\,/rp,C, (13

where A, is the AP thermal conductivity (assumed to be
9% 10~* cal/cm-K), p, the AP density (1.95 g/em?3), and C;
the AP specific heat (0.33 cal/g-K). The resulting value for
H, assuming a burn rate of 0.24 cm/s, is 59 pum.

The particle volume fraction in the gas region can be
calculated from Eq. (11). Then, the net radiative heat loss
from the surface ¢ is given by

qg={1—exp[—a,(1.8H)]}oT?
—{1—exp[ —a,(0.6D)] }oT? (14)
where

A5 =1.5f4 ¢ (Qs/d) 15)

By assuming (arbitrarily) a constant radiative heat loss
value at the minimum deflagration condition of g, =0.1
cal/cm?-s (0.42 W/cm?) and making use of Eq. (11), the
preceding equation for g can be solved for Py, as a function
of particle volume fraction in the propellant f,. The
resulting behavior is displayed in Fig. 9. In Fig. 9, at low
particle loadings, as more particles are added the effective
emissivity of the surface {l1—exp[—a,(1.8H)]} increases
faster than the gas emissivity {1—exp[—a,(0.6D)]}. The
radiative loss increases faster than the radiative gain back to
the surface and the lower pressure limit increases. The op-
posite occurs at higher particle loadings. At intermediate
concentrations (10~3 in Fig. 9), the surface emissivity is
relatively high, but the gas emissivity is still low. Therefore,
a higher pressure is required, according to particle and gas
continuity, in order to maintain a sufficient number of par-
ticles in the gas phase above the surface so that the net
radiative loss does not exceed the fixed (assumed) value of
0.1 cal/cm?-s.

Although Fig. 9 does demonstrate that through proper
consideration of particle continuity, matrix continuity, and
radiative transfer the observed deflagration behavior can be
predicted, the precise numerical values involved in this sam-
ple calculation are of little consequence. Furthermore, the
assumption of a constant limiting value of radiative loss is
questionable. It is more likely that as f,, varies, and
therefore Pp;, the necessary total heat flux back to the pro-
pellant also varies. Therefore, it is likely that gp; is not con-
stant, but is perhaps a fixed fraction of the total heat feed-
back requirement. The results of Fig. 9 are intended to have
only qualitative—not quantitative—significance in that the
trends are correctly predicted.

Finally, a comparison of the magnitudes of the radiative
heat feedback and the total required heat feedback indicates
that at minimum deflagration conditions radiation can in-
deed be a significant contribution. An AP pellet burning at
0.2 cm/s (the minimum deflagration value in the
AP/Cu0202/carbon pellets) requires 50 cal/cm?-s of total
heat feedback (assuming 7,=700 K). The radiation flux
emitted by a perfectly black AP flame at 1400 K is 5
cal/cm?-s or 10% of the total required amount. For a 16%
carbon flame (7,=2928 K) the maximum radiative flux is
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100 cal/cm?-s, which is a significant portion of the total re-
quired heat feedback of 150 cal/cm?-s (assuming rp; =0.6
cm/s from Fig. 2 and T, =700 K).

Conclusions

1) In both strand burner and window bomb tests, augmen-
tation of the deflagration rate of pressed AP pellets by the
addition of relatively large amounts of noncatalytic carbon
black is observed.

2) A decrease in the lower pressure limit for deflagration
of AP is also observed upon addition of large amounts of
carbon black.

3) The effects observed in conclusions 1 and 2 are at-
tributed to the influence of thermal radiative feedback by the
hot particles in the flame zone above the propellant.

4) Simultaneous monochromatic light emission and
transmission measurements in carbon black/AP flames
resulted in a flame temperature of approximately 1400 K and
an effective particle absorption efficiency over diameter of
Q,/d=4.1ym~'. These properties predict ample radiative
feedback levels for altering the total heat feedback
requirement.

Recommendations

1) The technique of simultaneous emission/transmission
measurements used here should be expanded to multiple
wavelengths and used to investigate aluminized propellants.
Little or no information is currently available as to the effec-
tive emissivity or the effective temperature of aluminized
propellant flames.

2) Future studies on propellant combustion modification
using particle additives should include optical as well as
chemical and physical properties of the particles among the
potentially important factors influencing the combustion
behavior.
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