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A Photographic and Analytic Study of Composite Propellant
Combustion in an Acceleration Field

P. G. WlLLOUGHBY,* C. T. CROWE,f AND K. L. BAKER J
United Technology Center, Sunnyvale, Calif.

The experimental fact that acceleration of a composite propellant can effect a significant
augmentation of the burning rate is well known. However, an adequate physical insight of
the responsible phenomena has been lacking. This paper reports the results of photographing
a burning metalized composite propellant under acceleration. The photographic details re-
veal the inertial retention of burning aluminum particles and the subsequent formation and
growth of pits in the surface. An analytic model is developed based on the buoyancy of the
globule by combustion gases flowing from the pit bottom and the attendant increased heat
transfer from the hot particle, through the supporting gas flow to the propellant surface.
The model adequately explains the observed trends in acceleration-produced burning-rate
augmentation with ballistic and propellant parameters.

Nomenclature

cs = specific heat of propellant
e = eccentricity
hv = heat of vaporization
Hv = cs(T* - Tm) + hv
n = burning rate exponent
P = pressure
Pe,Pr = Peclet and Prandtl numbers, respectively
Q = heat transfer rate
r,rs = radial coordinate and globule radius, respectively
r = burning rate
Re = Reynolds number
T = temperature
v = velocity
w = metal loading
a = acceleration
r] — radial distance along the surface
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= slope of pit wall
= separation distance
= gas viscosity
= angle between acceleration

the propellant surface
= density
= surface tension

vector and the normal to

Subscripts
a = acceleration
c = chamber
e = edge
/ = flame
g = gas
oo = initial
o = static, surface
p = particle
r — radiation
s = surface, propellant
z — normal coordinate

Introduction

IT has long been known that spinning an internal-burning
solid-propellant rocket motor about its longitudinal axis

for directional stability can significantly affect the motor's
internal ballistics. Usually the propellant burning rate and
attendant chamber pressures are higher than they would be
in the identical motor fired under no-spin conditions.1 The
centrifugal acceleration field is undoubtedly responsible for
the augmented regression rate, but understanding of the
interaction has been lacking. In order to gain some appre-



APRIL 1971 PROPELLANT COMBUSTION IN AN ACCELERATION FIELD 311

elation of the physical processes involved, an experiment was
developed to photograph the burning surface of an accelerated
propellant, and an analytical model of the phenomenon was
developed.

Photographic Study

The apparatus (Fig. 1) comprised a 24-in.-diam aluminum
table rotated by a 1-hp electric motor through a variable-
speed hydraulic transmission, producing accelerations up to
900-gr at the radius of the propellant sample. An electrical
slip-ring assembly conducted power to the photographic light
source, shutter, propellant ignitor, and purge solenoid valve.
Four-high-pressure bottles, a pressure regulator and solenoid
valve were mounted on the table to provide purge gas for the
combustion bomb. A multichannel cam timer sequenced the
operations.

The combustion bomb was similar to that used by Crump.2
A ^-in.-square propellant sample, inhibited on three sides with
plexiglass applied in a chloroform solution, was mounted on a
platform at the center of the bomb. A continuous flow of
nitrogen at 2 fps past the sample prevented accumulation
with of smoke in the optical path. The propellant was ignited
a hot wire in conjunction with a nitrocellulose glue and boron
potassium nitrate powder. A pressure transducer measures
the combustion pressure. The bomb was connected by f-in.
stainless steel tubing to a similar tank which provided a pres-
sure ballast as well as dynamic balance. This tank contained
a blowout disk, which ruptured when the desired pressure
was reached, and an orifice to regulate the velocity of the
purge gases.

Three series of experiments were conducted at 280 psi with
propellant3 which contains 16% aluminum, 68% ammonium
per chlorate, and 16% polybutylene acrylic acid acrylo nitrite
(PBAN) binder. The mass-median diameter of the aluminum
powder is 47 ju and the ammonium perchlorate had a bimodel
distribution 68%, 400 ju and 32%, 7 M powder. The burning
rate at 1000 psi is 0.24 in./sec.

A Photosonic 16-mm motion picture camera was used to
photograph the burning propellant. The image was pro-
jected through a 135-mm lens (Nikkor-Q Auto 1:3.5) and
mirror system to the camera mounted above the table. Al-
though the projected image rotated with respect to the
camera, this was no handicap for frame-by-frame analysis.
In the first test series a General Electric Marc 300/16 arc lamp
with a dichoric reflector, and filtered to restrict the incident
radiation to the usable visible light, illuminated the sample.
This lamp's measured radiant flux of 2-3 cal/cm2/sec was
sufficient for color photography up to 4000 frames/sec. The
hot mirror IR interference filter cracked during testing but
continued to reflect the IR radiation. In test series 2 and 3,
the light emitted from the burning aluminum particles was
the only illumination used (at f22). Either Kodak EF (Day-
light) or EFB (Tungsten) color film was used. The magni-
fications were 1,2, and ^-, in test series 1, 2, and 3, respectively.
In each series accelerations of 0, 25 (300 rpm), and 50 g normal
and toward the burning surface were run. The camera was
focused on the uninhibited front surface, ^ in. behind the
front surface and at the center of the propellant sample.

Experimental Results

In the movies the main interest centered around the activity
of the burning aluminum particles on the propellant surface.
The photographs of the nonaccelerated propellants reveal the
same phenomena reported by Crump.2 Aluminum particles
emerge, agglomerate, coalesce upon ignition and continue to
burn as they are carried away by the exhaust gases. They
have long bright tails, indicating at least partial metal com-
bustion by the vapor diffusion mechanism. In the experi-
ments conducted under acceleration the burning aluminum
particles were observed moving about the surface, some collid-

ing and coalescing, while others moved to the edge of the
strand and fell off.

The sizes of the burning particles on the burning surface
under static and acceleration conditions were measured.
Care was exercised in selecting particles that had not under-
gone collisions on the burning surface. A mass median di-
ameter of about 220 /* was measured for both static and
acceleration conditions, indicating that acceleration does not
significantly influence particle size. This value agrees with
the predicted value for this particular propellant formulation.3

In the static experiments the burning surface regressed uni-
formly, whereas it became very irregular during the accelera-
tion experiments. Even though the history of a given pit
could not be followed due to the restricted focal volume, the
burning aluminum particles were observed moving downward
along the inclined pit walls to areas of very intense local com-
bustion. During each of these experiments a large incan-
descent particle could be seen on the strand mounting post as
the propellant burned out. Postfire examination of these
particles showed they have a porous structure very similar to
the slag globules found on the grain cases of the spinning
motors. At the 50-gr level the retention of the burning alumi-
num agglomerates and the formation of pits on the propellant
surface was much more pronounced than at the 25-0 level.

The results of the experiments at a magnification of 2 indi-
cated that the framing rate of 1000 pictures/sec was insuffi-
cient to give the time resolution necessary for detailed observa-
tion of phenomena occurring on the burning surface. How-
ever, during the 50-0 experiment a pit formed near the front
surface of the sample and a large burning agglomerate came
into sharp focus. This allowed detailed observation of the
burning agglomerate as well as phenomena occurring at the
pit walls; three successive frames are shown in Fig. 2. The
large 870-ju particle is seen burning in the bottom of a well
developed pit. An adjacent pit is evident in the upper
left corner. A number of 100-300 /z agglomerates are also
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Fig. 1 Schematic diagram of experimental apparatus for
photographic combustion studies.
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Fig. 2 Photographs and schematic drawing of aluminized
propellant combustion under acceleration.

noted burning on or near the propellant surface. All of the
particles have bright tails characteristic of the submicron
vapor phase metal combustion products. This series of
frames illustrates a mechanism of particle growth once a pit
has formed. In frame 1 three particles are emerging from
the pit wall above and to the right of the large agglomerates.
In frame 2 they have coalesced and ignited, and the agglomer-
ate is proceeding down the pit wall. In frame 3 the particle
has impinged on, and is burning on the large particle in the
pit bottom. The agglomeration process of frames 1 and 2 is
seen under static as well as acceleration conditions. The
phenomena of impingment and combustion are seen re-
peatedly in the movies. Another striking feature of the
photographs is the uniform character of the flow about the
burning particles. This lends support to the theoretical
model presented below.

In the series of experiments with a magnification equal to ^
the entire burning surface could be brought into focus. In
the 25-0 experiment the aluminum agglomerates "danced"
about the surface until two or more would collide. The new
larger particle would remain stationary, and a pit would de-
velop. At 50 g the dancing particles appeared restrained, and
surface pitting occurred earlier. Considering the balance
between the opposing centrifugal and aerodynamic drag forces
provides some insight into this behavior. These forces are
approximately equal for a 200-/x particle subjected to 25-gr
acceleration burning on the control propellant at 280 psia.
If either the particle size or acceleration level is increased, the
centrifugal force dominates, and the burning particle is re-
tained on the burning surface.

Review of Observed Effects and Development
of Model

It was originally postulated3 that the augmented burning
rate is the result of inertial forces retaining burning metal par-

ticles on the propellant surface and thereby increasing the
heat transfer rate into the propellant. An analysis was de-
veloped in which it was assumed that metal particles are re-
tained on the surface until they become small enough to be
transported away by the combustion gases; the heat gener-
ated by particle combustion during this time was related to
the augmented burning rate. However, this simple model
did not adequately explain various effects of propellant and
ballistic parameters. The model was extended and improved
by Glick,4 who proposed that the burning metal particles are
held by inertial forces at the botton of pits in the propellant
surface. This concept was stimulated by the discovery5 that
the entire surface of a prematurely-extinguished accelerated
propellant is pitted. He assumed that the particle burning
rate is just sufficient to consume the metal powder which
emerges from the regressing pit walls and falls on the particle
at the pit bottom. The heat liberated by particle combustion
is assumed responsible for a locally augmented burning rate
at the pit bottom. This improved model still was inadequate
to explain various trends. A seemingly more promising ap-
proach results from a detailed study of the flow character be-
tween the retained particle and propellant surface, as we shall
discuss after reviewing the various experimental observations
on acceleration-produced burning-rate augmentation.

Observed Effects

Fundamental data have been obtained using two testing
techniques: spinning internal-burning motors1 and burning
propellant on a centrifuge.5"7 The burning-rate augmenta-
tion ra/f0 is defined as the measured burning rate under
acceleration normalized with respect to the burning rate
which would exist at static conditions at the same pressure
level. The following paragraphs discuss the parameters
which affect ra/r0 for composite propellants.

Magnitude and direction of acceleration vector. For many
propellants there appears to be a threshold acceleration,3 be-
low which little effect is noted, and above which ra/r0 in-
creases rapidly and then tends toward a maximum value with
increasing acceleration normal toward the burning surface.
The burning rate is unchanged7 by acceleration parallel to the
burning surface or by acceleration directed away from the
propellant surface.5 Northam and Lucy8 have found that, in
the acceleration regime of their experiments, the burning rate
returned to very near the static value when the acceleration
vector was inclined at more than 15° from the normal to the
surface.

Pressure level. The effect of Pc appears to vary with pro-
pellant type and pressure level. Northam, using an alumi-
nized polybutadiene acrylic acid (PBAA) propellant, mea-
sured burning rates at accelerations up to 300 g and at pres-
sures between 300 and 1000 psi. His data show that large
changes in pressure do not cause large changes in ra/r0.
Anderson, using a similar propellant in his strand burner ex-
periments, found an appreciable decrease in ra/r0 as Pc was in-
creased to 1500 psi, and he reported an inordinate amount of
alumina residue at high Pc; UTC has observed the same
phenomena. For polyurethane propellants at 200 g, how-
ever, Lucy§ reports that ra/r0 is quite sensitive to Pc, increas-
ing by 25% as Pc is raised from 250 to 1000 psi, and increasing
further as Pc is raised further. It is important to note that
this propellant under static conditions had a burning-rate
exponent of 0.06.

Static burning rate} r0. The most important parameter con-
trolling fa/fo, save acceleration itself, is f0. Burning-rate data
for Iow-r0 polyur ethane propellants show fa/f0 >3,8 whereas
data9 for high-r0 propellants show no measurable effect of
acceleration at the same acceleration levels. A definitive
experiment on the significance of r0 has been performed by
UTC. A conventional propellant formulation containing

§ Private communication.
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16% aluminum, with r0 = 0.16 in./sec at 500 psi, showed
fa/f0 = 3.1 at 500 g. A burning-rate catalyst was added to
the same formulation to increase r0 by a factor of two; then
r«/r0 was only 1.3 at 500 g.

Metal content and powder size. Several experiments have
shown that for nonmetalized polybutadiene propellants, there
is no appreciable increase in r below 100-gr acceleration and
then an increase toward a nominal value of 1.3 as the accelera-
tion is further increased. Sturm10 has proposed that the
burning-rate augmentation of nonmetalized propellants is due
to the retention of oxidizer particles on the surface. Glick
has suggested the effect of acceleration on the transport of
"fuel vapor pockets" as the responsible mechanism. The ex-
perimental verification of either model is still lacking.

The inclusion of metal in the propellant produces various
effects. The experiments of UTC indicate that increasing the
metal content increases ra/r0 at acceleration levels below 100
g. Anderson observed the same trend. However, at ac-
clerations >200 g, Anderson's data reveal that ra/r0 is reduced
as the metal content is increased. The same trend has been
observed by Northam and Lucy.

Tests by UTC and others have shown that ra/r0 is reduced
by utilizing finer powder.

Experiments which have provided significant insight into
the mechanisms which control burning-rate augmentation are
those in which a refractory was substituted for the combusti-
ble metal. Experiments Were performed by UTC in which
tungsten and alumina (A12O3) were used in place of aluminum,
and ra/f0 was significantly increased, especially with the tung-
sten additive. Postfire inspection of the motors revealed no
residue from the tungsten propellant, while the liner of the
expended alumina-propellant was covered by a continuous
layer of A1203. Sturm also found higher ra/r0 for propellants
with an alumina additive. The unlikelihood of refractory
combustion sheds doubt on the validity of any physical model
based solely on augmented burning rate by heat release due to
particle combustion alone.

Burning time. Sturm, in his experiments with strands of
varying length,10 discovered that the ra/r0 decreased with in-
creasing strand length (increasing burning time). UTC has
noticed with its spinning-motor tests that burning rate first
increases, reaches a maximum and decreases toward a stable
value. However, it was impossible to determine from these
tests whether this effect was a real transient burning rate phe-
nomenon or the result of slagging at the nozzle throat.

Development of Physical Model

Postfire inspection of motor cases from spinning-motor tests
show discrete platelets of aluminum oxide adhering to the
propellant liner. The platelet surface-density appears to
conform closely to the pit density determined from premature
extinguishment tests. It is thereby postulated that each
platelet is the particle that was centrifugally held at the bot-
tom of a pit, and that the particle, or globule (as we shall call
it hereafter) is buoyed above the pit bottom by the combus-
tion gases (Fig. 3) and is maintained at a temperature close
to the chamber temperature. The heat transferred across
the gas layer to the propellant surface is assumed responsible
for the augmented burning rate. The validity of this model
gains considerable support from the successful cinema-
photography of a burning propellant surface under accelera-
tion reported in the previous section. These photographs
clearly show the existence of hot condensed-phase globules
which create persisting pits owing to the locally increased
burning rate beneath the globule.

In Fig. 3, the liquid alumina globule, flatted by inertial
forces, is retained at the bottom of a pit where the local burn-
ing rate is ra. If one assumes that the pit wall regresses at
the static rate, its slope is given by

(ACCELERATION)

REGRESSING
PROPEUANT SURFACE

Fig. 3 Proposed physical model.

The combustion gases flowing out from beneath the globule
effect an increased pressure on the under surface which
balances the globule's inertial force. Order-of-magnitude
calculations9 indicate that the effect of the increased pressure
alone is insufficient to account for the augmented burning
rate. It can be shown that the radiative heat transfer from
the hot globule is also unable to explain the augmented burning
rates. Thus one is led to consider conductive heat transfer as
the responsible mechanism.

An approximate analysis is first necessary to assess the
character of the flow beneath the globule. Assume, for pur-
pose of analysis, that the globule is spherical and the distance
between the globule and surface sufficiently small so that the
flow may be regarded as that between two parallel surfaces.
The continuity equations for this cylindrically symmetric
flow, neglecting for now the presence of the nongasifiable
metal additives, is

\d(pr)Vg)/drj = r)faps (2)
where pa = gas density, X = separation distance, 77 = radial
distance along the surface, vg = gas velocity, and ps = propel-
lant density. Integrating this expression yields the radial
mass flux

pgvg = rap3rj/2\ (3)

The corresponding momentum equation, neglecting for now
the viscous forces, is

(l/rj)(d/drj)(ptivg^) = -dP/drj (4)

Assuming that pg is independent of 77 and that the pressure
P decays to the chamber pressure Pc at the globule's edge, ije,
gives

,,)(psr<,/2X)f(7?e2- 7?2)+Pc (5)
Globule buoyance requires a balance of inertial and pressure

forces, or

|7rr5
3ppo: - 2ir f * APrdr (6)

where pp = globule density, a = acceleration, rs = globule
radius, r = radial coordinate, and re = r at the globule
edge. Assuming the locus of the globule's edge is its equator
and integrating Eq. (6) using AP = P(r?) — Pc from Eq.
(5) yields the normalized separation distance

X/r5 = (7)

Substituting typical values for these parameters, such as ra
= 1 cm/sec, ps = 1.8 g/cm3, pp = 4 g/cm3, pg = 3 X
10-3g/cm3,1000, and r. = 250 M shows that X/ra = 0 (0.1).
Thus, the analysis of the flow assuming parallel boundaries is
sufficiently valid.

The characteristic Reynolds number of the flow is
6 = COS-l(f0/fa) (1) Re = p,raA/M (8)
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tion field.

where y is the gas viscosity. Taking a reasonable value of
7 X 10 ~4 poise for n and using the above parameters give
Re = 0 (10), which indicates the flow should be laminar.

It can also be easily shown that the Mach number of the
gases is 0 (0.1). Because the Mach number is low, compress-
ibility effects are unimportant. But there will be a density
variation because of the temperature difference between the
surface and the globule. For the present purposes, however,
a constant density flow is analyzed to provide the essential
parametric relationships and avoid the more cumbersome
approach. The results for the pressure distribution and sur-
face enthalpy gradient are presented in the Appendix.

A significant feature of the analysis is the effect of accelera-
tion on globule shape. Because the alumina globule must be
at a temperature near the rocket chamber temperature
(3300°K), it must be in the liquid state. Several analyses
exist for the shape of a liquid droplet which rests on a flat sur-
face. However, they are not applicable in this situation be-
cause the alumina globule does not rest on, nor wet, the pro-
pellant surface.

A reasonable approach is to assume the globule shape is an
oblate spheroid. As the eccentricity of a constant-volume
globule is varied, there is a change in potential energies asso-
ciated with surface tension forces and displacement of the
center-of-mass in the centrifugal force field. At the point of
stable equilibrium, the change in total energy with a small
perturbation in eccentricity is zero. Performing this analysis9

yields the curve shown in Fig. 4 for a/rs vs 3 o-/pprs
2a, where

a is the particle's major radius, rs its equivalent-sphere
radius, and a its surface tension. This relationship can now
be used to estimate the particle shape under the various con-
ditions.
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The globule-surface separation distance is established by
equating the pressure and inertial forces. The pressure distri-
bution beneath the globule, derived in the Appendix, is

P = Pc + (Pov,0*/\*)(3/Re)F(Re)(i)e2 - >?2) (9)
where vzo the normal gas velocity at the surface, and
F(Re) = (1 + Re/2 + +

(1 + Re/2 + 3fle2/20)

and Reynolds number is defined as Re = pgvgo\/jj,. The
globule edge 77 e is defined as that point where P reduces to Pc,
and it is assumed that the slope of the particle surface departs
from that of the propellant surface at rje (see Fig. 3). Using
Eq. (9) and equating the pressure and inertial forces yields

f (10)

where the bar represents nondimensionalization with respect
to the globule's major radius. Introducing the following ex-
pression for the normal gas velocity at the surface

psfa/pa(l - (ID

where w is the weight fraction of metal in the propellant, Eq.
(10) becomes

/2\
W rs psf0(l - w) Re* X

The integral factor is a function of the globule's eccentricity
and value of the edge coordinate.

An additional equation is now needed to associate the aug-
mented burning rate and globule-surface separation distance.
This is obtained through relating the augmented burning rate
and the heat transfer to the surface. The heat transfer bal-
ance at the propellant surface is given by

csPsr(Ts - ITJ + hvpsf = Qf + Qs + Qr (13)

where cs is the specific heat of the propellant, Ts the surface
temperature, Tm the initial propellant temperature, hv the
heat of vaporization, Qf the heat-transfer rate from the flame
by conduction, Qs heat produced by surface reactions, and
Qr heat transfer rate due to radiation. Assuming that the
presence of the globule does not appreciably influence Ta, Q9)
and Qr) one concludes

where Hv = cs(Ts — Tm) + hv and the subscripts a and o refer
to acceleration and static conditions, respectively. It is as-
sumed that the increased heat transfer rate due to conduction
is that conducted from the hot globule to the surface, or

Qfa - p8(fa - r0)Hv (15)

where Pr is the Prandtl number and h the specific enthalpy of
the gases, respectively. Using the expression for the enthalpy
gradient derived in the Appendix yields

Pe1^ / _O\ #_»= /2\
1 - w\ fa) Ah \ir)

exp (-Pe/2)
erf (Pe/2)1/2 (16)

where Pe is the Peclet number.
The variation of the factor [F(Re)'Re~9]114' with

(1 _ r0/fa)(Hv/Ah)/(l - w) as determined by Eq. (16) is illus-
trated in Fig. 5. A typical value of 0.75 was assumed for the
Prandtl number. A reasonable estimate of Ah can be
achieved by assuming a globule temperature of 3300°K, a sur-
face temperature of 900°K, and an average specific heat of the
gases of 0.4 cal/g°K. Then M c*> 1000 cal/g.
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Reference to the literature suggests that a reasonable value
for Hv is 250 cal/g. It is evident that the abscissa cannot
exceed (Hv/Ah)/(l — w) which, for the previously mentioned
values, is about 0.3. In the region of interest it is noted that
[F(Re)'Re"1]114 is not a strong function of (1 - r0)/(ra)(Hv/
M)/(l — w) and it is permissible to neglect the effect of the
metal loading on the Reynolds number factor.

Using the aforementioned relationships for [F (Re) - Re"*]11 *
as a function of r0/ra and evaluating the integral in Eq. (12)
as a function of burning-rate augmentation and particle
eccentricity e, provides the following relation

/2V/4 rs

V9J a P8r0(l -
where A(r0/ra,e) is the augmentation function shown in Fig. 6,
and K is an empirical constant to account for lack of knowl-
edge of such parameters as heat of vaporization, viscosity,
and others. One notes that A (f0/fa,e) is not a strong function
of eccentricity.

Let us evaluate the order of magnitude of the burning rates
predicted using reasonable values for the parameters in Eq.
(17). Northam's sieve analysis of alumina globules re-
tained on the burner slab after burnout of a 100-gr test indi-
cated diameters of the order of 800 /*. Assuming a surface
tension of 600 dynes/cm for molten aluminum oxide and using
Fig. 4 predicts a/ra ~ 1.15, which corresponds to an eccen-
tricity of 0.7. The other parameters which characterize the
experimental conditions are

Pg = 2.5 X 10-
p = 3.8 g/cm3

/* = 7 X 10~4

1 g/cm3

poise

ps = 1.8 g/cm3

f0 = 0.74 cm/sec
w = 0.16

Substituting these values into Eq. (17) and taking K = 1
yields A(ra/r0, e) = 0.18. Reference to Fig. 6 predicts ra/r0
= 1.13, which agrees closely with the value of 1.16 measured
by Northam. This calculation demonstrates that the pro-
posed model is reasonable in that the heat transfer rate from
the globules to the surface is of the order of magnitude suffi-
cient to cause the observed burning-rate increases.

Discussion of Physical Model

The ultimate test of the physical model is its ability to ex-
plain observed trends. For purposes of this study, the fol-
lowing approximation for the augmentation function

A ( f a / f 0 ) e ) ^ $ + i ( f a / f 0 - 1) (18)
is acceptable for ra/r0 > 1.2. Thus, we can write
fa/f0 = 2[(r8/a)(ppPoa/r8yi*{k/p8f0(l - w)} - 0.2] + 1

(19)
for ra/r0 > 1.2. The significance of each parameter will be
discussed in turn.

Magnitude and orientation of acceleration vector. The
analysis implies that fa/f0 varies as the ^th power of a. This
trend corresponds to the observed rapid increase in ra/r0 at
low a's and a leveling-off toward higher a's. Of course, a
more detailed study would include the effect of a on particle
size and shape. The model is inadequate to predict the de-
pendence of ra/f0 on 0, the angle between the acceleration
vector and the normal to the propellant surface. However,
knowledge of ra provides a limiting condition. In order for a
pit to exist, the component of ra normal to the pit wall must
exceed r0, or 0 < cos~1(r0/r0). Northam and Lucy tested a
propellant at an a for which ra/r0 ~ 1.2 (at 0 = 0) and found
that fa/r0 -> 1 at 0 ~ 15°. The foregoing inequality predicts
that 0 < 33°, which agrees qualitatively with the experi-
mental observations.

Pressure level. If pg ~ Pc, and r0 obeys Vielle's law, Eq.
(19) yields the approximate result r0/r0Q:Pc

1/4~n which implies
that for conventional propellants, which have a burning-rate

o

Fig. 6
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Burning-rate augmentation function vs burning-
rate ratio.

exponent n near 0.25, ra/r0 is not significantly affected by
pressure level. This, in principle, agrees with Northam's re-
sults. For the polyurethane propellants investigated by
Lucy, n ̂  0.06, which, from the preceding expression, sug-
gests r0/r0~Pc°-19. Raising Pc from 250 to 1000 psi should
give 30% increase in ra/r0, which agrees reasonably well with
the 25% measured.

An additional parameter becomes important when the pres-
sure of accelerated PBAN propellants is increased beyond
1000 psi; local flooding of the surface by the metal oxide.
This gives rise to globules with small rs/a, which tends to re-
duce fa/f0. This agrees with the observation by Anderson
and UTC. No theory is available, however, to predict the
degree of flooding with pressure level.

Static burning rate. The analytic model clearly demon-
strates the significance of static burning rate. Firstly, the
experimentally observed trend of smaller ra/r0 of higher-
burning-rate propellants is indicated. Secondly, ra/r0 de-
pends inversely on the r0 to the first power but only on the

0.2 0.4 0.6 0.8 1.0
AXIAL COORDINATE, Z/A ——•-

Fig. 7 Axial velocity distribution.
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•J- power of acceleration and pressure level. These effects are
in accord with the experimental findings.

Metal content and powder size. The model developed here
is not applicable to nonmetalized propellants. As previously
mentioned models for the burning-rate augmentation of these
propellants have been proposed by Sturm and Glick.

It is reasonable to expect that the metal content in the pro-
pellant will have a significant effect on globule size, and it is
conceivable that the powder size of the metal will also influ-
ence the ultimate globule size. Unfortunately, no data are
available to determine their effect. The adequacy of the
model to predict the effect of metal content and powder size
on burning-rate augmentation cannot be ascertained until
more information is available concerning their influence on
globule size.

An important feature of the model is its capability to pre-
dict an fa/r0 for accelerated propellants with refractory addi-
tives. The model predicts a small augmentation for the
alumina propellant because the alumina melts and tends to
form a layer which corresponds to a small rs/a in Eq. (19).
The tungsten, on the other hand, does not melt and the rs/a
term is larger. Thus a larger ra/r0 is predicted. This trend
is substantiated by the data.

Burning time. The analysis of the model has not been ex-
tended to include transient effects. To do so requires an
understanding of aluminum powder agglomeration and com-
bustion to form an aluminum-oxide globule and the subse-
quent globule growth. The continual growth of an alumina
globule, once it has formed, by aluminum particles which fall
down the pit wall, collide, burn on its surface and leave a
residue, gives rise to a monotonically increasing rs, and de-
creasing rs/a. This predicts a decreasing ra/r0 with time,
which parallels Sturm' s observations.

Conclusions
The photographic studies of the surface of a burning metal-

ized composite propellant under acceleration show alumina
globules retained by inertial forces in pits on the propellant
surface. The observation that the pits persist leads to the
conclusion that the presence of the globule augments the local
propellant burning rate. Analysis indicates that the aug-
mented burning rate is the result of conductive heat transfer
from the particle, across the supporting gas flow, to the pro-
pellant surface. The capability of the analytic model to pre-
dict, where sufficient data are available, the observed trends
in acceleration-produced burning-rate augmentation justifies
confidence in the model's validity. The parameter for which
the least information is available and trends are unpredictable
is globule size. The ultimate assessment of the model's
validity will only be possible after more data are available on
globule formation and growth.

Appendix

Analysis of Flow between Particle and Propellant Surface

Discarding the higher-order terms of the Navier-Stokes
equations for cylindrically symmetric flow between the parti-
cle and the surface, one obtains

+ = o (Ai)
*2 (A2)
z2 (A3)

where velocities and distances have been normalized with re-
spect to the gas-efflux velocity at the propellant surface v,0
and the particle-standoff distance. The Reynolds number is
now defined as Re = pavgo\/n.

It is reasonable to assume, in this problem, that the gas-
efflux velocity is uniform under the particle which implies
that vz is independent of rj, or v, = —f(z). Then the con-

tinuity equation requires

and radial momentum equation requires

P = 0»V2)0(«) + h(z)

(A4)

(A5)
Substituting these relationships into the axial momentum
equation shows

g'(z) = 0 or g(z) = const = 8/4: (A6)

The radial momentum equation reduces to

/ /2- 2//" + « = (2/Re)f" (A7)

With the boundary conditions, /(O) = -1, /(I) = /'(O) =
/'(I) = 0. Assuming a solution of the form

leads to

/(*) =

[(3 - 2z) + Re(l -

(A8)

(#e2/20)(5-2z3)]
1 1 + Re/2 + 3Re/2Q

(A9)
which is plotted for various values of Reynolds number in
Fig. 7. It is noted that f(z) is not a strong function of Re in
the range of interest and the Re = 0 curve can be used to
estimate the others. Therefore

/(*) ~ -1 + (3 - 2z)z* (A10)

is sufficiently valid. The constant d for the pressure distribu-
tion becomes

* = ~24 1 + Re/2 + Re*/6 + Re*/2±
Re 1 + Re/2 + 3#e2/20

-24
Re [ { n

(All)
There is no need to evaluate h(z) in Eq. (A5), because only
the pressure distribution along the particle surface is required.

The velocity distribution can now be used in conjunction
with the energy equation to determine the heat transfer rate
to the propellant surface. The significant terms in the energy
equation are

where h is the enthalpy per unit mass and Pe the P£clet num-
ber. The corresponding integral is

(A13)
kp ~ k' fo dy exp ~

The integral of the velocity distribution function

(A14)

(A15)

f(w)dw = — y + y* -

is close approximated by

CV f(w)dw ~ -0.5 + 0.5(?y - I)2
j o

which is a more convenient expression for manipulation in the
previous equation. Substitution of Eq. (A15) into Eq. (A13)
and performance of the indicated operations yields the follow-
ing expression for the enthalpy gradient at the propellant sur-
face,

d*
1/2

erf (Pe/2)1/2 (A16)

This expression is used to determine the heat-transfer rate
to the propellant surface.
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Development of a Fluidically Controlled Hydrazine
Roll-Rate Control System
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A program was undertaken to design, develop, test and deliver three rocket engine modules
(REM's) for flight feasibility testing on a re-entry test vehicle. These units, which provide
positive/negative roll torques, consist of four hydrazine monopropellant engines, a propellant
tank, pressurant tank, pressure regulator with pyrotechnic isolation, and a fluidically con-
trolled propellant valve. Each REM, when coupled with a fluidic sensing and logic module,
comprises a closed loop, fluidically controlled Roll-Rate Control System (RRCS) requiring no
electrical power for operation. This paper describes the REM requirements, unique features
and test results.

Introduction

IN April 1969 Sandia Laboratories contracted with Hamilton
Standard, Division of United Aircraft Corporation, to

design, test, fabricate and deliver three rocket engine modules
(REM's) for flight feasibility testing. These REM's (Fig. 1),
when coupled with fluidic sensing and logic modules developed
by Sandia Laboraties, form self-contained, self-powered,
closed-loop, roll-rate control systems (RRCS). These fea-
sibility systems will be used to demonstrate, inflight, control
of the resonant pitch-roll coupling phenomenon found
in re-entry test vehicles. Roll-rate control torques are
applied by two sets of hydrazine monopropellant rocket
engines firing in pairs (Fig. 2). Except for the pyrotechnic
system initiation, the RRCS is completely self-contained
with sensing, logic and firing control of the engines accom-
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mitted June 26, 1970; revision received August 17, 1970. This
work was supported by the U.S. Atomic Energy Commission.
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plished fluidically without the use of electrical power. This
approach provides system simplicity and reliability and
reduces the system weight by eliminating the need for stored
electrical power. Positive propellant expulsion is accom-
plished by the metallic diaphragm incorporated in the pro-
pellant tank. The over-all RRCS is packaged on a mounting
frame and is designed to fit a limited envelope.

The program described in this paper was undertaken to
provide flight feasibility hardware within a limited sched-
ule. To minimize technical and schedule risks, conservative
design margins where applicable, and proven components
(by test or flight experience) were employed. An equally
important consideration was the ability to ultimately in-
corporate, with minimum technical risk, the principal features
of this system into a production unit.

The REM portion of the program was successfully con-
cluded at Hamilton Standard with the completion of ground
tests during which all major technical and performance
objectives were met. The delivery of three flight REM's
completed the program.

System Requirements

The system design requirements were based on the needs
of the ultimate flight production units; they allow for the


