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ABSTRACT:

\\%5The acceleration sensitivity of aluminized and nonmetallized composite

and double-base propellants were investigated. A review of previous
experimental findings and current analytical models was also conducted.--

Ten composite propellants were tested to accelerations of 100Cg angd
pressures of 1000 psia to determine the effects of AP crystal size, basge
burning rate, pressure, the form of the molten metal on the burning
propellant surface, and temperature on the acceleration sensitivity. The
most dominant factor influencing acceleration sensitivity was found to be
the base burning rate. The weight and form of the molten metal on the
burning surface were found to be important at low accelerations. At high
accelerations, the form of the molten metal was found to have more effect
on augmentation than the weight. Burh time (web thickness) was also found
to have a pronounced effect on the augmentation.

The experimental data were comparedwith current analytical models and
qualitative agreement was obtained. A change was proposed for the
nonmetallized analyticzl model which ylelded better agreement with the
experimental data.

“An investigation was conducted to determine the cause(s) for the
differences in burning rate augmentation data reported by various
investigators. Strand length (burn time) was found to be the dominant
factor.

Lead and copper additives cummonly found in double-base propellants
were found to decrease the burning rate with increasing acceleration.
Burning rate instability was also obtained at high accelerations. The
addition of aluminum increased the burning rate at any given acceleration.
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majoxr diameter of agglomerate in UTC model, acceleration
area

burning rate constant (= an)
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AP particle diameter

fraction of combustion energy release transferred to the
propellant surface, Sturm model

drag force

iron

acceleration force

standard acceleration due to gravity

acceleration/g

energy released by combustion of AP oxidizer particles, Sturm model

energy required to heat up and vaporize a unit mass of propellant,

Sturm model

fra~tion of small AP oxidizer particle mass released by decomposition

on the propellant surface, Sturm model

constant

burning rate pressure exponent (r = bP™)

oxygen
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burning rate at acceleration a and pressure P
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INTRODUCTION

The need to investigate the effects of acceleration on the buining
rates of solid propellants has been discussed in some detail in the
published literature [1, 2, 3, 4, 5].1 1In brief, high acceleration
environments have been found to cause gignificant chargés in movor
operating pressure, propellant burn time, propellant burning characteris-
tice, and overall performance.

Several investigators have analytically investigatéd the effects
of acceleration on the burning rates of aluminized and nommetallized
composite propellants [2, 5, 6, 7, 8]. 1In addition, there are currently
four facilities experimentally investigating the same effects; The United
Technology Center, The NASA Langley Reseafch Center, The Atlantic Research
Corporation, and the Naval Postgraduate School.

NASA~LRC uses a centrifuge-mounted combustion bomwb. The propellant
8lab employed has a burning surface 4" x 6" and a web thickness of 0.5
inches. Experiments have been conducted at accelerations up to 300g and
at pressures as high as 2000 psia [1, 9, 10]. Extinguishment studfes have
also been conducted. '

Experiments at UTC have been made with acceleration levels up to 600g
and pressures up to 1250 psia. These experiments were conducted in a
small rocket motor utilizing an internally burning propellant grain. The
propellant grain was a nominal 7 inches long, with an outside diameter of
4.5 inct=s and a web thickness of 0.6 inches. Recent photographic studiis
have also been made using strand burners in a centrifuge mounted combustion
bomb [2,3, 8].

The Atlantic Research Corporation [11] has also recently undertaken
a photographic investigation of internally burning grains subject to
acceleration fields up to 2000g and pressures as high as 50 atm.

e

1Numbers in brackets refer to Refe '2nce 1ist on page 59,
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The test facility at the NPS consizts of a combustion bomb mounted
on a centrifuge. Experiments have been limited to propellasnt strsnds
with c.oss sections up to 1,0 inch by 1.0 irnch and with leugtha up to
5 inches. Experiments have been conducted with accelerations as high
as 2000 g and pressures as high as 1500 peia [4, 5, 12, 13, 14, 15, 16]. . ‘

Each of the above methods can be effectively employed to parasmetrically
study acceleration induced burning rate augmentatiocn. Each method has its
advantages snd disadvantages ard care muc. be taken when comparing the
various results which have been obtained.

REVIEW OF PAST INVESTIGATIONS
Analytical

To date, the only analytical model that shows some promise for explain-
ing many aspects of the acceleration induced burning rate augmentation of
metallized composite propellants is due to Crowe, et al. [8]. The model <
considers the opposing forces of acceleration and pressure on the aluminum
or sluminum oxide agglomerates on the propellant surface. The agglomerates
are considered to burn on the propellant surface in pits and propellant
vaporizstion holds the agglomerates slightly off the surface. Tha main
rechanism for burning rate augmentation is conasidered to be the increased
hest conduction through the hot particle and the laminar outflowing gases

below the particle. The following equation for augmented burning rate is
derived in Reference 8;

. 1/4

ra . rs ppPEa k1 !
-— =2 i = 0.2] +1 1)

r, a T, paro(l W)
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a = major diameter of agglomerate

g = standard acceleration due to gravity

k = constant
P, = chamber pressure

Ta = burning rate at acceleration o and pressure P,
To = burning rate at Og and P,
rg = equivalent sphere radius of agglemerate

W = metal content

a = acceleration in G

pg = propellant density

Pp particie denaity

The dependence of augmentation on pressure, base burning rate, and
acceleration given by Equatiorn 1 is in qualitative agreement with many k;
experimental findinga. The model has the obvious limitationm of not
allowing the prediction of the agglomerate size which may be a function
of almost all of the propellant ghysical characteristicas and operating
parameters (AP size, t,, propellant burn time, pressure, etc.). Even
with this rather severe limitation, the model demonstrates that in

the case of distinct metal agglomerates, local heat conduction through

R e

the hot particles causes a significant portion of the increase in
burning rate observed for aluminized composite propellents subjected to
acceleration forces.

Rather than proposing a new analytical model, Northam and Lucy
[1, 9, 10] have correlated their experimental findings by expanding
vieille's law (r = bP™) to include the effects of acceleration on b and n.
This method does give a working expression for a given propellant but
does not help to explain any of the physical mechanisms involved.

11
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There have been two analytical models proposed for the augmentation
of nonmetallized composite propellants. Glick [7] has proposed an
extension to Summeérfield's [17] granular diffusion flame model to include
acceleration cffects. The model failed to correlate the experimental
data of Anderson end Reichenbech [4]. King and McHale [11] hsave also
discussed the limitations of this model.

Sturm [5;15] has also proposed a model for nonmetallized composite
propellants containing ammonium perchlorate (AP) crystals. Sturm
extended Fenn's [18] “phalanx flame" model for the burning of composite
propellants to include acceleration effects. It was assumed that when
the small AP crystals in a bi-modal mix become exposed at the surface,
they rapidly become "unattached" to the surface. The "phalanx flame
was considered to have proceeded completely &round the AP-binder
interface of these smaller crystals before appreciable decomposition
had taken place. In Og conditions, these small "unattached" crystals
are carried away from the surface by the evolving gases. This process
causes an oxidizer depletion and a corrasponding reduction in burning
rate, As the acceleration field is increased sbove the 0g condition

these amall crystals begir to be held on the surface -~ increasing the
burning rate., A small AP crystal is considered to remain on the
surface until decomposition reduces its size to the point where the
drag force becomes greater than the acceleration force. The AP crystal
size where the acceleration and drag forces are equal was called the
critical particle size. The acceleration force on a particle is given by

e - md%p, (2)

g 6

vwheze d = particle diameter

P = particle density

a » acceleration
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Asguning Stokes' flow, the drag force on a spherical particle is given
by

Fo = 3my_dv €3)
D~ Ty
where "g = oas viscosity

V8 = gas velocity

From continuity

AV =mp AV 4
Pgs'g = Ppip'p )

where A.8 = gas flow area

A = propellant burn area

<
[ ]

propellant burn rate

©
L

propellant density

©
[

gas density

For propellant strands enclocsed in rigid inhibitors, Ap - Ag and

Vp arm propellant burn rate normsl to the surface. Thus, Eyuation 4

becones
o_r
\Y -—2_ (5)
g og
Assuming a perfect gas
P
pg "RT (6)
g8

Equating Equations 2 and 3, and subgtituting Equations 5 and 6 yields the
critical particle diameter, d..

18y p TR T 1/2

c dea

13
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Thus, for a given propeliant formulation

¢ Pa
Allowing for thz increassed heat release at the surface due to the reteation

of AP crystals at higher than Og acceleration, Sturm [5] derived the
follewing equation for burning rate augmentation.

r 1 (9
T VoIhcd
6 1~ h
v

vhere £ = fraction of combustion energy release transferred to the
propellant surface
h_= energy released by decomposition of AP oxidizer particles
and the subsequent combustion with fuel per unit mass of
small AP oxidizer consumed.
h_= energy required to heat up and vaporize a unit mass of
propellant
J = fraction of small AP oxidizer particle mass released by
decomposition on the propellant surface (0 < J < 1)
r = propellant burning rate at a given pressure and acceleration
t = propellant burning rate at the given pressure and zero
acceleration

w_ = masgs fraction of small AP oxidizer in propellant

The main limitation of the model (a8 noted by Sturm) is that £, hg, J,
snd hy are unknown functions of acceleration, pressure, and/or propeliant

composition. Equation 9 may be written as

£, _1 (10)
r l-nfJ
o
W hc
where n =
v
13
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Sturm [5, 15) has reasoned from the anslytical expression for augmentation
(Equation 9) of nonmatallized composite propellants that: 1) burning
rate is insensitive to accelerations less than the threshold acceleration
(the threshold acceleration corresponds to the acceleration which mekes
the largeat AP crystal in the fine cut just equal to the critical particle
diameter); 2) burning rate ircreases with acceleratior above the threshold
acceleration as inereased amounts of AP are prevented from leaving the
surface; 3) burning rate reaches a constant, maximum value at high
accelerations where all the AP is consumed on the sutface; 4) burning
rate augmentaction increases with increasing pressure; 5) burning rete
augmentation increases with increasing mass fraction of fine cut AP; and
6) burning rate augmentation decreases with increasing base burning rste.
In Equation 10, n was assumed to be only a function of propellant
composition. Sturm reasoned from the Sumpserfield and Fenn theories
that f should vary proportionally with the one-third power of pressure.
J varies with acceleration through the critical particle diameter. J is
asgumed to be zero at zero acceleration since at this acceleration all of
the small AP oxidizer crystals are assumed to leave the surface. 3By
specifying d

(3
sualler cut of AP oxidizer crystals are aszsumed to be consumed on the

ritical? J may be determined. All of the particles in the

surface until their diemeters become equal to the chosen dcriticai'

Thus, if the mass distrfbution of the fine cut of AP is known, J can
be determinad as a function of dcrisical'

Sturm used Equations 8 and 10, experimentally obtained burning rate
data at three accelerations and a fixed pressure, and a calculated

dependence of J on d to obtain the dependence of i/ib on

critical
acceleration for a given propellant. Qualitative agreement existed

between the model and experimental results.
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gxperimental
General Discuasion

Recent experimental investigations into the effects of acceleration
on the burning rates of solid propellants have been conducted primarily
by fouf fecilities; NASA-LRC, UTC, Atlantic Reasearch Corp., and the
NPS. Other related studies, such as the work of Mann, et. al. [19],
have also been conducted. The review of experimental findings presented
herein will be predeminantly limited to the findings of the NASA-LRC,
the UTC, and the NPS. In many cases different propellant formulations
(AP size, binder type, etc.) have been used by the various investigators.
Thus phen opposite trends are reported for the effects of a given
péraneter, that parameter effect is in general quite dependent upon
propellant formulation.

Metallized Propellants

Pregsure

Northam 2nd Lucy [1, 10] found that i/fo increased with increasing
pressure. Anderson [4] found that augmentation increased with pressure
to 1000 psia and then decreased. UTC [2, 8] and Sturm [S5] found that
average burning rate did not vary appreciably or consistently with
presgure. Anderson and UTC both report an increase in post-fire slag

weight with pressure at any giver acceleration level.
Initial Propellant Temperature

Scurm [5] found that increasing the initial propellant temperature
from 20C to 54C had no effec: upon i/io.
Burn Time (web thickness)

Andersor [4] found no appreciable change in average burning rate
with strand length. Sturm [5] and UTC [2, 8] found that the average

jf burning rate decreased with time. UTC actually observed a transieat

?: effect; rata given acceleration initiaslly increased with cime, reached
% a maxinum, and then decreased with time.
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Magnitude and Direction of Acceleration

Northam and Lucy [1, 10] have found that if the acceleration wector
is directed into the burning surface at an angle greater thar 15° from the
normal then r dees mot vary with acceleration. All investigators hkave found
that ﬁléo xncreases with acceleration for the acceleration vector directed
normal and into the burning surface. Anderson, Sturm, and UTC has found that
a threshold acceleration exists below which %/io dces not change with
acceleration. The magnitude of the threshold acceleration depends upon the
particular propellant, pressure level, etc. Above the threshold acceleratibn,
i/fo increased with increasing zcceleration and generally approached a
constant value at high accelerations.
Base Burning Rate

Al] investigators have found that }/éo decreases vwith increasing éo'
This result has normally been determined by adding catalysts and/or changing
the oxidizer crystal size. Although the reported trend is obvious, the
magnitude of the change of %/%o with }o is in question because of the compound
changes caused by either adding a catalyst and/or changing the oxidizer

crystal size,
Metal Content

Northam and Lucy have found that the effect of percent by weight
of aluminum depended upon the acceleration level. They report that above
150g, klfo decreased with increasing weight percent of aluminum. UTC has
found the opposite effect, r/r, increased with increased percent by weight
of aiuminum. Sturm and UTC both conducted tests with aluminum oxide replac-
ing the aluminum., Sturm found that this increased ;/;o and UTC found that
it decreased. UTC also found a post~five flood layer when using aluminum
oxide which was not fcund when using aluminum. No explanation has yet besen
given for these differences in experimental findings. UTC has also reported
an increased augmentation when aluminum was replaced with tungsten.
Metal Size

Sturm, UTC, and Northam and Lucy have all found that 31;0 increases
with increasing aluminum particle size. In addi:ion, Sturm also found an
increase in aluminum particle size decreased the post-fire residue weight.
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AP Crystal Size
Anderson, Sturm, and UTC have found that reducing the AP size

réduces t/ty. In photagraphic studies, UTC [8] has found that smaller
AP crystals produce smaller metal agglomerates. Sturm also reports that
increasing the AP size decreased the poustrfire residue weight,
Binder Type

UTC, Northam and Lucy, and Sturm have all found that the binder type
can effect f/fo. An explanation for this effect or how great it is has
not been made.

Post-Fire Residue

Northam and Lucy have found that both post-fire residue weight and
particle size increased with accelerations to 300g., Sturm alsoc found that
residue weight increased with acceleration. It should be noted that the
residue found by Sturm in the bottom of the strand inhibitor case was
usually in the form of a solid iayer whereas that found in the slab motor
by Northam and Lucy was in the form of particles. Sturm found that f/fo
was greater for propellants with less residue weight. As discussed above,
Sturm found that the initial metal particle size was the dominant factor
effecting residue weight. Thus, he found that increasing the aluminum
particle size decreased the residue weight and increased f/fo. Sturm
found no consistent dependence of residue weight on pressure or base
burning rate. He did find that the residue weight could be reduced by
increasing the size of the large AP crystals and increasing the weight
percent of fine AP crystals (in a bi-modal mix). Sturm has attributed
the variation in burning rate with regidue weight to two distinct modes of
burning; 1) distinct metal agglomerates on the surface which cause a higher
f/fo and lower residue weight and 2) a flood layer of metal which causes

decreased burning rates and .ncreased residue weight.

Nonmetallized Propellants

Temperature
Sturm found that incrrasing the initial propellant temperature from

20C to 54C increased the burning rate augmentation above 400g. These tests
were conducted using bi-modal AP/PBAN propellants.
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Magnitude and Direction of Acceleration Field
Using bi-modal AP/PBAN propellants, Sturm found three characteristic

regions of augmentation when the acceleration was directed normal and into

the burning surface. A "threshold" acceleration was observed, below which
burning rate was not a function of acceleration. This "threshold” acceleration
vas normally less than 150g. Above the '"threshold” acceleration, burningz rate

was increased with acceleration. At high acceleration, the burning rate reached

a meximum value and remained corstant with further incresses in acceleration.

Anderson and Reichenbach {4] and Willoughby, et. al. [8] also observed
the "threshold" acceleration noted by Sturm and found that above this vaiue,
burning rate increased with increasing acceleration directed normal and into
the burning surface. Willoughby, et. al. utilized bi-modal AP/PBAN propsllants
and Anderson znd Reichenbach used both uni-modal AP/polyurethane and bi-modal
AP/PBAN propellants. The latter investigators also chserved burning rate
extinguishment of polyurethane propellants at high accelerations.

With the acceleration directed normal to and out of the burning surface
Sturm found no change in augmentatica. In contrast, King and McHale [11]
found as much as a 30 percent decrease in burning rate for high accelerations
directed normal to and ¢ut of the burning surface. However, a CTPB binder
was used for the latter tests. This propellant was found to exhibit
practically no augmentation when the acceleration was directed normal and
into the burning surface.

Pressure

Sturm found that increasing pressure, z) decreased the threshold
acceleration, b) decreased th~ acceleration level above which the burning rate
remained constant, and c¢) increased the maximum obtainable value of
augmentation. Anderson and Reichenbach also found that augmentation increased
with increasing pressure.

Burn Time

Sturm found no time dependence of burning rate at any acceleration level.

Base Burning Rate

Sturm found that augmentaticn decreased with increasing base burning rate.
No significant findings have been reported with regard to the individual
effects of AP crystal size and the binder type.
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Concluding Remarks

UTC [8] concluded that the most important factors determining f/fo
for metallized composite propellants are fo and whether or not surface
flooding occurs. Sturm [5] concluded that the most importanmt rarameter is
residue weight,

For nonmetallized composite propellaats Sturm [5] concluded that the
primary factor effecting f/fo was the size of the fine AP crystals (in a
bi-modal mix).

Northam and Lucy {1] found that the slab motor gave a fifty percent
gfeater i/fo than the same propellant tested in strand form by Anderson [4].
. The primary reasor for this difference is probably the difference in the
web thicknesses employed ; 0.5 in. for the slab motor and 2,0 in. for the
strand.

Northam and Lucy [1] also report that burning rate data obtained with
the slab motor differ significantly from data obtained with the UTC spinning
motor at 100g and low pressures. At 100g and high pressure and at Og the

data agree quite favorably.

PURPOSE OF INVESTIGATION

The investigation had several related objectives which are discussed
below. As a result of the differences in the acceleration induced burning
rate augmentation data obtained by Northam and Luey [1] and by Anderson [4]
using the same propellant formulation, it was necessary to conduct an
investigation into the effect of strand cross-sectional dimensions and length
on the measured burning rate and on the residue formation of metallized solid
propellants,

Sturm [5] has reported the effects of temperature on the acceleration
sensitivity of both metalliz¢i and nonmetallized composite propellants, le
studied the augmentation sensitivity at 20C and 54C., To better understand
the effects of temperature on acceleration sensitivity, the temperature

range was extended bofii above 54C and below 20C.
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The data reported by the various investigators indicate that both
metallized and nonmetallized composite propellants exhibit acceleratio
sensitivity. It is therefore doubtful that the acceleration sengitivity
of aluminized composite propellants can be entirely attributed to the
presence of the aluminum. A systematic experimental study wag made to
determine to what extent the AP crystals and the aluminum affect the
total propellant acceleration sensitivity. Directly related to this
study was an investigation which was conducted to determine the effects
of acceleration on the burning rates of aluminized and nonaluminized double-
base propellants.

Current analytical models for the acceleration sensitivity of solid

propellants were evaluated.

EXPERIMENTAL EQUIPMENT AND PROCEDURES

The research discussed herein was conducted at the Naval Postgraduate
School Rocket Test Facility. A centrifuge mounted combustion bomb was
employed to study the influence of acceleration and pressure on the burning
rates of solid propellants. Details of the test facility are presented in
Refzrences 4, 5, 12, and 20 and will be only briefly discussed.

The combustion bomb mounted on the centrifuge is shown in Figure 1.
The combustion bomb is mounted on the centrifuge arm at a radius of three
feet and is connected to two surge tanks located near the centrifuge center-
line. The centrifuge and bomb can be used to study the tarning rates of
propellant strands from atmospheric to 1500 psia and from zero to 2000g. A
total bomb and surge tank volume of 1565 in.3 allowed experiments to be
conducted with practically a constant pressure. The largest strands employed
caused a pressure rise during firing of approximately 6 percent. The strand
lengt’ s employed varied from 1/2 inch to 2 inches. In all tests conducted
in this investigation the acceleration force was directed normal and into
the burning propellant surface. The large centrifuge radius allowed tests
to be conducted at very nearly a constant acceleration. The largest variation

in acceleration during a given test was less than 6 percent.
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The propellant strands of various dimensions which were employed
in this investigation were normally inhibited on all surfaces except the
surface normal to the acceleration force. Selectron 5119 resin and "Garox"
curing agent were employed as the inhibiting material for most tests. <telected
test also used RIV as the inhibitor., Propellant strands enclosed in a rigid
inhibitor were employed for several reasons [4, 5]. The inhibitor case pro-
vided support for the propellant in the high acceleration environment. The
use of strand burners also allows the average burning rate to be determined
quite accurately for a wide range of web thicknesses (strand lengths). In
addition, the strands eliminate the major effects of erosive burning and the
possible gaseous vortices which are generated in the grain port of an internally
burning grain. Thus the effects of acceleration alone on burning rate can
be studied.

Propellant strands were attached to a strand holder, inserted into the
bomb and sealed. A schematic diagram of the strand holder in the <ombustion
bomb is presented in Figure 2, The bomb and surge tanks were pressurized

to the desired level and then the centrifuge was bhrought up to the desired
speed. The propellant was then ignited and the pressure-time trace of the

combustion bomb recorded. Average burning rate was determined by dividing

T A RO

the kncwn strand length by the burn time measured from the pressure time trace.

A typical pressure-time trace is shown in Figure 3. It has been estimated

that the burning rate determinations were made with a maximum error of two

percent. !
Ignition was accomplished by a nichrome resistance wire placed adjacent to

the propellant surface and a black powder-glue mixture placed across the
propellant surface. Current through the ignition wire was adjusted so that

the wire was not burned-out during a given test. The wire was located adjacent

3 e G P o5 35 vl g et
bl - . e -

e

the propellant surface so that if the wire did burn, it would not fall on

the burning propellent.
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The desired iritial bomb pressure (at Og and befsre igaition) was
determined by taking into account the change in bomb pressure due to

centrifugal force [20] and propellant burning,

METHOD OF INVESTIGATION AND PROPELLANTS
General Discussion

A systematic variation in propellant properties and test conditions
was used to determine the effects of the following parameters on burning
rate acceleration sensitivity:

a) strand cross-sectional area

b) strand length (burn time)

c¢) initial propellant temperature

d) AP crystal size

e) base burning rate (Og)

f) aluminum

g) double-base propellant additives

h) residue formation
The majority of the tests were conducted at approximately 500 psia or
1000 psia. In most instances two data points were taken at each set of
test conditions. Additional tests were conducted if inhibitor failure was
apparent or if a particular propellant formulation yielded a typically wide
variation in burning rate data.

' Propellants

In order to accomplish the investigation of the above mentioned

parameters fourteen propellant formulations were employed. Propellant

designations and formulations are summarized in Tables I and II.

~
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TABLE I CCMPOSITE PROPELLANT FORMULATIONS
Propellant Weiant AP Weight Weight Aluminum Weight
Designation ZAP Size, n ZPBAN ZAluminum Size, ¥  ZFe,03
N-1 79.00 ““ig°dal 21.00 ——- — ——-
N-2 79.00 ““iggdal 21.00 — —— e
N-3 79.00 UPimodel 91,00 —— — ———-
N4 78.21 ““iggdal 20,79 —— — 1.00
H-5 77,42 niedal - gg,5g — — 2.00
N-6 67.00 “MiR0dal 15,09 15.00 44 —
N-7 67.00 “npedal 18,00 15.00 44 ——
N-8 67.00 “nRo¢al 15,00 15.00 44 ——
N-9 66.33 ““iggdal 17.82 14.85 44 1.00
N-10 65.66 Uninodal 17,64 14,70 44 2.00
UTX-3096A 68.0 22200 16,0 16.0 46 —
NWC Typical Aluminized Composite -- Unspecified Formulation
TABLE II DOUBLE-BASE PROPELLANT FORMULATIONS
Propellant Weight Weight géﬁgggsic g;éobasic wt%
Designation ZNitrocellulose ZNitroglycerin Sagicylate Lead Al
DBA 45.0 2.5 2.5 5.3
DBNA 48.0 2.5 2.5 -
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Propellants N-1 through N-10 emplioyed unimodal distributions of
ammonium perchlorate. These propellants were fabricated by the
Naval Weapons Center. All ammonium perchlorate was supplied by the
American Fotash & Chemical Corporation. The 9y AP had a measured average
particle size of 8.2 to 9.4y. The 90y, AP was used as supplied. A
diameter distribution is shown in Figure 4. The large AP passed a Tyler #32
mesh (500u) and what held on a Tyler #35 mesh (420y) was used. The aluminum
employed in propellants N-6 through N-10 was type H-30 and passed a Tyler
#325 mesh (44u). The iron oxide employed had the following specifications:
Physical description - Yellow light lemon elongated particles
Chemical composition - Hydrated Fezo3
Average particle diameter - 0.40 microns
Density -  3.401 gm/cc
A weight ratio of 79 parts AP to 21 parts PBAN was maintained in propellants
N-1 through N-10,

Method of Investigation
General
The investigation was divided into several related parts and will

be discussed separately.

Effect of Strand Cross-sectional Area

The initial investigation into the effect of strand cross-sectional area
on the measured burning rate augmentation (f/fo) was conduccted with a typical
aluminized composite propellant (NWC). These tests were made to determine
the mugnitude of the effect of strand cross-sectional area. Strand cross-—
sectional dimensions were varied from 1/4 in. x 1/4 in. to 1 in. x 1 in. In
addition, prepellants N-1 (non-metallized) and N-7 (aluminized) were burned in
1/4 in. x 1/4 in, and 1/2 in x 1/2 in. configurations.

A comparison was necessary between the data obtained by the NASA-LRC, the UTC,
and the NPS. The United Technology Center supplied a sample of their control
propeliant (UTX-3C96/) and strands of various cross-sectional dimensions
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(and lengtha) were tested. Data were then available for comparison
of the results obtainecd by the three facilities for the same propellant
fomulation,

Effect of Strand Length (Burn Time)

The effect of strand length on average burning rate augmentation (i/fo)

was determined for aluminized and nonmetallized composite propellants,
Propellants N~1 and N-7 were tested at 500 psia with strand lengths of 1/2,
1, and 2 inches.
Effect of Temperature
Propellants N-1 and N-7 were tested at 4C, 21.5C, and 66C to determine

the effects ¢f temperature on burning rate augmentation of nonmetallized and
aluminized j vcpellants.
Effects of Base Burning Rate and

AP size on Nonmetallized Composite Propellants

Propellants N-1 through N-5 were employed to determine the effects of
ib and AP size on the burning rate augmentation of nonmetallized composite
propellants. Because the AP size effects the base burning rate (io% five pro-
pellants were required to separate the effects of Eo and AP size on burning rate
augmentation. Propellants N-1, N-2, and N-3 were employed to determine the
combined effects of fo.and AP size on burning rate augmentati.n. Propellants
N-4 and N~5 wege identical to N-2 except for a 1Z and 27 addition respectively
of yellow iron oxide catalyst. Thus, propellants N-2, N=4, and N-5 were
employed to determine the effects of base burning rate, The effects of AP
size and éo could then be separated.

Effects of io and AP Size on

Aluminized Composite Propellants

Propellants N-6 through N-10 were identical to propellants N-1 through
N-5 respectively except that approximately 15% aluminum was added. The
procedure to separate the effects of io and AP size wereidentical to those
discussed above for the nonaluminized propellants.
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Effects of Aluminum and AP
By comparing the results obtained for the noﬁmetallized~ptopellants
(K-1 through N-5) withthe results obtained for the corresponding aluminized
propellants (N-6 through N-~10) the separate effects of the aluminum and

the ammonium perchlorate on burning rate augment.tion could be determined.
Effects of Double Base Propellant Adiitives

In order to determine the effects of double-~base propellant additives on
burning rate augmentation, propellants DBA and DBNA were tested at 250, 500, and
1000 psia and at various acceleration levels.

Effects of Propellant Residue

The study of the effects of propellant residue on burning rate augmenta-
tion was actually a study of the form of the molten metallic substance which
lies on or slightly above the burning propellant surface. There are three
methods which can be employed to study thege effects; 1) photographic studies,
2) extinguishment studies, and 3) post-fire residue studies. It was the -
latter method which was employed throughout this investigation,

EXPERIMENTAL RESULTS AND DISCUSSION

General Discussion

The discussion of experimental results is divided into the following
interrelated sections:

1. Effects of strand cross section and web thickness on measured burning
rate augmentation.

2. Nonmetallized composite propellants.

3. Aluminized composite propellants

4, Double-~Base propellants.

The data are presented in two forms; burning rate augmentation vs accelera-
tion and post-fire residue weight per unit of original strand volume vs.
acceleration. Burning rate augmentation is defined as i/fo where r is the
burning rate at acceleration (a) and pressure (p) and ib is the burning rate
at zero acceleration and pressure (p).

The primary objectives of the experimental investigation were to experi-
mentally determine the effects of a) base burning rate, b) AP crystal size,

c) aluminum content, and d) temperature on the burni.ug rate acceleration
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sensitivity of composite propellants. In addition the acceleration

sensitivity of double-base propellants was investigated. The experimental

results were compared withcurrent analytical models.
} Before the investigation of these effects was begun a study was made t»
l determine the effects of propellant strand cross-sectional area and length
l (web thickness) on the experimentally measured burning rate sensitivi}y,
This study was prompted by the contrast ir results obtained for identical
propellants by Northam and Lucy [1] at the LRC and by Anderson [4] at the
NPS. As was discussed above, the LRC uses a centrifuge mounted slab motor
whereas the NPS uses a centrifuge mounted strand burner.

Effects of Strand Cross-Section and Length

General Discussion

The acceleration induced burning rate augmentation data obtained from
the various facilities (LRC, UTC, NPS) generally agree qualitatively but to
date quantitative agreement has not been found except as noted in Reference
8. As Northam and Lucy [1] have indicated, in order to compare the data
obtained by the different techniques, it is necessary to conduct experiments Vs
in each of the facilities using the same propellant and the same base parameters
(pressure, average acceleration, etc.). -

Northam and Lucy have made an initial attempt to compare results for

the various facilities., The data from experiments conducted at UTC and
LRC using the same propellant formulatiorn have been found to agree quite
.favorably [e].

Northam also conducted tests with a metallized propellant designated E-107

which had the same formulation as propellant X-104 used by Anderson [4]. The

slab motor burning rate augmentation was found to be approximately 50 percent

f% higher than that reported by Anderson. Possible causes for the differences
*é in the results obtained from the two techniques have been attributed to [1]
:E' differences in a) burning surface area, b) web thickness, c¢) retention of

'% Alz03 on the surface, d) methods of determining burning rate, e) gas flow
%{ effects, or f) igniter effects.

éf J The possibility of aluminum or aluminum oxide retention in the strand case
%' affecting the burning rate has been notec by the various investigators. This
¥}
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possibility has been noted because the results reported by Anderson [4]
and Sturm {5] indicate that considerably more post-fire metallic residue
exists for the strand than for the slab or spin-motors.

The noted good agreement between UTC and LRC data [8] was obtained
with similar web thicknesses (0.6 inches and 0.5 inches respectively)
whereas the comparison between NPS and LRC data [1] was made with considerably
different web thicknesses (2-1/4 inches and 0.5 inches respectively). All
of the above investigators have cobserved that web thickness has a signifi-
cant effect upon the average burning rate (surface flooding effects, etc.).
In general, average burning rate decreases with increasing strand length.
It 1s not unusual then that there exists a significant difference between
the burning rates determined by Anderson and by Northam and Lucy.

An initial investigation at the NPS [12] indicated that strund length had
a significant effect upon the average burning rate whereas strand cross-
sectional area had much lesser effects.

Data Comparison Using Propellant UTX-3096A

In order to better determine the agreements and differences between
data obtained from strand buraners, slab motors, and spin motors, propellant
UTX-3096A, supplied by the United Technology Center, was tested in the NPS
centrifuge. This propellant was identical to that which had been used by
both Northam [1] and the UTC [8]. Propellant strands of 0.6 inches length
and various cross-sections were burned at various pressures and acceleration
levels. Results of these tests are shown in Table III and also in Figure 5,

where the data are compared with the data obtained by UTC and LRC.

TABLE III: UTX~PROPELLANT DATA WITH 0.6 INCH STRAND LENGTH

Strand Average Burning
Cross-section Bomb Pressure Rate Acceleration
(in. x in.) (psia) (in/sec) ()
1/4 x 1/4 189 .166 0
1/2 x 1/2 198 164 0
3/4 x 3/4 214 .155 0
1/2 x 1/2 307 173 0
1/4 x 1/4 448 .181 0
1/4 x 1/4 645 .237 0
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TABLE III (Cont.)

Strand Average Burning
Crogs-section Bomb Pressure Rate Acceleration
(in: x in.) (psia) (in/sec) (g)
1/2 x 1/2 662 +264 0
3/4 x 3/4 698 .258 0
1/4 x 1/4 940 <243 0
1/4 x 1/4 942 272 0
1/4 x 1/4 1480 .288 0
1/4 x 1/4 190 .232 100
1/2 x 1/2 197 .230 100
3/4 x 3/4 236 .262 100
" 1/2 x 1/2 309 .275 100
1/2 x 1/2 460 .317 100
1/2 x 1/2 462 .342 100
1/4 x 1/4 638 374 110
1/2 x 1/2 665 406 110
1/6 x 1/4 949 403 100
1/2 x 1/2 1509 475 100
Good agreement is noted between the data obtained by gll three methods,
The effect of strand cross-section does not appear to significantly effect
the measured burning rate at low acceleration levels,

In addition to the UTX-propellant tests conducted with a 0.6 inch

strand length, several tests were also conducted utilizing a two inch strand

length. The data vbtained are shown in Table IV and also in Figure 5.

! TABLE IV: UTX~PROPELLANT DATA WITH 2.0 INCH STRAND LENGTH

AR A
o LT TR M

:Q 1 Strand Average Burning

3 Cross-section Bomb Pressure Rate Acceleration
é (in. x in.) (psia) ' (in/sec) (g)
L4

i 1/4 x 1/4 703 .192 0
f%, 1/4 x 1/4 703 .189 0
BRI

Lii 4 1/4 x 1/4 704 317 101
£

1 1/4 x 1/4 703 .333 101
&
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Figure 5 indicates that the burning rate decreased with strend length
at both Og and 100g. 2

These results iudicate that the primsry reason for the difference
ia the burning fate {at low accelaration levels) seasurad by- Andérson
and by Northam and Lucy was due to the strand length or web thickness.
erployed. i

Propellants N-1 gnd N-7

General Discussion

In order to better understand the effects of strand length (burn time)
and strand cross-sectional area on the average propellané burning rate,
additional tests were conducted with both nonmetallized and aluminiged
coxposite propellants. Propellants N-1 and N-7 were tested at 590 paia'

and at accelerations from 0 to 1000g. Three strand lengths (1/2, 1, 2 in.)
and two strand cross-sections (1/4 in. x 1/4 in, and 1/2 in. x 1/2 in.)
were investigated. ‘

Effects of Strand Cross—-Sectional Area

Figure 6 presents the cesults obtasined for the nonmetallized propellant
(8-1). The 1/2 in. x 1/2 in. strand had a base burning rate aéproxinately
3 percent greater than the 1/4 in. % 1/4 in. strand. The lines in Figure 6,
as well as in all subsequent figures presenting experimental data, are
drawn only to help visualize the location of data points. Although the
1/4 in. x 1/4 in. strand appears to augment slightly more than the 1/2 in.
x 1/2 in. strand above 250g, the data scatter does not allow any definite
conclusions to be made. It appears that strand cross-sectional area has
only minor effects on the measured average burning rate of nonzetallized
composite propellants.

Compsrison of data for an aluminized composite propellant (N-7) is
made in Figurea 7 and 8. Pigure 7 presents burning rate sugmentation
dats and Figure 8 presents post-fire residue data for 1/4 in. x 1/& in.
and 1/2 in. x 1/2 in. strands., Figure 7 indicates that atrand cross-
sectional area has very little effect on augmentation of aluminized
composite propellants. The greastest difference in weasured augzentation
occurred at 500g and this difference was only approximately 4 percent.
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The base burning rates were also within 4 percent. Figure 3 presgents

the post-fire residue data taken from the inhibitor cases. The

figure presents the residue weight per unit of original strand volume

and the general appearance of the residue. Residue appearance has been
divided into five categories: 1) a solid layer of metallic residue
covering the entire cross-section of the strand, designated L, 2) a
s0lid layer of metallic residue covering less than the entire cross—-section
of the strand,designated PL, 3) numerous pieces of metallic residue of various
shapes and sizes designated P, 4) a metallic powder, designated PW, and
5) metallic discs and/or sphereg, designated S. In addition, most pro-
pellants produced an appreciable amount of "fluffy" carbon material at

low accelerations. At higher accelerations this materlal almost completely
disappeared.

The 1/4 in. x 1/4 in. strand had a solid layer of residue, L, at all
accelerations less than 1000g whereas the 1/2 in., = 1/2 in. strand residue
varied with acceleration. At low g (< 100g) a solid layer was found. As
the acceleration increased above 100g the residue appearance changed from
a solid layer to a partial solid layer, and at high accelerations to a partial
layer plus spheres. The residue weight per unit vclume for both strand sizes
increased to a maximum and then decreased as the acceleration increased.

This characteristic of the residue weight will be evident in much of the

data presented below. It should be noted that the largest difference in

the augmentation between the two strands occurred at approximately 5007 -« the
same location as the maximum difference in residue weight per unit volume
and the same location where the residue form became different. The 1/4 in,

x 1/4 in, strand had more residue per urit volume, a solid layer of residue

and less augmentation at 500g. Thus the residue weight and/or physical

appearance appears to &ffect the augmentation.

Although the augmentation for both strand cross-sections are nearly
the same for propellant N-7, the variation in residne appearance with
acceleration of the 1/2 in. x 1/2 in. strand is in better agreement with
motor extinction test data [1, 10]. It is conceivable that for other
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propellants and test conditions (pressures, sccelerations, etc.) that the
difference in the physical appearance of the residué. could have a more
pronounced effect on the augmentation. Fev these reagons strands with
1/2 in. x 1/2 in. cross-sections were employed thrcughout this investigation.
Effects of Strand Length (web thickness/burn time)

The initial tests conducted to study the effects of strand length {12]
and the tests conducted with propellant UTX~3056A discussed above indicated
that strand length effected the average burning rate. For this reason addi-

tional tests were conducted utilizing propellantg N~1 (nonmetallized) and N~7
(aluminized).
Figure 9 presents the results obtained with the nonmetallized
propellant, N-1, for 0.5 in. and 1.0 in. strand lengths. The base
burning rates are essentially unchanged with length. Again the data
scatter for propellant N-1 prevented any definite conclusions from being
made. It does appear that in general the strand length had only small
effects ( < 10 percent for a 100 percent increase in length) upon the
augmentation and/or burning rate of nonmetallized composite propellants.
This conclusion is in agreement with the experimental findings of Sturm [5].
Figures 10 and 11 present the data obtained for the aluminized
composite propellani N-7. Figure 10 presents the augmentation and Figure 11
presents the residue data. The base burning rate decreased as the strand
length increased. This result is in agreement with the UTX-3096A propellant
data presented in Figure 5. At 100g, the 1/2 in. and 1 in. strands had
practically the same augmentation but the 2 in. strand augmented to a much
lcsser extent. This 1s also in agreement with the data presented in Figure
5 for propellant UTX-3096A. Figure 1l indicates that at 100g the residue
weight (gm/cc) increased with strand length. The 1/2 in. and 1 in. strands
had practically the same residue weight and the 2 in. strand had considerably
more residue. Thus, it is again notea that at low acceleration levels burning
rate and/or augmentation decreases with increasing residue weight. Another

important feature of the residue data at 100g should be noted. As the strand
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length was decreased, the residue appearance changed from a socli¢ layer
to a partial solid layer to 3pheres and discs. Thus, the residue type
as well as weight has a sigrnificant effect upon the augmentation, At
low accelerations (100g) augmentation decreases with increasing residue
weight and decveases as the residue becomes more of a solid layer.

At 250g, increasing strand length decreased augmentation. In ghis
case, however, the residue weights pey unit volume were practically the
same for all lengths. Although the trend is not as dominant as at 1G0g,
the veridue form changed with length. The trend is from particles to a
solid layer as the length is increased. The 1/2 in. strand was the only
one with distinct spheres and discs and it had a significantly greater
augmentation at 250g. This gsame effect of residue type appears at 500g.
Although the residue weights are significantly different at 500g, the
residue type and augmentation are practically the same. Again at 1000g
the residue weights are different but the residue forms are similar.

The 1/2 in. strand had a slightly higher augmentation and more distinct
spheres and discs in the residue. Several conclusions can be made from
these observations. The amount (weight) and form of the molten metal(s)
on the surface of a burning composite propellant both have a dominant
effect upon the burning rate augmentation at low acceleration levels. At
high acceleration levels the form of the molten metal becomes dominant
rather than the quantity although the two are somewhat related. Since
the strand length (or burn time) significantly effects the residue weight
and form it is a very important parameter in the design of motors which
will be subjected to acceleration environments. For accelerations less

than 500g the average burning rate decreases with time. This result 1is

in agreement with the experimental findings of Sturm [5] and UTC [2, 8], For

accelerations greater than 500g the burning rate was not strongly dependent

on time.

Nonmetallized Composite Propellants

General Discussion

Five nonmetallized composite propellants were employed in this investi-

gation (propellants N~1 through N~5). The objectives of this study were to
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determine the effects of a) initial propellant temperature, b) pressure,
c) base burning rate, %6’ and d) AP crystal size on the acceleration
induced burning rate augmentation. In addition,Sturm's model [5] for
acceleration effects on the burning rates of nonmetallizeé composite pro-~
pellants was evaluated. All tests were conducted utilizing 1/2 in. x 1/2
in. x 2 in. propellant strands

Temperature Effects

The effect of temperature on augmentation, i/io, was determined for
propellant N-1. This propellant had small AP crystals (9p) and a corres-
pondingly high base burning rate. Figure 12 presents the data obtained
for propellant N-1 at 4C and 66C. The base burning rate (ic) increased
with temperature as expected. It is observed that therewas no appreciable
effect of temperature on augmentation below 250g. Even at 1000g there
wag less than an 8 percent increase in augmentation when the temperature was
raised from 4C to 66C. Sturm [5] found that increasing the initial
temperature from 20C to 54C increased the augmentation for nonmetallized.
composite propellants at high accelerations.

As noted above, propellant N-1 had very small (9u ) AP vcrystals. If
the physical model of Sturm [5] is in fact valid (discussed above) the

increase in augmentation with temperature is probably directly related to
the AP crystals that normally leave the surface at low accelerations but
are held on the surface at high accelerations. At the higher tempezature
these crystals have an increased initial energy content and are closer

to the decomposition temperature., Thus, one would expect that if they
contributed to the surface combustion process (at high accelerations) the
burning rate should increase.

Pregsure Effects

The effect of pressure on propellant burning rate augmentation was
determined for propcllants N-1 and N-3. Figures 13 and 14 present the
" data obtained for these propellants at approximately 500 psia and 1000 psia,

e
THW, X
f Il
T,

T
’;é"ér"f

35

1 T
+E7 ‘:Z' o

<

e ¢
P . N

LAt

s
ke v

Ty

Echouny’

Rt 5, Sentiphng

e e sy g

B g T LI
"

2 ¥,

-

L et

e,

ke B v s g O SIS an

*r

S g N o e, A

Tr




At a pressure of 480 psia, propellant K-l exhibited a gradual and
continuous increase in augmentation with increasing acceleration. At a
pressure of 985 psia this propellant was insensitive to acceleraticna
below approximately 100g. Above 100g the augmentation increased more
rapidiy with acceleration than wae cbserved at 480 psia, At 1000g the
sugmentation at 480 psia was only 14 percent whereas at 985 psia it was
40 percent. Thus, except at low accelerations, increasing pressure
increased the scceleration sensitivity. This observation is in agree~
wment with the predictions cbtained using Sturm's model.

At a pressure of 490 psia, propellant N-3 exhibited a gradual and
continucus increase in augmentation with acceleration to 150g. The aug-
zenation then decreased slightly with acceleration to 250g. Above 250g
the propellant did not exhibit reproducible ignition characteristics
(delay times). Therefore, there was a considerable variation in the
measured average burning rate above 250g. Above approximately 600g the
propellant could not be ignited. At 995 psia propellant N-3 was
insensitive to accelerations below approximately 50g. Above 50g the
augmentation increased with increasing acceleration to 250g. Above 250g
the ignition characteristics (delay times) again were not reproducibile.
In contrast to the 490 psia tests, however, propellant N-3 could be
ignited at 995 psia at all acceleration levels to 1000g.

An explanation of the obgerved behavior of propellants N-1 and N-3

can be made utilizing Sturm's physical model [5] for nonmetallized propellants.
Fenn [18] has indicated that the "phalanx" flsme penetration rate between

the oxidizer crystal and binder should increase with increasing pressure.
This would "free" more AP crystals at Og and one would then expect more
asugmentation with increasing acceleration at the higher pressures. In

o {——— " ——" To——

Equation 9, the effect of pressure is through the parameter f£. Increasing

I (e

| presguse increases f and therefore, increases the augmentation. Sturm
i ; attributes the insensitivity of burning rate at low accelerations to a
i‘ "threshold acceleration" concept. Below the "threshold acceleration" the
3§ acceleration force is not great enough to hold any of the AP crystals
%’ on the surface that would have been forced from the surface at Og.
4
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The data presented in Figures 13 and 14 permit certsin conclusions to
be made., Thus, increasing the pressure level resulted in: 1) apparent
conmencement of burning rate augmentation at higher acceleraticn’although
possible error and data scatter preclude a definite conciusion; 2)
achievemant of the maximum burning rate augmentation at a higher accelera-
tion level; and 3) a higher value of burming rate auvgmentation except at
low acclerations. The firat two results are opposite to the experimental
findings of Sturm in which bi-model AP propellants were employed., Thus,
thegse particular results appear to depend upon the physical characteristice
of the oxidizer crystals.

One possible explanation is presented for the failure of propellant
N-3 to ignite above 600g and 490 psia and for the successful ignition at
all accelerations to 1000g at 995 psia. The AP crystals were more -dense
than the binder. At 490 psia and high accelerations the large AP crystals
are forced into the somewhat compressible binder. This provided a fuel rich
surface which either ignited erratically or not at all. As the pressure was
increased to 995 psia the binder was compressed. The acceleration force
could not then force the AP crystals as far into the binder before ignition.
Propellants N-1 and N-2 had smallexr AP crystals than propellant N-3, Thus,
enough oxidizer was always present on the surface to permit ignition.

Cormbined Base Burning Rate and AP Size Effects

When the AP crystal size is increased the Og burning rate decreases.
Thus, burning rate augmentation may be affected by both parameters as the
AP gize is changed. Propellants N-1, N-2, and 8-3 were identical except for
the unimodal AP crystal size distribution employed. They were %u, 90u,
and 4201 respectively. Figure 15 presents the data obtained for these
three propellants. As expected, the base burning rate decreased as the AP
size increased. Propellant N-2 had the greatest augmentation and propellant
N-3 exhibited the unusual ignition characteristics discussed gbove.
Propellant N-1 had small AP crystals (Su) and a high base burning
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rate. Thus, according to Sturm's model, at Og many of the crystals are forced
from the surface. As the acceleration is increased, an increasing nucber of
these particles are prevented from leaving the surface. A gradual increasse in
sugmentation with acceleration is therefore obtained. It would require very
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high accelerations to hold all of the crystals on the surface and effect a
naxizum augmentation.

The smallest AT crystals in propellant N-3 were 420u. These AP
crystalz are so large that practically none leave the surface at Og. Thus,
very littie au mentation at higher accelerations should be expected and
the gugmentation should reach a maximum value at low acceleraticn. The ) ij
data confirm this behavior., The ignition difficulties at high accelera- ’
tions for propellant N-3 were discussed above.

In addition to these combined effects of base burning rate and AP
crystal size on burning rate augmentation it is possible that the mode
of combustion may change from propellant to propellant., Bastress [21}
hag discusaed the effects of oxidizer crystal size and pressure on
the mode (or controlling mechanism) of combustion of polysulfide
propellants.

Base Burning Rate Effects

L3 v —————— G ———

In order to isolate the effects of base burning rate (;0) on
acceleration sensitivity propellants N-2, N-4, and N-5 were employed.
All three propellants had 90u AP and were identical except for the
yellow iron oxide catalyst which was added to propellants N-4 (leeZOB)
and N~-5 (ZZFe203). Figure 16 presents the data obtained for these
three propellants. As expected, increasing the percent by weight of

PP

catalyst increased the base burning rate and decreased the acceleration

gsensitivity, ;
Propellants N~4 and N-5 exhibited erratic augmentation below 250g

with only 4 percent augmentation at 1000g. Propellant N-2 exhibited little

augmentation below 50g but at 1000g had a 36 percent augmentation. This

behavior is also explainable with the physical model proposed by Sturm [5].

The higher burning rate propellants eject the AP crystals at Og at a

much higher velocity and therefore require considerably higher accelera~

tions to effect augmentation.
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AP Crystal Size Effects

In order to isolate the effects of AP zrystal size on acceleration
sengitivity, the data from propellants N-%, N~2, and N-4 were compared,
Propellant N~1 had 9u AP crystals and propellants N-2 and N-4 had 90y AP
crystals., The iron oxide catalyst in propellant N-4 increased ite base
burning rate to approximately 162 above that of propellant N-1., Increasing
or decreasing the AP size changes the base burning rate. Thus, the effact
of AP size on burning rate augmentation is not readily apparent. Ideally,
the effect could have been isolated if the burning rate catalyst had
increased the base burning rate of propellant N-2 (90u AP) to exactly
that of propellant N-1 (9u AP). Unfortunately, both of the catalyzed
propellants, N-4 and N-5, had base burning rates greater than that of
propellant N-1. In order to isolate the effect of AP size on augmentation,

the percent increases in augmentation per percent decreases in corresponding
base burning rates were compared for three cases; 1) no change in AP size,
2) an increase in AP size by 900%, and 3) a decrease in AP size by 90Z.

The fixed AP results obtained from propellants N-2 and N-4 served as

the norm, i.e., the effect of only base burning rate on augmentation,

The results are presented in Figure 17.

From 500g to 1000g, increasing or decreasing the AP crystal size
decreased the augmentation only slightly. Decreasing the AP size had
possibly a little greater effiect. As the acceleration level was decreased,
the combined effects of AP size and base burning rate began to differ more
appreciably from the effects of base burning rate alone. The lines in

Figure 17 were drawn as smooth curves to the 100g point to approximate

1 the trend in the data. The oscillations in the data at low accelerations
3 in Figure 17 result from the unusual behavior of propellant N-4 at 150g
}f~ and 250g (see Figure 16). At low accelerations it appears that increasing

the AP size increases the augmentation and decreasing the AP size decreases
the augmentation,
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Comparison With Sturm's Model

It wvas found in this investigation that augmentation increased with
a) increasing temperature at high accelerations, b) decreasing base burning
rate, c) increasing pressure except at low accelerations. These experi-
mental findings are in basic agreement with Sturm's analytical model.
Threshold accelerations were observed which also agrees with the model.

The assumption of Stokes' flow around the separated AP crystals

lead to Equation 8 for dependence of d on burning rate,

critical
pressure, and acceleration. Stokes' flow is anplicatle for inert spheres
in flows where the Reynolds number is less than one. Rrpresentative
values for the parameters %, £, d, and bg for a nonmetallized composite
propellant yield Reynolds numbers much greater than one. The AP crvstals
arenot spheres and the surface is undergoing decomposition. The latter
condition may significantly reduce the drag force. However, the
dependence of the drag force on particle diameter ana gas velocity, as
given by Equation 3 for Stokes' flow assumption, may be incnrrect. The

gstandard drag equation for Reynolds numbers greater than one is given by
T 2 2
F, g CD Py d Vg (11)

where CD = drag coefficient

In this case

2.2
r°d (12)
Fy, a ( 5 )
and
3cno2£-2R'r
P 88
dc 7P a 2 (13)

Thus, for a given propellant formulation

i o (L) (14)
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Using representative values for the paraweters in Equation 7, Sturm
determined the critical particle diameter as a function of acceleration

at 500 psia. The result i3 gshown in Figurs 18, Using the same values for
the parameters but with Cy ™ 1 (Re = 100 for imert spheres) Equation 13

was also plotted in Figure 18. It can be seen that the Stokes' and standard

drag equations result in similar variations in Che critical particie dismeter

with acceleration for these particular conditions. Also plotted in Figure 18

are the corresponding Stokes' and standsrd drag vesults with the burning
rate doubled. The standard drag assumption is seen to yield a much
greater change in the critical particle diameter with burning rate at
low accelerations.

Utilizing the same procedures and parameter values as Sturm for two
nonmetallized composite propellants, but replacing Equation 8 with Equation
14, new theore:ical curves for }lfo as & function of acceleration were
obtained. The results are shown in Figures 12 and 20 and are compared with
the results obtained by Sturm in which the Stokes' flow assumption was
employed. It is seen in Figures 19 and 20 that a dependence ¢f the
critical particle diameter on §2/Pa results in a somewhat better agreement
with experimental dats at low accelerations.

As noted above, J is the fraction of the small AP oxidizer particle
mass released by decomposition on the propellant surface. In order to
caleulate J as a function of the critical particle diameter, Sturm assumed
that gll'of the AP in the smaller cut decomposed on the surface until the
drag forces became greater than the acceleration forces. The theoretical
dependence of augmentation on acceleration presented in Eguation 10 is
strongly dependent upon how large a crystal is able to leave the surface

at any given acceleration. This particle size is a function of the “phalanx"

flame penetration rate, the crystal consumption rate, the binder type, and
the actual critical particle diameter. King and McHele [11] have suggested

that ten to twenty percent (or more) of a given AP crystal may be consumed
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between the time that the crystal is first exposed at the burni~ : surface
and the time that the crystal is freed from the surface by the paalanx

flame. 1In this way they were able to reasonably explain the 2xpecimentally

observed decrease in augmentation which occurred when the acceleration was
directed normal tc and outward from the buxning surface. They postulatad
that the outward directed acceleration physically pulled the oxidizer
crystals from their pits prematurely., This decreased the heat release

at the surface below that of the Og condition and decreased the burning
rate (this corresponds to J < 1 in Equation 10 when referred to the Og
conditior). However, King and McHale have also noted that the exposed
pits increase the surface area which would increase the burning rate.
Thus, either an increased or decreased burning rate is possible.

As noted above, the parameters n, £, and J in Equation 10 are unknown
functions of acceleration, pressure, and propellant composition. A
quantitative prediction of burning rate augmentation using Sturm's
analytical expression does not appear likely.

In conclusion, the physical model proposed by Sturm can explain
most of the phenomena asscciated with the acceleration sensitivity of
nenmetallized composite propellants. In addition, Sturm's analytical
expregsion (Equation 10) was found to qualitatively agree with the
experimental results although a standard drag force expression better
correlates the experimental data at low acceleration than the Stokes'
drag force expression.

Aluminized Composite Propellants
General Discussion
In addition to propellant UTX-3096A discussed zbove, five aluminized

composite propellants were tested (propellants N-6 through N-10). The
objectives of this study were to study the effects of a) initial pro-
pellant temperature, b) pressure, C) base burning rate, and d) AP
crystal size on the burning rate augmentation of aluminized composite
propellants. As discussed in "Method of Investigation and Propellants,"
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the aluminized and nonmetallized composite propellants wers
formulated such that the relative effects of the AP crystals
and the aluminum on burning rate augmentation could be separated.
The effects were separated by comparing the results of this section
with the results presented above in "Nonmetallized Propellants.” In
addition, the Crowe, et. al. model [8] for acceleration effects on
the burning rates of metallized compusite propellants was evaluated.
All tests were conducted utilizing 1/2 in, ¥ 1/2 in. x 2 in. propeilant
astrands.
Temperature Effects
The data obtained for propellant N-7 burned at 4C, 21.5C and

66C are shown in Figure 21. The base burning rate increased with
temperature as expected. Post-fire residue data was not plotted
because the weight and form of the residue did not change appreciably
with temperature. Increasing the temperature from 4C to 21,.5C had
virtually no effect upon the augmentation. Increasing the temperature
to 66C decreased the augmentation by approximately 4 percent at all
acceleration levels. This decrease in augmentation of an aluminized
propellant at elevated temperatures is difficult to explain except
for the possible change in thermal gradient through the metal agglomerates.
Sturm [5] found no change in augmentation with temperature for an
aluminized composite prcellant,
Pressure Effects
Propellant N-7. The data obtained for propellant N-7 at 510 psia

and 1024 psia are presented in Figures 22 and 23. The base burning rate
increased significantly with pressure as expected. The augmentation
decreased with increasing pressure and the effect was greater at higher
accelerations. Figure 23 indicates that pressure did not have a signi-
ficant effect on the form of the residue. Higher pressures did produce
more residue at accelerations between 100g and 500g. The same trend in
residue weight with acceleration, increasing to a maximum and then decreas-

ing, wss obtalned at both pressures.
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Propellant N-6. The data obtained for propellant -6 are presented
in Figures 24 and 25. Propellant N-6 had a smaller AP crystal size (9m)

than propellant N-7 (90u). Again the base burning rate increased with f
pressure as expected. In contrast to propellant N-7 however, the
augmentation. increased slightly with pressure. Again, pressure did not
have a significant effect upon the form of the residue. The residue
welght increased with pressur: at all acceleration levels, At 10G0g the
residue weight increased rapidly with pressure. However, the augmentation
did not change, indicating again that at high accelerations residue form
(not weight) has the dominant effect on augmentation.

The differences in the results for propellants N-6 and N-7 can be due
to several mechanisms. The smaller AP crystal size for propellant H-6
prevents larger metal agglomerate pits from forming and more readily allows
surface floeding. This is demonstrated by the data presented in Figures
23 and 25. Propellant -6 (9u AP) in most instances had a solid layer of
post-fire residue whereas propellant N-7 (90¥ AP) in most instances had
only a partial solid layer and discs and spheres of residue. Anderson (4]
and Sturm [5] also did not find a consistent variation in augmentation

with pressure for various aluminized composite propellants. Anderson and

; UTC both report increased residue wéight with pressure at any given

g acceleration level which is in agreement with the data presented in

‘ Figures 23 and 25,

; The varilation in the results obtained from these two propellants at

‘ 500 psia and 1000 psia indicategthe complicated effects that pressure
introduces into the augmentation mechanism. The higher pressure increases
i the base burning rate which decreases augmentation (discussed below). In
4y addition the propellant burning mechanism may change with pressure as

discussed by Bastress [21] for nonmetalized propellants. The heat transfer

O e e S

-~

through the gas layer between the burning propellant surface and the metal

agglomerates and the quantity and shape of the molten metal are also affected

by pressure.
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Northam [10] has found that n, in the expression r= an, vaiies

with acceleration below approximately 120g. Between 120g and 300g le

found that n did not cliange appreciably with acceleration. Values of b
and 1 were calculated for propellants N-6 and N-7.

The results are presented
in Table V.

The valucs of n do appear to remaia approximac~iy constant for

intermedlate acceleration levels. At high accelerations, however, n decreased

with increasing acceleration.

TABLE V: EFFECT OF ACCELERATION ON b AND n IN THE EQUATION £ = oP"
(PRESSGRE RANGE: 500 - 100G PSIA)

Propellant Acceleration (G) b n
¥-6 0 .057 .30
100 .050 .34

250 .053 <34

500 .054 .35

1000 092 .27

N-7 0 013 W45
100 024 40

250 .025 40

500 .050 .32

1000 .071 .29

Another interesting observation is the difference in the pressure
dependence of augmentation for nonmetallized and aluafnized propellants.
Propellants N-1 and N~6 were identical except for the aluminum content
in the latter. Comparing Figures 24 and 13 it is observed that the
augmentation of the nonmetallized propellant (N-1) was significantly pressure

dependent. Adding aluminum to this propellant practically eliminated the

sensitivity of augmentation to pressure variations.
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Combined base Burning Rate and AP Size Effects

The same problems exist when attempting to separate the effects of

base burning rate and AP crystal size on burning rate augmentation of
aluminized composite propellants as exist for nonme*allized propellants.
When-changing the AP crystal size the base burning rate also changes.

Three propellants were employed in this study (propellants N-6, N-7 and N-8).

Propellants N-6, N-7, and N-8 had a fixed weight ratio of AP to PBAN
and a fixed percent of aluminum. Each had a unimodal AP crystal size
distribution (¥-6, 9y ; N-7, 90p ; N-8, 420y ).

The combined effects of changing AP size and base burning rate are
shown in Figures 26 and 27. As expected, the base burning rate decreased
and the augmentation increased as the AP crystal size was increased. These
effects increase with acceleration. The augmentation may be due to both
the AP crystals (as for nonmetallized propellants N-1 through N~5) and the
molten metal agglomerates on the burning surface.

Post-fire residue data are presented in Figure 27. It is obaserved
again that the AP crystal size had a significant affect upon the form of the
molten metal agglomerates. Propellant N-8, which had 420u AP crystals,
had post-fire residue even at Og. The residue weight decreased continuously
with increasing acceleration. The residue was in the form of particles,
digcs, etc. except at 100g, This indicates that the metal agglomerates
vere osually in separate and distinct "pits" between the large AP crystals.
At high accelerations, the large AP crystals may tend to "flood" the
surface and thus decrease the allowable metal pit size.

The smaller AP propellants (N-6 and N-7) characteristically had no
post-fire residue at Og. At low accelerations propellants N-6 and K-7 had
heavy solid layers of metallic residue. At higher accelerations the
resraue changed in form . more distinct particles and decreased in weight.
These smaller AP propellants present smaller areas between crystals for
"pit" formation by the metal agglomerates., Thus, at low accelerations when

the metal agglomerates do not penetrate deeply into the surface, surface
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flooding readily occurs. At very bigher accelerations the metal agglomerates
are flattened out but penetrate more deeply into the surface and remain as
distinct agglomerates.

Figure 28 presents several photographs of the post-fire residue
typically found during this investigation. Figure 28a shows typical residue
from a low acceleration test with propellant N-7 at 500 psia. Small
particles and spheres are seen on top of the solid metallic layer. Figure
28b 1is a photograph of the inhibitor case after removing the residue for
propellant N-7 at hi_h accelerations. Each pit mark in the plastic case
had a small metallic spheroid imbedded in it vith a diameter of approximately
.050 inches.

It should be noted that at 1000g the residue form and weight for all
three propellants were practically identical yet the grcatest difference
in augmentations occurred at this acceleration. This points to the
possibility of different augmentation mechanisms for different propellant
physical characteristics and will be discussed below.

Base Burning Rate Effects

In order to separate the effects of base burning rate from the
combined effect of fo and AP size discussed above, propellants N-7, N-2,
and N-10 were tested. Propellants N-9 and N-10 were identical to propellant
N-7 except that one-percent and two-percent by weight of yellow iron
oxide catalyst were added respectively. Figure 29 indicates the increase
in base burning rate cbtained by adding the catalyst. The twu fast burning
propellants (N-9, N~1J) exhibited practically the same augmentation. The
slower burning propellant (N-7) augmented considerably more than either
propcllants N-9 or N-10.

Evidently, the high burning rate propellants forced the metal
agglomerates and/or smaller AP crystals away from the surface at significantly
higher velocity than oecurred for propzllant N-7, Thus, higher accelerations
are required to obtain significant augmentation for f{ast burning rate

propallants.

47

Ko s = are e

é&&‘f“ .

o
W

bt il i

-

aron AR NN TER I B e,



One assumption has been made in the above discussion which is not
necessarily valid. The iron oxide catalyst was assumed to increase the
base burning rate without causing a significant change in the physical
behavior of the metal agglomerates. This was assumed because the iron
oxide catalyst was not considered to have any effecta on the metal
combustion., Fignre 30 indicates that the form of the residue changed when
a catalyst was added. The catalyzed propellants had residue with a
powdered texture in contrast to the solid layer and/or particles
found for non-catalyzed propeilants. Preliminary X-ray diffracticn
analysis of the residues indicated that the iron-cxide possible had a
retarding effect on the metal oxidation process.

AP Crystal Size Effects
The effect of AP crystal size on the burning rate augmentation

of aluminized composite propellants was determined by using propellants
N-6 and ¥-9, Propellant N-6 had 9u AP crystals and propellant N-9

had 90u AP crystals. In addition, propellisnt N-9 contained 1 percent
by weight of yellow iron oxide burning rate catalyst. Figure 31

presents the augmentation data obtained for these propellants., Note

that there is leag than a 2 percent differnece ia base burning rate.

There appears to be no significant effect of AP crystal size on the
augmentation for thesge two propellants. Propellant N-9 exhibited slightly
leas augmentation above 100g. Comparison of Figures 27 and 30 indicates that
propellant K-9% produced more post-fire residue except at 1000g. In additien,
the residue appearances were considerably different. As noted above,

the AP crystal size influences the metal agglomerate size and in this

manner way effect augmentation for propeliants containing larger AP

crystals. The possible chemical effecte of the iron oxide have not

been congsidered.
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Aluminum Effects
Ten propellants (i1-1 through N-10) were used to determine how much of

the observed burning rate augmentation of sluminized composite propellants
was due to the AP crystals and how much was due to the metal agglomerates
on the burning propellant surface. Propellants li-1 through N-5 were
identical to propellants N~-6 through N-1C respectively except that the latter
had 15 percent by veight of 44y aluminum added. Figures 32 through 36
present the augmentation data for corresponding aluminized and nonaluminized
composite propellants. The lines in these figures are made only to indicate
the trend in the data presented previously. It is somewhat difficult to
separate the effects of the AP crystals and the agluminum in these Figures
because the base burning rates for corresponding aluminized and
nonmetallized propellants were different in most cases. The following
general observations can be made for the noncatalyzed propellants [Figures
32, 33, and 34]: a) for small AP crystals, the AP crystals and metal
agglomerates have an approximately equal influence on burning rate
augmentation, and b) for very large AP crystals, the mctal agglomerates

are responsible for practically all of the burning rate augmentation.

A possible explanation for this observed behavicr is presented below.

The physical models of Sturm and Crowe, et,al, are utilized togetier. For
small AF crystals there are probably many very small metal agglomerates

on the surface and they may actually flood the surface. The smallest

AP crystals and metal agglomerates are forced from the surface in the Og
condition. As the oxidizer size increases, the ugglomerate "pits" in the
surface iIncrease in size, the agglomarates are more distinct, and thelr
effect is greater. At the same time, less AP is forced from the surface

at Og. This process continues as the AP size is ircreased until practically
all of the AP remains on the surface at Og and the metal agglomerates
remain in distinct pits at all acceleration levels, 1In this limiting

condition, the AP has practically no effect on the burning rate augmentation.
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Figures 35 and 36 present the burning rate augmentation comparisons
for the alumirized and nonmetallized propellants which contained a

turning rate catalyst. Fxcept at low accelerations, thc augmentation of

‘a fast burning rate propellants appears to be largely due to the metal

agglomerates.

The atove physical interpretation of the effect of AF size ané the
rolten metal agglomerates has been oversimplified. The AP crystals and
metal agglomerates interact and this interaction also may effect the
augmentation.

spplicability of Crowe, et. al. Model

The analytical model developed by Crowe, et. al. {%] for kurning rate

augrentation of metallized composite propellants was discussed above. With

certain simplifications, Equation 1 was developed.

13 1/4
T r p Pa 1
a S c k
B S pL. —_f - 0.2] +1 1)
L a g pg t, (1-w)

N

For a given propellant, Equation 1 may lLe written

: (" G)m

+ =2 k"L _o02] 4w (15)
r b o

(o] (4]

In Equation 15, k" is considered to be a constant. L" is a function of

rg and a which provide a physical description of che metal agglomerates.

The parameters r, and a are functioms of the acceleration, pressure, burning

rate, AP size, etc., and therefore k" 1s not actually a constant. Practical

application of the model, however, requires that k" be an experimentally
determined constant. The value of k' will thus depend upon the pressure

and acceleration employed in the experiment.
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In order tu determine whether or not Equation 1 predicts the correct
deprndence of augmentation on acceleration, pressurc, and bsse burning rate,
Equation 15 was used in an attempt to correlate the experimental data. All
of the aluminized composite propellants employed In this investigation
(propellants N-6 through N-10) had essentially the same metal content (W).

An acceleration level of 250g was arbitrarily selected for
determination of k" in Equation 15. Using the experimentally known values
of f/fo and io for each propellant at 500 psia and 250g, values of k"
were determined. Equation 15 was then employed to generate theoretical
curves of augmentation as a function acceleration at 500 psia. TFigures
37 and 38 show the comparison between the theoretical predictions and the
experimeptal results for propellants R-6 through N-10. A curve representing
experimental data was obtained by fitting a smooth curve through the experi-
mental data.

Selection of another acceleration for determining ." merely changes
the cross-over point of the tlieoretical and experimental curves.

By determining k" from an experimental datum point, the magnitude
of the augmentation predi:ted by Equation 15 is forced to be nearly that
of the experimental data for a wide range in values of acceleration.
Nevertheless, Figures 37 and 38 indicate that the model does give the
correct qualitative dependence of augmentation on acceleration. The slope
of the experimental and theoretical curves are somewhat different.

However, the variation of k" with acceleration has been neglected. In
addition, it does appear that the model breaks down at very low
acceleration (é/fb <1.06 as noted in reference 8).

In order, to evaluate the dependence of augmentation on base burning
rate that is predicted by Equation 15, the experimental data from propellants
N-7 and I1-9 were employed. Although some evidence existed to indicate
that the catalyst in propellant N-9 affected the metal agglomerates,

it was assumed in this case that k" for propellant N-9 was the same as
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k" for propellant N-7. A theoretical curve was generated for propellant
K-9 using k" for propellant N-7 and io for propellant M-9 in Fquation 15.
The results are shown in Figure 39, Figure 39 indicates that the model
predictions agreed quite favorably with the experimental dependence of
augmentation on base burning rate except at low accelerations.

Using the values of k" detexmined at 500 psia for propellants N-6
and N-7, theoretical augmentation curves were determined for a pressure of
1000 psia by using 1000 psia and the experimentally determined values of
io at 1000 psia in Equation 15. The results are shown in Figures 40 and 41,
Comparison of Figures 37 and 40 indicates that the model provided a good
estimate for the experimentally determined decrease in augmentation with
increasing pressure for propellant N-7. Comparison of Figures 37 and 41
indicates that the model predicted the opposite effect of pressure on
augmentation as determined by experiment for propellant K-6. However,
the weak dependence on pressure predicted for propellant N-6 agrees with
the experimental data.

In conclusion, the Crowe Model can be employed to predict the dependence
of augmentation on pressure, base burning rate, and acceleration when one
experimental datum point is used to determine the unknown constant in
Equation 15 and the base burning rate dependence on pressure is known. The
failure of the model to correctly predict the dependence of augmentation on
pressure for propellant N-6 probably resulted from the assumption in this
case that k" in Equation 15 was constant. As noted above, k" is a function
of r » @, etc. which are in turn functions of pressure, AP size, and etc.

The significant augmentation obtained for nonmetallized propellants
(discussed above) indicates that the model neglects an important part of
the augmentation mechanism for aluminized composite propellants. As noted
by Crowe et. al., [8], the model also does not consider the effects of burn time or
acceleration on particle size and shape. Thus, the analytically unknown
constant k" (or k') prevents quantitative predictions with the model. The

rwodel also appears to break down at very low accelerations.
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slightly with acceleration and then decreased to less than one at 1000g.
At 1200 psia the augmentvaticn remained practically constant at 2il
accelerations.

The post-firc residue form and weight are practically the same to 60Cg
for both pressures. Above 600g the residue weight varied considerably from
ruit to run at fixed acceleration and pressure, A general trend was
observable. At high accelerations, increasing press' re decreascd residue
weight and increased augmentation. The post-fire residue consisted of
lead and/or copper in addition to the aluminum and/or aluminum oxide.

Comparison of Figures 42 and 44 indicates that the presence of aluminum
enhanced the augmentation at high accelerations.

The following conclusions can be made:

(a) Lead and/cr copper additives tend to flood the propellant
surface and decrease augmentation at high accelerations.,

(b) Lead and/or copper flooding may cause unstable burning at
high accelerations.

(c) Addition of aluminum increases the augmentation but the lead
and/or copper additives prevent significant acceleration

induced burning rate augmentation.
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3 Double-Base Propellants

Ceneral Discussion

- The effects of acceleration on the burning rates of aluminized and
nonaluminized double-base propellants were investigated in hopes of obtaining
2 better understanding of the effects of aluminum on augmentation. The

1 propellant composition for the two propellants employed in this investigation

were presented in Table II. The propellants were practically identical

except that propellant DBNA was nonaluminized and propellant DBA had 5.3

percent aluminum. Both propellants had lead and copper additives.

Nonaluminized Double~Base Propellants

The data obtained for propellant DBNA are presented in Figures 42
and 43. The burning rate augmentation is observed to decrease with
decreasing pressure and increasing acceleration. Post-fire residue data
were taken for the 265 psia runs. A typical post-fire residue obtained for

“ accelerations greater than 250g is shown in Figure 28c. Comparing

Figures 42 and 43 it can be seen that the augmentation began to decrease at
approximately the same acceleration level that post-fire residue began to
appear.

The residue was in the form of pieces and/or partial layers of lead
and/or copper. The characteristic carbon "fluf" found in the inhibitor

cases of the composite propellants burned at low accelerations was not

present. The lead and/or copper have low melting points and probably form

a partial "flood layer" of molten metal on the surface of the burning

propellant - thereiy decreasing the burning rate., Seweral 500 psia tests

RAAREda g o L VT A

and one 265 psia test exhibited unstable burning. The pressure trace would

oscillate in a low frequency sinusoidal motion. The instability could be

the result of periodic flooding and unflooding of the propellant surface.
Aluminized Double-~Base T .opellants

The data obtained for the aluminized double-base propellant DBA are

presented in Figures 44 and 45. The burning rate augmentation increased

with pressure at high accelerations, At 503 psia, augmentation increased
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3.
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S.

6.
7.

8.

9.

1.

2.

CONCLUSIONS

Nonmetalljzed Composite Propeliants
in general, burning rate augmentation increases with increasing
acceleraticn.
Strand cross-sectional arsa has no appreciable effect on burning
rate augmentation.
Strand length (burn time) has only small effects on burning rate
augmentation and/or burning rate.
Burning rate augmentation increases slightly with temperature at high
accelerations.
Burning rate augmentation increases with increasing pressure except
at low acceleratious.
Burning rate augmentation increases with decreasing base burning rate.
AP crystual size has no apprecisble effect on augmentation at high
accelerations, \
Sturm's physical model [5] can be used to explain most of the phenomena
associated with the acceleration sensitivity of nonwmetalliged com;osite
propellants, o
Sturm's analytical expression(s) for burning rate augmentation was
found to qualitatively agree with experimental results. However, use
of a standard drag force expression in place of the Stokes' drag
force expressior improved the agreement between experimental results
and the analytical model at low acceleratiors. The dependence of the
wmodel parameters on "phalanx" flame penetration rate, crvstal consumption
rate, and binder type are not known.

Aluminized Composite Propellants
Burning rate augmentation increases with increzsing acceleration and
decreasing base burning rate.
Burning rate augmentation is not a consistent function of pressure,
Increasing pressure increases post-fire residue weight but does not

appreciable change the residue appearance.
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For a fixed bLasc burning rate, AP crystal size has no appreciable
effect on burning rate augmentation (for small AP crystal sizes).
Burning rate augmentation decreases slightly with increasing temperature
above 20C.

Iron oxide catalysts may effect metal combustion.

Strand cross-sectional area does not affect burning rate augmentation
at low accelerations but may affect augmentation at high acceleratioms.
Swrand cross~sectional area affects the post-fire residue appearance.
Average base burning rate and burning rate augmentation decrease with
increasing strand length (burn time) for accelerations less than 500g.
Augmentation was not a function of strand length for accelerations
greater than 5CCg.

The weight and appearance of the molten metallic material on the
surface of a burning propellant have a strong effect on augmentation,
Weight and form have a strong effect at low accelerations and form has
a dominant effect at high accelerations. Both the form and weight
change with burn time (strand length).

Post~fire residue weight characteristically increases to a maximum
with increasing acceleration and then decreases with further increases
in acceleration. Maximum residue weight was fourd to occur at
accelcrations less than 300g.

Burning rate augmentation Increases as the metal agglomerates become
more distinct.

For a fixed size and weight percentage of aluminum, the following
conclusions can le made with respect to tlie percentages of the total
augnentation that are caused by the metal agglomerates and the AP
crystals in an aluminized composite propellant:

a) TFersmall AP crystals, the AP augmentation effect and the metal
agglomerate augmentation effect are approximately equal in
their contribution to the total burning rate augmentation.

b) TFor very large AP crystals, practically all burning rate

augmentation is due to the metal agglomerate effect.
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14,

15,

1.

2.

3.

1.

The Crowe, et. al. model can be employed to predict the dependence
of augmentation on pressure, base burning rate, and accelcration
when experimental data are_available at one nen-zero acceleration
and the base burning rate dependence on presasure is known. The
primury weaknesses in the nodel are that it does not account for
the AP crystal induced augmentation and that there is no method
for predicitng the quantity or form of the molten metal.
Base burning rate and burn time have the greatest effect upen
augmentation.

Nonaluminized Double-Base Propellants

(with copper and lead additives)

Burning rate augmentation decreases with decreasing pressure and
increasing acceleration.
Burning rate augmentation decresses as the molten metal on the
surface increases in weight (ficod layer).
Burning rate instability may exist at high accelerations as a result
of periodic surface "flooding" and-"unflooding".

Aluminized Double-Base Propellants

(with copper and lead additives)

Burning rate augmentation increases with increasing pressure at high
accelerations.
Burning rate augmentation is not a strong function of acceleration.
The aluminum increases the augmentation but the effect ig

practically cancelled by the opposite effect of the copper and
lead additives.
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FUTURE INVESTIGATIONS
The following 1s a list of the investigations which are planned for
the next year:
1., Detailed study of the effects of arceleration and burn time on residue
weight and form of aluminized composite propellants.
2., Photographic study of the effects of AP size, aluminum, and catalysts
on burning rate augmentation,
3. Continued study of the acceleratiom sensitivity of nonmetallized
composite propellants,
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