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ABSTRACT:

Under contract NavWeps 4235/6, the Naval Postgraduate School is
conducting four experimental investigations: (1) The effect of propellant
strand size on the experimentally measured burning rate at various accel-
eration levels; (2) an investigation of the effect of initial propellant tem-
perature on acceleration induced burning rate augmentation; (3) an investi-
gation of the effect of nominal burning rate on acceleration induced burning
rate augumentation; and (4) a photographic investigation of augmentEed
burning rate.

Significance of the inveatigation and a brief review of the literature
are presented.

The apparatus employed in these investigations is discussed in
references 5 and 7. The test program for the propellant strand size investi-
gation is presented.
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A STUDY OF THE EFFECT OF ACCELERATION ON THE BURNING RATES
OF COMPOSITE AND DOUBLE BASE SOLID PROPELIANTS

Significance

High performance intercept missiles require large accelerations to

accomplish their mission. In addition to the propeliant in ihe maitL

rocket motor, there may be hot gas generators for actuating controls and

providing power. These auxillary hot gas generators are also subject to

the high acceleration. Consequently it is necessary to examine a wide

variety of propellants.

One possible means of stabilizing high altitude sounding rockets

and rocket assisted projectiles is to spin the vehicles about their longi-

tudinal axes. At the spin rates necessary for the required stabilizing

effect, the acceleration effect on the burning of a cylindrical propellant

grain may be considerable.

The experimental results reported by several investigators .2,3,4,5,7,10,14

indicate that acceleration directed normal to and into the burning surface

of a composite solid propellant has a significant effect on the burning

rate. In the centrifugal force fields resulting from spin or from linear

acceleration, there is evidence to indicate that the propellant burning

rate may be increased by several hundred percent for some composite

propellants 5 ,7,9, 0 10

A relative change in burning rate of this magnitude will have a

significant effect on the motor thrust, chamber pressure, and the burning

time. Hence, in order to properly design a motor which will be sub-

Jected to acceleration while burning, effects of acceleration must be

known.

Brief Review of Literature

Several investigators have experimentally studied the effect of

propellant composition, pressure, and the nominal burning rate (r ) on

the acceleration induced burning rate augmentation (r/r ) of composite
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solid propellants 5 ' 6 ' 7 ' 8 ' 9 ° 0 ' 1 4 ' 1 5 . Most of the experimental work

he been -mnnarnaA vwr'i,__Y with mo_4tlIizd ctnrnnnsite propellants

although some work has also been done with non-metallized propellants.

Analytical models for acceleration induced burning rate augmen-
9

tatlon have also been proposed. Crowe has proposed a model for al-
12 7 88

urninized propellants ,. Glick , Sturm and Reichenbach have pro-

posed models for non-aluminized composite propel=ants.

Crowe's model for the burning of aluminized composite propellants

is summarized as follows: The analytical model considers the opposing

forces on the aluminum agglomerates of the centrifugal force (into and

perpendicular to the burning sv.,rface) and the drag force (from the gases

leaving the surface). A particular aluminum agglomerate will burn until

it reaches the size where the centrifugal force equals the drag force.

The agglomerate then leaves the Lurning surface and no longer contri-

butes to the combustion process at the surface. The larger aluminum

agglomerates are held on the surface and increase the energy release

at the surface and the energy transfer from the gas phase to the solid

or molten phase. According to the model, ainything that reduces the

size of the aluminum agglomerates would reduce the effect. of accel-

eration on the burning rate.

Qualitative results have been obtained 9,10 which indicate that the
5,6,7,8proposed model has merit but other investigators 6 have not been

able to correlate their experimental data with Crowe's model.
9,10

The experimental results of Crcwe et.at. for aluminized com-

posite propellants have indicated fhe following: (a) The higher the

nominal burning rate (r ), the les', sensitive the burning rate is to

acceleration forces. It is reasored that the higher nonnal surface gas

velocity which exists for the higher burning rate propellants forces more

of the aluminum agglomerates from the burning surface at any particular

acceleration level. Higher nominal burning rates (r ) can be obtained

by decreasing the AP crystal size and/or by adding burning rate
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catalysts; (b) a smaller AP crystal size also reduces the size of alumi-

num agglomerates on the surface because the "binder pockets" are

smaller; (c) burning rate augmentation (r/r ) decreases with decreasing

pressure. It is reasoned that this effect results from the higher normal

v-Vas velo4,cities 4at th PrpIan su* ,
4

rf~ac atae 4,at the lowe pressures

(d) a critical "flooding" condition can occur in which the entire burning

surface is covered with aluminum, in this condition the normal combustion
7,8,9,10

process is interrupted and the burning rate decreases 8 '

The experimental results of Sturm, Anderson, and Reichenbach 5 '6 ' 7, 8

for aluminiZed composite propellants are summarized as follows: (a) The

burning rate decreases as the strand bums. This result is attributed to

surface "flooding" by the aluminum; (b) burning rate augmentation (r/r
0

is not a consistent function of pressure; (c) burning rate augmentation shows

no consistent trend with initial propellant temperature; (d) burning rate

augmentation is not a function of acceleration level for fast burning rate

propellants; (e) the primary factor affecting flooding was the aluminum

particle size.
7 8Sturm and Reichenbach's ' model for non-metallized composite

propellants is summarized as "ollows: Because the Summerfield granular

diffusion flame model does not correctly explain some experimental

observations at higher than 1 -g acceleration levels, Sturm' extended Fenn's

model for the burning of composite propellants. It was assumed thcat a

similar situation occurred with respect to AP crystals as Crowe assumed

to occur for the aluminum agglomerates. The larger AP crystals are held

on the surface by the acceleration field, enhancing the burning rate. The

smaller AP crystals leave the surface (drag forces greater than accele-

ration forces) and are lost with regard to the surface combustion process.

The AP crystals are considered "unaticLched" to the surface because the

combustion process has proceeded completely around the binder - AP

crystal interface before the AP crystal is consumed.
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Sturn and Roeohonbach wore able to correlato their oxporimental

results for non-motallized propellants with this model.

The experimental results of Sturm and Reichenbaoh' 0 for non-

LnOtA."~ d p o ~ la r mer±~.....a .ci c s: l) urnintV rato

augumentation is significant when the acceleration force is directed

perpendicular and into the burning surface; (b) no time dependence of

burning rate was found for various strand lengths; (c) burning rate aug-

mentation increbses with increasing initial propellant temperature;

(d) burning rate augmentation increases with increasing pressure.

Crowe, et al. obtained their data by utilizing a rotating and internally

burning solid propellant grain. The disadvantage of this experimental pro-

cedure is the large change in the acceleration level as the propellant

burns. Only the average acceleration effectq can be obtained. The ad-

vantage of their apparatus is that it simulates an actual motor configura-

tion.

Stunr and Reichonbach employed end burning strands to obtain their

experimental results. A large centrifuge with surge- tanks wag employed to

minimize the variation of pressure and acceleration level during a particu-,

lar test. The disadvantage of this method is that the propellant strand may

not correctly indicate the burning rate which would exist in an actual motor

configuration.

Investigations Required for Better Understanding of Problem

A. The effect of strand sample size on the experimentally measured

burning rate at various acceleration levels.

This work is required in order to better understand the appli-

cability of data obtained with propellant strands and to correlate the data

obtained by the various investigators.

B. The effect of initial propellant temperature on burning rate

augmentation.

In addition to determing the effects of environmental changes
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on burning rato agmorntatlon this study would eonhanco the undorstanding

oi the coupling betwoen available onergy nnd burning rate,
- -e .P. -' . . ~ ... .J .- . t - _- - - - JI-A,ansA I

' I jM, UILtUV.A Q1 , 11lH,1[1l •IJU U S1-1 &, bl,2 '.JL LO U k -

burningj rate augmentation.

Although some work has bRen done in this area a controlled

series of tests is needed in which the burning ratn Is varied over a large

range. This study ahoUld Include: ,(1) metallized and non-nrntallized

composite propellants in wadh th2 AoP arystal size and percent catalyst

are vcried and (2) doubl-base propellanrts in which thn perocnt catalyst

is'varied. This study would yield a better Insight into the basic macha-

nisms causAng burning rate augmentation.

Analytical investigations are also necessary to supplement

the e),perimental work. The idea of opposing acceleration and drag

forces Oil solid particles (aluminum in CroWo's model and AP in Sturm and

Reichenburh's model) needs further investigation, Since qualitative

agree, nents between theory and experiment have been obtained by Crowe

and Sturm, a model for aluminized propellants incorporating the simul-

taneous effect of acceleration on the AP crystals and aluminum agglo-

merates should be investigated. The double-base investigation would

yield Insight into the effects of acceleration on the gas-phasu reactions

and would eliminate the energy feedback through the metal agglomerates

and/or other solid particles.

D. Photographic investigation of augmented burning rato.

This investigation is required in order to gain a better physi-

cal understanding ol the methods of aluminum ignition, aluminum agglom-

eration, particle "blow-off" from the surface, and fuel "pit" formation.
15,] 6

Several studios are currently being conducted tn this area

Objectives of Curron' Program

The immediate objectives of the current program are to oystoma-

tically investigate items A. through C. listed above. In addition a
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photographic investigation will be Initiated.

The effect of strand sample sizo on the experimentally measured

burning rate at various aoceleration levels is currently being studied.

Strand oross-section is being varied from .2 x .2 inches to 1.0 x 1.0

inches and strand length is boing varied from . 5 inches to 2 .0 inches.

A metallized composite propellant (NOTS X-32) is being employed in this

study in which the pressure levwl is being varied from atmospheric to

1500 psi and the acceleration level is being varied from 0 to 1500 g's.

Strands have also bean fabricated from United Technology Pro-

pellant UTX-3096A, and burning rate augmentation data is being obtained

with the Naval Postgraduate School centrifuge. These teats are being

conducted in order to compare the centrifuge data with that obtained by

UTC for the same propellant but with an internally burning grain sub-

Jected to various acce)eration levels.

The above investigations will be completed by the next report

period.

The investigations of items B. and C. are currently being initiated.

The photographic investigation of burning propellants subjected to

acceleration will begin in the third quarter of the program.
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