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STUDY OF COMBUSTION PROCESSES OF
SINGLE-PERFORATED STICK PROPELLANTS®

J. M. cher! and K. k. Kuo
The Pennsylvanis State University
University Park, PA 16802

Abstract

This paper addresses *1ame=~spreading,
combustion, and grain-rupture processes associated
with unslotted single-perforated stick
propellants, both theoretically and experimentally.
A coupled finite-difference and finite-element
code was developed for solving the property
variations in gas- and solid-phase regions. Tests
were conducted using a windowed chamber for
observation of the transient combustion and
fracture phenomena. Test data indicate that
nigher pressurization rate causes earlier
propellant ignition and faster flame-spreading
rate. Critical pressure differential aoross the
propellant web for grain rupture was found to
increase monotonically with the internal
pressurization rate. Recovered propellant samples
showed that longitudinal slits were formed at low
pressurization rates, while at rapid
pressurization rates (higher than 3.5 GPa/s), the
grains shattered into many small piecss.

Depending upon the internal pressurization rates,
SEM microstructure of fractured surfaces of
recovered grains exhibited ductile tensile,
ductile shear, or brittle-cleavage phenomens.
Calculsted results, in agreement with experimental
data, provide ressonable physical interpretation
of the complicated and coupled
combustion/structural mechanics problem.

Introduction

Interest in the use of single-perfaorated long
stick=propellant charges in large-caliber sun
systems continues to grow. Although the
advantages of stick propellants over granular
propellants for high-performance large-caliber gun
systems have been noted, the true mechanisa for
improved performance has not yet been totally
identified. Numerous studies conducted by a
aumber of investigatorsi~1! indicates that one of
the major advantages of stick propellants aver
conventional randomly packed grains is that a
larger mass of propellant can be loaded into the
same volume, resulting in an increase in gun
performance and flexibility of charge design.
Since loading density can be higher when stick
propellants are used, this configuration is
preferable for Low Vulnerability Ammunition (LOVA)
propellants which require increased mass of
propellant charge to produce equivalent
performance., It has been demonstrated further
that “low resistence through the charge is lower

* This research work represents a part of the
results obtained under Contract No. DAAK
29-83-K-0081, sponsored by the Engineering Science
Division, Army Research Office, Research Triangie
Park, North Carolina, under the management of Dr,
David M. Mann., The authors wish to thank Dr. Mann
and Mr. F. W. Robbins of BRL for their support.
The assistance of Mr. T. Snyder and Mr. R.
Salizzoni or a number of test firings is also
ppreciated,

Ph.D. Candidate .
+Distinguished Alumni Professor of Mechanical
Engineering, Associate Fellow of AIAA

Copyright © Americsa Institute of Asronautics and
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for stick propellants, thus wnabling a Taster and
more reproducible flame-spreading rate over the
charge; this also reduces undesirable high
presswre gradients and severe pressure waves in
gun systems., Consequently, it is possibdle to
achieve higher ballistic reproducidility with
stick propellants. Robbins and Horst! reported a
mechanisa to improve gun performance using
stick-propellant charges, due to the fact that
stick propellants have larger mass and hence less
wobility than granular propellants. They usually
burn in the relatively high=pressure zone near the
breech end, Another significant advantage of
using stick propellants is that they can be loaded
more easily than bag charges, since stick
propsllants can be prepackaged in various desired
dimensions. Although thers is considerable
evidence to support the fact that higner muzzle
velooity and improved overall gun performance can
be achieved when stick propellants replace
conventional granular propellants, the mechanism
for improved performance is not yet fully
underatood.

In the past, partial phenomena of
single-stick propellant combustion and fracture
have been studied by several research groups. The
flow resistance in a stick-propellant charge was
messured by Robbins et al.®° A lumped-parameter
modeling of burning inside the perforation and on
the exterior surfaces of unslotted stick
propellant was conducted by Robbins and Horst.?

They found that even with a unity discharge
coefficient, pressure differentials across the web
exceed the bursting strength by an order of
magnitude. Robbins and Horst“ also conducted
experiments at constant external pressure of 1 atm,
Progressive-interior surface burning caused by the
locally increased pressure was noted in fractured
grain fragments recoverei from tests. Athavale et
al.” observed rupture phenomena under vai-ious
internal pressurization rates. The critical
pressure for dynamic fracture was found to be an
order of magnitude higher than that at
quasi-steady conditions. A theoretical model was
also formulated by Athavale et al., based upon 2
one-dimensional transient gas-phase analysis
coupled with axisymmetric dynamic structural
analysis for the 10lid propellant. However, no
direct comparisoa of calculated results with
experimental data was conducted.

The focus of this continued research is to
achieve a better understanding of the complicated
interaction of flame spreading, combustion, grain
deformation, and rupture inside the perforation
region of a stick propellant by 1) obtaining more
detailed flame-spreading and grain-fracture
phenomena, 2) comparing theoretical predictions
with experimental date, and 3) determining the
applicability of the theoretical .aodel and
compute~ code in predicting this complicated
event.

Theoretical Approach

As mentioned in the Introduction, a
comprehensive theoretical model for predicting the




clame~spreading, combustion, grain deformation,

and fracture process of an unslotted

single~perforated stick propellant was formulated
t7 Athavale et al.7 A schematic diagram of the

physical model for combustion and fracture of a

single=perforated unilotted stick=propellant grain

is shown as Fig. 1. In the theoretical

cormulation, three regions are considered: 1)

internal perforation region; 2) solid propellant

regicn; and 3) external region. A

finite-differsnoe scheme i3 used to solve the flow

properties in the gas phase; and a finite-element
method is used in the solid-phase analysis.

Several apecial features of the model are listed

below,

&) A transient, one-dimensional analysis was
adopted for predicting combustion properties
in the gas phase. Real-gas effeqt,
erosive-burning formuls, and special treatment

on the boundary conditions (all of whioh
affect the accuracy of theoretical prediction)
were oonsidered in the model.

p) A transient two-dimensional structural
analysis for calculating propellant grain
deformation, stress distribution, and fracture
was applied to the solid phase. The NOSOL-363
propellant was treated as a viscoolastic
mterial in shear and elastic matarial in bulk
deformation under dynamic loading conditions.
Transient structural mechanics analysis is
essential, since experimental evidence! has
indicated the strong dependence of oritical
rupture pressure on pressurization rates. The
well-developed HONDO Code!2 was utilized for
the calculation.

e¢) Sinuy NOSOL-363 propellants used in this
investigation are translucent, subsurface
radiation absorption has been oonsidered. The
theoretical formulation adopts a two-flux
model in the treatment of radiative heat
fluxes.

4) A coupled subprogram was developed to combine
the combustion process with the grain dynamic
deformation. Propellant grain regression
caused by combustion and deformation due to
dynamic loading was calculated at each time
step. The instantaneous web thickness and
sur”ace location of the internal perforation
were then used to generate new flow-channel

geometry.
Numerical Approach
Combustion Code
A goneralized implicit scheme, based on

IGNITER SYSTEM

central difference in spanwise derivatives, was
ghosen to solve the governing equations
numerically. A weighting parameter 8 is used to
control the degree o implicitness of the
numerical scheme. The value of 8 is 0.5 for the
Crank=Niocolson Scheme, and a value of 0.6 is used
in the numerical simulation Tor the gas phase.

Solid-Mechanics Code

In the HONDC Code, the Galerkin form of the
finite element method is used to generate the
epacial discretization.!2 Tnis may alsc be viewed
a3 a use of the Principle of Virtual Work. An
srbitrary quadrilateral aesh was adopted. The
motion of the boundary of elements is assumed to
vary bilinearly over the element using

isoparametric coordinates, An element-by~element
process is used to generate the equations of
motion for all nodes. The resulting simultaneocus
equations in time are integrated using central
difference expression for velocity and
displacement. Since a diagonal mass matrix is
used, the scheme Js explicit, and therefore
computationally very fast per time atep. This
integration procedure, which is conditionally
stable with respect to time—-atep size, provides a
very simple, reliable, continuous monitor of the
step=size used in the program.

Overall Computation Procedure

The atruature of finite-difference grids with
finite-element nodss is shown in Fig. 2. The
overall flow chart and detailed calculation
procedure are shown in Fig. 3. Calculation of
amechanical behavior of the solid propellant is
performed by the subprogram, HONDO-II, which is
coupled to the finite-difference program. TO
lower computational coats, HONDO-II is called
after each five time-step calculation of gas-phase
properties. This procedure has a negligible efect
on the accuracy Of the nalculated results, since
mechanical deformation within each time step for
the gas-phase calculation (2 us) is extrewely
small. The amount of mechaniocal deforamation is
then divided into five increments and distributed
to the five time steps in the next gas-phase
calculations,

Exper imental Approach

A teat chamber was designed and fabricatnd to
study flame spreading and comdustion inside the
stick perforation, and mechanical deformation of

PERFORATION REGION
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Schematic Diagram of the Physical Model
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Perforated Unslotted Stick-rropellant
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the propellant grain under dynamic loading.
Tigure 4 is a schematic drawing of the windowed
test rig. A long (60 cm) single~stick propellant
has been used in the test chamber. A photograph
of the stick propellant sample mounted on the
sample holder is shown in Fig. 5.

The test chamber has the aapadility to
measure both transient pressures inside the
perforation at several axial locations and
pressures outside the stick propellmt. The
chaaber has two long windows through which the
phenorena of flame spreading, combuation, and
fracture can be observed. Presaure external to
the stick propellant can be kept at a fixed level
using compressed nitrogen gas, or filled
2mpletely with water. The internal perforation

«* the stick propellant is pressurized using hot
coTbustion gases generated from a driving motor.
The data acquisition system ocontains a transient
waveform recorder to store the pressure-time
traces during dynamiq pressurization. The time of
grain fractura, aa well as the critical pressure
differential across the propellant web, was
determined from the traces and from high~speed
movie films. Both high-speed movie and video
cameras were used LO obtain records of the flame
spresding, combustion, and grain fracture.

Disgussion of Results

Numerous tests were conducted using the test
chamber descrined above. A typical set of
proessure=-time traces (DADP-18) is shown in Fig. 6.
Pressure history at several lncations of the
propellant wan recorded. Detailed physical
interpretation of the event is given in the
Tigure, from which the occurrence of propellant
grain rupture can bc determined. The dependence
of critical rupture pressure on the pressurization
rate of internal perforation of NOSOL-363 stick
propellant is shown in Fig. 7. This shows that
(8P)pypture monotonically increases with respect
to internal pressurization rate. At higher
pressurization rates, the propellant grain cannot
respond immediately to inatantaneous pressurs, and
hence introduces the so-called inertia effect,
which in turn delays the propellant grain rupture,
From Fig. T, it is clear that by lowering initial

[™]

propellant teaperature, the slupe of the curve of
(&P)pypture Versus dP/dt becomss stesper. This
indicates that at lower temperatures the
psropsllant is more brittie, enadling it to sustain
higher yeilding stresa; at high temperatures, thls
is not the case. Therefors, »% low temperatures,
for high pressurization rates, propellant graina
oxhibit larger criticsl rupture presswres, It is
interesting to note that although the propellant
grain has higher (AP)pypture 4t lOw temperatures,
the energy absorbed by gho grain (as indioated by
the area under the stress-strain curve) is lower
than that of a high-temperature case.

The miorostructure of ruptured surfaces of
recovered grains was observed using a Scanning
Electron Microscope (SEM). Figures 8a and 8b show
reocovered NOSOL-363 stick propellant grains with
ruptured curfaces as curved slits. An SBM picture

Road input dka mnd
initial conditions

Advarce tlae
by one time step

i

caloulate flow field and
sonerate presswre and

goousiry values for the
internal perforation region

Deteraine new
flow channel

Generagte initial mesh
or new mesh if aurface

L__regression is nunzero geometry

Caloulate new deformed

geometry using wodified

HONDO II and pressure

distridution
%o
t>t>

Yeos

Fig. 3 Overall Computation Procedure
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Fig. 4 Schematic Diagram of Test Rig Asseably for
Studying Combustion and Fracture of a
Single=~Perforated Stick Propellant

of the “ractured surface at a relatively low
pressurization rate of 2.35 GPa/s is shown in Fig.
8c. Figures 9a and 9b shiow the rescovered
shattered grains for the sams propellant under a

higher dynamic Tracture condition (3P/3t « 25.28
GPa/s). It is evident from these photographs that
the surface of the shattered pieces contains aany
microcracks which are the result of very rapid
stress loading. Figures 10a, 10b, and 10c show a
set of microstrustures from different recovered
grains under various test conditions. Propellant
grain fractured by ductile tensile, ductile shear,
and brittle cleavage, respectively, can also be
Qbserved here; thus, propellant grain fracture
coould be caused by several factors, depending
upon pressurization rate, grain ignition, and
combustion conditions in each test.

In order to observe the interaction of flame
spreading, combustion, and fracture of stick
propellants, high-speed motion pictures werse ‘aken
during the test using Hycam or Spin Physics
(SP-2000) high-speed movie and video cameras.

The purpose of using water in the external region
is to delay the rupture process and observe mure
clearly the locations of grain rupture.
Deforaation was not restricted to the center
por’ion of the propellant, and the propellant was
photographed orly through the first-window
portion, AS can be seen from Fig. 11 (Teat No.
DADP-26), the propellant was first ignited in the

Fig. 5 Sample Holder Assembly with Propellant
Sample

head-end regiun at t = 2,214 ms, and the flame
®ront propagated into the aft-end region. At time
= 2,454 ms, the propellant grain ruptured, causing

a decreale in internal perforation region
puss\ro. retarded flame spreading, and drastic
reduction of flame brightneas., At time = 2,621
ms, some bright spots were observed, indicating
the locations vhere propellant grain fractured
initially. This can be ocompared with the
recovered grain shown in Fig. 8a., After time =
3.662 us, the flmme was extinguished by tho
surrounding water. Based on the P=t traces and
the high=speed movie filus, Clame spreading,
combustion, and grain rupture processes of the
single-perforated stick propellant can be fully
determined. The deformation of propellant grain
before rupture was too saall to be visible.
However, deforsation distributions were calcoulated
from the theorstical prediction.

The instantar.sous location of the flame Zront
can be determined from the recorded films. Figure
12 shows two measured sets of flame-front
locations versus time under different
pressurization rates. The deduced flame-spreading
rates oorresponding to these two flame-front
trajectories are plotted in Fig. 3. It can be
seen that higher pressurization rates produce
Caster Clame-spraading rates.

Theoretical calculation for simulating a
typical test (DADP-18) before propellant grain
rupture was conducted. The calaulated time
variations of pressure, velocity, and temperature
at different axial locations are shown in Figs.
14, 15, and 16, respectively. From Fig. 14, it
can be seen that pressure at the center portion (x
= 0,30 m) rises at a faster rate than pressure at
other gauge locations. This is due to gas
accumulation at the center location as well as
restricted grain deformation by the mid propellant
holder block. In Fig. 15, initial flow is in the
forward direction throughout the perforation
region, After development of the adverse pressure
grad.ent (see Fig. 14), flow reversal occurs in

.the front portion of the propellant grain. The

valocity increases drastically on both ends of the
percoration region, due to the increase Of mass
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Fig. 6 Typical Set of Pressure-Time Trages in the
Comdustion and Fracture 0% a Single-
Perforated NOSOL-363 Stick Propellant
(Teat No. DADP=18)

flow rate from the center portion. This severs
burning condition is also evident from high-spesdd
movie film, Froa the calaulated temperature-tine
traces at varicus locations (shown in Fig. 16) one
cen see thet the gas temperature before grain
cupture sven regches a level deyond that of the
adisdatic Ciame temporature. This is dus to gas
agcumulation and ocdmpression in the mid- and
downstream location of the stiek propellant.
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Fig. T ‘ieasured Dependencs of _ritical Rupture
Pressure Differential on the
Pressurization Rate and Initial
Temperature

™he calculated pressure, velocity, and
temperatury distributions at various tises are
shown in Figs. 17, 18, and 19, reapeatively. The
flame~front trejectory is also superiaposed on
these plots. In Fig. 17, pressure distridbution
along the axial location deoreases monotoniocally
before t = 1.9 us. At time greater than 2.39 ms,
the propellmnt inside the perforation region ia
burned seversly. It oan be ssen that the pressure
peak moves downstresm as time increanes; this is
the result of gas acouwmulation bdehind the ignition
front. The effect Of ges accumulation also causes
the highest presswe locally.

Feom the prediated velccity distribduticns at
various times (see Fig. 18), it is evident that at
the initial period, the velocity decreaser
monotonically along the axial localion. As the
propsllant iz Burned continuvously (¢ > 2,39 am),
the velocity distribution peak moves downstream
due to the lookl presaure gradient which exists
inside the perforating region. At & later time,
(t = 2,79 ms), the combustion gas in the upstresm
may flow i{n the reverae direction due to gas flow
in outward directions from the high-pressure
reglon,

Calculated “emperriure distribdutions at
varigus times are shovn in Fig. 19. One can see
that during the initial time period (t = 0.39 as),
a steep temperatuce gradient is present. This is
mainly due to the fact that the initial increass
of the tempecature inside the perforation is
the result of hot gas penetration, Since the gas
velocity in the downstream is nearly zero during
this period, the temperature in the downstream
region i3 also ejual to the initial temperature of
the gas. Aa the propsllant starts to burn, the
temperature inside the perforation region begina
to increase and is dominated dy the “lame
temperature of the propellant. In certain
downstream locations, the gas temperature is
nigher than the adiabatic flame temperature;
this i3 due tn the »ffect of gas accumulation and
compression before the bursting diaphragm.
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a) Photography ot Recovered Grain with
Longitudinal Curved S.iit

~— J

®) Sketch of Ruptured Grain

c) SBEM Photograph of the Ruptured Surface

7ig. 8 Pnotographs of the Ruptured Surface o?
NOSOL=~363 Stick Propellant at Low
Pras-urization Rates

Finure 20 shows the radial-displaceaent
irstributions %or each row of finite elements
along the axial direction at three different times.
The web thickness is divided into two rows of
%inite elements. Three node surfaces bound these
elements, sach surfxce containing 31 nodes.
Calculated deformations are small as compared to
the original web thickness. Displacements for the
Quter row are restricted at three holder
locations; therefore, displacement distributions
are not unifora. As evident from these curves,
the maximwn deformation occurs near the center of
the ®irst window locatiun.

The calculated stress distribution for each
slement Of the propellant grain is shown in Fig.
2'. At time = 3.8 ms, the stress at the upstream
07 the inner element is extremely large. It is
expected that propellant grain will rupture near
the 17 20 stress region; this is very close to the
observed rupture location 2rom high-speed movie
%ilm.

Figure 22 presents a comparison of the
predicted pressure-time trace at upstream location
with measured data from the test firing., It is
evident that they are in good agreement; the
maximum deviation Zor the predicted value Trom the
test ~esult is about 10%,

a) Photograph of Recovered Grain with
Shattered Pleces

b) SEM Photograph of the Ruptursd Surface
Showing the Existence of Microoracks

Fig., 9 Pnotographs of the Rupcured Surface of
NOSOL-363 Stick Propellant at High
Pressurization Rates

Comparison of predicted and measured
ignition-Sront locations is shown in Fig. 23, It
can be 3een that the model also predicts the trend
of the ignition front quite well., Disagreement of
these two results say be due to the different
criteria used in theory and experiment to
detergine the flame-front location. In
theoretlcal calculation, the ignition front is
determined as the propellant surface-teaperature
reaches the ignition temperature of 500K, In the
actual film, however, the “lame front can be

Observed only when the gas temperature is high
enough to be visible, following which the
curve-fitting scheme is used to determine the
2lmme=%ront locaticns.

Summary and Conclusion
Some of the major observations and results
obtained from this study are summarized as
follows.

1) The critical pressure differential *or grain
rupture increases monotonically with
pressurizatioy rate: the critical pressure
differential can be substantially highec at
rapid pressurization rates than at steady
operating conditions, Lowering the initial
temperature of the v~ope.lant grain and
increas.ing the presayrisation rate, causes
the prop2llant to ushdve as a brittle
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A »

E material, Higher critical pressure

differential 1s measured for these test:
conditions, :

Recovered test samples show that for low
pressurization rates, the grain fractures
with one or more longitudinal slits; but at
very rapid pressurization rates, the
propellant shatters into many pleges. This
13 important since fragments of the shattered
propellant generate a significartly higher
total burning surface ares, which in turn
leads to snhanced burning of the propellant,
From SEM photographs, fractured surfaces of
shattered propellant pieces show the
axistence of numerous microoracks.
Miorocracks are absent in the case of low
pressurization rate tests,

Ignition is earlier and flame spreading is
faster for higher pressurization rate
conditions. ‘

A theoretical model has been developed to
analyze the interaction between combustion
pr'ocesses aad grain deformation inside the
perforation region of single-perforated stick
propellants before propellant rupture.
Calculated temperature, pressure, velogity,
grain deformation, stress distributions,
etc., along the flow direction aid in the
physical interpretation of the coupled
combustion event and structural mechanics
problem. ) )
Comparison of the predicted pressure-time
trace with the measured data from test firing
shows them to be in good agreeament. Based on
this agreement, the theoretical model has

been validated to simulate the present
problea.
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