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STUDY Of COMBUSTZON PROCUSSES OP
SINOL*-PERORATED STICK PROPELLANTS*

.J. H. Chart and K. K. Kuof
The Pennsylvania State University

University Park, PA 16802

Abstract for stick propellants, thus enabling a faster and
more reproducible flame-spreading rate over the

This paper addresses 'lame*-spreading, chargel this also reduces undesirable high

combustion, and grain-rupture processes associated pressure gradients and severe pressure waves in

with unslotted single-perforated stick gun Systems. Consequently, it is possible to

propellants, both theoretically and experimentally, achieve higher ballistic reproducibility with

A coupled finite-differehce and finite-alement stick propellants. Robbins and Horstl reported a

code was developed for solving the property mechanism to improve gun performance using

variations in gas- and solid-phase regions. Tests stick-propellant charges, due to the fact that

were conducted using a windowed chamber for stick propellants have larger mass and hence less

observation of the transient combustion and mobility than granular propollants. They usually

fracture phenomena. Test data indicate that burn in the relatively high-pressure zone near the

higher pressurization ate causes earlier breech end. Another significant advantage of

propellant tinition and faster flame-spreading using stick propellants is that they can be loaded

rate. Critical pressure differential across the more easily than bag charges, since stick

propellant web for grain rupture was found to propellants can be prepackaged in various desired

increase monotonically with the internal dimensions. Although there is considerable

pressurization rate. Recovered propellant samples evidence to support the fact that higner muzzle

showed that longitudinal slits were formed at low velocity and improved overall gun performance can

pressurization rates, while at rapid be achieved when stick propellants replace

pressurization rates (higher than 3.5 GPa/si, the conventional granular propellants, the mechanism

grains shattered into many Small piec-s. for improved performance is not yet fully

Depending upon the internal pressurization rates, understood.

SEM microstructure of fractured surfaces of In the past, partial phenomena of

recovered grains exhibited ductile tensile, single-stick propellant combustion and fracture

ductile shear, or brittle-cleavage phenomena. have been studied by several research groups. The
Calculated results, in agreement with experimental flow resistance in a stick-propellant charge was

data, provide reasonable physical interpretation measured by Robbins eet al. 8  A lumped-parameter

of the complicated and coupled modeling of burning inside the perforation and on

combustion/structural mechanics problem, the exterior surfaces of unslotted stick

Introduction propellant was conducted by Robbins and Horst. 2

They found that even with a unity discharge
Interest in the use of single-perforated long coefficient, pressure differentials across the web

stick-propellant charges in large-caliber Zun exceed the bursting strength by an order of
systems continues to grow. Although the magnitude. Robbins and HorstO also conducted
advantages of stick propellants over granular experiments at constant external pressure of 1 atm.
propellants for high-performance large-caliber gun Progreesive-interior surface burning caused by the
systems have been noted, the true mechanism for locally increased pressure was noted in fractured
improved performance has not yet been totally grain fragents recoverse from tests. Athavale et
identified. Numerous studies conducted by a al. 7 observed rupture phenomena under vatious
aumber of investigators 1 "1 1 indicates that one of internal pressurization rates. The critical.
the major advantages of stick propellants over pressure for dynamic fracture was found to be an
conventional randomly packed grains is that a order of magnitude higher than that at
larger mass of propellant can be loaded into the quasi-steady conditions. A theoretical model was
same volume, resulting in an increase in gun also formulated by Athavale et al., based upon a
performance and flexibility of charge design. one-dimensional transient gas-phase analysis
Since loading density can be higher when stick coupled with axisymmetric dynamic structural
propellants are used, this configuration is analysis for the 3olid propellant. However, no
preferable for Low Vulnerability Ammunition (LOVA) direct compariso. of calculated results with
propellants which require increased mass of experimental data was conducted.
propellant charge to produce equivalent The focus of this continued research is to
performance. It has been demonstrated further achieve a better understanding of the complicated
that 'low resistance through the charge is lower interaction of flame spreading, combustion, grain

* This research work represents a part of the deformation, and rupture inside the perforation

results obtained under Contract No. DAAK region of a stick propellant by 1) obtaining more

29-83-K-0081, sponsored by the Engineering Science detailed flame-spreading and grain-fracture
Division, Army Research Office, Research Triangie phenomena, 2) comparing theoretical predictions

Park, North Cdrolina, under the management of Dr. with experimental date, and 3) determining the

David M. Mann. The authors wish to thank Dr. Mann applicability of the theoretical ,oodel and

end Mr. F. W. Robbins of BRL for their support. computeý code in predicting this complicated
The assistance of Mr. T. Snyder and Mr. R. event.

Salizzoni or a number of test firings is also
ppreciated. Theoretical Approach
Ph.D. Candidate As mentioned in the Introduction, a
Distinguished Alumni Professor of Mechanic-al Asmentionetic t odultion a
Engineering, Associate Fellow of AIAA comprehensive theoretical model for predicting the

Copfylgkt 0 Amsm Imdlate of a.oufomliks 201
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flame-spreadint, combustion, grain deformation, central difference in spanwiso derivatives, was
and fracture proms of an unslotted chosen to solv the governing equations
single-perforated stick propellant was formulated numerically. A weighting parameter a is used to
ty Athavale et al. 7  A schematic diagram of the control the degree of implicitness of the

physical model for combustiOn and fracture of a numerical scheme. The value of a is 0.5 for the

single-perforated unilotted stick-propellant grain Crank-Nicolson Scheme, and a value of 0.6 is used
is shown as Fig. 1. In the theoretical in the numerical simulation for the gas phase.
Oormulation, three regions are considered: 1)
internal perforation region; 2) solid propellant Solid-Hechanics Code
region; and 3) external region. A
finite-difference siaheme is used to solve the flow Zn the HONDO Code, the Oalerkin form of the
properties in the gas phase; and a finite-elemen. finite element method is used to generate the
method is used in the solid-phase analysis. epaoial disoretlzation.12 This may also be viewed
Several special features of the model are listed as a use of the Principle of Virtual Work. An
below., arbitrary quadrilateral mesh was adopted. The
a) A transient, one-dimensional analysis was motion of the boundary of elements is assumed to

adopted for predicting combustion properties vary bilinearly over the element using
in the gas phase. Real-gas effect.
erosive-burning formult, and special treatment isoparmotric coordinates. An element-by-elamant

process is used to generate the equations of
on the boundary conditions (all of which motion for all nodes. The resulting simultaneous
affect the accuracy of theoretical prediction) equations in time are integrated using central

wereion cosdee inm the model.dusn cnta
were considered in the modnal difference expression for velocity and

b) A transient two-dimensional structural displacement. Since a diagonal mass matrix is
analysis for calculating propellant grain used, the scheme Is explicit, and therefore
deformation, stress distribution, and fracture computationally very fast per tine atop. This
was applied to the solid phase. The NOSOL-363 integration procedure, which is conditionally
propellant was treated as a viscoolastic stable with respect to tine-step size, provides a
material in shear and elastic material in bulk very simple, reliable, continuous monitor of the
deformation under dynamic loading conditions. step-size used in the pogrm.
Transient sLructural mechanics analysis is
essential, since experimental evidence a Overall Comhutaaon Procedure
indicated the strong dependence of critical
rupture pressure on pressurization rates. The The structure of finite-difference grids with
well-developed HONDO Code 1 2 was utilized for finite-element nod'es is shown In Fig. 2. The
the calculation. overall flow chart and detailed calculation

a) SinQ? NOSOL-363 propellants used in this procedure are shown In Fit. 3. Calculation of
investigation are translucent, subsurface mechanical behavior of the solid propellant is
radiatLion absorption has been considered. The performed by the subprogram, HONDa-1, which Is
theoretical formulation adopts a two-flux coupled to the finite-differeane program. To
model in the treatment of radiative heat lower computational coets, HONDO-UI is called
1'luxes. after each five time-step calculation of gas-phase

4) A coupled subprogram was developed to combine properties. This procedure has a negligible efect
the combustion process with the grain dynamic on the accuracy of the nalculated results, since
deformation. Propellant grain regression mechanical deforwatLon within each tine step for
caused by combustion and deformation due to the gas-phase calculation (2 ps) is extremely
dynamic loading was calculated at each time small. The amojnt of mechanical deformation is
step. The instantaneous web thickness and then divided into five increments and distributed
surface location of the internal perforation to the five time steps in the next gas-phase
were then used to generate now flow-channel calculations.
geometry.

Numerical Approach Experimental Approach

A test chamber was designed and fabricatid to
Combustion Code study flame spreading and combustion inside the

stick perforation, and mechanical deformation of
A generalized implicit scheme, based on

IGNITE£R SYSTEM PERFORAbION REGION
MAIN CHAMBER SINGLE SIKPROPELLANT

INL ET NOZZLE WEB RPTUIRE
DISC

PROPELLANT HOLDERS

Fig. 1 Schematic Diagram of the Physical Model
for Combustion and Fracture of a Single-
Perforated Unslotted Stick-Iropellant
Grain

2
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A 4-NODE ELEMENT

FINITE DIFFERENCE NOOqS

t .• >~Ses PMASE

r FINITE ELEMENT GRID -RIGIO BOUNOARY

Fig. 2 Structure Of' Finite-Differene and Finite-
Element NOdes (The total numbers of node&

and elements we reduced for clarity)
thse propellant grain under dynamic lOading. propellant temperature, the slupe of the curve ofFigure 4i is a schematic drawing of the windo•ed (AP)pupturg versus dP/dt becomn steeper. This
test rig. A long (60 Om) single-ttick propellant indicate% that at lower temperatures the
has been used in the test chamber. A photograph &Wope11nt is more brittie, enablipg it to sustain
o the stick propellant sample mounted on the higher yeilding stress: at high temperatures, th15
sample holder is shown in Pit. 5. is not the case. Therefore, At lo temperatures,

The test chamber has the capability to for high pressurization rates, propellant grainsmeasure both transient pressures inside the exhibit lager critical rupture pressures. It isperforation at several axial locations and interesting to note that although the propellant
pressures outside the Stick prOpellant. The Vain has higher (AP)rupture at low temperatures,
chamber has two long windows through which the the energy absorbed by the grain (as Indicated by
phenomena of fliae spreading, combustion, and the area uader the stress-straln ourve) Is lower
fracture can be observed. Pressure external to than that of a high-temperature case.
the stick propellant can be kept at a fixed level The Miarostruature of ruptured surfaces ofusing compressed nitrogen gas, or filled recovered grains was observed using a Scanning
-)mplote~y with water. The internal perforation Electron Microscope (SER). Figures Ba and Bb show
,j- the stick propellant is pressurized using hot recovoed NOSOL-363 stick propellant grains with
combustion gases generated from a driving motor. ruptured surfaces as curved slits. An SE "picture
The data acquisition system contains a transient
wav•form recorder to store the pressure-time l met *a& and
traces during dynamic pressurization. The time of int~sil oamlhitm I
grain fractura. as well as the critical pressure
differential across the propellant web, was
determined from the traces and from high-speed of
'iovie films. Both high-speed movie and video time step
eumeras were used to obtain records of the flam e
spreading, combustion, and grain fracture. Calculate tlow fiel an,ipawate prssurwe and

Discussion of Results geomery vlefor MW

H,.merous tests were conducted using the test I
chamber descril)ed above. A typical set of Generamte Iitia, s time Rornw 2011h if ou= lacane
pressure-time traces (DADP-18) is shown in Fig. 6. geeomeni ,w.ao / U•try
Pt'essure history at several lncations of the
propellant wau recorded. Detailed physical Caculat, now Warn
interpretation of the event is given in the asmotry using •oditiedfigure. from which the occurrence of propellant IMMo 11 and pressure
grain rupture can be determined. The dependence distriution

of critical rupture pressure on the pressurization
rate of internal perforation of NOSOL-363 stick frct>
propellant is shown in Fig. 7. This shows that riterion No
(AP)rupture monotonically increases with respect &Chad 7
to internal pressurization rate. At higher
Pressurization rates, the propellant grain cannot Yes eI
respond immediately to instantaneous pressure, and
hence introduces the so-called inertia effect,
which in turn delays the propellant grain rupture.
From Fig. 7. it is clear that by lowering initial Fig. 3 Overall Computation Procedure

i • m i • • • . .. . .. .. .



10 MOT"
IGNITINM8VUI ITIA KS Mika 1,116146111

TImNSDUCI am^[~i.? M MV~ ( PotSSI

11901T1It KA-D UtLtlO

Fig Schmaic iar, of Tes Ri Asmby/

Study ng o~mbustion an rcuea

of ilefraturd sr'ae a aSinglePeorforated Stick Fropeilant tt*221•aad.h lm
a relatively lo head-end reGives

pressurization rata of 2.35 GPa/s is shown in Fig. front propagated into the aft-end region. At time
8c. Fig~ures 9a and 9b as~w the recovered * 2.A51 us, the propellant grain ruptured, causing
shattered grains ,for the aset propellant under a a decrease in internal perforation region
higher dynamic fractur condition (•P/8t - 25.28 • a•st*, retarded tlie Spreading, and dratic
OPa/s) * It is evident frau these photogr'aphs that reduction of time brLghtn~ss. At time - 2.621
the surface of the shattered piecs contains many ms som beight spots were observed, indicating
icrocracks which are the result of vey rapid the locations whore propellant grain fractured

stress loading. Figures lOa, lOb, and 10c sh~Ow a inititally. This can be coonpared with the
set of microstruotures tram diffterent recovered recovered grain shown in Fig. SQ. After time-
grains under various test conditions. • lm 3.662 us, th time was extinguihed by tho
grain fractured by ductile tensile, ductile sheer, surroundingl water. Dased on the P-t tr'ace and
and brittle cleavage, respectively, can alo be the high-spee movie tiiws, lime spreading,
observed here; thus, propellat grIain fracture combustion, and grain rupture processes of the
coould be caused by several facotrs, depending single-perforated stick propellant can be fully

upnpressurization rate, grain ignition, and determined. The deformation ot propellant grain
co~bstin €ndiionsin ae~ tetbefore rupture was too smal to be visitle.

c bsion ondirtionoser h ineahtesat. o a"fso However, doforsation distributions were calculated

spreading, combustion, and ffracture of stick •O ~ hoeia rdcin
propellants, high-spee motion pictures were 'alcen The instanta.eous location at the time front
during the test using Hycam or Spin Physics can be determined tram the recorded films. Fiu~e
(SP-2000) high-speed moves and video cameras. 12 shOWS two measured sets Ot ilme-front
The purpose of using water in the external region locations versus time under different
is to delay the rupture process and observe more pressurization rates. The deduced time-spreading
clearly the locations or gran rupture, rates corresponding to these two tiinefront
Detor~aation was not restricted to the center trajectories are plotted in Fig. 13. It can be
por ion of the propellant, and the propellant was sentahierpsuiainrtspode
photogriaphed ornly through the first-window faster time-spreading rates.
portion. As can be seen from Fig. 1 1 (Test No. Theoretical calculation for simulating a
DADP-26). the propellant was !irst ignited in the typical test (DADP-18) beores propellant gran

rupture was conducted. The calnulated time
variations of pressure, velocity, and temperature
at different axial locations are shown in Figs.
lii, 15, and 16, respectively. From Fig. 1•, it
can be seen that pressure at the center portion (x
- 0.30 m) rises at a f'aster rate than pressure at
other gauge locations. This is due to gas
accumulation at the center location as well asrestricted grain deformation by the mid propellantholder block. In Fig. 15, initil flow is in the

Sorward direction throughout the perforation
repion. After development oi the adverse pressure
8rad.ient (see aig. 9r.), flow reversal occurs in

wthe rrent portion of the propellant grain n. The
Fig. 5 Sample Holder Assembly with Propellant v3locity increases dastically on byth ends of the

Sapple perporation region, due to the increase on mass

comuston ondtins n ech es. bfor rutue ws to sal tobe isile
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a) Photography of Reovered Grain with 4) Photoph of Recovered Grain with
Longitudlnal Curved S&Lt shattered Pleae

b) Sketch of Ruptured Grain

b) SO Photograph of the Ruptursd Surface
Showing the Existence of Miorocracks

Fig. 9 Photographs of the Rupturod Surface oTc) SEN Photograph of the Ruptured Surface NOSOL-363 Stick Propellant at High

Fig. 8 Photographs of the Raptured Sutfae oe Preesuriantion Rates

NOSOý.-363 Stick Propellant at Low Comparison of peedinted and measured
Pris-urization Rates ignition-,ront locations is shown In Fig. 23. It

can be seen that the model also predicts the trendFioare 20 shows the radial-displacement of' the igrnition f'ront quite well. Disagrement of'
.,:tributions 'Or each row of inite elements these two results may be due to the different
tlong the axial directLon at three different times. criteria used In theory and experiment to

The web thickness is divided into two rows of determine the flame-front location. In
inite elements. Three node surfaces bound these theoretical calculation, the Ignitlon front is

elements, each surface containing 31 nodes. determined as the propellant surface-temperature
Calculated deformations are small as compared to reaches the ignition temperature of 600K. In the
the original web thickness. Displacements for the actual film, however, the .lime front can be
outer row are restricted at three holder
locationsl therefore, displacement distributions observed only when the gas temperature is high
are not uniform. As evident from these curves, enough to be visible. following which the
the maximum deformation occurs near the center of curve-fitting scheme is used to determine the
the irst window locatiýn. dnIme-front locatiois.

The calculated stress distribution for each
element of the propellant grain is shown in Fig. Summary and Conclusion
21. At time - 3.8 is, the stress at the upstream Some o.! the major observations and results
o0 the inner element is extremely large. It is obtained from this study are summarized as
expected that propellant grain will rupture near *ollows.
the Vigo stress region; this is very close to the 1) The critical pressure differential tor grainobserved rupt're location tr m high-speed movie rupture increases monotonically with
oilm. pressurizatio, rate- the critical pressure

Figure 22 presents a comparison of the differential can be substantially higher at
predicted pressure-time trace at upstream location rapiLi pressurization rates than at steady
with measured data from the test firing. It is operatiig conditions. Lowering the initial
evident that they are in good agreement; the temperature oa, the -'.ope.lant grain and
maximum deviation for the predicted value from the tncreasrong the pressuhnatson rate, causes
test result is ab.out 10%. the prop-'Iant to behve as a brittle
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Fig. 11 High-Speed Pctures Showing Flame
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Fig. 10 •tU;.rl. Tensile, Ductile Shear, and
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the Ruptured Surfamce -f NOSOL-363 StickPropellar.t,
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material. Highe criia prss 6. M4inor, T., *Mitigation of Ip~ItIon-Induced,
differential is measured for those test To-Phaee Flow Dynamics in Guns through the
conditions. Use of Stick Propellants," Technical Report

2) Recovered test samples show that for low ARBRL-TR-02508, Aug. 1983.
pressurization rates, the grain fractures
with one or more longitudinal slits; but at T. Athavale, N. N., Hsich, K. C., Hsieh, W. H.,
very rapid pressurization rates, the Char, J. M., and Kuo, K.k K., "Interaction ofpropellant shatters into many pieces. This Flame-Spreading, Comb,!stion rand Fracture of
Lb important since fragments of the shattered Single-Perforated Stick i'ropellants,"
propellant generate a siwnificartly higher Dynamis of Explosion, AIAA Progress Series,
total burning surfece area, which in turn Vol. 105, Sept. 1986, pp. 267-290.
leads to enhanced burning of the propellant.

3) From SEM photographs, fractured surfaoes of 8.' Robbins, F. W., Kudzal, J. A., McWilliams, J.
shattered propellant pieces show the A., and Gough. P. S., "Experimental
existence of numerous miorooracks. Determination of Stick Charge Flow
Miarooracks are absent In the case of low Resistance," Proceedings of the 17th JANNAF
pressurization rate tests. Combustion Meeting, CPIA Publication 329,

4) Ignition is earlier and flame spreading is Vol. 11, 1980, pp. 97-118.
faster for higher pressurization rate
conditions. 9. Ooush, P. S., "(ontinuous Modeling of Stick

5) A theoretical model has boen developed to Charge Combustion,* Proceedings of the 20th
analyze the interaction between combustion JANNAF Combustion Meeting, CPIA Publication
ptrocesses cid grain deformation inside the 383, Vol. I, 1983, pp. 351-363.
perforation region of single-perforated stick
propellants before propellant rupture. 10. Gough, P. S., "Modeling of Rigidized Gun
Calculated temperAture, pressure, velocity, Propelling Charges," Contract Report
grain deformation, stress distributions, ARBRL-CR0-0518, 1983.
etc., along the flow direction aid in the
physical interpretation of the coupled 11. Horst, A. W., Robbins, F. W., and Gough, P.
combustion event and structural mechanics S., "Multi-Dimensional, Multiphase Flow
problem. Analysis of Flamespreading in a Stick

6) Comparison of the predicted pressure-time Propellant Charge," Proceedings of the 20th
trace with the measured data from test firing JANNAF Combustion Meeting, CPIA Publication
shows them to be in good agreement. Based on 383, Vol. 1, 1983, pp. 365-386.
this agreement, the theoretical model has

12. Key, S. W., Reisinger, Z. E., and Krieg, R.been validated to simulate the present D., "HONDO II, A Finite Element Computerproblem. Program for the Lorig Deformation Dynamics of
Axisymetrio Solids," Sandia Repolt SAND
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