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ABSTRACT

'Two major tasks performed during the report period were investigation of:
(i) crack tip igniticn phencmena under rapid pressurization and (ii) crack
propagation in burning solid r ropellants.

tIgnition of AP-based composite solid propellants located at the tip of
an inert crack was investigated botn experimentally and theoretically, The
ignitiun process was observed by simultaneously using a high-spced  {<40,000

pictures/s) camera and a fast-response photodiode systzm. Hea: flux to the

propellant surface was measured with a thin-film heat-flux gage. Effects of
pressurization rate, crack-gap width, and igniter fiame temperature on the
ignition process were studied experimentally. ‘“Results indicate that the
ignition-delay time decreases and the heat flux to the propellant surface
increases as the pressurization rate is increased. The decrease in ignition
delay with increasing pressurization rate is caused by enhanced heat feedback
to the propellant surface at higher pressurization rates. This augmentation
in heat feedback to the propellant at higher pressurization is believed to be
a result of a combination of the following mechanisms: heating due to
compression-wave reflection at the closed end; heat release due to burning of
unreacted igniter species (or particles) near the tip, behind the compression
wae; and enhanced heat transfer due to recirculating hot gases near the tip.

“In the theoretical investigation of the tip ignition event a comprehen-
sive model for ignition of AP-based composite solid propellants was developed
and numerical solutions were obtained\ The analysis simulates the ignition
prccess of a propellant sample, located in a stagnation region, under rapid
pressure loading conditions. Specific'features considered in the model in-
clude: a) detailed chemical kinetics information for the ignition of AP-
btased composite propellants; b) two-dimensional {axisymmetric) geometry for
the composite propellant; and ¢) .apid pressurization cf the gas phase. An
implicit finite djfference scheme was used to solve the set of transient,
second-order, coupled, inhomogenecus, nonlinear, governing partial differen-
tial equations. Numerical solutions revealed a numbar of important events
occurring during the ignition sequence. These include: igniter gas penetra-
tion to the region near the sample supfface; combusticn of unburned species
upon arrival of compression waves; heat transfer to the propellant; pyrolysis
of oxidizer and fusl; and gas-phase reactions leading to ignition. The model
predicts the experimental observation that the ignition delay time decreases
as the pressurization rate is increased. Various ignition criteria consid-
ered showed the same trend as experimentally measured.

Crack propagatinen in a burning composite solid propellant s.bjected to
rapid pressurization in the order of 10 GPa/s was investigated e¢xperimentally.
A visual record of the event wis made using a high-speed movie czmera. The
transient pressurication procesz was recorded oy aigh-frequency pressure.
transducers in the combustiun chamber.-»The effect of pressurization rate
on both crack propagation velocity and time variation of crack shape was
studied. Experimental results indicated that the crack velccity increa :es
as the pressurization rate is raised. The mecasured dependence of crack
propagation velocity on pressurizaffai rate was found to be stronger than
that based only upon viscoclastic materisl property variation at different
loading rates. A characteristic difféerence of crack geometry variation during
propagation was otserved at different pressurization rates. At higher
pressurization rates, the geometric trznsformatiOn of the crack tip was

SECUNTY CL ASSIFICA TION DF THIS PAGE(When Data Entered)

ii




iii

ABSTRACT
(Continued)

preceded by emergence of a fan region immediately above the crack tip. It is
believed that the fan region is created by micro-structure damage in the propel-
lant at the crack tip, which allows the bright combustion gases to spread ahead
of the tip region in a radial fashion. The actual geometric change, a trans-
formation of the crack shape from a smooth triangular contour into a square
contour with a jagged leading edge, is believed to be the growth of small frac-
- tures into majer crack branches.

b
:
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I. INTRODUCTION

This report summarizes progress made during the period September 1, 1981 to Aug-

gust 31, 1982, under the project entitled "Ignition of Solid Propellants and Propa-

gation of Burning Propellant Cracks' (Contract No. N00014-79-C-0762).

grains.

L 1.

The following is a list of papers

1
)

;

:

F - The overall objective of this investigation is to achieve better understanding
of the ignition mechanism under trau.ient pressure loading conditions and to investi-
gate propagation of burning solid propellant cracks. These fundamental studies are
expected to help in providing insight into convective burning and evolution of

deflagration -to-detonation transition (DDT) processes in damaged solid propellant

Specific objectives of this study are:

To numerically solve the theoretical model1 for ignition of AP-based
composite solid propellants under rapid pressure loading conditionms.
To study the effect of such parameters as pressurization rate and
oxidizer particle size on the ignition piocess.

To validate the theoretical model by comparing predicted results
with experimental data.

To examine the effect of various ignition criteria on predicted
results.

To observe crack propagation process in burning solid-propellant
samples under rapid gas loading conditions.

To measure crack propagation velocities in burning propellant samples.
To study the effect of pressurization rate on crack propagation
velc.ity.

i2-19 published during the past year under the

support of this contract.

1. "Ignition of Composite Propellants in a Stagnation Region Under Rapid Pressure
Loading,'" Nineteenth International Symposium on Combustion, Haifa, Israel,
August 1982, by M. Kumar, J. E. Wills, A. K. Kulkarni, and K. K. Kuo.
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2, "A Comprehensive Ignition Model for Composite Solid Propellants,’” Eighteenth
JAMNAF Combusticn Meeting, Pasadena, California, CPIA Publication 347, Vol. III,
October 1981, pp. 215-224 by A. K. Kulkarni, M. Kumar, and K. K. Kuo.

3. "Investigation of Composite Propellant Ignition Under Rapid Pressurization,"
Eighteenth JANNAF Combustion Meeting, Pasadena, California, CPIA Publication
- 347, Vol. 111, October 198), pp. 243-262 by J. E. Wills, M. Kumar, A. K.
Kulkarni, M. Hund, and X. K. Kuo.

4. V"Abrupt Ignition of AP-Based Composite Propellants Under Severe Gas Loading
Conditions,' 1982 JANNAF Propulsion Systems Hazards Meeting, China Lake,
California, April 1982, by J. E. Wills, M, Kumar, A. K. Kulkarni, and K. K. Kuo.

(4]

“A Modal for AP-Based Composite Propellant Ignition, Including Gas-Phuse and
Subsurface Reactions," AIAA Paper No. 82-1109, AIAA/ASME/SAE Joint Propulsion
Conference, Cleveland, Ohio, June 1982, by M. Kumar, J. E. Wills, A. K. Kulkarni,
and K. K. Kuo.

6. "Experimental Observations of Crack Propagation in Burning Solid Propellants,"
Nineteenth JANNAF Combustion Meeting, Greerbelt, Maryland, October 1982, by
J. G. Siefert and K. XK. Kuo.

7. "Effect of Deformation on Flame Spreading and Combustion in Propellant Cracks,"
AJAA Journal, Vol. 19, Dec. 1981, pp. 1580-1589 by M. Kumar and K. K. Kuo.

8. "A Review of Solid Propellant Ignition Studies,” AIAA Journal, Vol. 20, Feb. 1982
by A. K. Kulkarn:, M. Kumar, and K. K. Kuo

IT. IKVESTIGATION OF COMPOSITE PROFPELLANT IGNITION

2,1 Brief Description of Ignition Model

The modified mathematical model is presented briefly below. More details of
the model can be found in our last annuai report.1 The model simulates ignition
of a composite propellant in a stagnation region. The physical model considers a

cylindrical oxidizer particle having radius R, and length L embedded in a cylin-

1
drical binder of radius RZ in such a way that initially the oxidizer and “nel
binder surfaces are in the same plane (see Figs. 1 and 2). For the coordinates

shown in Fig. 2, the solid-phase equations are

. BT - 3 3T ‘]; 3 k aT + 211 ] l

Oxidizer: pOX,SCOX.S ot 3z ( Ox,s az) + r ar( OX.sr Br) s8 (1)
. M .2 o 3T o1 3y L oam

Fuel: 0y oCp g3t =37 “F,e 32 Tt T %ps" W)ty (2)
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where

(3)
| - 210 (11}
q(';;:.s 9ox, radiation + QOx.pyrolysis

“Pox2 4)
,radiation * TO:GBO':‘ - BOsz

2ad
(5)

ox,pyrolysts =~ = Zox,pyox,py *P Fox,py R

T _ ) For Q' i 2t
The expression fc @ s is similar to that of 9GP, s

The gas-phase conservation eguations are

3, 3Hp.v)
Cortinuity Eq: Tta + —-g;i. -0 (6)

Energy Eq: cppg T pscpv: ez Jt 9z (kg 33)

3T )

oY
Species Eq: p‘Tél-l»pv —3;1--3%(080-5:'})

(8)

where j = 1, 2, 3and 4 for the gas phase species, cxidizer, NH

, HC190,,and fuel,
; 3 4
respectively.

The gas-phase momentum equations are replaced by the ieasured

P = P(t) 9
The squation of state for the gas phase is

PN
u

~

The following basic assumptions are emplcyed in the mathematical model.

1) The solid propellant and gas phase are tvo-dimensional! axisymmetric.




2) The gas-phase pressure is a prescribed function of time, and is uniform
:‘ ﬁ‘ in a small region adjacent to the solid propellant.

r 3) Gases obey the perfect gas law.

r 4) Chemical reactions and pyrolysis processes can be described by

b - Arrhenius expressions.
i 5) Binary diffusion coefficients of all species are equal.

) 6) Prior to ignition, displacement of the propellant surface due tu
:‘ regression can be neglected,
A 7) The radial bulk velocity is much smaller than the axial.
X The initial and boundary conditions for the solid phase (both fuel and oxidizer)
" are
' st t=0 : T(O0,r.z) =T,
(11)
:x n at g+ - T = ri
A 12)
4
f T T T
- r+ o o ~ and - + (13)
z r Rl r Rl g = =L g = =L
! - . aT
onr =0 I 0 (14)
2
-~ - . aT
f and on r R, : 50 (15)
- atrce : k % - +a_ G+
t 8 9z 2 g oz :._g... s-g
\ ' (16)
r, 0 T(e - + &"
*_ b8 p, pg’ dg-g
' aT 3T
atz=-L o ok o =k 2N +
8 3: -L ox - +
’ »8 dz|~L (17)
-8 L
a T. Ge 0x




P ———

ac r e ‘1 and =L < 8 <

- ‘Du.l'%él

- k’.. -g%! al-.. -

(18)

Initial and boundary conditions for the gas-phase equations (for i=1, 2 3,4

are
att =0 H

!j(O.t.:) = !j.i

andonry = nz : %% =0 ; :;} =0
:-»--: %}-o;%-o
on g = :._' s T i =T .
s-g* s-g~
ongzg®= z'_‘ 'S p‘v: = D.rb
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AP L
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- e————em——
(s) Dissociative
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l._8+

8)
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The following reactions are considered in the mo':lel.z-7

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)
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The reaction rate constant is approximsted by
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If the gas-phase mass fractions, Yl, Yoo Yoo Yy,
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(28)

(29)

(30)
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g» Tepresent the oxidizer,

ammonia, perchloric acid, fuel, and products, respectively, the source terms can

be expressed as follows.

v
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1 2
2, v, Pg Y1¥, oxp (-E(/R T)

N 1 2
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&'3" - 13,
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d’“' 1 2

4 = s W, g %4 o -Bg/RT)

- oy ony

(32)

(33)
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The following pr.cagraphs list differences in the model presented above from
that given in Ref. 1. (Complete solution of the ignition model for composite pro-
pellants is presented in Section 2.3.)

1. In our previous version, axial diffusion of species in the gas phase was
neglected; it has been reinstated in the current model. This was done because it
was found that very near the propellant surface the axial species concentration

gradients can be extremely steep which are comparable to the axial convection or

radial diffusion.

2. In the solid-phase energy equation, the inhomogeneous terms éa;.s and
Eﬁ ig:s included heat generation due to photochemical reactions. To model this term,

; values of Qpcx (rate of heat generation due to photochemical process per unit wave-
length of rsdiation) and Ny (efficiency for photochemical process at wavelength A)

§ are needed for both the fuel and oxidizer. These are not available in the literature,
! and also the contribution by the photochemical reaction was thought to be small in
AP/PBAA propellant. Therefore, this term is neglected in the current model.

3. The total eneirgy loss by radiation from the propellant surface to the
environment, esEbs’ (which appears in the energy balance at the solid-gas interface
was estimated to be small compared to convective and conductive heat transfer
during the ignition process, therefore it has been neglected.

4, Heat release due to reactions at the solid-gas interface, &"

s-g
restricted to latent heat of gasification represented by T, ps[Ahf s - Ah
S »

, Was

f,g]' No
heterogeneous chemical reactions were considered due to the lack of adequate infor-
mation on heterogeneous chemical reactions in AP/PBAA propellant ignition. Heat
generation due to reactions at the fuel-oxidizer interface in the solid phase is

also neglectad because previous investigations did not find evidence of such

reactions for AP composite propellants.
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S. Far aw~y from the propellant suriace fz + =), & new boundary condition
had to be added because of the inclusion of axial diffusicn term in the species equa
tion. Therefore, ;;l = 0, was imposed to prevent any species diffusion at the
far-field boundary. It should be noted, however, the species can still be trans-
ported across this boundary bty convection.

6. Far away from the propellant surface (z - =), %} = 0; because the spatial
variation in temperature is not expected to bé present tﬁere.

7. There werc some minor typographical errors in the model presented in the
last annual report:1 a) the term (1/T) in the expressions for ég'and 6g'were
replaced by T. b) The negative sign appearing in the equationlfér ig'should be
positive. c¢) Some signs in the energy balance at the interface z = - L have also
been corrected. |

2,2 Computer Progr.m Dovelopment

A vinite difference technique has been used to develop a computer program tc
solva tha composite prupellant ignition model. A set of nine coupled, nonlinear,
inhomogenecus, partial differential equations along with a complete set of initial
and boundary condit.ons wake up the mathematical model. As a rssult of this
complexity, no uualytical solutions exist or could be developed; therefore, numerical
soli tion was the only alternative to obtain theoretical predictions.

2.2.1 Special Fecatures of the Numerical Scheme

Several common features described in the following were used to obtain an
accurate sclution. Because large temperature and species concentration gradients
exist near the propellant surface, a coordinate transformation was performed on
the z-axis to obtain an exponentially finer grid spacing in the real coordinate

while maintaining a constant grid spacing in the transformed coordinate.

Solid phase: & = exp(A.z) -or, z= i%-ln (1+s) 37)
s

L]
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Gas phasa: s =1 - -:p(-A':) or, § = = ii la (i-8) (33)
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In order to control possible stability problems, a generalized Crank-Nicolson
technique was employed to solve the system. Allen's method was utilized to
approximate the radial derivatives with a variable grid size while a three point
central differonce scheme was used to approximate the axial derivatives with a

constant geid specing.

- B e an s A LS AP

Quasilinearization of the inhomogeneous tarms was required because the source

T

terms in the governing equations are implicitly dependent upon temperature and

o

bty

species concentration. Finally, a successive overrelaxation iterative scheme was

A e L .l

Y
P

chosen to solve a larger set of algebraic, finite-difference equations.

LA AR e s

Appendix A describes the details of the abovementioned numerical techniques.

2.2.2 Methods Used in Checking Numerical Solutions

There were three major checks made on the computer solution to ensure that

numerical solutions obtained are the genuine solutions of the theoretical model:

i) Comparison with available analytical solution - to show that the numerical

iy v
P :

solutions for simplified geometric configuration under known surface

FT Ty

heat flux agree with the classical analytical solutions.
: ii) Global energy balance - to sum the net heat addition to all elemental

volumes in the solid phase and to verify that the overall energy balance

is achieved.

Y
D

iii) Local energy balance check - to examine whether the numerical solution

can satisfy the governing differential equationus and boundary conditions.

PP T
v :

All three independent checks verify that the numerical solution obtained from
- the computer code represents the correct solution of the partial differential equa-

. tions in the theoretical model.
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2.2,3 Cuxrent Status of the Computer Code

N

. in which measured hest flux to the propellant surface was used as an input to the

One year ago, the computer code was only capable of solving simplified cases

solid-phase energy equations. Only the solid-phase portion of the whole physical
model was implemented and fully debugged; the gas-phase portion was partly coded.
Currently, tho complete model including both gas- and solid-phase equations has been

implemented, debugged, and tested. A layout of the flow diagram of the computer

ALK 4~ MESUEE AL -~ I

code is given in Fig. 3.

< ey T

At the present time, the computer program is capable of predicting ignition
process for AP/PBAA propellants only because the current reaction mechanisa is

- specific to the above propellant. However, the prcgram can be extended to solve

for any other propellant as long as the reaction wechanism for that propellant is
prescribed. In the near future, the ignition wechanism for nitramine propellants
will be incorporated into the model and will subsequently be implemented in the
computer code. Also, the computer code which is presently executing on IBM 370/
3018 will be installed on PDP 11/23 to reduce the computer cost.

2.3 Numerical Solutions and Comparison with Experimental Results

2.3.1 Input Parameters and Initial Conditions

Numerical values of the important input parameters to the computer programs
are listed in Table 1, Thermal properties of AP were taken from Ref. 8. Thermal

properties of PBAA are approximate and are identical to those used by Varney and

Strahle.7 Thermal conductivity of PBAA was deduced from the average density of

fuel and the value of themal diffusivity used in Ref. 7 for fuel binders. Thermal
properties for the gas phase were obtained by averaging the thermal properties of

the combustion product species of the AP/PBAA propellant. The thermal conductivity

0.75

is assumed to vary as T The composition of these product species was deter-

10

mined from the NASA-Lewis chemical equilibrium calculation program. Molecular

weights of the gas-phase species were cbtained in a similar fashion.
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of the activation energies given in Table 2 are approximate due to lack of kinetic
data. It should be noted that chemical kinetics of ignition may differ signifi-
cantly from those of steady-state combustion. It is generally believed that AP

pyrolysis consists of 70% exothermic degradation and 30% dissociative sublimation.2

14
Numerical values of chemical kinetic constants are given in Table 2. Some

The activation energy of this decomposition is estimated to be between 20-30 kcal/
mole.z'7 In the present study, the value was taken as 24 kcal/mole. The activation
energy of the premixed reaction between NH3 and HClO4 is 15.5 kcal/mole.3 The
pyrolysis of fuel (PBAA) is endothemmic. The activation ¢nergy for fuel pyrolysis
was taken as 113 kJ/mole (27 kcal/mole); Ninan and Krishman11 have shown that for
many polybutadiene binders the activation energy for thermal decomposition is
around 110 kJ/mole. (It may be noted that Varney and Strahle9 reported the activa-
tion energy for PBAA decomposition as 34 kcal/mole). The pyrolysis products of
fuel and oxidizer react in the gas phase to form the final products, however,
no reliable estimate of kinetic parameters for this reaction is available.

The initial conditions for computations were consistent with those encountered
in the experiments. Initial pressure and temperature were 0.1 MPa and 300 K,
respectively. In order to simulate the bright reaction zone observed near the
tip (see Refs. 1 and 2), a mixture of gaseous oxidizers and fuel species was assumed
to be present at t = 0. Pressure-time traces, used as input to the computer pro-
gram, were either experimentally measured or prescribed for a given pressurization
condition.

2.3.2 lggition Criteria

Since there is no universally accepted ignition criterion (IC), several
ignition criteria were employed to test the predictive capability of the model.

The onset of ignition is defined as the time (1) when the local maximum of

volumetric gas-phase heat release reaches a critical value (qg'max>c), (2) when
S,

the AP pyrolysis rate near the radial oxidizer-fuel interface reaches a critical

PR S
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value, (3) when the axial gas velocity at r = R1 and a distance away from the
surface is zero (i.e., when the surface blowing is sufficiently large to overcome
the incoming gas velccity induced by pressurization of the cavity), (4) when

the rate of maximum volumetric gas-phase heat release reaches a critical value,
or (5) when the rate of AP pyrolysis rate reaches a critical value.

2.3.3 Discussion of Predicted Results

The general sequence of events leading to ignition, as revealed by the numerical

solution is as follows.

As pressurization of the crack cavity begins, temperature in the crack increases;

and gases flow toward the crack tip at high velocities (see Fig. 4a). The rise in
gas temperature produces a temperature gradient at the =olid-gas interface, heat

is transferred to the solid propellant, and heating of the solid propellant begins.
At the same time, as the gas temperature risec, the initial unreacted oxidizer and

fuel species (from the igniter system) react, further increasing the local gas

Atemperature as well as the heat flux to the prope'lant (see Fig. 5). This results

in a continuous increase in the propellant surface temperature during the initial
period.

As time progresses, the initial unreacted species present in the gas phase
are completely consumed, and the temperature of the propellant surface continues

to rice, This causes slight attenuation in the he=at flux to the propellant sur-

face. The heat flux increases very rapidly during the initial period and then

levels off, The axial temperature distribution at the oxidizer fuel interface

(r = Rl) at various times is shown in Fig. 6. As seen in Fig. 6, the thermal wave
penetration into the solid increases with time. Temperatures far from the sur-
face are quite uniform (not shown in the figure). The reversal of maximum temp-
eratures with time at 20 um into the gas phase is caused by a relaxation from

the initial reactions and a decreasing pressurizaticon rate with time.
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Since the thermal properties of AP and PBAA are very different, there is a
steep and discontinuous temperature gradient near the AP/PBAA interface. Figure
7 shows the radial variation of propellant surface temperature as a function of
time. Because PBAA has a lower thermal diffusivity and conductivity, its surface
temperature rises much faster than that of AP, The gas-phase temperature near
the propellant surface also changes with radius and is strongly coupled to the solid-
gas interface temperature. Farther away from the propellant surface, the radial

gas temperature variation diminishes. Contrary to the numerical results obtained

- ;' here, which shows that the surface temperature of PBAA is much higher than the
AP, Price et al.11 deduced from studying AP/PBAA sandwiches in steady-state burn-
ing that the fuel surface temperature is lower than the AP. If the thermal dif-

fusivity and conductivity of PBAA were larger than that of AP, Price's trend

Pt N S S SRR abEE AR

for surface temperature would be observed; however, the functional relat:onship

of the predicted ignition delays versus pressurization rate, etc., will 1emain

L Namal
.. .mgAv

unchanged.
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Figure 8 shows time variation of maximum volumetric gas-phase heat release.
The gas-phase reaction between the unburned oxidizer and fuel species lasts for
about 10 us. During this interval the heat release rate is extremely high (the
values are off the scale of Fig. 8). High initial concentration.of the species
causes the rate of heat generation to increase abruptly as the local temperature
increases due to pressurization. The heat generation rate peaks and then drops
to almost zero (even though the temperature continues to increase) since the

reacting species are consumed rapidly. As time progresses, gas velocities decrease

e Yy

because of pressure rise in the cavity (see Fig. 4b).
] | Following a relatively long period of inert heating, the AP and PBAA start to

b pyrolyze when the propellant surface temperature becomes sufficiently high. The

gasifiéd species of oxidizer, fuel, NH3 and HClO4 diffuse away from the surface,
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both axiallyAand radially. As shown in Figs. 9 and 10, the concentration >f fuel
species is highest above the surface at r = Ry» where fuel surface temperature is
highest (see Fig. 7). The fuel mass fraction decreases away from that location.
The oxidizer concentration is highest at the AP-PBAA interface (r = Rl)’ as

shown in Figs. 9 and 10, where the AP surface temperature is highest {see Fig. 7).
As time progresses, the mixing of fuel and oxidizer species continues because of
diffusion and convection. Since local temperatures are not high enough to support
vigorous gas-phase rcactions, the concentration of thesz species continues to
increase as a result of accumulation.

As the pressurization process continues, the tempefature of the gas-phase
continues to increase. At the same time, there is an accumulati -n of fuel and
oxidizer species due to pyrolysis of the propellant. When local concerntrations
and temperature reach suitable valuﬁs, vigorous gas-phase reaction between pyrolyzed
oxidizer and fuel species ensues (see Fig. 8). Ignition is defined as the attain-
ment of high gas.-phase reaction rates (see Fig. 8) and simultaneous high surface
pyrolysis rates (see Fig. 4c and 4d).

2.3.4 Parametric Studies

The critical values used in ignition criteria (see Sec. 2.3.2) were obtained

by matching the predicted ignition delay with experimental data for one case.
Comparison between predicted ignition delay (for first three ignition criteria
mentioned earlier) is shown in Fig. 11. It is clear that all three criteria

correctly predict the experimentally observed trend12 that ignition delay time is

lower for higher pressurization rate. The last two criteria also show the same
trend.

Predicted ignition delay time shows a greater dependence on the choice of
ignition criteria at lower pressurization rates. The criterion based on zero

velocity (IC 3) or critical burning rate (IC 2) results in a lower ignition delay
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time than that based on gas-phase heat relsase (IC 1). This is reasonable because

at a lower pressurization rate, the gas-phase temperature increases at a slower rate;

therefore, the time lag botween significant pyrolysis and the attainment of the

critical gas-phase reaction rate is longer. Thecretical results overestimate the

ignition delay time at lower pressurization rates and slightly underestimates

the ignition delay time at higher pressurization rates (see Fig. 11); this may be

caused by approximate values of chemical kinetics constants used in the computation.

Overnll, predictad results are in reasonable agreement with the measured data.
Another possible ignition criterion that can be used, but was not employed

for results presented in this report, is the appearance of an abrupt rise (spike)

of the surface temperature (see Fig. 12) and the ggs-phase tsmperature adjicent

to the radial oxidizer-fuel interface. The spike occurs because of exothermic

reactions on the AP side of the intérface and endothermic reaction on the PBAA

side. This spike results in both high pyrolysis rate at r = R, as well as pronounced

1
gas-phase reaction rate near the circumference of the interface region. As evident
from Fig. 12, the spike occurs at a later time than the onset of ignition based
upon previously mentioned ignition criteria, However, the predicted trend of
ignition delay will not be influenced by the selection of this ignition criterion.

It should be noted the predicted surface temperature at the onset of ignitior
is about 450 X which is considerably lower than that observed for steady-state

burning. This is reascnable because of the time lag hetween the onset of ignition

and steady state burning. If the program is allowed to run further in time, until

steady-state cnonditions were reached, the surface temperature will approach the
steady state value. This incregsed surface temperature can also be seen from Fig. |
12, -t

Figure 13 shows the effect of AP-particle size on radial surface temperature i
distribution in the solid. As the AP-particle size is decr.ased, the radial

temperature distribution becomes more uniform. This is reasonable because for small
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particle size lateral heat conduction is more pronounced. In the limiting case,

as the AP-particle size becomes vanishingly small, the temperature distribution
will be uniform. Ignition criteria based upon AP burning rate (IC 2) or zero gas-
phase velocity (IC 3) will result in lower ignition delay time for smaller AP
particle size because for smaller particle size surface temperature on AP is
higher. On the other hand, since the surface temperature on PBAA is lower for smaller
AP particle size, the adjacent gas-phase temperature is lower than that for larger
particle., Since pyrolyzed oxidizer species can diffuse readily to the higher
temperature region over PBAA surface, the maximum rate of gas-phase heat release
occurs there. As a result, for smaller AP particles, the ignition criterion based
upon maximum gas-phase heat release (IC 1) will show longer ignition delay time,
which is opposite to that predicted by the other two criteria (see Fig. 14). How-
ever, the predicted ignition delay times appear to be .2latively insensitive to

the oxidizer particle size. Since predicted ignition delay times are more strongly
dependent upon the properties of fuel and oxidizer as well as the chemical kinetic
constants, no conclusions can be drawn at this time as to the effect of oxidizer

particle size on ignition delay.

B. .
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III. INVESTIGATION OF PROPELLANT CRACK PROPAGATICN

3.1 Experimental Observations of Crack Propagation in Burning Solid Propellants

At present, there is a lack of experimental and theoretical knowledge in the
area of solid propellant grain fracture during motor firing. This technological
deficiency becomes more acute when narrowing the field to grain fracture under
rapid pressurization and burning conditions. This area is of speciai interest to
investigators of rocket motor grain integrity, where high-speed crack growti. and
propellant fragmentation may provide enough additional burning surface area to
enhance the possibility of deflagration-to-detonation transition (DDT) in solid
propellant rocket motors.

In the past, numerous studies, based purely on solid mechanics considerations,
have been conducted to investigate crack propagation. Despite the fact that there
is no experimental evidence to suppurt the validity of applying results of inert
propellant crack propagation studies to live propellants unde~ burning conditions,
virtually all previous studies have employed inert propellants in non-burning
environments. It is therefore apparent that an investigation of crack propagation
under burning conditions would provide useful data to interpret the mechanism of
crack propagation in a combusting environment.

An investigation was undertaken to help bridge this technological gap. Specific
objectives of this study were:

1. To develop an experimental technique to study crack propsgation in a

composite solid propellant under burning conditions.

2. To measure crack propagation velocities in solid pfopellant samples.

3. To observe any abnormalities of the propagating crack.

4., To study the effects of chamber pressure and pressurization rate on

crack propagation velocities.
5. To compare burning crack propagation results with experimental data and

theoretical results of inert propellant cruck propagation studies.
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3.1.1 Experimental Setup

Crack propagaiion tests were conducted with a windowed chamber; the schematic
;, diagram of the test rig is shown in Fig. 15. A propellant sample, with prefab-
ricated crack, was internally pressurized by a small driver motor which produced

high~temperature and high-pressure gases. Thke propellant sample configuration

allowed for significant displacement of the crack walls, resulting in high stresses

and strains at the crack tip which in turn led to crack propagation.

H N

Figure 16 presents a schematic diagram of the dJriving motor used for hot gas
generation. An electric primer (FA 874) was used to ignite the booster propellant

and the igniter charge. The product gases flowed through a multiperforated nozzle

o ST Y

N into the main chamber, causing ignition, flam2 spreading, and mechanical deformation
of exposed internal crack surfaces. The continued pressurization of the crack
4 cavity is dominated by the output masc and energy fluxes of the driving motor.
E! Ising this apparatus, it is possible to obtain pressures up to 50 MPa (approxi-
. mately 7000 psi), and pressurization rates in the order of 100 GPa/s (approximately
106 atm/s). For tests conducted in this study, pressurization rates ranged between
é! one and ten GPa/s.

Figure 17 is a photograph of a typical propellant sample, mounted in a chamber.
The sample was machined to a desired geometry and a uniform thickness. A 3 mm
( deep slit was cut with a sharp razor blade to help initiate crack grewth. The pro-
pellant used was 73/27 AP/HTPB with 200 ym AP. Once the sample was installed in

the chambar, a plexiglass window assembly was bolted on, slightly compressing the

v

{ sample between the rear wall of the chamber and the window.

A block diagram of the data acquisition system used in the study is shown in

Fig. 18. Pressure measurements were made at two locations in the main chamber (one

WP P——y

{ at the crack entrance and the other in the crack-tip region) by piezoelectric trans-

ducers. Signals from the transducers were amplified through 2 charge amplifier
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before recording on the transient waveform recordar and the high-speed magnetic
tape recorder. A visual record of the event was made with a 16 mm Hycam movie
camera, using a 35,000 pps filming rate,.

© 3.1.2 Experimerntal Results

Several variables were considered important to the outcome of the experiments:
the sample's material properiies, geometry, and initial temperature; the exit nozile
size; and the pressurization rate controlled by the efflux from the driving motor.
Test results presented in this report include orly ef :cts of pressurization rate;
other variables were held constant.

A typical pressure vs. time trace is presented in Fig. 19. From the plot,
it can be seen that during the time interval of measured crack growth (approximately
1 msec), the pressurization rate was approximately constant. Nearly constant
pressurization rates were cbserved for all test firings, and this fact provided a
convenient test parameter which was easily va' .4 from test to test by adjusting
the size of the igniter charge loaded in the driving motor.

The bulk of data obtained in each test was rescorded by high-speed photography.
A typical film record is shown in Fig. 20. Hot gases from the driving motor illum-
inated the crack cavity and outlined the crack walls. In this figure, each vertical
coiumn of light is the outlined crack at a different time. The event proceeds from
left to right with a time interval of 29 us between consecutive pictures.

After an initial period of irregular crack-tip displacement (first three pictures),

the evert shown in pictures 4-9 illustrates a typical mode I crack propagation with

the crack-tip displacement in the vertical direction as expected. However, in picture
10, a dramatic change takes place in the propagation mechanism. A fan region of
light emerges just above the crack tip, and is accompanied by a change in the geometry

of the crack. The crack walls, up to this point, have displaced outward towards the

chamber walls. However, near the crack tip, a smal! triange is formed, indicating

; ata e e e e e R A e s et Ml Al e m s m a2 -—r.
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Propellant Type: (Crack Entrance

ArC 5051

200um AP
k. é‘ AP/HTPB
g 73/27
: o (Crack Tip) __eemeer—""
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FIG. 19 PressuURE-TiME TRACE FOR CRACK PROPAGATION TEST
(Test No. DNCP1-7; pp/pt = 4x10° "Pa/s DuriING
MEASURED CRACK PROPAGATION)
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the existence of only one crack. After the rfan region appeared, the crack walls
become almost parallel, and the crack tip itself lost its definite triangular
shape and became a jagged horizontal line. One explanation for the fan region
and the corresponding change in crack geometry is the creation of micropores by
the material fracture near the crack tip. ‘This leads to branching of the crack,

which allows crack walls to displace outward the square-shaped contour described

above,
E‘ The crack-tip position for each test was plotted as a function of time. An
example is presented in Fig. 21. If the tests were conducted in a non-burning

environment, one could easily associate the crack-tip displacement with crack

Y propagation velocity. However, in the case of a burning environment, mechanical
&: displacement, material regression due to burning, and the possibility of flame
{: spreading between the sample and window must all be considered. Burning rate

F‘ calculations reveal that the effect of deflagration would only account for .l1%

§ of the displacement experienced, and therefore may be considerably negligible.

| The sample's vertical displacement at the crack tip due to pressurization was

F! calculated using a finite element program. From this analysis, it was determined

l that the displacement could also be considered negligible when compared to the
total displacement. The vagueness due to flame spreading above the crack tip can

{ be eliminated by the interpretation of the film, While it is not obvious from the

black-and-white reproductions of the photographs included in this paper, the actual

.
{
. geometry of the crack cavity can be identified in most cases by using a motion
Il analyzer for close inspection of the films.

Once the displacement plot shown in Fig. 21 was established as the approximate

crack propagation plot, crack velocities were obtained by a least-square fit. All

}Q tests revealed nearly constant crack velocities after a short initial period of
irregular crack growth. These velocities ranged from 20 to 70 m/s. A major obiective

of this study was to determine the effect of pressurization rate on crack velocities.
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Since a constant velocity and pressuvization rate was observed for each test,
each experiment provided a data point for the plot presented in Fig. 22. This plot
demonstrates a definite trend, i.e., higher pressurization rates result in higher

crack velocities, The straight line on the plot represents the experimental

correlation given below:

v (n/s) = .169 [S& (MPa/s)]°-®% (39)

t must be noted that at present this correlation has been developed for a specific
propellant with a fixed initial geometry and temperature.
Another aspect of increasing pressurization rates is illustrated when comparing
a Figs. 20 and 23. Pressurization rates for the tests shown in Figs. 20 and 23 were

5 4

1,5 x 10 and 3.0 x 10" atm/s, respectively. At the lower pressurization rate, the

crack-tip region maintained its original triangular shape with only small deforma-

tions, while the test conducted at the higher pressurization rate revealed a square
crack shape with a ragged tip region, indicating crack branching. The geometric
transformation was accompznied by an increase in combustion intensity (see Fig. 20).

The pictures on the right side of Fig. 23 present an example of flame spreading

’,vﬂ' BRI

across the face of the sample. In this case, it is pussible ' distinguish between

R

{; the flame spreading and the triargular crack contour. The pictures in Fig. 20 on

. the other hand, show limited flame spreading and the clearly outlined square shaped

NI VS

crack.

3.1.o0 Discussion of Results

\ g
- ST U

»: A major obstacle which arises when comparing results c¢f this study with
contemporary theories of crack propagation in viscoelastic solids is the choice 1
of correlation parameters. The quasistatic crack propagation model proposed by

3 Knausszo’21 and Schapery,22 and experimentally verified by Knauss,zo Francis,23 and ‘

2 Langlois and Gonard24 relates crack velocities in terms of stress intencity. Calcu-

lating the stress intensity for che geometry and loading conditions used in this
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study is complicated and uncertain. The geometry of the sample does not lend
itself to classical elastic or viscoelastic solutiohs. In addition, the boundary
conditions change as the sample's legs are compressed against the chamber walls.
The effect of the hot combusiion gases at the crack tip on the propellant's material
properties is also unknown. However, it is possible to make a few realistic
assumptions about the stress intensity at the crack tip. The sample exiibits
failure ¢:. the tip almost immediately during the event at very low pressures (500
K Pa or less). As the load increases, more energy is made available to deform the
crack walls, therefore increasing the stress intensity at the tip. During the
pressurization and crack propagation interval, the stress intensity increases

with pressure; however, the crack propagation velocity quickly reaches a terminal
velocity. This implies that for the range of pressurization rates considered

and the crack gecmetry tested, the crack velocity is independent of stress inten-
sity. This phenomenon has been reported by Kim and Knaus-s,25 Swanso':'n,?6 and Gent

and Marteny27

in their studies of dynamic crack growth. Therefore, it is believed
thut the present burning crack propagation study is in tue dynamic regime and
cannot be doscribed by the quasistatic model.

It is intecasting to note that the measurcd burning crack propagation terminal
velocity is between 20 to 70 m/s, which is of the same order as those reported by
Swanson28 and Gent27 in inert propellants and rubber, respectively. Swanson
reported maximum velocities of approximately 40 w/s, while Gent obrerved crack
velocities of 80 m/s in rpecimens with 1o pre-imposed strains in the crack direc-
tion, Both Swanson and Gent proposed upper bounds vo dymamic crack propagation
rates based upon characteristic wave speeds in the material. Swanson selected
the glassy Ra-leigh wuve velocity as an upper bound to crack propagation velocity.
He found that for inert prcpellants the maxinmum velonities measured were one order
of magnitude below thc Raleigh wave speed. Gent proposed that the crack propagation

velocity in rubber was proportional to the velocity of sound in the material.
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More specifically, the crack propagation velocity Vc is related to the speed of
sound Vs by:

Vo= .3V, (40)

Gent alsc noted that the speed of sound is strongly dependent on the state of
strain in ubber.
Dynamic material properties fir the propellant used in this study are not

fully defined; however, typical values for similar propellants were assumed, and

sample calculations were performed ir order that comparisons could be drawn. One
can approximate the speed of sound in a viscoelastic mataerial using the formula

L

given below:

v_ = vE/p (41)

wherc E is the dynamic tensile modulus and p is the density of the material. Using
Eq.(41), the calculated V. is 205 m/s for a dynamic tensile modulus of 63 MPa

and a propellant density of 1.49 gm/cc. E was determined from an experimentally
derived plot of E as a function of loading time, and a maximum loading rate of
24,000 MPa/s was used. Using Eq. (40), Vc is found to be 62 m/s. The actual

crack propagation velocity measured for the maximum pressurization case was 68

n/s, which is close to the calculated value obtained from Eqs. (40) and (41).

Even though there is some agreement, the method of calculating the speed of sound
is crude, since Vs devends on the state of strain in the sample, a3 pointed out by

Geat, and may also be affected by the geometry of the sample and the hot gas envir-

onment .
{ At present, the strong dependence of crack propagation velocity on pressurization
;- vate (as illustrated by the correlatrion given in Eq. 3¢), is not fully understood.

Mne explanation for this dependence is the transition of the material towards a
- more brittle state as loading rate is increased. Using Eqs. (40) and (41) and an

experimentally derived expression relazing the dynamic tensile modulus to pressuri-

zation rate, one can cxamine the approximate effect of the material transition on
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crack propagation velocities. For a similar composite solid propellant, it was
determined that E was proportional to dp/dt raised to the .07 power in the range
of pressurization rates tested.

d .07
E= () (42)

Using the equation for the speed of sound in a material [Eq.(41)], and assuming

that Vs<=Vc [Eq. (40)], one can derive the following proportionality relationship

between V_ and dp/dt:
c
d .035
Vo= B | (43)
This relationship shows a weak dependence of crack propagation velocity on loading

rate, due to the transition of th: material towards the glassy state; however, the

measured dependence was much stronger, as shown by

Ve (%lt’-) 0.608 ¢rom Eq. 39) (44)

The difference between the exponents in Eqs. (43) and (44) suggests that the material
property transition is not the sole reason for the increase of crack propagation

velocity with pressurization rate.

3.2 Design and Fabrication of New Crack Propagation Test Chamber

A new combustion chamber is designed (see Fig. 24) in order to investigate
the phenomena of crack propagation and branching in a burning solid propellant
crack under more suitable and reliable conditions. After considering the
limitations and the problems experienced during the previous experiments, the
following design criteria were incorporated into the new test rig.

3.2.1 Increased Chamber Width

a. To allow a greater flexibility of sarple geometry.
b. To decrease the influence of reflected compression waves from the

chamber walls.
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Two provide for a longer period of crack growth and therefore

increase the quantity of data recorded for each test.

3.2.2 Increased Chamber Depth

‘ a.

i [.‘ b.

To house the igniter assembly in the main body of the crack propagation
chamber. By so doing the hot gas passage is located away from the
interface between main body and window retainer piece; and therefore
any possible leaks can be prevented.

To allow for thicker plexiglass windows for strengthening the test

chamber and also to reduce the possibility of flame penetration between

; the propellant sample and sacrificial window.
3.2.3 New Instrumentation and Lighting
a. Two different locations of feedthroughs for mounting break wires
. or thermocouples to detect the arrival of hot combustion product
IE gases and instantanecus crack tip froat.
b. Additional pressure transducer ports above the initial crack tip.
¢. External lighting by using a light source with fiber optics to
gl illuminate the sample surfaces not in contact with combustion gases.
This provides information on the outer boundaries of the propellant
sample.
- d. Gas sampling ports are provided for collecting and analyzing combustion
| product gases.
3.2.4 Strength Considerations
. A detailed stress analysis was done for a chamber pressure of 5000 psi to
determine the chamber wall thickness, plexiglass window thickness and the
required number and size of bolts for retaining the window assembly, igniter
5' system and the exit port.
!A
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A thick (3-1/2") window retainer plate with two separate viewing areas,
instead of a single long opening, was designed in order to prevent window
buckiing and retainer plate warpage. The front views of the window retainer
plate is shown in Fig. 25.

3.2.5 Test Chamber Fabrication

304 stainless steel material was chosen for the test chamber fabrication

in order to resist corrosive effects of combustion product gases. The test

chamber components are being constructed at Houtz Instrument and Machine
according to detailed mechanical drawings and the fabrication is expected to

be finished by November 30, 1982.

3.3 Finite Element Analysis of Propellant Sample Used in Crack
Propagation Studies

A stress analysis of the propellant sample was performed in order to gain
some insight into the mechanical behavior of the sample material under constant
internal pressurization of the crack cavity. Several factors make this analysi'/.s
complicated and therefore certain assumptions were made to simplify the problem and
reduce computation time. These assumptions reduce the accuracy of the regults;
however the analysis provides a qualitative picture of the strain and styéss
distributions in the sample before crack propagation. I

The finite element grid for the model was generated on an interactive mesh
generation program (STAB). The sample was considered to be symmetric about the
crack axis and a finite crack radius of 1.78 mm (.07 in.) was used. The boundary
conditions on the crack sample for the finite element program are shown in Fig. 26.

The model was solved using a non-linear finite element code (ABAQUS). The
assumptions and options used are listed below:

1. An elastic analysis was used; however, the samnle's viscoelastic behavior

was approximated by using the relaxation modulus, corresponding to the
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Fig. 25 Front View of the Window Retainer Plate
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E = 8000 psi

v = 500

Gz2p Elements

Fig. 26 Boundary Conditicns on the Crack Sample for
Finite Element Program
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test pressurization rate and initial temperature, in piace of
the elastic tensile modulus. This is a common procedure used in
solid propellant grain deformation analysis.zg

2. The program allowed for incompressible materials end a realistic
poisson ratic of .5 was used for the propellant sample.

3. A non-linear large deformation analysis wes performed. This option
is needed since the observed mechanical deformation is quite signifi-
cant..

4. Non-linear boundary conditions were modeled using gap elements between
the sample and the chamber wall. This allows for unrestricted displace-
ment of the sample lags until tﬁe outer surface is in contact with the
chamber wall.

5. This preliminary analysis did not allow for the propagation of the
crack tip since ABAQUS does not have this capability. In spite of this
fact the solution obtained are extremely useful for the understanding
of the mechanical behavior of the sample prior to fracture.

The finite-element stress analysis results are presented in Figs. 27 and 28.
Figure 27 is a displacement plot where the dotted lines represent the initial
location of the sample at initial pressure of 0.1 MPa and the solid lines repre-
sent the displaced elements at 5.17 MPa. It can be seen clearly from this figure
that the mechanical displacement of the crack contour is significant; however, the
initial triangular shape of the crack cavity is maintained. Figure 28 shows the
contours of maximum principal deviatoric stress near the crack tip region. An
interesting fact to note from this plot is that the maximum stress is located near
the shoulder of the crack tip instead of at the apex of the crack. This is due
to large deformations perpendicular to the crack axis. The result supports the
observed transformation of the crack contour from initial triangular into a square

shaped contour as discussed in Section 3.1.
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Fig. 27 Calculated Displacement of the Propellant Crack
Sample from Finite Element Program
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IV. SUMMARY AND CONCLUSIONS
;‘ Some important observations and conclusions from the crack tip ignition study
;ﬁ are summarized as follows:
1. A bright luazinous zone behind the reflected compression wave was observed
at high pressurization rates. Diagnostic experiments reveal that the
luminous zone is cauvsed Ly combustion of unreacted species from the

igniter system.

2. Experimental ve:zulcs indicate that as the pressurization rate is increased,
heat flux to the propellant surface increases and hence ignition-delay time
decreases. No distinguishable effect of the crack gap width on the ignition

! process was evident for the zange considered. Limited results obtained by

using an aluminized propellant as the igriter show that the ignition-delay

time is scmewhat lower for higher flame-temperature igniter gases.

" 3. Calculated ignition delay timesbased on several criteria (namely, attain-

ment of a critical volumetric gas-phase heat release rate, a critical

pyrolysic rate, and zero axial velocity in the gas-phase near the propel-

lant surface) are in agreement with the experimentally observed trend that

T

ignition delay time (dscreases with increasing pressurization rate. Pre-
cicted values of ignition delay for lower pressurization rates showed

{ greater dependence on the choice of ignition criterion.
E; 4, The solutions revealed that the ignition process consists of the following
f sequence of events: (a) As pressurization begins, the gas-phase tempera-
. ture starts to rise, the unburned species near the propellant surface
; react, and heat is transferred to the propellant surface. (b) Followinga per-
{ iod of inert heating and continued pressurization, the surface temperature
| rises, and oxidizer and fuel species pyrolyze. (c) When the concentration
of oxidizer and fuel species and the local gas-phase temperature are

sufficiently high, intense gas-phase reactions begin.
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The augmentation in heat feedback tu the propellaht at higher pressurization
is a result of a combination of the following mechauisms: heating due

to compression uaveAreflection at the closed end; heat release due to
burning of unreacted igniter species near the tip, behind the reflected
compression wave; and enhanced heat transfer due to recirculating hot gas
near the tip.

Solutions revealed significant temperature non-unifermity implving two-
dimensional effects which must be included in modeling tomposite propellant
ignition,

More accurate chemical kinetic constants pertaining to ignition are needad

to describe the pyrolysis and gas-phase reaction. for more precise prediction

- of ignition delay times.

Important conclusions that can be drawn from the crack propagation investigation

I[ are described below. Even'though the study presented in this report is only a first

step in the investigation of crack propagation in a burning solid propellant, sev-

eral interesting facts about the phenomenon have been observed and are summarized

below:

1!

Crack propagation velocities of 20 to 70 m/s were measured in a burning
composite solid propellant. These velocities are in the same range as
those reported in non-burning dynamic testing of inert propellants and
rubbers. |

It was found that cracks propagated at a constant velocity when subjected
to a constant rate of internal pressurization.

It was observed that there is a characteristic difference in crack propaga-
tion processes between low and high rates of nressurization. The crack
iip geometry maintainad its original contour for low dp/dt. However, a
fan region above the crack tip (accompanied by a squaring off of the tip

region) was observed for high pressurization rates in the order of 20,000
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MPa/s. The uneven multiple front cf the crack tip and the appearance

of the fan region suggests the occurrence of crack branching and micro-
structure damage.

A tentative experimental correlation showed a stronger dependence of
crack propagation velocity on pressurization rate than predictions based
solely on the elastic-glassy transition behavior of viscoelastic material
dur:ing dynamic ioading. The reason for this discrepancy is unknow:, and
further research in the propagation of burning solid propellant cracks is

needed.

e e e e Bk e L ma e A . Ml A me A M e s Aimmas me an. =D e e mh al ok % e a Ao A o ta Al

.l



59

REFERENCES

ot
.

Kumar, M., Kuo, K. K., Kulkarni, A. K., and Wills, J. E., "Ignition of Composite
- Propella:its under Rapid Pressure Loading," Annual Report to Office of Kaval
E Research, Arlingcon, va., Sept. 1981,

2. Lengell2, G., Brulard, J., and Montet, H., "Combustion Mechanisms of Composite
Solid Propeliants,'" Sixteenth Symposium (International) on Combustion, 1975,
pr. 1257-1269.

3. Kishure, K. aad Jois, G, V., "Chemistry of Ignition and Combustion of Ammonium
Perchlorate Based Propellants," Fundamentals of Combustion of Solid Propellants,
Edited by K. K, Kuo and M. Summerfi:ld, AIAA Progress Ser1es in Astronautics
and Aerninautics, te be published

4. Guirao, C. and Williams, F, A., "A Model for ‘mmonium Perchlorate Deflagration
Between 20 and 10C atm," AIAA Journal, Vol. 9, July 1971, pp. 1345-1356.

5. Beckstead, M. W., Derr, R. L., and Price, C. F., "A Model for Composite Solid-
Propeliant Combustion Based on Multiple Flames." AIAA Jourtal, Vol. 8, Dec. 1970,
Pp. 2260-2207.

6. Pearson, G. S., "Perchlcrate Oxidizecs," Cxidation and Pombust1ons Reviews,
Vel. 4, 1969, pp i-92,

7. Jacobs, P. W. M. and wWhitehead, 4. M., "“Decompnsition and Combustion of Ammonitim
‘FPerchliorate,' Chcyical Reviews, Vol. 69, Aug. 1969, pp. 551-590. :

8. Rosser, W. A., Jr., Inami, S. H., and Wise, H., '"Theirmal Diffusivity of Ameonium
Perchlorate, " AIAA Journal, Vol. 4, April 1966, pp. 663-666.

l s 9. Varney, A, M. and Strghlec, W. C., "Thermal Decomposition Studies of Some Sclid
‘ Propellant Binders,'" Combustion and Flame, Vol. 16, 1271, pp. 1-7.

10. Gordon, S. and McBride, B. J., "Computer Program for Calculation of Compiex
Chemical Equilibrium Compositions, Rocket Perfcrmance, Incident and Reflected
Shecks, and Chapman-Jougnet Detonations," NASA SP-273, 1971.

i 11. Price, E. W., Panyam, R. A., Sigman, R. K., and Sambamurthy. J. K,, “Solid
_ Propellant Combustion Zone Microstructure," AIAA Paper 82-1113, AIAA/SAZ/ASME
18th Joint Propulsion Confereunce, Cleveland, Chio, June 1982.

E 12, Kumar, M., Wills, J. E., Kulkarni, A. K., and Kuo, K. K., "Ignition of Composite
- Prcpellants in a Stegnation Region under Rapid Pressure Loading,' Nineteenth
3 International Symposium on Combustion, Haifa, Israel, Aug. 1982,

i 13, Kulkarni, A. K., Kumar, M., end Kuo, K. K., "A Comprehensive Ignition Model for
Composite Solid Propeilants,' Eighteenth JANNAF Combustion Meeting, Pasadena,
California, CPIA Publication 347, Vol, III, Octobev 1981, pp. 215-224,

T

14, Wills, J, E., Kumar, M., Kulkarni, A, K., Hund, M., and Kuo, K. K., "Investigation
of Composite Propellant Ignition Under Rapid Pressurizetion," Eighteenth JANNAF
Combustion Mceting, Pasadena, California, CPIA Publication 347, Vol. III, October
1981, pp. 243-262,




75'

16.

17.

21-

[ 8]
[

23.

24.

25,

26.

27.

28.

29,

PTTWTTTR OWETTET R T W e W R oy o wes oy oy e R e :‘

60

Wille, J. E., Kumar, M., Kulkarni, A. K., and Kuo, K. K., '"Abrupt Ignition
of \P-Based Composite Propellant Under Severe Gas Loading Conditions," 1982
JANNAF Propulsion Systems Hazards Meeting, China Lake, California, April 1982.

Kumar, M., Wills, J. E., Kulkarni, A. K., and Kuo, K. K., "A Model for AP-Based
Composite Propellant Ignition, Including Gas-Phase and Subsurface Reactions,"
AIAA Paper No. 82-1109, ATAA/ASME/SAE Juint Propulsion Conference, Cleveland,
Ohio, June 1982,

Siefert, J. G., Kvmar, M., and Kuo, K. K., "Experimental Observations of Crack
Propagation in Burning Solid Prcpellants,' Nineteenth JANNAF Combustion Meeting,
Greenbelt, Maryland, October 1982,

Kumar, M. and Kuo, K. K., "Effect of Deformation on Flame Spreading and Combus-=
tion in Propellant Cracks," AIAA Journal, Vol. 19, Dec. 1981, pp. 1580-1589.

Kulkarni, A. K., Kumar, M. and Kuo, K. K., "A Review of Solid Propellant Ignition
Studies," AIAA Journal, Vol. 20, Feb. 1982, p. 243,

Knauss, W. G., "On the Steady Propagation of a Crack in a Viscoelastic Sheet:
Experiments and Analysis," in Deformation and Fracture of High Polymers, eds.
H. H. Kausch et al., 591-340, Plenum Press, 1973.

Krauss, W. G., "Fracture of Solids Possessing Deformation Rate Sensitive Material
Properties,! AMD-Vol. 19, The Mechanics of Fracture, ASME, 1976.

Schapery, R. A., "A Theory of Crack Initiative and Growth in Viscoelastic Media
I, II, ard III," Intl. J. Fracture, 11, 141-159, 369-388, and 549-562, 1975S.

Francis, E. C., Carlton, C. H., and Tnompson, R. E., '"Viscoelastic Rocket Grain
Fracture Analysis," Intl. J. Fracture, 10, 1974.

Langlois, G. and Gonard, R., "A New Law for Crack Propagation in a Solid Propel-
lant," AIAA/SAE 14th Joint Propulsion Conference, AIAA Paper No. 78-1099, Las
Vegas, NV, July 25-27, 1978.

Kim, K. S. and Knauss, W. G,, "Dynamic Fracture in Visoelastic Solids," Annual
Report to ONR, July 2, 1981,

Swanson, S. R., "Crack Velocity Measurements in Solithane 113," Annual Report to
ONR, January 12, 1982.

Gent, A. N. and Martery, P., '"Crack Velocities in Natural Rubber," Technical
Report No. 7 to ONR, May 1982.

Swanson, S. R., "An Experimental Study of Dynamic Crack Propagation in a Filled
Rubber," 16th Ann. Meeting Soc. Eng. Sci., Northwestern University, September
5-7, 1979.

Fitzgerald, J. E., Handbook for the Engineering Structural Analysis of Solid

Propeilants, University of Utah, 197/1.




~ - S ok . o T RS SN L BT AR TR R R LN S SN B
—r——r— ST T L N T W N N ST LT T T, R :
P . " - ; A T

——

61

L APPENDIX A

J [’ Details of the Numerical Scheme
“ The coordinate transformation described by Eq. (37) and Eq. (38) is used to
"L map the (r, z) coordinates in the physical space to (r, s) coordinate in the trans-

formed space. The transformed governing equations for the solid and gas phases

take the following form.

el fats — o Fteler bl it

(A) Solid Phase Equations:

R Oxidizer:
- . 2T
oo _
[ pox scox s'S' [A (1+s) 352 + A (1+s)
: 19T . 3%
L e ol 1 -
Lo * KOX.s[r L3 ;2-] * qo'x s (A-1)
‘ S Fuel:
o Cp o 0% = Ky ([A2 2+ i a2 (1es) 3]
ﬁ _ Pr,sCF,s 58 * Kp,slfs ( s)* "7

|4 22
- » 13T  29°T .
._- i B3 g (a2
- (B) Gas Phase Equations:
P ' Continuity:
. 3p 3(pgV,)
- T ¥ Agll-s) = = 0 (A-3)
N
O Energy:
3
3 BT 3p
X Cppg 5% + [p cp 7 g(1 s) + KA (1- s)]a 3t
2 [ 2

2 azr 19T _ 3%T, . -

r " KAl-o) ke Gt 2% (A-4)
) Species
= 2y 3 S Y, e
4 Pe 3t * pgv Ag(1-s) 55~ = T3¢ (erg )Y (A-5)
,

a a i h A A h e e A A e meen
O o =L T S _a e -
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where i = 1, 2, 3, and 4 represent oxidizer, NH3, HC104, and fuel, respectively,
A second transformation is used to map the (r, s) coordinates into (r, s').
This transformation is described by the following equation.
o s' = -s for -1<s<0
(A-6)
s'=s for0<s<1
This transformation affects only the solid phase equations and these equations take

the following form.

Y Oxidizer: oT _ 32
’ U
; Pox,s Cox,s 5t - Kox, s[As(1 -s)° ;:Tf‘ A (1-s') 33-]
13T , 3°T, , °
:‘ * Kox’s[;si,- * 3 E] * qu,s (A"7)
" T
i
-
- Fuel:
P'l
: 2
3 aT _ 2,
i PF, sCF s 3t F c[A (1-s") as'z - A {1-s') asll
®
+ k [l.a.l + _2.._] . alt (A-8)
ox,s'T 3T 5 2 aF,s
{ r
#! The gas phase equations are obtained by replacing s by s' and are mathematically
{
L

identical to A-3, A-4 and A-S.

F.D. Approximations for Radial Derivatives Using Allen's Method

j A three point, variable mesh, Allen's Method, is used to approximate derivatives
in the radial direction. Allen's Method is chosen in preference to Central Difference
Method because it offers a better approximation of the derivative near the axis of
{ the computational domain. Figure A-1 shows a z = constant plane near the axis
showing nodes with different radii.
The following paragraphs describe the derivation of the difference formula using
.i Allen's Method. The radial derivative term appears in the following fcrm in our

governing equations.
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an 1 on
v R 3 (where n could be temperature or species mass fraction)
or
We define the following quantities:
3% . 19
R=gein (A-9)
r
{1 is assumed to be locally constant
r=dn (A-10)
T r
Thus a—— + = r = Q (A-11)
The solution for Eq. (A-11) is
I‘=-IQrdr+5=-2-r+£- (A-12)
Q 2
WnN=[Tdr=7%1" +Alnr +B (A-13)

To evaluate the constants , A, B in Eq.(A-13), we write n at three consecutive points

j"ls j’ j*l'

Q2

nj_l =TT " A 1!.111'j_1 +B (A-14)
Q .2

nyg =gy tA P.nrj +B (A-13)
Q 2 '

nj+1 T j+1 + A lnrj+1 +B (A-16)

We solve Eqs. (A-14), (A-15), and (A-16) to get the following value for Q.

4 n(r,, ./r.) 4 nlr,/r. )
j*+1' %) 30 73-1 .
Q = Q 0“ J) + Q Lnj*l'nj) (A"17)
where Q = &n (rjﬂ/’rj)(r ™ ) + 4n (r. /r1 1)(1-”1 J?) (A-18)

Treatment of Nodes on the Axis and One Node Away from tne Axis

(a) Approximation of. Radial Derivative Term on the Axis:

Assume that the scalar variablen is symmetric about the axis; thus,

Tttt RN SR al e e P U ST T UL SV S S URU P WL WU, SUNUR SRS WU PN
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r=0 = ( (A-19)

Use the Taylor's series to expand the term %%'about T=0

0 2 2
33.1’%¥y)' 3N T 3
ar tr arZ ) + 7 __3-) * .. (A_zo)

r=0 ar° r=0

(A-21)

A-22
23r ;:7 ( )

We define 2—% . qQ (A-23)
r

.» From Eqs. (A-22) and (A-23)

Jon=3-1r +B (A-24)

ThUS, Q' = ———7— (A-ZS)

From Ecs. (A-22), (A-23), and (A-25), we have

2 2 4(n,-n,)
l9on 3™ 3 _ 271 e
rdr " . T2 (A-26)
T T T,

for nodes on the axis.

.2 . P U PO S ST S PNV DTSRRI S — e o ——




(b) Approximation of the Radial Derivative Term One Node Away from the Axis

Consider the most general expression for N given by Eq. (A-13). As we approach

the axis, we have

n=tin @r?+atnr + B
™0
= oA + B

This result is unreasonable, hence we conclude that A = 0 nesr the axis.

Thus, very near the axis we have
na%—rz+8

We use Eq. {A-27) for node 2 and 3

nzl r~ + R

r, + B

a0 a0
WN NN

ik

Solving Eqs. (A-28) and (A-29) simuitaneously we get

2 2
T3-T,

Q=

Substituting this expression in F3. (A-9), we get for node 2

@n,1m 403
2 T 2 2
ar r3-r2

Solution of the F.D, Equaticns

A generalized Crank Nicolson Algorithm was used to solve the finite difference

equations obtained by the procedure described above.

axial and time coordinates for the above scheme. The algorithr developed had a

s Ao e A A FRRE A S S SR A
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(A-27)

(A-28)

(A-29)

(A-30)

(A-31)

Figure A-2 represents the radial,

facility to make the method either fully implicit or semi-implicit in time.

Following equations are obtained for the derivative terms in the governing

equations. The parameter 6 determines the implicitness of the method. A central

difference scheme is used to approximate the axial derivatives, while Allen's method

described in the previous section is used for the radial derivatives.
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Temporal derivative:
| k+8 _k+1 K
n _? M, My
RO, R (a-32)
i)
Axial derivative:
| k@ k+1 kel , kel k k k
2 2 s -2 +r, . n, -2n, ; +n, R
a™n = a_g =0 . a*l,3 1)] '..3-_."1:)_.., (1-8) i+l,j i,) 5 i-1,j
as'i as“t .. (4s' ) (As';
1,)
(A-33)
Radial derivative:
13 ,93% .1y, 3%
St —p 2o —_— (A-34)
T dr ar: T 9r i,j 3r2 1,
For internal nodes, the radial derivative can be expressed as
TN Il Ve WP 5 O S Mt s & UL SR S
T " 2 Q 1,3-1 7 M, Q 1,341 7 M,
RS Rauils T 1 LA S il (1 S LS, S Y
Q 1,j-1  i,j Q i,j+i i,j
(A-35)
where Q is defined vy Eq (A-18).
For nodes on the axis aud one node away from the axis (r =o0 = r and T = r2):

at r =0 =r, (node on the axis)

1 9n . 9% 4 "k‘; -4 “k+1 - “? 2 4N,1
10, 20 .oty 4 (1o0) (—2 = (A-36)
T or g;f 2 rg
at r = T, (first node away from the axis)
=, = 9¢ 3 2) v (1-8) (-—= =) (A-37)
r or 2 2 2 2 2

3
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Quasilinearization of Source Terms

The source terms in eunergy equations and species aquations are functions of
temperature and species mass frsction. These quantities being th2 unknowns
for which energy and species conservation equations are solved, quasilineariza-
tion of the source texms is required.

Let F(T,Yj) represent the general inhomogeneous teim. By Taylonr series

expansion we write
K+3
. (YF*G K+6, 9F

|K+9
’ jaet " Y500 5T

Ke8 _ K+6 Ked _ 1’,’,“‘“9) %1% (A-38)

Fpa =B+ (T ,
L

The index K+6 represents a time step in the Crank-Nicolscn algorithm, where for
any variable U,

UK+B - 6UK+

1. a-ek (A-39)
The index % represents the number of iterations of the quasilinearization loop,
and j denotes different species.
The derivations %%-and ggi are evaluated from the chemical reaction modelling
j
described earlier.

The procedures described in this Appendix are incorporated in the program

outlired in Fig. 3.
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