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A comprehensive theoretical model for ignition of composite solid propel-
lants was proposed as a framework for formulating ignition models for differ-
ent propellants under a wide range of operating conditions.

Detailed chemical kinetics in‘ormation for the AP/PBAA propellants was
incorporated into the proposed theoretical model for ignition of composite
solid propellants, enabling a more complete description of sour:e terms in
the gas-phase energy and species equations. Solid-phase energy equations
were coded and implemented on a computev. Numerical solutions of the solid-
phase subprogram were succe:sfully checked against analytic solutions for
some limiting cases. Using actual measured heat flux near the propellant
surface as an input to the solid-phase equations, predictions for the ignition
delay time were made.

Effects of pressurization rate, crack-gap width, and igniter-flame
tempera*ure on the ignition of AP-based composite solid propellants located
at the tip of an inert crack were studied. The ignition process was observed
by using a high-speed camera (~40,000 pictures/s) and a fast-response photo-
diode system. Heat flux to the propellant surface was measured with a thin-
film heat-flux gage.

A bright luminous zone behind the reflected compression wave was observed
’,,a1_hlsh.nxﬁssnxizallgg_ggxes., It is believed that this luminous zone is

caused by the combustion of unreacted species or particles from the igniter
system. Experimental results indicate that the ignition delay time decreases
and the heat flux to the propellant surface increases as the pressurization
rate is increased. No distinguishable effect of the crack-gap width on the
ignition process was evident. Limited results obtained by using an aluminized
propellant as the igniter show that the ignition delay time is somewhat lower
for higher flame temperature igniter gases. Theoretical predictions employ-
ing the solid-phase equations are in reasonable agreement with experimental
data.

r-‘"‘tlThe decrease in ignition delay with increasing pressurization is caused
by enhanced heat feedback to the propellant surface at higher pressurization
rates, This augmeutation in heat feedback to the propellant at higher
pressdg:Zatlon is a result of a combination of the following mechanisms:
heating due to compression-wave reflection at the closed end; heat transfer
due to recirculating hot gas near the tip; heat release due to combustion of
unreacted igniter species (or particles) near the tip, behind the compression
wave; and increase in temperature of the gas adjacent to the propellant sur-
face due to continued pressurization of the crack cavity.
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I. INTRODUCTION

This report summarizes progress made during the period August 1, 1980 to
July 31, 1981, under the project entitled '"Transient Ignition Mechanisms of
Confined Solid Propellants under Rapid Pressurization' (Contract No. N00014-79-C-
0762).

The overall objective of this investigation is to achieve a better under-
standing of ignition and flame-spreading processes of a soiid propellant under
rapidly varying pressure conditions. These fundamental studies are expected
to help in the design of solid rocket motors and in the reduction of hazauds
caused by convective burning and deflagration-to-¢. tonation transition (DDT)
processes. The research includes both experimental and theoretical studies of
solid propellant ignition. Specific objectives of this project are:

1. To formulate a comprehensive ignition model for composite solid

propellants;

2. To observe the detailed ignition phenomenon and to measure the

ignition delay and instantaneous heat flux to the propellant sample
surface;

3. To study the effect of pre-surization rate (dP/dt)x igniter gas

temperature (Tf), and propellant type on ignition delay; and

4. To predict the ignition delay, using measured values of heat

flux to the propellant sample surface, and to compare calculated
and measured values.

Prior to formulating the ignition model, an extensive literature survey
was conducted. Details of this survey were included in our last snnual report,1
and were also presented at the AIAA 16th Joint Propulsion Conference.2 Theoretical
and experimental work performed, and major results obtained during this reporting

period, appear in Sections II to IV,
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The foliowing is a list of paper33'8 published during the past year under

the support of this contract. Copies of these publications are included in the

Appendices.,

1.

"Combustion - Structural Interaction in a Viscoelastic Material,"
Proceedings of the Symposium on Computational Methods in Nonlinear
Structural and Solid Mechanics, Washington, D.C., NASA CP-2147,

Oct. 1980, pp. 67-90 (by T. Y. Chang, J. P. Chang, M. XKumar, and

K. K. Xuo).

"Effect of Propellant Deformation on Ignition and Combustion Processes
in Solid Propellant Cracks," Proceedings of the .980 JANNAF Pronulsion
Systems Hazards Subcommittee Meeting, Monterey, CA, CPIA Publication
330, Dec. 1980, pp. 203-238 (by M. Kumar and K. K. Kuo).

"Improved Prediction of Flame Spreading During Convective Burning in
Solid Propellant Cracks,' Seventh Symposium (International) on
Detonation, Annapolis, MD, Preprint Vol. 1, June 1981, pp. 104-114

(by S. M. Kovacic, M. Kumar, and K. K. Kuo).

"Flame Propagation and Combustion Processes in Solid Propellant Cracks,"
AIAA Journal, Vol. 19, May 1981, pp. 61G-618 (by M. Kumar, S. M. Kovacic,
and K. K. Kuo).

"A Comprehensive Ignition Mndel for Composite Solid Propellants," to

be presented at the 18th JANNAF Combustion Meeting, Pasadena, CA,

Oct. 19-23, 1981 (by A. K. Kulkarni, M. Kumar, and K. K. Kuo).
"Investigation of Composite Propellant Ignition under Rapid Pressuri:a-
tion,'" to be presented at the 18th JANNAF Combustion Meeting, Pasadena,

CA, Oct. 19-23, 1981 (by J. E. Wills, M. Kumar, A. K. Kulkarni, M. Hund,

and K. K. Kuo).
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II. THEOTETICAL WORK

2.1 Ignition Model for AP/PBAA Propellant

A comprehensive model was formulated in order to study ignition of the composite

AP/PBAA propellant under rapid pressurization conditions. The detailed mathematical

description of this model was reported in the last annual report.1 A brief summary

of the formulation of the model is given below to facilitate discernment of further

developments and solution procedures.

The model describes the igaition process for an AP-based composite propellant.

To make the problem mathematically tractable, a typical oxid.izer crystal is considered

to be embedded in a fuel binder in the configuration shown in Fig. 1. Dimensions of

the fuel and oxidizer are determined by statistical averaging of the bulk of com-
posite AP/PBAA propellant. The model considers two-dimensional axisymmetric geometry,
includes the effect of sudden pressurization in the surrounding region, and makes

no a priorl assumption concerning the site of ignition. The model allows ignition

to occui’ in any region (gas phase, solid phase, or interface) by considering surface.

subsurface, and gas-phase chemical reactions. Governing heat equations for the oxi-

dizer and the fuel binder in the solid phase are

Oxidizer: oy 2 2 k
pOx,scOx,s §f~ = [kOx s _8__';"_ + k(‘ -'3—%‘. + 9x,8 ﬂ] + ™
L ] az 'x's ar r 31'.'
2,
Fuel: T F,8 9T q'"
°F,s°F,s at [kF” kF.s sl = '5;] + 9, s
where g' " " .u

q -
0x,3 qu,raqlation qu,photochenical Ox,pyrolysis

él" = T GB -Box z
Ox,r..iation ox Fox*® = BOsz

qu, photochemical "~ [m Tox I Ox pc Adk (see Ref. 9)

and g - -
%ox,pyrolysis Zox,py @ exp(-E

Oox, py Ox,py

Ux,s

)

(2)

(3)

Q)

(5)

/R T) (see Ref. 93) (6)
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Fig. 1 Cross-sectional View of a Statistically
Averaged Element Considered in the Model
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Initial and boundary conditions for the solid phase (fuel and oxidizer) are
at t = 0 : T(O,r,z) = Ti (7)
onr=20 _;I‘; =0 (8)
oT
onr = l?.2 3" 0 (s)
at the solid-gas interface, z = zs-g :
oT aT
k. = 1. = k = .t a _G-¢E
s a7 as_g+ g 92z zs-g s-g s bs
- .n
+ rbspsT(cp s Cp g )+ qs-g (10)
8t Z = - L\
-8, L
oT T . 0x
" ks 3z ‘_ -7 Thogs |+t YoxF t Yox-Flo™® (1)
T _ - = T (12)
z=-1L Iz . - L+
at v = R1
T | N aT °Y
“Rrs 3T R T T Fox,s Ir| Ry Y0x-F (13)
T . Tl ) (14)
T = Rl. T = R1
at z » - T=Ti (15)
Governing equations for the gas phase are
Continuity Eq:
ap ap_v,)
—2 __&___
T (16)
Energy Eq:
aT 3 _3® 19 "
¢ pg at pg p'zdz At T or (kg ar) * 52 (ks Bz) *q 'B a7

IR, Stk un, o i T ottt 2t mnes e ke




i

s ot

Species Eq:
oY oY oY
3 j 1.3 3 .
oo - ——— e
°s T3t " Pg¥z 3z "t or (erg 3 ) v o0y (18)
where j = 1, 2, 3, or 4 (for the gas phase species: Oxidizer,
NH3, HC1 04, and Fuel)
Equation of State:
P,T
The momentum equation is replaced by a measured pressure-time trace near the
propellant surface.
Initial and boundary conditions for the gas phase are
at t =0 : V.t Vai (20)
tta= : = 2
a 0 T(0,r,2) Tg.i (21)
at t =0 : Y =Y 22
[ (22)
- : ar
onr=20 : sz ™ 0 (23)
Y
- M —-l -
onr=20 : e 0 (24)
onr= R2 : %:— = 0 (25
oY
onr = R2 : _D—:':L = (26)
onz=z o : PV, = Dsrbs (27)
oh z = : T -
Z5-g lz . T . (28)
s~g s~-g"
s}
on z = 2z : Y = - A ~ o (29
s-3 °8"2"y|, Pg"2"s g F e~ 8 (49
s-g~ s-gt
on z -« : T = T,(t) (3M
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2.2 Reaction Kinetics of AP/PBAA Propellants

Five chemical reactions are considered for this family of propellants, viz.,

exothermic degradation of solid AP particle into oxidizer gases; dissociative

sublimation of AP into NH, and HC10,; reaction between premixed NH, and HC10,

gases; fuel pyvolysis; and diffusion flame resulting from chemical reaction

between oxidizer and fuel gases o form products.

the AP/PBAA propellants are given in Table 1.

Detailed reaction steps for

The sixth reaction shown at the

bottom of Table 1 represents the heterogeneous reaction between the fuel vapor

and solid oxidizer.

because no data is presently available.
Table 1

However, this reaction is not considered ir the current model

Reaction Steps for AP/PBAA Propellant

Chemical Reactiouns Reaction
Considered in Mathematical Model Appears in
k1

——— e
1. AP(s) Exothermic ox(g) B.C.

Degradation

k2
. SO S— cL0 .C.

2 AP(s) Dissociative NH3( ) + H 4(8) B.C

Sublimation 8

k3
. - G ¢
3 NH3( ) + HCJZ.O4 Premized Ox(g) as Phase Eq
g (g) A/PA Reaction
k,
4. PBAA(s) Byrolysis Fuel(g) B.C.
k5
] Ox(g) + Fuel(g) Diffusion Productscg) Gas Phase Eq.
———————— e e _Flame
k6 ———————— o = e e e v e e e oo
6 Fuel(g) * AP(S) Heterogeneoﬁ?ﬁ Products B.C.
Reaction
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A specific reaction rate k is given by the Arrhenius expression

-E/RT
k =2z T (31)

Typical values for the above chemical kinetic constants, together with the
sources, are preserted in Table 2.

2.3 Numerical Solution of a Simplified Case

A simplified case of the generali:ed model described above was solved initially.
Instead of using calculated heat feedback from the gas-phase equations, measured
heat flux tu the propellant surface was used as an input to the solid-phase heat
equation.

There are several advantages in obtaining a partial solution to the generalized
model. Siné? the heat flux is measured at a location adjacent to the precpellant
surface, it provides realistic values of heat feedback to the propellant surface,
even for such a complex physical situation. The simplified model, that considers
only solid-phase equations and employs measured heat feedback to the propellant
surface, will yield reasonably accurate values of ignition delays. Because
solutions to several limiting cases of the solid phase equations are well docu-
mented, resylts obtained from the simplified model will make it simpler to
independently check the numerical solution procedure for the solid-phase portion
of the complete model. The detailed solution meticod for the solid-phase governing
equations, and comparisons with some analytic results to limiting cases, are
given in the following subsections. It should be noted that even though the
major advantage of the partial solution is its simplicity, results thus obtained_
depend upon experimental determination of the heat flux, which is expensive
and not always feasible. Therefore, solution of the complete model (both
solid- and gas-phase equations) is essential for detailed prediction of the

ignition process.

ol L i = o sl
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2.3.1 Numerical Scheme

A finite difference scheme was used for the rumerical solution of solid-phase
equations. A schematic of the grid system in r and £ coordinates is shown in
Fig. 2. The following features have been incorporated into the numerical solu-

tion procedure for improved accuracy, faster convergence, and reduced computation

costs,
i) Variable mesh size
ii) Central difference scheme to approximate the spatir' derivatives
iii) Generalized Crank-Nicolson representation of the inite-difference
equations
iv) Quasilinearization of the inhnmoger=ocus or source terms.
A successive overrelaxation iterative scheme was used to solve the resultinyg set
of simultaneous algebraic equations.
Figure 3 shows a stencil diagram for a general node (I, J, K). As indicated
by the arrows, calculation of variables at the new time step, i.e., at (I, J,
K+1), is influenced by all nodes surrounding the node (I, J, K+l),as well as
those surrounding the node (I, J, K). Finite difference expressions for various

derivatives are given below. Here, & is the Crank-Nicolson parameter,

K+1 K
ot _ o | Ty - Ty (32)
3t ot 1,3 At
K+8 K+l K+l K+1 K K K
3%t % .o Tre1,9 = 2 T%JJ ‘T, a- o Tre1,0 " 2T 0 Ty
22 Al N p)
2 el (8&,) (8€) 33)
KeO K¢l Kel K+l K ..k K
e oo " 2T g Mg e T 22Tyt Tra
o e A Y +@-9 7
ar or 1.J (ArJ) (ArJ)
’ (34)
K+l K+l K K
tor 1ot |*® 1| Troa - Trga RS .
s = —8 : +(1-89) (35)
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2.3.2 Procedures Used in Checking Numerical Solution

Three major checks were made on computed solutions. First, numerical results
were compared with the analytic solution for the simple case of a semi-infinite
homogeneous solid st uniform initial temperature, with constant external heat
flux starting at ¢ = O, Comparison of calculated and analytic distribution of
temperature within the solid at various times was excellent (see Fig. 42). Surface
temperature-time history values were also very close (see Fig. 4b). In the second
check, a global-energy balance was made. The total energy input from cutside
at various time steps was within the acceptable error limits of the net increase
of internal energy obtained from computed temperature distributions. The third
check involved energy balance in elemental volumes arcund some arbitrarily chosen

nodes. The local energy balance also showed excellent agreement.

2.4 3Solution of the Complete Model

Governing equations, as outlined in section 2.1, represent a set of transient,
second-order, coupled, inhomogeneous, nonlinear partial differcntial equations.
An_exact analytic solution of this set of equations is not possible, and appruxi-
mate solution methods employing asymptotic expansion or similarity do not appear
to be very useful. For a complete solution, therefore, the numerical method
is used. Several key steps of the solution procedure are briefly described in
the foilowing subsections,

2.4,1 Coordinate Transformation

Since the mathematical domain in z-direction js infinite, it was transformed
into a finite region using the transformation given below. This transformation
also makes possible a finer grid size near the propellant surface in the real
spatial coordinate, where large temperature gradients exist, while using a uniform

grid in the transformed coordinate. This transformation alleviates the instability
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associated with nonuniform grid spacing, which would have been necessary for the
z coordinate. The following exponential coordinate transformation is employed
in the gas phase.

s =] - exp (-A2)

) (36)
or, z--x-ln (1 -3)
This gives
T == = s =] (37)
z=0 = s =0 (38)
%;-A(l-s)g—s (39)
2 2
9 2 23 2 3
s AT (L) TS s e (40)
a_z.f 332 3s
Note: The r axis remains unchanged.
The transformed, gas-phase, governing equatiomns : -.:
Continuity Eq.
3p e, v,) a1
Al - —dL a0 )
Energy Eq.
aT P

aT
“pPg Bt * PV M - ) By -
1 3 aT 3 AT, | -,
*r kg rAQ-s) 5 [kgA (1-s) 55l ;‘gg
Species Eq. (j = 1, 2, 3, 4)

o O Ny, ) SR
gﬁl*pgva(l's)?s_'? 15;(!'003 r)’“’j (43)

All boundary conditions remain unchanged except the mass baiance of individual

species at the interface eq. (29):

) §
R A =Lody (e

=p.v.Y
o . Pglel
s-g

on s S . v Y.
* Ss-g Pg¥z";
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2.4.2 Modeling of Sourcez Terms

In order to solve the governing equaticns, sourte terms (é", dg: ég, and dgﬁ
must be expressed as functions of other variables and known parameters. In
modeling the source terms, it is implicitly assumed that the rate-controlling
reactions are single-step and irreversible, It is further assumed that the
reaction rate constant has Arrhenius dependence on local temperature.

I1f the gas-phase mass fractions, Yl’ YZ’ YS’ Y4, Ys, represent the oxidizer,
ammonia, perchloric acid, fuel, and products, respectiveiy, the source terms can

be expressed as follows.

W
"o 12 1 -
) 3 Wiy pg Yo¥s 7 exp (-E5/R/T)
1 2
s W W, Pg Y,Y, exp (-Eg/R T) (45)
g 1 2 1 -
wy'® - I3y Pg Yo¥s T oXP (Eg/R)T) (46)
(:)m = l:\'" W—3
372w, (47)
® 1 = l_ 2
Wy = - % pg Y Y, exp (-Eg/R.T) (48)
ag. (onl + (;)Z'AHS) (49)

vhere AHsis the heat of reaction per unit mass of ammonia for reaction 3, and AH5
is the heat of reaction per unit mess of fuel for reaction 5. Other source terms
are evaluated in a similar fashion. It should be noted that the reaction rate
expression for reaction 3 is taken from Guirao and Williams.l4
A quasilinearization technique was used to linearize the inhomogeneous (or
source) terrs of the governing equations. To illustrate the quasilinearization

procedure, F(T, Yj) represents an inhomogeneous term of the governing equations.

Using the Taylor series expansion technique, F at any time k + 0 is evuluated in
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the following manner:

k k
Ke® _ k +8 k. OF k+6 k. 3F
F R - 5| v, -Y.)—Yj- (50)

J
where for any varieble U, Uk*e - GUk*

1 + (1-8) Uk. The partial derivatives of F
are obtained analytically.

It should be noted that for the five species considered in the model, only
three species equations have to be solved independently. This is the case since
species 2 and 3, i.e., ammonia and perchloric acid, can be shown to have identical

governing equation and boundary conditions. Mass fraction of products Yg is

obtained from the following algebraic relation.

4
Ye=1- 2 Y, (51)
5 j=1 j

The finite difference representation of the gas-phase equations is very
similar to that of the solid-phase equatiors. As noted earlier, the coordinate
transformation in the gas phase allows one to use uniform grid size in the trans-
formed coordinates, thereby bypassing some of the instabilities associated with
nonuniform grid spacing. A general layout of the computation procedure is given
in Fig. 5. First, a temperature and species mass-fraction distribution is
assumed in the entire region for the new time step. Since the pressure is known,
the density is easily computed from equation of state using the assumed temperatures.
The continuity equation is then integrated to obtain v, at each node point. The
gas-phase energy equation is then solved using an iterative procedure. Because
the species equation for Yz is independent of the mass fractions of other species,
it is integrated first to obtain the new value of Yz. Species equations for Y1
and Y4 are then solved iteratively to obtain mass fractions of fuel and oxidizer.
Using the new values of mass fractions, the energy equation is solved again to

obtain gas-phase temperature, until both temperature and mass fractions converge.
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From the gas-phase temperature distribution, heat flux to the propellant surface

is computed, and the solid-phase heat equations are solved. The solid-gas interface

HCmE i v o A

P temperatures thus calculated are used as the new boundary conditions to solve the
gas-phase equations again. This procedure is repeated until the solid-gas

interface temperatures at a given time step converge.
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IIT. EXPERIMENTAL WORK

3.1 Test Apparatus

The test apparatus was designed to obtain high-temperature, high-pressure
gases, which closely simulate conditions in an actual rocket motor. Pressuriza-
tion rates obtained in this setup are close to those encountered befors the onset
of transition to detonation. A solid-propellant igniter system was used to obtain
the hot-gas composition similar to that in actual rucket motors. Using this
apparatus, it is possible to obtain pressures up to 50 MPa (.7,000 psi), and
pressurization rates in the order of 100 GPa/s (~106 atm/s).

Figure 6 shows a schematic of the igniter system, consisting of electric
primer (FA 874) and its housing unit; booster propellant and booster nozzle;
solid propellant igniter charge and igniter chamber; and multiperforated exit
nozzle. Exploded view of the igniter chamber is shown in Fig. 7. When voltage
is applied to the electric primer, it produces hot gases which flow over the
propellant strip and ignite it. The product gases flow through a multiperforated
nozzle into the main chamber.

A schematic of the test section is shown in Fig. 8. A crack-like cavity,
formed between a transite slab and a plexiglass window, is situated normal to
the flow direction of gases in the main chamter. Thickness of the interchange-
able metral spacers determines the crack-gap width. In the present study, the
gap width was varied between 1.17 mm and 3.18 mm. The length of the cavity is
145 mm. As shown in Fig. 8, propellant test sample is situated at the tip

of this cavity. A heat-flux gage is symmetrically placed adjacent to the

propellant sample at the tip. Two oressure ports are provided in the crack cavity:

one near the test sample, and the other at the crack entrance. Exploded view of

the test section is presented in Fig. 9. Figure 10 shows the partially assembled

test section in the chamber.
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The ignition event is observed through a set of transparent plexiglass windows.
The window assembly is held in place by the window retainer, which forms the

top half of the chamber. With the excepzion of the exit nozzle through which

gases are discharged into the atmosphere, the chamber is complctely sealed during

tests. For safe operation, the chamber is also equipped with a port for

the burst diaphragm; the diaphragm ruptures at a pressure of about 70 MPa (~10,000

psi). Figure 11 shows the assembled test chamber, along with the igniter system.
Several parameters can be varied to alter chamber pressurization and igniter-

gas temperature. The rate of chamber pressurization is varied by altering any

one or more of the following: a) mass of the propellant igniter charge, b) mass

of the booster propellant, c) chamber volume, d) insertion of a bursting dia-

phragm between the igniter chamber and the test chamber, and e) diameters of

exit, booster, and multiperforated igniter nozzles. In order to change the

igniter gas temperature, igniter propellants with different flame temperatures

were used.

3.2 Data Acquisition System

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

shown in Fig. 12. This system is comprised of 1) pressure measuring system,

2) heat-flux measuring system, 3) photodiode setup, 4) high-speed photography *

system, and 5) transient wave-form recording system. The ignition event was

remotely controlled, using a relay circuit connected to the footage-controlled
event switch on the camera.

Pressure measurements were made at three locations in the chamber: one each © i
near the propellant sample, at the entrance of the crack cavity, and in the main

chamber. Piezoelectric quartz transducers with a rise time of 1.5 is and ratural

el

frequency of 300 kHz were used to mcasure the pressure. Signals from the
transducers were amplified through a charge amplifier before recording. leat-flux

measurements were made with thin-film heat-flux gages. The heat-flux gage is

i s s bt A




t Fig. 11 Assembled Test Chamber and Igniter System
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essentially a thermocouple in which 0.5-1.0 uym thick films of thermoclements are
deposited on a cerumic base (mullite). The response time of these thin-film

19 1n the present study, platinum and rhodium

thermocouples is in microseconds.
were used as thermoelements. Output of the thermocouple is amplified by a wide-
band amplifier. The procedure for obtaining the heat flux from temperature
measurements is outlined in a later subsection.

The photodiode and high-speed camera systems were used simultaneously to
monitor the ignition event. A 16-mm Hycaa movie camera recorded the complete
ignition event in the chamber. With a quarter-frame optical head, the caaera
was capable of filming at about 40,000 pictures/s. The photodiode system consists
of a photography lens mounted on an optical bed, a fast-response photodiode,
and an amplifier. In order to observe ignition of the propellant surface, a small
region around the propellant surface is focused onto the photodiode »y the lens.
Output of the photodiode can be amplified before recording. Use of these two
independent systems for the observation of the ignition event reduces the possi-
bility of error. Figure 13 shows the assembled test chamber and igniter system,
the Hycam camera, and the photodiode system,.

All transient signals are recorded on a digital transient wave-form recorder
(Physical Data Model S15), as well as on a high-frequency ™ tape recorder. The
transient wave-form recorder has a sampling rate up to 2 x 106 samples/s, a
maximum amplitude resolution of 0.1%, and a 4k word memory per channel. A light-

emitting diode (LED) driver unit is used to generate a trigger or common-time

pulse, which is simultaneously recorded on the film and on the transient recorders.

This common-time pulse is used for time correlation between data on the film and
on the transient recording devices. Digitized output of the transient recorder
can be displayed on an oscilloscope or an x-v plotter, or can be transferred to

the minicomputer (PDP 11/23) for data storage and processing.
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Fig. 13 Assembled Test Chamber, Igniter System,
Hycam Camera, and Photo-dicde System
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3.3 Determination of Surface Heat Flux

The procedure for determining heat flux from the thin-film-gage temperature

20,21 Since the thickness of

data is similar to that outlined by Vidal et al.
the thermoelements is less than 1 um, temperature measured by the thermocouple
is assumed to be the surface temperature of the insulating ceramic base. 3ecause
the duration of the event is in the order of 1 ms, the ceramic base is treated

as a semi-infinite solid for heat-flux computations. The expression for heat

flux for a semi-infinite solid with known surface temperature-time history22 is

. © kpc T(t) 1 It T(t) - T(r) d.J 52)
q" = ————— —n T 2
e -

where T(t) is the measured surface temperature,

The integral appearing in Eq. (52) must be evaluated numerically. A simple
trapezoidal rule or Simpson's rule techniques do not provide accurate answers,
since the integrand becomes infinite at the upper limit. A method proposed by
Cook and Felderman23 was employed to alleviate this problem. T(t) is approximated

by a piecewise linear function. The final expression for heat flux is given by

e ) 3/ kpc T(t) n-l ( T(t ) - T(t,) T(e) - T(t; ;)
RERA T + 1/2
_n

77 * L 72~ 172
=1ty - ty) AT
T(t;) - Tt ) T(t) - T(t ;)
" t -t )24 -, )7 TR &3)
n i n i-1

where At = tn/n.

The steps involved in computing heat flux from voltage-time data is as follows.
Voltage-time data is converted into temperature-time data using tabulated temperature-
EMF values for platinum-rhodium thermocouples. The temperature-time curve is then

2
smoothed, using a cubic spline fit'4 through the data. This smoothed temperature
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time information is used in Eq. (53) to compute the surface heat flux as a function

of time. Properties of mullite, which are a function of temperature as shown in

Fig. 14, are averaged over the temperature range.
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IV. RESULTS AND DISCUSSION

The ignition of an AP-based composite solid propellant with PBAA-EPON binder
was a subject of this investigation. The weight percent of oxidizer in the propellant
was 75%, and the average oxidizer particle size was 76 ym. The flame temperaturs
of this propellant is 1920 K. In most of the experiments, the same propellant was
also used as the igniter. In all tests, initial pressure in the chamber was 0.1
MPa and initial temperature was about 298 X,

The sequence of events that occur during the test can be described generally

as follows. Hot, combustion product gases from the igniter flow into the main

chamber and pressurize it. The pressure gradient causes a part of the gases to
penetrate the crack-like cavity. Hot gases and the pressure front propagate along
the crack, reach the tip, and are reflected from the closed end. As the process
continues, additional hot gases are driven into the crack because of the continually
rising chamber pressure. As the hot gases reach the propellant surface, energy is
transferred from hot gases to propellant. Heat feedback from the gases can be
extremely high because of compression wave refiection from the tip; flow recircu-
lation near the closed end; heat release from the unreacted igniter species (or
particles) behind the reflected compression wave; and increased enthalpy of the
hot gases because of c;ntinued pressurization of the cavity. This heating eventually
causes the propellant to ignite.

In the experimental portion of this study, ignition is defined as the onset
of emission of luminous light from the prupellant surface. A go/no-go type of
ignition criterion cannot be applied to the test configuration of this study since
it was impossible to remove the energy stimulus following onset of ignition.
Although the criterion of onset of luminous light is usually associated with onset of
surface ablation, especially for nitramine propellants where considerable time

lag exists between surface ablation and ignition, the ignition criterion employed in

e e
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this study is quite suitable for AP-based composite propellants, and it has been widely
used in the past. In all but one of approximately sixty tests conducted in this
study, the propellant sample burned completely. Figure 15 is a photograph taken
following testing of the burned plexiglass window next to the propellant sample.
As mentioned in the previous section, pressure measurements were made at two
locations in the cavity, one near the propellant sample at the tip and another
near the crack entrance. Heat flux from the gases to the propellant was deduced
from a heat-flux gage situated adjacent to the test sample. The ignition event
was simultaneously recorded on film ard a photodiode focused on the propellant
surface. High-speed photography was conducted by using either a streak attachment
: or a quarter-frame optical head. Maximum filming speed during the tests was abocut
40,000 pictures/s. It was noted that light intensity obtained through streak record-
i ing near the tip was a replica of the photodiode signal. Therefore, in order to
E achieve a more complete understanding of the ignition event, the quarter-frame head

was used in most of the tests. Even though the time interval between each picture is

about 25-30 us, ignition delay can be accurately determined by first locating the
ignition event on the film and then obtaining its more precise location from the
photodiode signal.

A typical set of time-correlated pressure traces at the crack entrance and at
the tip is presented ir Fig. 16. The curves shown pertain only to the uprising part

of the P-t trace because that is the region of interest. Figure 16 shows that the

first discernible pressure rise at the tip occurs some time later than the corresponding

pressure rise at the entrance, due to the finite time required by the pressure front

bl | oM

to propagate from crack entrance to tip. Also, except for a short period immediately

o - e

following arrival of the pressure front at the tip, the average pressurization rate
is generally lower near the tip, perhaps as a result of frictional losses in the channel
as gases travel to the closed end. The pressurization part of this curve is quite

linear. Ignition was observed to occur during the uprising part of P-t traces. i
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Another time-correlated pressure trace, for which_the initial pressurization rate was
extremely high (dP/dt) init = 1260 GPa/s, is shown in Fig. 17. From the P-t trace at
the tip in Fig. 17, a very steep shock-like compression wave is clearly evident at
the instant at which compression waves arrive there.

Typical time-correlated pressure at the tip, light intensity at the propellant
surface, and temperature signals from the heat flux gage are shown in Fig. 18.

The temperature trace shown is the amplified signal through a wide band amplifier

at a gain setting of 50 db. The ignition event is also shown in the figure. As
mentioned earlier, the time for ignition is first obtained from the film. A more
accurate location of ignition is obtained from the photodiode trace, where a trough
followed by an uprising of the curve exists in the neighborhood of the point obtained
from the film. In this study, ignition delay is defined as the time lag between
arrival of the pressure front at the crack tip and subsequent ignition (i.e., emission
of luminous light from the propellant surface).

Figures 19 and 20 show two streak photographs of tests conducted at low
pressurization rate (17 GPa/s) and high pressurization rate (55 GPa/s), respectively.
One startling difference between the two photographs is evident. At a higher pressuri-
zation rate (Fig.20), immediately after the hot gases reach the crack tip. a luminous
region appears there. As time progresses, this luminous region moves downstream
toward the crack entrance. Depending upon test conditions, the luminous region may
or may not travel all the way to the crack entrance. This bright region may be
caused by heat released from combustion behind the reflected compression waves of
unreacted species or particles from the igniter system which are carried to the crack
tip by strong pressure gradients. At higher pressurization rates, the pressure gradi-
ent is steeper, and the igniter species have less time to burn or react completely
before entering the combustion chamber. Both of these p: )cesses would contribute to

the appearance of the bright luminous region at the tip.
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The observed luminous (reaction) region could also be caused by reaction of
igniter species with oxygen present in the chamber. Because of rapid pressurization
é of the crack cavity, the air present in the cavity could be adiabatically compressed
causing a flash reaction betwsen the oxygen in the air and some of the igniter species.

To eliminate the possibility that this reaction may have been caused only by the

E presence of oxygen, tests were also conducted in the chamber purged with nitrogen.

] Figure 21 shows photographs for a test in which air was present in the chamber,

whereas the photograph in Fig. 22 is for a test in which the chamber was purged with

nitrogen. It is evident in both cases that the luminous region is present, even

though the luminosity is somewhat lower when oxygen is not present. Therefore,

oxygen present in the cﬁamber enhances luminosity but is not the only cause of it.
Tests, in which both the igniter grain and a sufficient quantity of powdered

propellant were placed in the igniter chamber, were conducted to further investigate

the effect of igniter species or particles in causin; the luminous zone. Figure 23

3 presents a set of pictures for this case. The chamber was purged with nitrogen.

A comparison of Figs. 22 and 23 shows that the luminosity of this zone is higher

for the case shown in Fig. 23. If more particles that can be entrained in the

3 flow are present, the probability that the particles may be carried to the tip

with the gas flow and burn there increases. This is especiaily true at higher
pressurization rates because the particles may not have sufficient time to react
completely in the igniter chamber or the main chamber.

Figure 24 shows smcothed temperature-time traces measured by using the thin
film heat-flux gage for three different pressurization rates. It can be seen from
the figure that the rate of increase of surface temperatue increases as the pressuri- -
zation rate is increased. Deduced heat flux as a function of time for the conditions
corresponding to Fig. 24 is given in Fig. 25. The shapes of the heat flux-time
traces are dictated by their respective temperature-time plots. It should be i

noted that the heat flux to the propellant surface is extremely high under these 3
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operating conditions (in the order of 10 MW/m2 or 250 cal/cmz-s). and that the
heat flux to the propellant surface increases with the increased rate of pressuri-
zation. For the time period specified in Figs. 24 and 25, measured temperature
continually increases and heat flux to the propellant surface is always positive
because the hot igniter gases continue to flow into the crack cavity during
this short period of time.

The increase in heat flux to the propellant surface at an increasing rate
of pressurization can be attributed to a combination of the following. At higher
pressurization, heat transfer to the propellant, from both the reflected
compression wave and the hot recirculating gases near the tip, will be higher.25
Photographs of the ignition event presented in Figs. 20-23 show that at higher
pressurization some of the unreacted species or particles from the igniter grain
or booster propellant, which did not have sufficient time to burn completely,
may become entrained and carried by the hot gases to the tip and burn there.
Because of continued pressurization of the crack cavity, the enthalpy of gases
adjacent to the propellant surface will increase, which in turn increases the
rate of heat transfer to the propellant surface.

The effect of pressurization rate at the tip on measured ignition delay
time is shown in Fig. 26. It can be seen that the ignition delay decreases as
the pressurization rate increases because the rate of heat transfer to the
propellant surface increases as the pressurization rate is increased. It is
interesting to note that the ignition delay is in the submillisecond range for
pressurization rates of the order of 10 GPa/s or higher. Scatter in the experi-
mental data appears to be more pronounced at lower pressurization rates; this
may be attributed to the lower rate of heat transfer to the propellant under
these conditions. Figure 26 also shows that crack-gap width has no distinguishable
effect on the ignition process. Data for the smallest gap width (6 = 1.17 mm)

appear to be concentrated at lower pressurization rates; because no diaphragm was
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inserted between the igniter and combustion chambers for tests with the smallest gap
width, lower pressurization rates were obtained.

Experiments were also conducted to evaluate the effect of igniter gas
temperature on the ignition process. An aluminized AP-based composite propellant
was used as the igniter for these studies. The flame temperature of this propellant
is 3600 K. Because of the very high luminosity of the product gases from this pro-
pellant, it was difficult to accurately measure the ignition delay. Limited results
obtained from these tests indicate that the ignition-delay time is somewhat lower
for high-flame temperature igniter gases. This is to be expected, since the rate of
heat transfer to the propellant will increase with higher gas temperatures.

Table 3 lists the values and sources of physical properties and input parameters
used in the calculatiorns. Thermal properties of AP were taken from Ref. 26. Thermal
properties of PBAA are approximate. and are identical to those used by Varney and
Strahle.16 Density of the fuel binder in the table is weighted average density of
PBAA and EPON. Conductivity of PBAA was deduced from this average density and the
value of thermal diffusivity used in Ref. 16 for fuel binders. The values of in-depth
radiation absorption coefficient B are considered to be equal for both oxidizer and
fuel, and are identical to those used in Refs. 29-31, Separate values of B for AP
and PBAA were not found in propellant literature. In the present study, radiation

is less than 2.5% of the total heat flux to the propellant; in-depth radiation

absorption, therefore, does not play a significant role in the overall ignition process.

The ignition criterion for the theoretical analysis was based upon attainment
of a critical temperature at the oxidizer fuel-binder interface on the propellant
surface. This temperature was denoted as 623 K (350°C), which is the accepted

14,34 Because of the heterogeneous nature of the

decomposition temperature of AP.
propellant, the AP and the fuel binder have different temperatures at any axial
location; therefore, the ignition criterion was based upon the temperature at the

AP-fuel interface. Photochemical reactions were not considered in the computations.
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Table 3 Physical Properties and Input Parameters
i
Property Units AP PBAA ‘
c J/kg-K 1505.426:27 1255216
E kJ/gmol 13428 14216
pY ‘
- k W/m-K 0.46% 0.1218
L HUm 50 -
Qy kJ/kg -50210+15 815916
Rl um 30.62 --
R, um -- 39.76 i
. ; : i
: Z,y s 1.0 x 107 (Ref. 28) 2.0 x 10’ (Ref. 16) !
B m~! 1.0 x 10* (Ref. 29-31) 1.0 x 10* (Refs. 20-31)
0 kg/m> 19502 94733 :
|
4 ;
:
- : 3.'
4
1
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Figure 27 shows the comparison between measured and predicted ignition delays.
Theoretical values appear to predict accurately the functional dependence of
ignition delay on the pressurization rate. The variation in the predicted ignition
delay when t .cre is a +25 K change in the ignition temperature is also shown in
the figure. At low pressurization rate, the variation is large because of lower
heat flux to the propellant. It should be noted that only representative values of
predicted ignition delays are shown in Fig. 27; there is also some scatter in the
predicted results because actual meuasured heat flux is an input to the theoretical
model.

Figure 28 presents a plot of the calculated radial variation of propellant
surface temperature at three different times. The temperature profiles at these
specified times are quite similar. Temperature in the fuel binder is higher than
that in the oxidizer crystal because the thermal diffusivity of fuel is lower.
Even though the pyrolysis reaction for the fuel is endothermic, it has little
effect on the temperature profiles since appreciable pyrolysis reaction does not
occur in the temperature range shown in Fig. 28. It is also evident that except
near the oxidizer-fuel interface, the radial temperature gradients are very small
as a result of adiabatic radial boundaries.

Figure 29 shows the predicted axial variation of the oxidizer fuel interface
temperature at various times for conditions corresponding to Fig. 28. The themmal
wave penetration depth is extremely small (<20 um) because the heat flux to the
propellant surface is very large (in the order of 10 MW/mz) and the time duration
is very short (submilliseconds). If a significant portion of the incident heat
flux is radiative, the thermal wave will penetrate deeper than that shown in the
figure. In the present study, as noted earlier, a very small portion (<2.5%) of
the incident heat flux is radiative.

Figure 30 is a plot of the calculated propellant surface temperature at the

oxidizer fuel interface as a function of time for pressurization rates of 15.35,
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. 49.72, and 112 GPa/s. The input heat flux for these cases is presented in Fig. ZS. ? ,

Since ‘the heat flux to the propellant surface increases with higher pressurization,
the average slupes of the curves in Fig. 30 also increase with higher pressurization. ;
The time variation of surface temperature for o Ziven pressurization rate depends

strongly on the corresponding heat-flux time data.
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V. SUMMARY OF PROGRESS ANL CONCLUSIONS

Progress made during the past yesr and the results obtained can be summarized
as follows:

1. DNetailed chemical kinetics information for the AP/PBAA propellants
was incorporated into the proposed theoretical model for ignition of composite
solid propellants. This enables a more complete description of source terms in the
gas-phase energy and species equations.

2. Solid-phase energy equations were coded and implemented on a computer.

The numerical scheme employs a stable, implicit'scheme for solution of the governing
equations. Numerical solutions of the solid-phase subprogram were successfully
checked against analytic soluticns for some lim'ting cases. Using actual, measured
heat flux near the propellant surface as an input to the solid-phase equationé,
predictions for the ignition delay time can be made.

3. Numerical solution of tlie complete model is in profress. An overall solution
scheme was established, and a portion of the gas-phase finite difference equations
was coded.

4. The test chamber wys modified to house the heat fiux gage, pressure trans-
dncer, etc., near the propellant sample. A new igniter system, which uses electric
primers, was designed and fabricated. With the present satup, pressurization rates
in the o~der of 100 GPa/s (~106 atm/s) were obtained.

5. The data acquisition system was updated by acquiring and installing a
2 MHz transient waveform recorder and digitizer; by interfacing the digitizer with
a minicomputer; and by upgrading the movie camera system to reach 40,000 pictures per
second. A photodiode system was installed to detect onset of ignition.

6. Test firings were conducted to investigate effects of pressurization rate
dP/dt, crack-gap width §, and igniter flame temperature on the ignition process.

The ignition delay time was simultaneously recorded, using the Hycam camera and the

fast-response photodiode system.
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7. Heat flux to the propellant surface was deduced from tke temperature-time
profile measured by a fast-response (5-10 ps) thin film thermocouple; using a

numerical integration procedure.

f. Experimental results indicate that the ignition delay time decrcases and

the heat flux to the propellant surface increases as the pressurization rate is

pA Aot

increased. No distinguishable effect of the crack-gap width on the ignition process
was evident. Limited results obtained by using an aluminized propellant as the
igniter show that the ignition delay time is somewhat lower for high-flame temperature
igniter gases.

9, Theoretical predictions made usinglthe solid-phase equations show reasonable
comparison with experimental data. Theoretical results also indicate that the
ignition delay time decreases as the pressurization rate is increased.

10. The decrease in iynition delay with increasing pressurization is caused by
enhanced heat feedback to the propeilant surface at higher pressurization rates.
This augmentation in heat feedbuck to the prbpellant at higher pressurization is a
result of a combination of the following mechanisms: heating due to conpression wave
reflection at the closed end; hivat transfer due to recirculating hot gas near the

tip; heat release by burning of unreacted igniter species (or particles) near the

tip, behind the compression wave; and increase in enthalpy or the gas adjacent to

the propellant surface due to continued pressurization of the crack cavity.
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VI. NOMENCLATURE

axial transformation ccnstant for the gaseous region
specific heat

binary mass diffusion coefficient

activation energy

black body radiation intensity

external radiation heat £lux

local radiation flux at z

thermal conductivity

rate constarts for reaction i

thickiness of tne oxidizer pellet

constant defined in Eg. (31)

pressure

heat flux (energy per unit time per unit area)

heat generation rate (energy per unit time per unit vclume)

rate of heat generation due to photochemical process per unit
wavelength/local radiation flux at z

heat of pyrolysis per unit mass

radial distance fyrom the center of the statistically averaged
element

burning rite
universal gas constant

radii of outer surfaces of oxidizer particle and fuel binder,
roesnectively

transformed nondimensional axial coordinate in gas phase

time

temperature

gas phase veliocity in z direction
average molecular wéight

mass fraction of species j in the gas phase
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Subscripts
1,2,3,4,5
F

F-g

Ox
Ox-F
Ox-g
pc

BY
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DescriEtion

distance from the initial (t=0) position of the interface;
positive in the gas phase

pre-exponential factor

raliation absorptivity of the interface

in-depth rediation absorption coefficient
emissivity of the interface

efficiency for photochemical process at wavelength A
wavelength of external radiation

density

transmissivity of the solid phase

mass production rate per unit area

mass prcduction rate per unit volume

axial coordinate in solid phase (=-2z)

, various reactions or species
fuel
fuel-gas interface
gas phase
initial value
Species j
oxidizer
oxidizer-fuel interface
oxidizer-gas interface
photochemical
pyrolysis
solid phase

solid-gas interface
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z in z direction (perpendicular to theinitial position of
the interface)

o e g

® far away from the interface in z direction

A wavelength
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COMBUSTION - STRUCTURAL INTERACTION IN
' A VISCOELASTIC MATERIAL*
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SUMMARY

T

The effect of interaction between combustion processas and structural
deformation of solid propellant was considered. The combustion analysis was
E performed on the basis of deformed crack geometry, which was determined from
the structural anslysis. On the other hand, inpur data for the structural
I analysis, such as pressure distributicn along the crack boundary and ablactien
3 velocity of the crack, were determined from the combustion analysis. The inter-
action analysis was conducted by combining two computer codes, a combustion ]
; analysis code and a general purpose finite element structural analysis code.

INTRODUCTION

In recent yesars, wuch attention has been focused on the investigation of
the coupling effect between combustion phenomenon and mechanical behavior of solid
propellant. The solution of problems of this type can further better understand- 4
ing of the transient combustion processes inside solid propellant cracks, which
may significantly affect the parformance of a rocket motor. The combustion pheno- 1
menon inside tha crack of solid propellant is srrongly influenced by the crack 1
geonetry as the material is being deformed and burned away. Generally, there are
two major reasons for alteration of the crack geommtry: 1) mass loss due to
gasification of propellant surface along the crack during the comb-stion process,
and 2) mechanical deformacion of the propellaant due to pressure.

Lol i s

On one hand, both the bur.ing rate and mechanical deformation are governed -
by pressure acting on the crack surface. On the other hand, a change in crack
size will cause the pressure distribution to vary. The pressure distribution
will etrongly influence the deformation and stress concentracion at the crack
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tip, which in turn will affect the manner of the crack propagation. It is,
therefore, apparent that the pressuve distribution and the change in crack geo-
metry are strongly interdependent.

In the past, combustion and structural analyses of solid propellant were
conducted independently, with the resuit that interaction affects were completely
ignorcd. As noted above, such interaction effects can be quite important, especi-
ally when the deformation is large as compared to the oviginal crack-gap width.
The deformation response of the material is categorized as linearly viscoelastic.
It is, therefore, the intent of this paper to present a method of analysis for the
combustion-gtructural interaction in a linear viscoelastic medium. To this end,
three major tasks are involved: 1) combustion snalysis to model the transgient
combustion process, 2) viscoelastic analysis in conjunction with moving boundary,
and 3) linkage of the two analyses.

For the combustion analysis, investigations of certain aspects of combustion
processes have been made. Taylor {l] conducted experimental tests to study the
convective burning of porous propellants with closed- and open-end boundary condi-
tiona. Belyaev et al. {2] showed that the burning of propellant inside a narrow
pore may lead to sn excess pressure buildup. In a later study, Belyaev et al. (2]
miade a series of experimental tests to determine the depenrence of flame-spreading
rate on crack geometry, propeliant properties, bounda:® conditions, and combustion
chamber pressures. Cherepanov (4] stated that as a result of the impeded gas flow
in a sufficiently narrow and long cavity, the pressure reaches such high values
that the system bacomes unstable. From his work, Godai {5] indicated that there is
a threshold diameter or critical width of a uniform cavity beclow which flame will
not propagate into the crack. Krasnov et al, [6] investigated the rate of pene-
tration of combustion ianto the pores of an explnsive charge. Jacobs et al. [7,8)
studied the pressure distrlibution in burning cracks that simulate the debonding
of solid propellant from the motor casing.

Although results of previcus experiments were of interest, no sound theore-
tical model was developed. In this study, a theoretical model was established
for predicting rate of flame propagationm, pressure distribution, and pressuriza-
tion rate inside the crack. Two sets of coupled partial differential equations
wera obtained: one from nass, momentum, and energy congervation of the gas phase
of the propellant product in the void rejion adjacent to the crack surface; the
other from consideration of solid-phase heat conduction. Due to the mathematical
complexity of governing equations and boundary conditicns involved, the finite -
difference mechod was used to oStain the solution for the combustion analysis.

In the numerical solution, the boundary conditions, which vary with time, are
specified in terms of the changiug crack geometry, which in turn is found from the
structural analysis. In addition, the pressure distribution along the crack sur-
face, varying as a function of time, was obtained from rhe analysis and was used
as input for the structural analysis.

For structural analysis, different approaches have been taken previouslv
in solving (analytically or numerically) several moving boundary problems in linear
viscoelasticity. Lee et al. [9] obtained a solution for the pressurization cf
an annihilating viscoelastic cylinder contained by an elastic casing in which
the material was assumed to be a Kelvin model in shear and incompressible in bulk.
Arenz ec al. [10] performed a similar analysis for a sphere. Corneliussen et
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al. {11,12] presentad solutions for a spinning, annihilating, viscoelastic

cylinder wicth free outer boundary. Since the constraining case was not included
in their analyses, the stress distribution was independent of the material pro-
perties. With the assumption of a standard linear solid model, Shinozuka [13]
presented the analytical solution for a case-bonded pressurized viscoelastic
cylinder. More generalized solutions were chtainad by Rogers et al. [l4] for a
class of linear viscoelastic problems by uging the numerical integration scheme.
Schapery [15] also developed a general method for solving moving boundary problems.
In his approach, the moving boundary condition was replaced by a fictitious non-
moving boundary subjected to a time-dependent pressure. Later, Christensen et

al. [16] obtained a series solution for the stresses of the same problem. As
noted above, most of the analytical solutions were available for viscoelastic prob-

lems of simple geometry. For complex geometry, the finite element method has
proven to be most useful.

Application of the finite element method for solving viscoelastic problems
is not new; reports of such work can be found, for instance, in refarences (17-20].
However, most of the previous work did not consider the effect of moving boundary,
an important feature for the structural analysis of solid propellant. Sankaran
and Jana [(21] presented a technique for the solving of axisymmetrzic viscoelastic
solids with moving boundary. In their approach, the finite element mesh corres-
ponding to the new boundary was re-generated, while the stress-strain hiscories
and material properties were assumed to be carried over from those of the previous
time incremenc. This assumption is valid cnly if cthe time increment is very small.
An algorichm for automatically tracking ablating boundaries was given by Weeks and
Cost [22]. All previous work dealing with moving boundary viscoelastic problems
lacks both the appropriate treatment of material properties, and stress-strain
historias for the newly generated mesh. It {s the purpose of this paper to pre-
sent such a treacnent,

Three major features must be included in the structural analysis for a solid
propellant: 1) proper modeling of viscoelastic behavior, 2) ctracking of
ablating boundary in order to generate new finite element meshes, and 3) treat-
ment of the material responses (i.e., stress-gtrain histories and matarial pro-
perties) for the new mesh. All of these features have been incorporated inte a
nonlinear finite elament program called NFAP [23]. Combustion and structural
programs wera combined in order to make possible an interaction analysis. Numeri-
cal results are presented to demonstrate the effect of interaction between
combustion and structural responses of the material.

COMBUSTION ANALYSIS

The theoretical model was developed to simulace the combustion phenowenon
inside a propellant crack, which is located in a transverse direction to the

main flow of the rock chamber. During the course of derivation, the following
agssumptions are made:

1) All chemical reactions occur near the propellant crack surface, and the
combustion zone is so thin that it iy considered a plane.

2) Rate processes at the proupellant surface are quasi-steady in the sense that
characteristic times associated with the gaseous f{lame and preheated pro-
pellant are short ir comparison to that of pressure transient variatiom.
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3) Gases flowing in the propsllant crack obey the Clausius or Noble-Abel
equation of stace.

4) Bulk flow in the pore is one-dimensional [24].

To describe gas-phase behavior inside a solid propellant crack, mass,
momentum, and energy equations in unsteady, quasi-one-dimensional forms have
bean developed, based upon the balance of fluxes in a comtrol voluma within the .
propellant crack.

The mass conservatjon squation is

3(OAD) 3(0uAp)
ot M x> tboprpb S

The mowentum conservation equation is

3 a 2y .. 3,3
at (puAp) + ax (oApu ) Ap ax + x (Aprxx)

- 2 + - e G
T, ,"cos 0w oApr (pprrb‘b) st sin Ov (2)

The energy conservation equation written in terms of the total stored energy i
(iaternal and kinetic) per unit mass, E, is

) ) - 3 T, _ 3 )
k 3 (pApE) + ™y (pAPuE) i (XAP 3;) % (AP pw.
+3 + n -h -
ax (TxxAp“) ppttb‘bhf hc:pl:»l-»('r Tps) 3

+ Bprpu - hcw (pw-Pb)(T-Tvs)

. The conservation equations are further simplified by an order of magnitude
analysis in which the following terms are negligible: 1) forces between mole-
cules due to viscous normal stress in axial direction; 2) viscous dissipation
and rate of work done hy tha force caused by viscous normal stresses in the energy
equaction; and 3) axial heat conduction between gas molecules in the energy
equetion.

The propellant surface tewpervature at a fixed location along the crack before
the attainment of ignition i{s calculated from the solid-phase heat conduction
equation vwritten in unsteady one-dimensional form:
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vhere the langth variabla y i3 measured perpendicular to the local propellant
crack surface. Initial and boundary conditions are

Tpt 0, y) = Tp1 (5)
Tpt (t, ») = Tpi (6)
aT__ h_(€)

5;2— (¢, 0) = =~ =% [T(e) - T?.(c)] €

pr

The heat conduction equation is solved by using an integral method [25]
which employs a third-order polynomial, or by direct numerical solution of Eqs.
(4=7) with variable mesh size in the subsurface.

For the gas phase, the Noble-Abel equation is used for the equation of
state:

P(% - b) = RT (8)

The gas-phase equations, i.e. Eqs. (1), (2) and (3), are non-linear, inhomo-
geneous, partial differential equactions. Along with the partial diffarencial
equation for the solid phase (Eq. (4)), thay are solved simultanecusly, using the
finite difference method. The derivation describad above was implemented into a
computer program, crack combustion code (CCC) by Kuo et al. [26].

STRUCTURAL ANALYSIS .

To conduct the structural analysis of the gsolid propsllant, three main
features must be included in the numerical formulations: 1) wodeling of
viscoelastic material behavior, 2) simulation ¢f ablating bourdary, and
3) treatment of material responses by an interpolacion scheme. Each feature
is outlined below.

Viscoelascic Material Model
The material behavior of the solid propellant is assumed to be visco-
elastic in shear and elastic in btulk. Only the isothevmal condition is counsidered.

The stresa-3train relations with zero initial conditions arz written in two parts.

1) Shear behavior:

t
vy 4 ' '
sij Io Gl(t-c ) Ty eij(t )dt 9
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where G) is the relaxation modulus in shear. For most viscoelastic

materials, it is usually congsidered

-8t
G, ~g + [ g e'm
1 o 1 n
2) Bulk behavior:
°11 = 3K Ekk

As discussed in (27], the incremental stress-strain relations in matrix form

are written as

{Ac} = [DVE]{Ae} - (oo}

vhere {a0)T - (40,,, 40,,, &t

33° 47p3 80}

T
{ae}” = {Aezz, 8€ 44, 8,4, Aell}
M

T t t < t
logh" = I B, (:C50 oC330 u23° of1y!

m=]
and - -
2 1 1
(K+ 3A) (K- 3A) 0 (K=~ 3 A)
D] = ke 24) 0 (K- LaA)
VE 3 k]
symmetric A 0
2
be J
(K+ § A)
. wd
Furthermore,
M
-8 At
A=g + mzl g, (1 - e m )/(8ae)

B =1 - e-BmAt
m

and the term mcij has a recursive relationship, i.e.,

¢

(10)

(11)

(12)

(13)

(14)

(15)

(16)

17

(18)

73

e ™Y W DT T TRIL L T e

|
|
1
!
!




T S TR T e e T

r'w—,"'s'ww,-«" e e
‘,
L

-8 At
(l-e m )
t -8 At .t-At , B3g ,
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The advantage of Eq. (19) is that all of the strain history can be obtained by
referring only to information in the previous time step, thus reducing computer
storage and numerical calculacions.

From the virtual work principle and the relationship of Eq. (12), the finite
element equilibrium equations for a typical time interval [t, t + At] can be
derived as

(K] {av} = (af} - (fo} (21)
where (K) = f [B]T [DVE] {(B] dv (22)
and g} =7 ()T (o} dv (23)

Simulation of Ablating Boundary and Mesh Generation

Burning of the propellant causes 2 significant change in geometry, thus
presenting complications in finite element structural analysis. The effect of
ablating boundary is accounted for by redefining the finite element mesh at speci-
fied time intervals. This involves twn stages of calculations: 1) tracking
of the ablating boundary, and 2) generation of new finite element mesh. With
some modifications, the procedures adopted herein are similar to those presented
in [22].

Consider a structural geometry with ablating boundary. The spatial posi- ,
tions of the ablating boundary are determined by the ablation velocities which
are found from the combustion analysis at discrete times. It is assumed that
the ablation occurs always in the directon normal to the buundary. For struc-
tural analysis, the entire surface is divided into an ablating part and a non=-
ablating part; each part is formed by discrete line segments joining at the nodes
of the finite element mesh. The new position of each line segment is located from
the given abiating valocity. Consequently, the new boundary nodes are determined
by calculating the intersections of two subsequent new line segments. Likewise,
the nodes at the intersections of new ablating and non-ablating boundaries are
then determined.

During the locating process, however, some of the boundary nodes may not 1lie
on the new boundary and thus must be eliminated. If the distance from the tip
of the normal vector at a new nodal position to any node on tue original boundary
is less than the value of the normal itself, the node is removed.
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In general, the total number of nodes on the boundary at discrete times
will be different because some of the nodes have been removed. However, in
the analysis it is more convenient to generate a finite element mesh similar to
the original one so that interpolation of material response can be made. One
way to accomplish this is by keeping the number of boundary nodes constanc.
Consequently, the boundary nodes are redistributed between two discontinuity
points which are specified in the input data in such a way that the lengths
of the new line segments have the same ratio as those of the original lines.

Once the new boundary nodes are defined, an automatic mesh generation
scheme is used to create the interior nodes for further analysis. Because of
its flexibility in obtaining a desirable mesh, a Laplacian-isoparametric grid
generation scheme [28] is utilized. However, this method is limited to a
geometry bounded by four sides. A finite element mesh is shown in Fig. 1. The

coordinates of the i-th interior node can be expressed in terms of those of
neighboring nodes by

1
Y1 ® ey BOqp * ¥ V3 YY) S VOt Y Yy YY) (24)
- ———-l - - i
2y " TG0 [2(zil *z, bz, 214) w(zis oz bzt "18)] (25)

where w is the weighting factor for adjusting the distribution of interior nodes,
and 0 < w < 1,

Setting up the equations for each interior node yields two systems of simul-
taneous equations. It 1s observed that the resulting systems of equations are
banded and symmetric. The Gaussian elimination scheme is employed to solve for
the coordinates of the interior nodes.

Interpolation of Material Responses

As seen from Eq. (16), the stress increment A0 for the time {interval
[t, t+At] varies with material properties and with the strain history at both
current and previous time steps. When the region of an element changes over a
period of time due to ablation, the material response history of the new elements
is lost and must be determined by an interpolation procedure from the old ele-
ments at previous time steps. Accordingly, the interpolation procedure is carried
cur on the element level. For calculations, the material responses ate separated
into two groups: the first includes such variables evaluated at the Gaussian
integration points, i.e., A0, ., Ac,, and Ct, ; cthe second includes the nodal
displacements whicii are evalﬁlted 32 nodal ﬁgincs. In the present calculations,
two limitations ace mposed: 1) eight-node quadrilateral elements are used

throughout the analysis; and 2) the four sides of each element remain straight
before and after ablation.

1) Interpolazion of Gaussian variables - It is noted that the quadratic dis-
placement approximation of an eight-node element vieids a linear strain varia-
tion. With this fact in mind, the quantities of Gaussian variables at -:dal
points are first evaluated for every old element. As shown in Fig. 2a, b, thiy
can be done by using the linear isoparametric shape functions, namely,
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i 121 hy(rp, S *wi k=1, 2, 3,4 (26)

where hi = 1/4(1 + rir)(l + 313) i=1,2, 3, 4

For each new element, the local coordinates (r,, s) of the k-th Gaussian

point are known. The global coordinates, (yk, zk). of that point are. therefore,
computed by using the following equations:

4
y, = ! h(r,.s)*y
LI 1

27)
*
2 " Lohy(r ) vz
i=1
After (y, . ;i) are found, the old element to which the point belongs must be
1dent1fi§d. A search process based upon the values of r' and s' is developed for

this purpose. The search starts from the old element which corresponds to the
neighboring elements. Equations for such calculations are given by

4
v = 1 Y & !
R R R A
i=1

(28)
- 4
z = h, (c', s') = z'
L ]

Fig. 2c shows how to identify the element to which the points, (r', s'), belong.

Once the location of the point is verified, an interpolation procedure is per-
formed, using the relationship

4
S =, ' . '
w, 121 hi(r , 8') * v (29)

2) Interpolation of nodal displacements - A similar procedure to that explained
above i~ also used to determine the position of the node in question with refer-
ence tu the old element. However, the interpolation procedure in Eq. (26) 1s no

longer necessary since the nodal displacements are known. The nodal displacements
of the new mesh are computed from

8
d, = J nh(c', s') *d ' (30)
1 o i i

where hL are the standard quadratic isoparametric shape functions.

76

et e i S Rl

o e adeeeide . T

k]
3




g T s

A = L7 1SN

~J
~J

All formulations discussed in this section have been implemented into a
general purpose nonlinear finite element program called NFAP for conducting
viscoelastic analysis of solid propellant with ablating boundary. Some numer-
ical examples are presented in a later section.

COUPLING EFFECT

For structural analysis, the boundary condition along the crack geometry
is defined by pressure distributionwhich varies with time, and ablation velocity;
both are determined from combustion analysis. In the combustion analysis, the
regression rate of the propellant is dependent on the deformed crack geometry.
Therefore, the two processes are strongly interdependent. Such a coupling effect
is obtained by combining the analysis of two computer programs: a crack combus-
tion code (CCC) and a structural analysis code (NFAP). Both codes were developed

independently to facilitate program verifications. Linkage of the two codes was
made subsequently,

The coupling effect considered in the present analysis is limited to the
major parameters, namely pressure loading, ablation velocity, and crack deforma-
tion. Pressure and ablation velocity are calculated by the CCC at each nodal point
located on a ore-dimensional grid along the length of the crack. The analysis
of crack combustion incorporates the crack geometry variation caused by both
mechanical deformation and mass loss through gasification of the propellant
surface. Once the gas-phase equations are solved and the pressures and ablation
velocitics along the crack are calculated for a given time t, the data are trans-
ferred to the NFAP as the input information. NFAP then simulates the updated crack
geometry from the ablation velocities and generates a new finite element mesh.

With the new mesh and pressure data, NFAP updates the stiffness matrix and inter-
polates material responses for conducting a quasi-static analysis at time t. After
obtaining the deformation, the change in the crack width at each finite different
node is calculated and added to the existing crack width. Since the crack widch is
the input of the combustion analysis, one cycle of calculations is thus completed.
The same procedure is followed for every specified time increment.

EXAMPLES

For program verification and demonstration of its analvsis capability, three
sample problems were run either by NFAP alone or {n the combined NFAP/CCC program.
The results of the analysis are discussed in the following. The numerical results
obtained from CCC alone are contained in reference [26]}.

1. A Reinforced Thick-walled Cylinder

Figure 3 shows a cylinder of viscoelastic material bonded by a steel casing
and subjected to a step-function internal pressure. The example was selected
because it is compoted of two differeat materials and the analytical results
are readily available for comparison. Only five eight-node axisymmetric elements
were used to model the cylinder. The material properties of the elastic casing
are

E = 2.068 x 10° vpa v = 0.3015
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The material properties of the viscoelastic core are defined by

K = §86.5 MPa G1 = 51.71 * exp (-0.1lt) MPa

In Fig. 4, the variations of circumferential stresses with time are plotted
for comparison with the analytical solution obtained in [9]. It is observed that
both solutions agree very closely. This problem was analyzed previously by
Zienkiewicz et al. [18], using strain rate formulation of the finite element
method. However, the formulation presented in the present paper is more easily
incorporated into the NFAP program.

2. A Star-shaped Solid Rocket Motor

As an application of the present approach in dealing with the moving boundary,
a star-shaped solid rocket motor was analyzed by assuming both a constant and
ablating inner boundary. The configuraction and finite element mesh are shown
in Fig. 5, and the material properties of outer casing and inner propellant are
identical to :those of the first example. Taking advantage of the symmetry
condition, only a 30%°-sector was modeled by finite element mesh. The contours
of maximum compressive stress analyzed by constant inner boundary at various
times are shown in Fig. 5. Comparing the present results with those of [18], it
is evident that the general pattern is quite simflar but that some small differences
do exist. Since the geometry of the rocket motor in (18] was not clearly defined,

the difference in dimension used in these two analyses could be the cause of such
deviations.

The actual case of a solid rocket motor can be modeled more closely by con-
sidering the inner boundary being ablated. Figure 6 shows the contours of maximum
compressive stress predicted by NFAP, using the option of moving boundary. The
results obtained are quite different from those of [18]. However, observing the
differences betwean Figs. 5 and 6, we can conclude that the results obtained by
NFAP are quite reasonable. The solution reveals tbat the high stress region

obtained for ablating boundary propagates faster than that with non-ablating
boundary.

3. A Propellant Crack Specimen

As a final example, a propellant crack sample was analyzed, using the
combined NFAP/CCC program to demonstrate the coupling effect. The initial geo-
metry and finite element mesh generated by NFAP is given in Fig, 7. The crack
is 0.15 m long and the initial gap-width is 0.89 mm. The web thickness is
8 mm along the crack and 20 mm at the tip. Because of symmetry, only half of the
sample wag modeled by 80 plane strain elements. The shear relaxation modulus of
the propellant was assumed to be

Gl(t) = 1.461 + 7.43 * axp (-.095¢t) MPa; and K = 4,826 MPa,

Calculated pressure distributions at various times, from the CCC alone, are
given in Fig. 7. The burning phenomenon of the propellant can be briefly des-
cribed as follows. The pressure in the chamber increases with time, causing
the hot gases to penetrate further into the crack. As time passes, the pressure
wave travels along the crack and is reflected from the closed end. At about
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200 us, the pressure front has already reached the tip and is reflected, causing
pressure at the tip to increase.

Figure 8 shows the results obtained from the combined NFAP/CCC program.
During the initial period, the general trend of the pressure distribution is simi-
lar to that from convective burning analysis alone. However, as time progresses,
noticeable differences between the two cases begin to appear. Up to 200 ys, the
pressurcs obtained from the combined analysis are lower, except near the crack
entrance region. At t = 300 i's, two pressure peaks appear. At t = 325 pus, three
pressure peaks appear. These pressure peaks are caused by the partial closure of
the gap. The deformation pattern of the propellant is quite irregular because
of the uneven distribution of the pressure along the crack surface. The elements
at the crack entrance are compressed by the high chamber pressure, which results
in the propellant being pushed into the crack. Since chamber pressure increases
more quickly than pressure inside the crack, the propellant is pushed toward the
lower pressure region ingide the crack. The mechanical deformation of the
propellant causes narrowing of the crack width, and consequently results in a local
crack closure. This local gap closure manifests itself in a pressure peak. The
localized pressure peaks or gap closures move along the crack. At t = 325us, this
localized pressure phenomenon becomes evident at x/L = 0.167, 0.433, and 0.633.

CONCLUSION

The computer program for evaluating the coupling effect between convective
burning and structural deformation was developed by combining the Crack Combustion
Code and a Nonlinear Finite~Element Analysis Program. In structural analysis,
the linear viscoelastic material model, together with the capabilities of simu-
lating ablating boundary and interpolating material responses, was considered.
Also, the coupling effect estimated by the combined analysis shows some signifi-
cant interaction between the combustion and mechanical deformation. This pheno-
menon will be verified further by future experiments.
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SYMBOLS

1. Combustion Analysis

Ap a cross-sectional area of crack

B
X

body force

b = co-volume

¢ = gpecific heat at constant prassure

E = total stored energy

h_ = local convective heat-transfer coefii:ient

h__= local convective heat-transfer coefficient over propellant surface

h_ = local convective hea:;transfez coefficient over noupropellant port wall

h, = enthalpy of combustion gas at adiabatic flame temperature

= burning perimeter

P = wetted perimecer of port

p = static pressure

R = specific gas constant for combustion gases

r, " burning rate of solid propellant, including erosive burning cuntribution
T = temperature (without subscripc, static gas temperature)
Tf = adiabatic flame temperature of solid propellant

T ,= initial propellant temperature

T = propellant surface temperature

T = nonpropellant wall surface temperature

t = time

u = gas velocity

ngn velocity of propellant gas at burning surface

x = axial distance from propellant crack opening

y = perpr.dicular distance from propellant surface intc solid

a = thermal diffusivicy




Subscripts
i =
pr =

cC =

2. Structural Analysis

54

{ e

1}

{ao}
{ae}
{o }
(K]
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ratio of specific heats

thermal conductivity

gas viscosicy

density (without subscript, gas density)
shear stress on port wall

normal viscous stress

angle measure, in a counterclockwise direction, at lower side of
propellant, degree

initial value
solid propellant (condensed phaise)

rocket chamber

stress deviators

strain deviators

stress tensor

shear relaxation modulus
bulk modulus

a quantity at time t
incremental stress
incremental strain
equivalent initial stress vector due to viscoelastic behavior ;

stiffness matrix

ks

transpose of matrix

number nf terms of series in relaxation modulus
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material constants in relaxation modulus

increment of nodal displacement vector

viscoelastic material matrix

- strain-nodal displacement transformation matrix

values of Gaussian variables at k-th integrazion point referred
to old element

values of Gaussian variables at i-th nodal point referred to
old element

local coordinates of k-th integration point referred to old
element

= global coordinates of i-th nodal point refarred to new element

i-th nodal displacement referred to new element
i-th nodal displacement referred to old elemant

local coordinates of point in equation referred to old element
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APPENDIX B (Ref. No. 4)

EFFECT OF PROPELLANT DEFORMATION ON IGNITION
AND COMBUSTION PROCESSES TN SOLTD PROPELLANT CRACKS*

M. Kumat* and K. K. KuoE
Department of Mechanical Engineering
The Pennsylvania State University
University Park, Pennsylvania 16802

ABSTRACT

A comprehensive theoretical model was formulated to study the develop-
ment of convective burning in a solid propellant crack which continually
deforms due to burning and pressure loading. In the theoretical model, the
effect of interrelated structural deformation and combustion processes was
taken into account by considering a) transient, one-dimensional mass,
momentum, and energy conservation equatlions in the gas phase, b) a trauns~
ient, one~dimensional heat conduction equation in the solid phase, and
¢) quasi-~sgtatic deformation of the two-~dimensional, linear viscoelastic
propellant crack caused by prassure loading. This set of coupled, nonlinear,
partial differential equations was solved numerically. Several regions of
partial crack closures were observed experimentally in narrow cracks
(*450 ym). Predicted resulrts indicate that the partial closures may genera.e
substantial local pressure peaks along the crack, implying a strcng coupling
between chambar pressurization, crack combustion, and propellant deformation,
especially when the cracks are narrow and the chamber pressurization rates
are high. Predicted results for ignition front propagation and pressure
distribution are in good agreement with the experimental data. Both theore-
tical and experimental results indicate that the maximum pressure in the
crack cavity is generally higher than that in the chamber. It was found
that, under the conditions studied, the initial flame-spreading process is
not subsctantially affected by propellant deformation.

INTRODUCTION

High-energy propellants, which are used to obtain increased specific
impulse in rocket motors,generally contain high solids loading of energetic
materials, e.p., cyclotetramethylenetetranitramine (HMX). As the density
of solids in the propellant is increased, the probability that cracks and
flaws will develop in the propellant grain is also increased. Defects in
propellant grains can originate during manufacture, storage, or handling,
during ignitior. and combustion, or during lvading o¢f different segments of
a segmented rocket,

The extent to which cracks can reduce the reliability of solid rocket
motors has been a major concern in the developnent of high-energy propellant

*This work represents a nart of the results obtained under the contract
NOOQ14-79-C-0762 sponsored by the Power Program, Office of Naval Research,
Arlington, Virginia. The support of Dr. Richard S. Miller is appreciated.

1‘Assistam: Professor

EAssociate Professor
Approved for public release; distribution unlimited,
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grains. It is known that cracks iu solid propellant grain can allow hot,
high-pressure gases to penetrate the cavity, therety providing additional
surface area for combustion. The phenomenon of such a rapid flame propaga-
tion into a propellant cavity and the subsequent rapid regression is called
convective burning. The convective burning rate often exceeds the normal
(conductive) burning rate. Mechanical deformation and crack propagation

may result when combustion processes inside the crack produce much higher
pressure than the designed maximum pressure. If the local pressure rise due
to the gasification is sufficiently rapid, it may produce strong compression
waves, or even shock waves, which can initiate detonation. The generally
understood mechanism of transition from deflagration to detonation (DDT) is
given in Ref. 1. DDT is more likely to occur in gas-permeable propellants,
such as granular propellant beds or propellant grains with flaws or cracks,
which have large burning surface areas. Even if the convective burning rate
does lead to catastrophic failure, the combustion inside the propellant

crack can cause the performance of a rocket motor to deviate significantly
from expectations.

Convective burning inside a crack is complicated because it involves
several interdependent processes such as a) pressure wave phenomenon,
b) convective heating of the propellant crack surface and subsequent flame
propagation along the crack, c¢) pressurization of the crack cavity due to
burning, which may result in flow reversal when the pressure inside the
crack exceeds that of the chamber, d) change in the crack geometry due to
burning, as well as mechanical deformation caused by pressure loading, and
e) propagation of the crack due to regression and mechanical fracture.
Parameters which may significantly affect the combustion process are: cham-
ber pressure and pressurization rate, geometry of the crack, erosive burning
effects due to high gas velocities, physicochemical properties of the pro-
pellant, composition of the igniter gas, and initial and boundary conditions.

This paper deals with the formulation of a comprehensive theoretical
model, which includes the effect of propellant deformation to predict flame
spreading and combustion processes during the development of convective
burning in solid propellant cracks. Predicted results are also compared

with gsome of the experimental 1nveatigationszv3 conducted by the authors for
model validation.

As mentioned earlier, convective flame propazation and subsequent crack
propagation/branching may lead to anomaloua burning or even DDT. Since the
propellant is deformable, burning inside a solid propellant crack is basic-
ally a coupled solid mechanics and combustion phenomenon. The combustion
phenomenon inside the crack is scrongly influenced by the crack geometry.
The geometry, or gap-width, can be altered for the following two reasons:

1. Mass loss due to gasification or ignition of the propellant
surface along the crack during the combustion process, leading
to a variation in the geometry.

2. Mechanical deformation of the propellant crack due to a) pres-
sure loading on the interior surface of the crack, b) pressure
force of the combustion chamber acting on the rropellant grain
near the crack entrance, and c) stresses in the propellant,
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causad by temperature gradients in the grain, which may also
cause changes in the crack geometry.

Both burning rate and the mechanical deformation are governed LY pres-
sure acting on the crack surfaces. On the other hand, a change in gap width
or geometry will cause pressure distribution to vary. Pressure distribution
will strongly influence deformations along the crack and stress concentra-
ion at the crack tip. It is obvious, therefore, that pressure and crack
geometry are strongly interdependent in a burning solid propellant crack.

Convective burning inside a solid propellant crack has been a subject
of interest in recent years. An extensive literature review in this area
was recently conducted by Bradley and Boggs. Belyaev et al.? have compiled
most of the recent Russian work on convective buraniang and DDT. Both theore-
tical and experimental studies in the area of crack combustion have been
conducted at The Panasylvania State University.6‘1° Cunvective burning
studies can be subdivided into two broad categcries: a) onset of convective
burning, and b) development of convective burning. This study is restricted
to the development of convective burning in isolated nropellant cracks. The

following paragraphs list some of the important research conducted in this
area,

Experimental and theoretical studie; on the development of convective
burning are lirited. Belyaev et al.11:12 pu4e preliminary experimental
investigations of the development of combustion in single pores. Kuo et al.
daveloped a detailed theoretical model for predicting the developmegt of con-
vective burning in isolated propellant cracks. However, this model”™ does

not include the mechanical deformation of the crack during the development

of convective burning. Kiml3 studied the possibility of shock to detonation
traasition in propellant cracks using the model of Kuc et al.% and an
extremely simplified, one-dimensional, elastic model for propellant deforms-
tion. Pilcherl® has also reported some computations conducted on a deform-
eble crack, but has given no details.

High pressures present in the crack during the development of convee-
tive burning, as well as associated mechanical deformation and stress concen-
trations, may lead to crack propagation. Most of iyo sarlier work in the
area of crack propagation was done in the ussg. 1o Kirsanova and Leipun-
skiil3 axamined the mechanical stability of propellant cracks, uaing steady-
state approximations. Only continuity and momentum aquations were considered
in the gas phase. The erosiva burniug effects were ignored. 7The material
was assumed to be elasto-brittle, and strass intansity was used to determine
tha initiation of crack propagation. The stable crack length obtaired from
their simplified mudai was a function of the crack lengrh, chamber pressurs,
burning rate, gas enthalpy, stress iantensity factor, snd preupellant density.

The autostabilization coundition for tha unetable burning crack wvas also
obtained.

A greatly improved analytical sodel for the same problem was formulatsd
by Cherepanov.lé He steted that if the cavity waz sufficiently long and
parrovw, the prassures in the crack would reach a high value and render tha
systam unstable. Even though hias gaa-phase «quations coutained nonsteady
terms, aaveral important terms were ignorved. The propeallant material was
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assumed to be elasto-plastic, and the deformation process to be quasistatic.
However, Cherepanov did not solve the governing set of equations and, there-

fore, did not present any results. He obtained a sufficient condition for
the stability of a steady-state problem.

gelyaev et al.lr ptoposed modifications tr the Kirsanova and Lefpun-
skiil® model and pointed out some of its limitations. It was noted that an
elasto~-brittle material) model cannot describe the visco-elastic character,
which is typical of avlid propellants. 7They made maximum pressure measure-
ments in the crack, and accordingly changed the empirical correlation for
maximum pressure in the cavity. The maximum pressure in the crack was a
function of chamber prassure and the ratio of crack lengch to half-width.
They proposed that, depending upon the chamber pressure and crack gaometry,
the stability of the crack can be subdivided into four regions: a) a region
of absolute mechanical stability; b) a region of practical stability; c¢) a
region of bhounded growth; an! d) a region of self-sustained growth.

Jacobs et 31.18-20 studied the critical nature of cracks and debends,
assuning a quasi-steady model. The propellant was considered to be linear
viscoelastic. They also measured the pressure distribution aluag tha crack
surface under the condition of instantaneous ignition over the entire sur-
face.1l? The gas dynamics equations of Jacobs et al. are inadequate because
they include numerous simplifications and assumptions. Other related studies
on crack combusticn have been reported.21'23 Takata and Wiedermann22,23
have been investigating the initiation of detonation in a prupellant crack
by introducing the effect of stress wave interaction with the crack boundary,
and assuming a foam layer to be present on the propellant surface during

combustion. The propellant is considered to be linear, isotropic, elastic
material which deoes not yield or fail.

Numerous; studies, based purely sa solid mechanics considerations,2°_39
have been conducted on curack propagation. Al are based on quasi-static
crack propagation in viscoelastic material and use the concept of local
eaergy discipation at the crack tip. Work on dynamic crack propagation is
currently underway, with Swanson®0 reporting some progress in this area.
However, there is at present no theoretical model capable of realistically
predicting stress concentrations at the tip of a burning crack, which is a
necessary input for all crack propageation theories.

It is apparent that a theoretical model is needed tc predict the devel-
opment of convective burning, while also taking into acccunt the effect of
mechanical deformation. Such a model would also be extremely useful in
making realistic predictions of crack propagation; at present, these predic-
tions are based purely on solid mechanics considerations. Even though this
investigaticn will not attempt to study crack propagation caused by mechani-

cal fracture at the tip, the analysis and program developed here can be
extended easily for such a study.

The specific objectives of this study are:
1. To develop a theoretical model to study ignition, flame spread-

ing and convective burning in a solid propellant crack which
continually deforms due to burning and pressure loading.
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2, To study the effects of such paramet=rs as chamber pressuriza-
tion rate, dP/dt, and crack gap widch on the flame spreading
and combustion process in propellant cracks.

3. To test the vaiidity of the theoretical model by comparing the
prédicted results with the experimental dats.

e

Actual propellant defects may consist of several irregularly branched
cracks. However, because of the complexity of physical processes involved
in the study of combuation in propellant cracks, and for mathematical tract-
ability, this investigation is limited to a single isolated crack. :

TS e v e

ANALYSIS

' DESCRIPTION OF PHYSICAL MODEL

A Beca> 3

A schematic diagram of the physical model chosen to simulate a prupel-
lant crack is shown in Fig. 1. The location of the crack is normal to the

? Solid Propallaat !
S S S oy

. P4
P‘:,o—" , /,/ 4 / s L 7 4
rd L Ve / ’/' R / . 4 §
Mata Flow d d ‘ '
'Dxtleti:m s Crack of darisbl:
ia the ’/ Geometry
Chamber

Figure 1 Schematic Dtegram of the Physical MNedal !

main flow direction in the combustion chamber or in a rocket motor. The k
current analysis is applicable to a crack of variable geometry. However, in )
order to closely simulate the assumptions of the physical model, and for ease
of menufacturing a vreproducible propellant crack, specimens used in the
experimental study were of uniform rectangular cross-section. A schematic

diagram of the propellant crack geometry used in the experimental investiga-
tion is shown iun Fig. 2.

As the hot combustion gases flow through the main chamber, a portion of
the gases is driven into the crack because of the pressure gradient. And as
the hot gases flow over the propellant crack, energy is transferred from the
gas to the propellant. The rate of heat transfer to the propellant depe:as
upon the locai temperature, velocity, and density of the gas, and the temp-
erature of the propellant surface. The heat ctransfer may cause the




propellan’. tv ignite. As additional gases are driven into the crack, the
density and velocity increase further, resulting in a faster flame propaga-
tion along the crack. As the ignicion front moves downstream, more hot gases
ar> generated by combustion of the propellant surface, causing local pressure
to increase. At the same time, the deformation of the propellant will also
alter the pressure., The net result of these two opposing and interdependent
phenomena determines the local pressure.

BASIC ASSUMPTIONS
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Figure 2 Schemstic Diagras of Cricks Used {u Experiwents
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The following basic assumptions are made in the derivation of the theo-

retical model:

1.

3.

4.

The gas-phase reaction zone i3 considered quasi-steady. In
other words, the relaxation time associated with the flame :
is much shorter than that asso~iated with transient pressure i
variation; therefore, the flame adjusts itself immediately

to chamber conditions.

The deformation of the propellant is quasi-steady, that is,
the mechanical deformation of the propellant can be obLtained
by using a static analysis.

All chemical reactions occur near the propellant surface in a
very thin planar zone, and the distance of the combustion zone
from the propellant surface is small when compared to the crack
gap width.

The bulk flow of the gases in the pore is considered to be one-
disensional.

The gases present in the propellant crack obey the Noble-Abel
gas law,
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6. The propellant surface temperature is uniform, and the thermal
properties of the propellant are constant.

7. The propellant can be represented by a linear viscoelastic
material model; the material is assumed to be isothermal,
homogeneous and isotropic. The propellant grain is two-
dimensional, with no mechanical fracture at the crack tip.

The validicy of assumptions 1 and 2 can be shown by comparing the char-
acteristic times associated with pressure variation, gaseous flame zone, and
comprassion wave propagation through the propellant grain. In the crack
combustion experiments, the typical time associated with the pressure excur-
sion, T , i3 in the order ol 1 ms. The other characteristic times are evalu-
ated as'follows:

al/v f2 Apc

pr

- (1)
Z

upr rb Aprpptcp

T

.

s
where T_ is the characteristic time assocliated with the solid phase, and is

given by

T = @ 2-0(1m) (2)

s pt,tb
Since (kcpr)l(kprcp) = 0(1), and (plopr) = 0(.01), we get 'tg = 0(.01 us).
The time associated with the stress waves in the solid is

T - web thickness - 0¢.01 m) _ 0¢.01 m)
v stress wave propagation speed 0(/KTP) 0(2000 m/s)

= U(5 us) 3)

Since t_ and T, are both <<T_, the quasi-ateady assumption of the flame
zone and mecRanical'deformation aPe valid. The value of T_ calculated from
the shear modulus will be an order of magnitude higher; however, it will
still be smaller than T . Assumption 3 is reasonable for AP-based composite
solid propellants in thl pressure range of interest. Even though the heat
release zone is distributed, the diffusion flame stand-off distance ls
usually in the order of 50 um, and is small in comparison to the gap width
(gap widths are in the order of 500 um in the present experimental investi-
gation).

Assumption 4 is well justified for the crack dimensions used in this
investigation. The crack length to hydraulic diameter ratio was approxi-
mately 100. The dense gas relation (assumption 5) can adequately describe
the departure from the ideal gas law at high pressures. Assumption 6,
employed for sathematical simplicity, allows the ute of a one-dimensional
transient heat conduction equation for the solid. Since the thermal wave
penetration depth is of the same order of magnitude as the oxidizer particle
size of the propellant, the actual heat transfer process is three-dimensional.
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However, researchers in the field have not y=t investigated the three-
dimensional treatment of the heat conduction process in composite solid pro-
pellante because aof the complexities associatcd with the three-dimensional
structure of oxidizer crystals and fuel bind.r and the fact that numerical
solutions are cumbe:some and time consuming.

Most of the solid gropellants can be well characterized by a visco-
elastic material model.24-40 For simplicity, the viscoelastic material
model was assumed to be linear. Even though the assumption of isothermal
condition for material response is not strictly accurate, it is a good
approximation, since the thermal wave penetration depth is less than 100 um.
Fracture of the propellant at the crack tip was considered beyond the scope
of the present investigation, since it is a vast subject area in itself.

The viscoelastic nature of the material, i.e., the time dependence of the
relaxation modulus, may not be very significant during the period of experi-
mental test firings of this study because the stress relaxation time is much
greater than the transient pressure variation time. Tndeed, the analysis
and model developed here are applicable to a wide variety of operating con-~
ditions and are not simply limited to the experimental test condirions of
this study.

In this analysis, ignition is defined as the attainment of a critical
temperature 2t the propellant surface. It is assumed that no solid or gas-
phase reaction takes place before onset of ignition. The tacit assumption
is made here that there is little time between the attainment of a critical
surface temperature and the reaction between the fuel and the oxidizer
species to cause ignition.

CONSERVATION EQUATIONS

To formulate the theoretical model, we first write the unsteady, vari-
able area, one-dimensional gas-phase conservation equations for reacting
compressible fluid flow. The conservation equations are:

Mass Conservation:

(A ) A(puA )
P . P = p P (4)
ot 9% bpr b

Momentum Conservation:

3 3J 2 P . D
5T (PuA ) + = A = - AK .
at P X (o Pu ) Ay Ix + Jx (A xx)

-P 1T cosO +p A - -
wiw L, e pr (Dprrbpb)vgf sin Ow

(5)
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Energy Conservatiou: 1

] +T

wel (iu\ E) + L (NA UE) = a— "—d—-)”- -l- (A Pu)
Jt ax ’gerA*B ux 9x T p

3 o
+ o +
;i,ﬁiﬁxagﬂfv pprrbpbhf

- hcp b(r T ) + B pApu

(P Pb)(r-'r ) (6)

An order of magnitude analysis was made; the terms crossed with arrows
in Eqs. (5) and (6) were found to be much smaller than the others, and hence
were dropped.

radh e st

Equation of state for the gas-phase:

S b K bl 7 3t

P(l - b) = RT (7
p 3
Equation for stress equilibrium in the solid-phase (neglecting body :
force): i
3, i
. (8
.)xj

Constitutive law for linear viscoelastic material:

PRV S SR o

t
d :
(Jij(t) [ Gl(t—r) i eij('r) dt :
- »sf
t de !
1 kk :
3 dij J G (t-T1) dt + Gijl( €k &) ;
- H
1
The transient heat conduction equation for the solid-phase, before i
ignition: . 4
oT alr__ 3
—L - —L— 4
at upr 3y2 (10) :

The initial and boundary conditions for Eq. (10) are:

Tpr(O,y) = Tpi (11)
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Tpr(t.w) = Tpi_ (12;
LI 'Ec(c)
—35— (¢,0) = - —Xpr [T(t)-Tps(t)] | (13)

After rearranging the gas-phase conservation equations and making some
simplifications, velocity-variation, temperature-variation, and pressure-
variation equations were obtained. These equations were found to be totally
hyperbolic in nature.4l

The gas-phase and solid-phase equations were solved separately; this
is justified because of the quasi-steady assumption. Details of numerical
scheme for solving the gasdynamics equations and the solid mechanics equa-
tions are given in a later section.

INITIAL AND BOUNDARY CONDITIONS

Injitial and boundary conditions nust be specified in order to complete
the theoretical formulation. The three initial conditicns necessary for the
solution were specified as

u(0,x) = u, (14)
T(0,x) = Ti (15)
P(O,x) = Pi (16}

The number of physical boundary conditions that can be specified
depends upon the flow conditions at the opening of the crack. When the
gases flcy into the crack at a subsonic speed, the bouridary conditions are

P(t,0) = P (t) a7
T(e,0) = T (¢) (18)
u(t,xL) = 0 (19)

When the gases flow out of the crack, and the outflow is subsonic, only

one boundary condition can be specified at the crack opening. The boundary
conditions are given as

P(t,0) = Pc(t) (20)
u(t,xL) = 0 (21)

When the gas flowing cut of the crack is supersenic, nc boundary condition
can be specified at the crack entrance. In such a case, the only specified
boundary condition is

u(t,xL) = 0 (22)
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For turbulent flow, the final expression for hc is
. 2 -0.A -0.
0.6 0.8 v 0 T ).67 0.1

h = ), T / X .
hc 0.0346 Pr CP(PUIR) K af (ndh) (24)
Before local ignition, F =h = h : after local ignition, h =0, rhe
Prandtl numer in Eq. (247 1s cdlculafed from Svenla's equationcPla
-
Pr = 179 - 0.45 (25)

The correiation for the friction coefficient for turbulent flow used in
this study is

0.4491 (4, /x)0 1

c = ~5 (26)
t € /dy  L.46RV T T 3, 10° 2
Inf——=—+ o.s

Pudhcf

where ¢ /d is tue relative equivalent sand roughness. This expression is
actually a'modified form of the well-knowm Colebrook formula7:%8 for turbu-~
lent flow in pipes with roughness. Entrance effects are taken into account
by modifying the friction coefficient by a power function of the distance-to-
diameter ratio (the original Colebrook expression was obtained for x/d. > 20),
Additionally, Eq. (26) implicitly accounts for the temperature dependence of
the gas density and viscosity, each evaluated at the average film temperature,
a After iLhe propellant surface bhegins to burn locally, the value of the
frgction coefficient is set at zero, due to the attenuation of wall shear
stress caused by surface blowing.

The burning-rate expression is obtained from the strand burning rate
data and is given by

r, = apP" (27)
The effect of erosive burning is taken into account bv using either the ero-
sive-burning augmentation factor obtained by Razdan and Kuo,*7s°>
n n n
r, = Pt [1+ K Py (28)
or the Lenoir-Robillard burning-rate Eormula,51
n -
T, = aP + Kehcexp (-8B Ty, Opr/" 0) (29)

NUMERICAL SCHEME FOR_GASDYNAMICS EQUATIONS

An implicit finite difference scheme is used to Solve the nonlinear
coupled partial differential equations. A central difference method was
used for the derivatives. The predictor-corrector method was used to handle
the non-linear nature of the governing equations. A quasilinearization
method was used to linearize the inhomogeneous terms of the governing
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equations. The set of finite difference equations cthus obtained is solved
simultaneously, using a block t-idiagenal matrix inversion metliod.

Six boundary conditions are required when the central difference method
is used for spacewise derivatives. Th's is the cuse because the differeuce
equations for the first-order spatial derivactive obtained by using this
method corvespond essencially to the second-crder partial differertial equa-
tion.?2 The extraneous boundary conditions needed for the solution of the
finite difference equations are derived from the compatibility relationships
at the boundaries. These relationships were obtained by transforming the
governing hyperbolic eguations into their charvacteristic form. The equations
determining the extraneous boundary conditions are all first-order, ordinary
ditferential equations. They are simultaneously integrated, using a fourth-
order Runge-Kutta integration technique.

The extraneous boundary conditions used are as follows. When the gas
flows into the crack, In addition to the physical boundary conditions (17) 1
to (19), the three extraneous boundary conditions required are velocity at :
the crack entrance, and pressure and temperature at the crack tip. When the j
gas flows out of the crack subsonically, the four extrancous boundary condi-
tions necessary are pressure and velocity at the crack eutrance, and pressure ;
and temperature at the crack tip. When the gas flows out of the crack super- j
sonically, the five extraneous boundary conditions needed are pressure, i
temperature and velocity at the crack entrance, and pressure and remperature ]
at the crack tip. {

NUMERICAL SCHEME FOR SOLID-PHASE HEAT EQUATION

The governing partial differential equation fur the solid phase, Eq. (19), g
was solved by using an implicit finite differ=unce tcchnique with a variable :
mesh system. The variable grid spacing provides finer grid spacing near the
surface. The central-difference method was used to approximate both time and
spatial derivatives. The resulting set of simultaneous algebraic equations
was solved by using a standard tridiagonal matrix inversion method.

NUMERICAL SCoEME FOR STRUCTURAL ANALYSIS

Mechanical defoimation of the propellant was cbtained hy using & general
purpose structural analysis proggam which is called the Nonlinear Finite-
Element Analysis Program (NFAP)“°, This is 2n gxtended version of the Non-
linear Structural Analysis Program (NONSAP)5 37 Since NONSAP is well~
documented and easily aacessible, details of the numerical procedure used in
NONSAP will not be repeated here. NFAP was modified and consolidated to suit
the needs of the present study, and for computaitonal storage eff.ciency.
Three major features added to the numerical formulations are: 1) modeling of
the viscoelastic material behavior, 2) simulation of the ablating boundary,
and 3) treatment of the material response by an interpolation scheme. Details
of this formulation can be found elsevwhere.d,
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To test the numerical procedure developed in this section, the modified
version of NFAP was used to compute saveral viscoelastic probiems for which
exact solutions arc known. The agreement between the NFAP solution and the
exact solutivn is excellent. Details of these comparisons are given in Ref.
56.
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The extraneous boundary conditions neditd to solve the equations are obtained
by using the characteristic equations.

A schematic diagram of the boundary conditions for two-dimensional
structural analysis is shown in Fig. 3. Because of the symmetry of the crack
specimens (see Fig. 2), only half of the crack is considered. All surfaces
of the propellant are either pressure-loaded or have fixed boundaries. The
propcllant surface exposad to the chamber experiences the chamber pressure,

(t), whereas the surfuce along the crack experiences the local presaure
liong the crack, P(t,x;. Due to the saymmetry along the center line of the
crack, the propellant boundary at the tip is allowed to have deformations
only along the axial direction. Along the surfaces of the propellant in con-
tact wicth the brass mold, the boundaries are assumed to be fixad.

Oaly Axial Displacemsst

Plc,x)
&&&;;&a;L—F‘\‘ﬁf

< < Y ) h) \ \ vV N U N ~ N\ N ) NN NN NN
Fixed Boundary

')
77 7

LA

Figura 3 Boundary Comditions for a Test Specimen

EMPIRICAL CORRELATIONS

To close the system of governing equations, empirical correlations are
needed for the heat transfer coefficient, drag coefficient, and burning-rate
law. The units of the variasles in the following correlation are in cgs
system, and the units of prrssure are in g¢/cm?,

The correlation for the local convective heat transfer coefficient,'ﬁ .
is deduced from the Dittus-Boelter correlation for flow in a pipe. The ¢
effect of the entrance region is taken 1n23 account by using a powar function
of length to hydraulic diameter ratio The gas propercies are evaluated
at an average film temperature, T g to take into account the variation of
the physical properties of the gug across the boundary layer. The dependence
of viscosity on temperature was included, uligg Svehla's expression 4 for
viscosity of air at high temperature. Barcz“ has lhzzn good comparisons
between Svehla's equation and the published NBS data. Svehla's expression

for viscosity 1is

u o=y 7063 (23)
=7 4 0.5
v

k
where Vk = 8,699 x 10
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NUMERICAL PROCEDURE

Of che several interdependent gasdynamic and solid mechanics processes
that may influence combustion behavior in a propellant crack, the coupling
between the pressure along the crack and the structural deformation was con-
sidered to be the most important. Other coupled processes, such as thermal
stresses due to the temperature gradient in the scolid, variation in burning
rate due to compression of the propellant, etc., were considered to be of
secondary importance and were ignored in the present analysis.

The general layout of the numerical procedure is shown in Fig. 4. Pres-
sure is calculated by the gasdynamic portion of che computer program at each
nodal point on a one-dimensional grid along the length of the crack. The
convective burning analysis of the crack combustion incorporates the crack
geometry variation caused by both mechanical deformation and mass loss
through gasification of the propellant surface. Once the gas-r se equations
are solved, and pressures and burning rates along the crack ar calculated
for a particular time t, program control is transferred to the structural
analysis (NFAP) portion of the combined program. NFAP reformulates the geom-
etry because of the material loss, and updates the stiffness matrix for the
nevw time step. Surface elements of the finite-element mesh are loaded with
the pressure obtained through the gas-phase equations. The propellant de-
formation is calculated in NFAP using & static analysis at time t. The
general stress-strain equations are solved using a plane-strain analysis;
this is congruous to the experimental t¢st configuration. The transient
nature of the pressure loading is considered by using a static analvsis at
incremental time steps. .

Figure 5 is a diagram of the finite element grids used for the structure
analysis and the finite~difference nodes used for the gas-phase solutions.
The configuration is compatible with the geometry considered in the theoret-~
ical model as well as with that used ir the experiments. Two-dimensional,
eight-node, isoparametric, quadrilateral eiements were used to model a
sample crack., Because of symmetry, only half of the crack needs to be con-
sidered. Of the ejght nodes in an element, four are located at the corners,
and one at the midpoint of each side. Except near the tip region, the finite-
difference nodes used tor the gas-phagse solution are in a one-to-one corres-
pondence with the finite-element nodes which form the propellant surface in
the two-dimensional structural analysis mesh. This is helpful in reducing
the computational effort in transferring the values from the finite-difference
nodes te the finite-element grids, and vice versa.

RESULTS AND DISCUSSION

EXPERIMENTAL RESULTS

Figure 6 shows a schematic diagram of the test configuration used for
detailed observation of the flame front. The crack is formed between a pro-
pellant slab and an inert, transparent plexiglass window; the crack is
perpendicular to the direction of flow in the main chamber. This type of
configuration provides direct (front view) observation of the ignition front
propagation and burning propellant surface, even for very narrow cracks.
Most of the experimental results were obtained with cracks formed by cutting
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Figure 6 Schemacic Diagram uf Conflguracton Used for Detaldwi
Uhservat! .a of the Flame-Front

a slot of desired width in a propellant slab (see Refs. 2 and 3). Details
of the experimental setup and experimental results are given in Refs. 2 and 3.
The entrance of the crack gap is rounded to facilitate the gas penetration.

Figure 7 presents a sequence of pictures obtained from a test performed
on a 183 mm long, narrow crack (§ * 455um). The framing rate in this case
was 36,700 pictures per second. The crack configuration is the same as that
shown in Fig. 6. It was observed that when the tridth of the crack gap is
very small (< 500 um), partial closure of the crack occurs due to propellant
deformation. This partial closure first appears near the entrance. As time
progresses, the closure region moves downstream and a second partial closure
region develops near the entrance., This process continues; at times, three
or four such part.al closures are observed simultaneously (for initial gap
widths of the order of 450 um). Usually, at the moment when the third closure
develops at the entrance, the second and first are located, respectively, at
approximately 20% and 30% of the ¢rack length from the entrance. Later, as
the combustion process becomas more pronounced, the partial closure regioans
disappear as a result of both propellant regression and higher pressure in
the cavity.

The entire process is believed to be the result of deformation caused by
high pressure acting on the propellant surface exposed to the chamber, and by
the complex interaction between propellant deformation and pressure distribu~
ticn in the crack cavity. Propellant surfaces exposed to the chamber are
compressed by the high chamber pressure, which results in the propellant being
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Figure 7 A Sequence of Photographs Showing Crack-Gap Closures
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pushed into the crack. Since pressure increases faster in the chamber than
in the crack, during this initial pressure transient, the propellant is
pughed toward the region of lower pressure inside the crack. The mechanical
deformation of the propellant causes narcowing of the crack gap, and conse-
quently ra2sults in local crack closure.
THEORETICAL PREDICTIONS AND COMPARISONS
The important physical propertiesi of the two propellants studied ara
- given in Table I. Numerical values of the input variables used in the pre-
dictive progrsm are listed in Table II. The recorded pressure-time trace .
near the crack entrance was used as an input. The temperature ¢f hot gases !
* in the chamber was assumed to be the adiabatic flame temperature of product
gases from the igniter. An eatimate of heat loss indicated that it is less
than 3% of the chemical heat release; tharefore, this assunp:ig9 is justified.
The flame temperature for propellant A was obtained from Price’’ of NWC; for ,
the other propellant, it was compuced from the CEC 72 thermochemistry ;
program. :
|
TABLE I Propellant Properties %
!
5!
Propsllant Type A B ;
i
Caomposition AP-hased AP/PBAA-EPON ]
Wuight percent of uxidizer - 13 ;
Avarage particle size, dAP' um - 26 j
Pre-expunetial factor in Saint Rubert's 1.62 0.9591 é
burning rate law, a, wm/s/(atm)® 1
Pressure exponunt in Saint Robert's .4108 41 :
burning rate law, n %
Flamu temperature, 'l‘f. K 3000 1920 -,
§
Propellant density, kg/n3 1710 1600

L]
it e i

The calculated pressure distributions at various times for a typical
test case for Propellant A are shown in Fig. 8. Results are presented only
for the initial rapid pressure rise portion, since that i3 the region of
interest for this study. The average pressurization rate at the crack en~
trance was 1.75 x 109 acm/s. During rhe initial period, a traveling pressure
wave is preasent in the crack cavity. This vave moves toward the crack ttp
and is reflected froumthe tip, resylting in higher pressure near tha tip at
t = 0,6 ms. As time progresses, the overall prassure in the crack cavity
continues to rise. Thin is the resuli of a combination cf two simultanecus
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TABLE IT Numerical Values of Input Varfables

g -

Variable Units Propellant A Propallanc 3 {
19%.0 195.0 ,
E k - : j
b L} N/kg 0.0 0.0

b % /kg 1.0 x 1073 1.0 x 10°3 '

X, kg/kaole 15,10 20.381 !

Y - 1.2 1.26 i

i

o kg/a’ 1719 1600 |

- -4

Ao keal/s=a-K 0.8 x 10°° 0.5 x 10 i
2 -6 0.11 x 1078 !

apr n/s 0.18 x 10 ?

€ /4y - .025 .025

T, K 3000 1920 :

i
{

LI e 850 850 i

T, 4 295 295 7

a (om/s)/ (atm)® 1.62 0.9591

n - 0.4108 0.4l

X B-K/keal 0.70 x 10”7 -

3 - $3 -

T, K 1920 1920

Gl . ata 14.4 + 136 0-'09“ Seme as A 3

X ata 47619 47619 .

=R -a -4

K+ oPa) Pa/se) M - 2 x 10 ;

ﬁ - - 0.705 %
np ‘
[} ) 4
=Defined in Eq.
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a processaes: a) a continuous increase in chumber pressure during this period,
' and b) mass addition Jue to burning of the crack walls. After about 0.8 ms,
the pressure in the crack becomes more uniform hecause the rate of increase
of chamber pressure has become quite small, and the ignicion front has prop-
‘ agated to the tip. 1t should be noted that as time progresses, the maximum

: pressure in the crock cavity becomes higher than that in the chamber.

Predicted velocity distributions at various times are plotted in Fig. 9.
At t = 0.1 ms, velocicty in the latter half of the crack is almost zero.
Because the initial fuvorable pressure gradient causes the gases to acceler-
ate, the gas velocity at any axial location increases continuously until
t = 0.5 ms. The adverse pressure gradient generated by the compression wave
reflection at the crack tip causes the gases to decelerate. Since velocities
continue to decrease after 0.5 ms, only one velocity distribution between 0.5
and 1.0 ms is shown in the figure to avoid confusion. At 1.0 ms, velocity
in the entire crack is negative, {.e., gases flow out of the crack since

pressure throughout the cavicty is higher at that time than the pressure in
the chamber. t

P Y T TR T
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Calculated temperature distributions at various times are shown in Fig.
10. Duraing the initial period (¢t = 0.1 ms), a steep temperature gradieant is
4 preasent. This is due mainly to the fact that the inicisl increase in che
E temperature in the cavity is caused by hot gas penetration. Since the gas
1 veloclity in the second half of the crack is nearly zero at 0.1 ms, the tem-
perature in that region is also equal to the initial temperature of the gas.
As cthe propellant starts to burn, the temperature in the crack cavity begins
3 to increase, and is dominated by the flame tew~ vature of the propellant.
Since the flame temperature of propellant A is .igher than that of the igniter
gases, and also there is a compression effect in the cavity, maximum temper-
ature in the crack is higher than that in the chamber.

o
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Variation in the port height (= half of the gap width) at various times
is shown in Fig. 11. The initial geometry of the crack is shown by the
dashed line. Because of the rounding of the crack entrance, the gap width
at the entrance is large. During the initial period, the high chamber pres-
sure acting on the crack surface exposed to the chamber causes the propellant
near the crack entrance to be pushed inside, resulting in a decreased port
, height near the crack entrance. At t = 0.6 ms, the : are two minimum gap
] widths; the second is due to the effect of comprassion wave reflection in the
gas phase (see Fig. 8). As time progresses, !owever, the pressure in the
cavity exceeds that in the chamber, and the pyvopellant continues to burn; the
net result is an increase in the port height «t 1.0 ms.

Comparisons of predicted and measured pressure-time traces at x = 48,
138, and 188 mm are shown in Figs. 12, 13, and 14, respectively. The pre- -
dicted values are in good agreement with the experimental data. The steep-
ening of the pressurization as it moves along the crack is svident from both
the predicted traces and expervimental data. The effect of the increase in
pressurization rate is most pronounced near the tip of the crack. This is
due to the combined effect of coalescence of the compression waves and steep~

ening of the pressure front caused by gasification of the propellant behind
the front.
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Comparison of predicted and measured ignition-front lc-ations for var-
ious pressurization rates is shown {a Fig. 15. Tt can be seen that the
model predicts the location of the igniton front quite well except very
close Lo the tip. Near the tip region, the model overpredicts the deceler~
ation of the ignition front. This is believed to be caused by the one-
dimensional assumption in the model. The one-dimensional assumption is
inadequate to describe the flow near the tip. Since the calculated veloci-
ties near the tip ave small (see Fig. 9), both the gas temperature (see Fig.
10) and heat transfer coefficient are low; heat transfer to the propellant
is, therefore, quite small. [n an actual case, the preseunce of a secondary
flow near the closed uvnd will produce higher rate of heat trausfer to the
propellant, resulting in less pronounced flame front deceleration. It is
believed that the Jiscrepancy between the predicted and measured ignition-
front locations near the tip region of the crack can be alleviated if the
effect of enhanced heat transfer near the closed end can be incorporated into
the model. Tt should be noted that, under the conditions studied, the initial
flame-spreading process is not substantially affected by propellant deforma-
tion.

Figures 16 and 17 show calculated pressure distributions at various
times for cases in which propellant deformation becowmes very important. For
results shown in Fig. 16 (Case 1), the chamber pressurization rate was
3.8 x 10° atm/s and the gap-width was 0.51 mm. Only those curves of interest
are shown, and for ease of cxplanation, they are not superimposed. Between
t = 0.25 and 0.275 m~, the pressure in the crack shows a wavy distribution
which corresponds to the deformation pattern. During this period the crack
gap at the entrance is extremely small (partially closed). At t = 0.3 ms,
high pressures in the chamber and at the crack entrance cause the partial
closure to move to x/L = 0.1, the gasification in che minimum flow area
region results in a local pressure peak. The localized high prassure at
x/L = 0.1 causes the propellant to deform; the region of parcial gap closure

___— moves to x/L = 0.2, resulting in a substantial increase of local pressure.
The subsequent closure results in a zero gap width and causes the gas dynamic
solution to blow up. The predicted movement of the partial gap closure is
qualitatively similar to that observed experimentally (see Fig. 7).

Case 2, ¢ m in Fig. 17, was computed for a pressurization rate of
5 x 107 atm/s aad an initial gap width of .89 mm. Before 0.475 ms, the
partial gap closure occurs near the crack entrance. Similar to case 1, both
the high pressure near the entrance in the cavify and that acting on the
side walls of the propellant exposed to the chamber cause the partial gap
closure to wmove downstream. This area reduction and the continued gasifi- ;
cation process result in a pressure peak near x/L = 0.17 (ac 0.475 ms). At
0.5 ms, =wo regions of partial gap closures are obtained, resulting in pres- g

USRI 1.~ RO N S VNP R VRSP TR T~ >~ oo et 2

sure peaks at x/L = 0.1 and 0.27, respectively. As the pressure peak moves
downstream, another gap closure develops near the entrance at 0.525 ms. This
type of process continues in a repeated manner as shown Ly the distributions
at t = 0.525 ms, 0.55 ms and 0.575 ms. Once again, these results qualita-
tively explain the behavior of the partial gap closures observed experimen-

tally.
Results obtained here indicate that closure of the crack gap, which may 4
initially occur at the crack entrance because of small gap widths and high iﬁ
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chamber pressures, may propagate along the crack and result in local pres-
sure peaks. The pap closure is not observed for cracks with larpe gap

widths or at low chamber pressures because propellant deformation under these
conditions is small and does not affect the ignition process substantially.
Gap closures and tesulting pressure pecaks can strongly influence the convec-
tive burniiig process in the crack and may contribute to the deflagration-to-
detonation transition process.

SUMMARY AND CONCLUSIONS

This research program was undertaken to investigate the development of
convective burning in solid propellant cracks which continually deform due
to burning and pressure loading. Botin theoretical and experimental methods
were employed to study the flame spreading and combustion processes in pro-
pellant cracks. In the theoretical model, the effect of inter-related
structural deformation and combustion phenomena was taken into account by
considering a) transient one-dimensional mass, momentum, and energyv conserva-
tion equations in the gas phase, b) a transient, one-dimensional heat conduc-
tion equation in the solid phase, and c¢) quasi-static Jeformation of the two-
dimensional, linear-viscoelastic propellant crack due to pressure loading.
This set of coupled, nonlinear, partial differential equations was solved
numerically. The gas-dynamic equations were solved using a finite difference
analysis and the structure mechanics equation was solved using a finite
element analysis.

Several important obscervations and conclusions from this study are sum-
marized below.

1. Results indicate that coupling between chamber pressurization, crack
combustion, and propellant deformation is quite important, e¢specially in
the case of verv narrow cracks, and for high chamber pressurization rates.

2. Several regions of partial gap closures werc observed experimentally
in narrow cracks. Calculated results show that these partial closures may
generate substantial local pressure peaks along the crack. The gap clo-
sures generally do not occur in the case of large gap widths or low chamber
pressures.

3. The initial flame-spreading process, or the time for the ignition
front to reach the crack tip, is not substantially affected by propellant
de‘ormation., However, structural deformation may significantly affect the
pressure distributions along the crack.

4. Both theoretical and experimental results show that, in general, the
maximum pressure in the crack cavity is higher than that in the chamber.

5. Except near the crack tip region, predicted results for the ignition
front propagation are in good agreement with experimental data. Predicted
and measured pressure distributions are also in gond agreenment.
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NOMENCLATURE
Symbol Description
Ap Cross-sectional area of the crack, m2
. Apx Spatial changu.of cross-sectional area of crack with respect
: to the axial distance, m
§‘ a Pre-exponential factor in the nonerosive hurning rate lav,
§ ap?, (mm/s)/(atm)®
g Bx Body force, N/kg
’ b Co-volume, m3/kg :
% e Friction coefficient, Zgrw/u2 :
i cp Specific heat at constant pressure, kJ/kg-K ;
dh Hydraulic diameter of the crack, m ;
E Total stored energy (internal and kinetic), kJ/kg E
E Ea Activation energy for surface reactions é
; Gl Relaxation modulus, kPa or atm ;
F‘ Local convective heat-transfer coefficient, kJ/mz-s—K :
' Local convective heat-transfer coefficient over the propel- g
lant surface, kJ/m2-s-K :
1 .Ecw Local convective heat-tranifer coefficient over non- f
propellant port wall, kJ/m“-s-K :
i K Bulk modulus, kPa or atm %
Ke Erosive burning constant, m3-K/kJ
L Length of the crack, m
Mw Molecular weight. kg/kmole
n Pressure exponent in the non-erosive burning rate law
| 4 Pressure, kPa or atm
Pr Prandtl number
Pb Burning perimeter, m




121

Wetted perimeter of the port, m
Specific gas constant for the combustion gases, N-m/kg-K
Reynolds number

Burning rate of the solid propellant, including the erosive
burning contribution, mm/s

Temperature (without subscript, static gas temperature), K
Average film gas temperature, (T + rps)/z, K

Adiabatic flame temperature of the solid propellant, K
Initial propellant temperature, X
Fropellant surface temperature, K

Nonpropellant wall surface tcmperature, K

Time, s

Gas velocity, m/s

The coefficient 1n viscosity-temperature relation

The velocity of propellant gas at the burning surface, m/s
Axial coordinate, m

Position at the end of crack, m

Axial distance along the crack at which propellant begins, w

Perpendicular distance from the propellant surface into the
solid, m

Greek lLetters

Thermal diffusivity, m2/s
Erosiv2 burning exponent
Ratio of specific heats
Gap width of the crack, m
Strain temsor

Surface roughness, w

Thermal conductivity, kJ/m-s-FK

’J
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g Stréss tensor
' W Gas viscosity, kg/m-s
5 o] Densgity (wicthout subscript, gas density), kg/m3

t‘ Characteristic time of the gaseous flame
b T Transient pressure variation time (characteristic time of
% P the pressure variation) )
: Te Characteristic time of the unburned solid phase
E T, Shear stress on the port wall, kPa
: txx Normal viscous stress, kPa ;

2] Weighting parameter |

Sw Angle measured, in a counterclockwise direction, at the lower

side of the propellant, degree ]

3 Subscripts j
é c Rocket chamber ’
] cri Critical condition for suface ablation ’
% eff Effective :
: g Gas .
] i Initial value .
: ign Ignition condition 5
E pr Propellant z

Ps Propellant surface
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APPENDIX C
(Ref. No. §)

TMPROVED PRELICTION OF FLAME SPREADINM DURING

Yovacic,* M.

Kumar,*

COUVECTIVE BURNING IN SOLID PROPELLANT CRACKS

*

and K. K. Ruo

Vepartment of Mechanical Engglneering
The lennsylvania
University Park, Pennsylvanla

State University

the crack t

Ed

ignition, b

2quations a

Results or

tip reg ion,

ip. The model was

) the effect cf

long the crack.

The development of convective burning in soiid propellant
cracks was studied both theoretically and experimentally.
Comparison cof the experimental results of flame spreading with
the theoretical predictlons of the previous crack ccmbustion
model (Fumar and Fuo 1680) showed good comparison except near
modified to {nclude a) the
effect of pressure-wave refliection near the crack tip cn local
, flow reclrculation {n the crack-tip
4 recion on local heat transfer to the solid propellant, and

‘ ¢) turbulent transport terms in the Fuvre-averaged conservation
: Predicted flame~spreading rates
X cbtalned from the modified moded
experimental Jdava, trdizating sioniflicant {mprovements (near
: the crack cvip) uver predistions ol the previcus model. The
{ inclusion of turbulent trunspurt rerms along the length ol' the
crack did not 3iynificantly affect the flame-spreading process.
thic sctudy indicate that the effects or coumpression-
wave reflection and reclrelation are impertant In the crack

showed good agreement with
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Solid propellant grains sometimes
aws. These cracks

d by defects in
cess, thermal

stresses that occur durling curing, the
effect of aging during storaze, damage
received durlng handling and cranspor-

nd mechanlical
ion. The cracks
mechanicil pro=-
irtegrity ot the

tme, they provide
additional surface area for ccumbustion.

nay result ln
the cavity; the

increased pressure may Jiuse crack pro-

ciostrong come
ssible

ejses found to pe

gnition and com~

Bopaduate Dtuwient, presently working:

dinu, Calit'srnta

ceneration
could cause detun~

tustion of precpellunt cracks are: gas
penetration into th> crack, convestive
heating of the prupellunt crack surface
prior to {gniticn, flame propacation
along the crack, Increcased pressure in
the crack cavity due to nenetratinn of
j.roduct gases and gasification assovci-
ated with propellant burning, {low re-
versal wha2n pressure Inside the crack
exceeds that or the main chamber, change
in crack yeometry Jdue to burning as well
a8 mechanical deformation, and propaga-
tion of the crack due to grain fracture.
The zovernlng rarameters which have been
round to influence convzctive bturning
f1=i7] are: chamber pressure and prese
sarization rate, roonstry of the crack,
the eftects of erosi.. burnine :aused

Lt hizh=velcecity rases present in the
crack, physicochemical prorerties of

the propellant, composition and flame
temperature of 1ignlter gases {n the main
chumber, and Inltial and boundarv condi-
tions to which the <rack is sublect:d.

One of the imrortant parareters
which exurts a strorer Influence on time
vartation of the proescure lictribution
in the crack cavitv i, the instantaneous
turnine surtice arei. 3ince the lame-
si-readive rate determines the lenitad
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fraction of the totali surface area,
accurate determination of the flame-
propagation rate is important for
better predictive capability of a mo-
del. Even though the present analysls
i3 limited to a non-propagating crack,
improved predicticn of the flane-
spreadling rate would be helpful in dev-
. eloping models that include effects of
erack propagation and branching. Fur-
thermore, a detalled analysis of the
flame spreadirg is desirabtle in order
. to understand some of the mechanisms
assoclated with the multifacet problem

of deflagraticn to detonation transi-
tion (DDT).

In the past, several researchers
have investigated convective burning in
propellant cracks. Prentice (1,2],
Margolin and Margulis (3], Godai [4],
Bobolev et al. [{5], Payne [6], and
Krasnov et al. [7] bave studied the on-
set of convective burning. Preliminary
investigations of the develcpment of
convective burning were conducted by
Belyaev et al. (2,9}, Both theoretical
and experimental investigatlons cf the
development of convective burrning in
solld propellant cracks have been cun-
ducted at The Pennsylvania State Uni-
versity [10-15]. Detailed reviews of
previous research in this ares are
giver. in Refs. 11, 1¢, and 17. The
crack ¢ombustion model develouped by XHuo
et al. [10,11] provided th: basls for
tne §resent theoretical study.

This moael (1lu,11] conslders tran-
slent one-dimensional mass, momentum,
and energy conservation equations in
the gas phase. A cne~dimensicnal tran-
sient heat conductlon is considered in
the solid phase. As the gas flows over
the crack surface, i1t heats the propel-
lant. Flame spreading 1s postulated to
result from successive ignitions of
adjacent surfaces by convective heat
transrfer. A compariscn of predicted
results from the Kuo model [10,11] and
experimentally measured [13] 1gnition-

. front locaticns indicated that the
model tends to underpredict the flame-
spreading rate near the tip region (11,
14]. It appears that one of the maln
reascns ror thils discreparicy 13 the
one-dimensional nature of the model,
The assumption of one-dimensivnal flow
1s adequate along the crack; however,
it cannot describe the flow recircula-
tion near the crack tip. Predicced
velocities near the crazic tip are
small, resultinz in low gas teusperature
and heat transfer coefficlent; conuse-
quently, the predicted rate of heat
transfer to the surtace lg small,

In reality, the presencs of veolir-

culating flow near the tip region will
cause the heat-tranafer rate to be t!ghe-
er than that predicted by the one-
dimensional model. A recent study [1l¢]
found that the effect of cumpression
wave reflection and recirculation near
the crack tip 1s impcrtant for ignition
of the crack tip. In some of the exper-
iments [15], it was found that the crack
tip lgnited tefore the convective igni-
tion front reached the tip, leading to
the conclusion that heat transfer pro-
cess near the tip ls different from

that along the crack. It iz clear that
these complex processes near the crack
tip must be taken into account to im-
prove prediction of flame soreading.

This study was directed toward im-
proving the predictive capability of the
convective-burning theoretical moudel
[10,11] by including a) the effect of
pressure-wave reflection at the crack
tip on the ienition process, %) an
approximation to account for the effect
of recirculating (low near the crack
tip on local heat transfer to propellant
surface, and ¢) turbulent transpor:
terms in conservation equations alen*

the crack. The objectives of this study
are:

1. To improve the predictive capabiility
of the convective-burning model so
that the rate of flame propagation
in a solld propellant crack can be
accurately predicted.

2. To compare the predicticns of the
modifled crack combustion model with
experimental data of (lame spread-

inz and pressurization in provellant
eracks.,

ANALYSIS

The present model was developed to
simulate a transverse propellant crack
inside a rocket chamber, as shown in
F1g. 1. Hot, high pressure gases from
the main chamber penetrate the crack and
transfer heat to unburned provellant
surfaces. The rate of convective heat
transfer from the hot gases to thg pro-
pellant {= determined by the instantan-
eous values of pas velccity, tempera-
ture, density, and local propellant sur-
face temperature., As the gases continue
to flow lnto the crack, #as pressure,
temperature, and density along the crack
ircrease., After beins heated for a per-
{od of time, the propellant surface will
begin to gasify or {gnite, cenerating
more Lot jases. The t'lame wlll spread
alony the ¢rack until the ~ntire crack
is frnlted., It 1y possibl: tnuat the
loecal !{nternal pressure nay exceed the
majn <hounber pressure, causing flow
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reversal, with hot gases generated by
the igiited propellant being forced out
of the open end of the crack.

://// Solid Propellant
‘LSS

&in L[ 4
Chamber
) i //////' ///’
Crack of
e X Variable Geometry

Flg. 1 Schematic of a Solid Propellant
Crack

The following basic assumptions are
employed in the analytic model:

(1) Bulk flow of gases along the pro-
pellant crack 1is quasi-one-dimen-
sional.

(2) Gases flowing into the propellant
crack obey the Hobel-Abel law for
imperfect gases.

(3) The flame zone 13 small compared
to the gap width of the crack.

(4) Rate processes ln the gaseous
flame are considered quasi-steady;
that i{g, the characteristic time
assonciated with the gas phase
reactions 1z short comparel to
that of the transient pressure
varlation.

(5) Deformation =f the sollid propel-
lant is neglected during the
flame.sreading prncess. Any
changes in the geometry of the
crack are due 3solely teo ablation
nf the propellant surface.

(6) Thermal properties cf propellant
are constant.

flost »f these aszumptiong are jus-
tified for crack combustinn studles
[11,14]. Even though the propeilant is
deformable, it has been found that de-
formation doey not asteniflcantly in-
flgince the {lame-spreading process
141,

Based upon these assumptions, the
quasi-one-dimensional, unsiendy masg,
momentum, and energy equatinns frr the
gas rhase were obtalned in terms of the
instantaneous varlables [18). Instan-
taneous gas-phase equ2tions were cone
verted into a set of mean-ccnservaticn
equations by using an averacing techni-
que for turbulent flows. Since the pas
is highly incompresasible, the Favre de-

Rl L hechy D

composition technijgue [19]) was used, le-
glecting the third-order turhbulent cor-
relations, the three Favre-averaged
conservation equations can be written

ags follows:

Mean mass conservation equation:

9 - 3 -
3t (oAp) + 3 (5 uAp) = rbopvb (1)

The mean momentum conservation equa-
tion:

? - < 2 - - 3 )
T (p uAp) + 53 (p 1 Ap) + bT (pu'u"Ap)
.. 2 (b, a2 (g
5 (F Ap) + 55 (g Ap 5 (G+M)
+p2 (A) -2¢rp53 id| cos 8
< "p 2 W w
+ oApr - (rbppr) Vgr sine_ (2)

The mean enerpy comnservation equa-
tinn:

3 ~ - P ————
c + + .
W (o\p ID.VT o ‘% % pu " ])
_.a n ra o - o
= -5 [Ap“p e T + pu"T"))
A - 3 ~ L) -~
- % U\n o " + 4 pu"u"r/e]

- —_—

a " -
— : fT ¢ T™
+ o [kAP 7 T ™Y

+ (rbopr) CDTr + 0 i AD Bx

- (T - )
Ecp b ( Tps

- Ecw (P, =~ PO(T - Tws) (3)

The equation »f state for the gas
phage:

r (% - h) = oRT (u)

Further approvima‘iens are needed in
arder o ashleve turbulence closure of
the model, In an attempt to keep the
muide)l simple, and at the same time to
take Intn ac2ount most of the important
physical proceages, the following rela-
tionships were used:

@
-t

1

(5)

won
- onu = llr
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These relationships coula Le rogurued [10,11]. When the zas.s »nter the 3
a3 the deflnitione fur u, and kq. T druck, boundary conditions are:
adaltiun, sole Further s&mpllflgnuiun; . -
ware nade; these include CP(e,0) = P (E); T(v,0) = T (t); :
— - b e M v 3
TEES LI S ] ﬁ(t.xL) a (10) i
ara ' When the gases flow out of the crack S
- ud e : subsonically, boundary conditions are: !
-'lp(_CvT +5 ) > o oot (8) 4
* = F(t,0) = P (t); Glt,x; ) = 9 {11) "
The three mean anservatlon ot lots ' i ;
were rearranged Lo foem o set o oov- wh : . : E
y Yo RO en gases exit : rsonic- E
ernlny equaticns Sor ealeulating gus- ally‘st:e b:u;daisecgzsiﬁlzzp:astgig i
phage temporatule, prsasure, anl velo- mean g3 velocity at the crack tip 18 ;
eity. ' zera, 4
The projellant surface tehperatire . . .
at any location aloni itle erack betore t1Ons‘;:v:g“:;:328422fr?g:n:::yrig:di-
attalnment of lgnition g calvulared 2long the crack As ;entioned in the 3
by solving the tranalent, one~dimen- Introduction, heat-transfer processes :
sionul heat conductlon equatlon in the near the tip'tegion should include 3
sate hanner as ziven in Retrs. 10 and the effect of pressure-wave reflection 4
?ii n tf;;;???:faf:f?tlf?lgé?ﬁtfiit' and flow recirculation in order to ime 2
EO30h, SRBULALLAE efsel o ALLkls prove prediction of the flame-propaga-
wnd londtion, s u,ud_tu‘\uturu;ne sSup= tion rate. As reported by Kumar and
Face gusifleation and bu?nlﬁf‘uuu31~ Kao [12]. the effect of p;essurization 3
ttana. - The bemperacu?c Qqctx-e n the rate and'preasure-wave reflection is 3
ff?"lg’ﬁﬁfiﬁiﬂgf‘s galved dutll 1,ni- important for heat transfer at the end
“h chiluved. ol a crack and for local tgnitiaen, ]
. 21 epepntat n pe taC e Jince the flow conditions and crack X :
11‘j"THiréﬁslhzgtftizh%;gz f:t¢;?§l, confiyuration of tnls stuuy are similar I
L e erertle hronellasl bLoar to those presented In Rer. 12, the tip- P
;ﬁi:r‘fihlfzeliéﬁle"\;'ﬁig?e!{dytubdld- Jenitvien model [12] {5 cenpatible for : 3
e rrolatlons used In melel ar sdnzes afrect incarperation luly the pre= i
;Hii‘lv Tt e ; e o cent theoretleal model. In the tip- ! 1
mlat s b Iynitlon model, the propwllant at the : i
PR . . - . 2133¢2 end 1s cunsldered to be therm- i
wable 4. E:;éri:aéh;°;éﬁi?nx°““ ally thick. The provellant surface at ;
. AN the tip 13 heated by hot rases driven :
Purameter Sourse intc the crack as a result of rapid {
Heat transfer . Nodifled Dittua-Boel- g?’gg:;nzrg:zggt::‘:g:diggtt?grg:;f‘“ce Py
3 coetilcient ter correlation [20] The tip-lgnition model describes the i i
E das visJusity Svehla expresdlon [21) process of heating to ignition at the i ;
E frandil number Svehla fermula {217 closed end of the propellant crack; :

‘
E.

"Frlcetion

Muditied Colebrook
corpelation {22,232

Strand buraing Saint-Rolert express

KY

cuelfelent

rate slon (&b
Ercsive turning Lencir~Rcbllilerd [29)
rate o
Auzdan-buo Uormula
[2¢]

—— o

Intvial condivlong Vo the us~
phade equaticn deseribe a unlform dlg-
tribution I the Sruck:

afi,x) =ug; T(2,x) = T!;

Tlon) = By (9}

Brut guty conditlions depend upon Clow
e diticony ut the oraci entrat v

accordine,ly, this model {c incorporated
or culculations at the tip.

Although recirculating flows in
28ps huve been resgearched quite exten-
sively [27,2%8], most researchers have
cnly studied gaps with smzll length-toe
Alameter pratios (in the order of §).
Cracks with lengtheto-dlameter ratios
in the range of 33 to 200 were used {n
the present study. K¥uo et al. [29]
conducted flow-~visualization experi-
ments un CAaps wlth aspect ratlos as
high us 24.5, but did not zive speclal
attention to recirculatlon near the tip
of th2 crack.

A3 an attémpt to inprove the flame
sproeadlity predicticon in the tip reglion

witheon having to sulve 3 complex multla-

nenstinal problem, a simple method
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for approximating the rate of heat
transler caused by flow recircuvlation
was incorporated into the theoretical
formulation. As a first approximation,
a condition of linsar heat flux %o the
propellant was impcsed between & point
in the crack at the edge of the recir-
culation region and the tip of the
crack, The heat flux, at any point
before the reglon of recirculation,
was calculated, using the temperature
difference between the gas and aclid
phase and the heat-transfer coefflclent
based upon the modified Dittus-Boelter
correlation [20). The heat flux at the
crack tip was calculated, using the
tip-ignition model [12]. The heat flux
at any point in the recirculation reg-
lon was determined by interpolating
between the flux at the crack tip and
that at the edge of the recirculation
region. The initial selection of the
size of the recirculation region was
based upon & good match betwesn experi-
mentally measured flame<spreading rates
and theoretically calculated results
for one test case. It was found that
the location of the edee of the recir.
culation zone, so long as the length
of the reclirculation zons was about
1/5th of the crack length, does not
significantly affect results,

The numerical technique for solv-
ing the gas and solld-phase governing
eguations along the :rack amploys an
implicit scheme, similar to that given
in Refs. 10 and 1l1. The crack combus-
tion model calculates gas pressure and
temperature in the regicn adjacert to
the crack tip, and the tip {gnition
model calculates heat flux and surface
temperature of the propellant at the
crack %ip. Numerical sclutlon of crack
combustion model equations and tip ig-
nition model equations is carried out
separasely, but concurrently.

RESULTS ANC DIScussion

An experimental investigatlon wan
conducted in order to valldate rezults
obtained i'rom the theoratical model.

A test rig was desicnaed te simulate,
as closely as possible. actual rocket
chamber conditions. An irniter system
incorporating a solld propellant charge

was used as the source of heot gas gZene-

ration. High-speed photographa and
quick response pressure transducers
were used to observe flame prepazation
and to measure presasure alcong the
erack. Detalled discusiiosns of the
experimental setup and procediurs 2an

be found in Refs. 11 and 12, Two types

of AP composite solid propellants were
studied. Table 2 lists some of the
important propellant rroperties,

- e e Pevrite )
R MR s e - whenr R

Table 2 PFrrrellant Prorepsies and
Input Paparetaerps

Parameter (Uni%) Prorellant Frerellnnt
A n

Prerpellant AP-baned AP/FBAA-
Composition EFOL
e (mm/s-atm™) 1.62 0,251
n () n. 1108 N.1100
T, (X) 00 1929
0o (xe/m?) 1710 1500
Kk_ (W/meK) $. 3% 2.1
o] 2 oF S
a_ (m“/2) n.1%<1n0™" folixt
My (ke/kmole) 2.1 20,139
vy (=) 1.21 1.26
b (m3/kg) n.901 r.001
vign (X) 30 sn
Rer. 18
keff/k {=) N9 ERald]
Ref. 12

Flenres 2 and 3 tlaplay two s2rs
of pregsure triagece from test firines in
which all tesat conditions excapt %he
crickarap width weps approximately the
sama, fgap widths for Tast ¢ (®lz, 2)
anl 63 (Fle. ) wope 1,27 and 0,558 mm,
resrectively, {oap preszurs faurn?
(R2=38) wera word to measul'e gretaures
at four axlal locations aloanr the crack,
Sevarn]l diffarantez can he seen "ron
thegse pregsure .races rvasent in “he
two tests., In bath tasts, the rate of
pressurizaticn increisesg 2nnsacutively
at each downatream lecation frem the
erack entrance, krut the epack with
smaller gap width exrerieoncas a hirher
peak pressurs. Furthermare, the high-
a8t peak pressure occurs {n the inter-
icr 2f the narrswe erask, whereas reak
pressure is much more anifern in the
wider erazk. Thiz can be axplained by
notine thnt {n bovh eracks the bhurnine
suerfate aren o tdantianl, tur the peoue
area in <he parr -y rasl '3 rrorortiene
2lly amaller %yan shut ~f tra wlla
srack. As *ho vespellant alone the
crack beedns % =ngife, 12cal rrec3ure
inside the orank rav tesnra cregtap
than chamber nrtanoure, sauzine eas Tley
ts reverae 1nd ber'n te oxi% the crack.
The =ageous =—ase ranarqtel bty the burn.
{rnF Prerellar® < v raspmaz sreatan

than *he mars whi:h 13 aplas = axiv

from the srertys :F tha amaae, ard tta

2 maximunm, Tor Sha naprow araci, the
smallar port oar-~a will peasrias che
axitineg Tloe azorar, peculrine in oa

rregzure inclle sha epany bullis Cowaed
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higher peak pressurs within the crack.
Higher pressure in the interior ot the
narrow orack also gauses the burning
rate to increase, thus further inctreus-
ing the pressure. Eventually, the
pressure in -the intevior 1s hicher than
the pressure at the crack opening.

Propellant B
k s 198 m ’ 28
s .27 m = atm
@ sive 2200 " |
an/s A
100 atm
F’ 158 am 211
E@ . -_
- e ———
580
G = 208!
' ;
G2 Loo :
0.0 mm
L - 3 I 1

0.0 0.5 1.0 1.5 2.0

15 45 75 108

Time, ms

Fig. 2 Measured Pressure-Time Traces
for Test 62

Propellant 8 P = 323 atm
L=195mm max

§ 2051 mm s
ch/dtnz.leo

atn/s

\
e N s 1 A |

0.0 1.0 2.0 3.0 3.0 8.0 e
SO 1Zu 230

Time, ms

Fig. 3 Measured Pressure-Time Traces
for Test 6)

Cmeam el e e = s PRI S s

Anocther important diffCerence be=
tween Test 62 and €3 {: the effect of
crack-gap width on prossure waves tra-
veling along the crack. Fressure
traces from Test 62 (shown in Fig. 2)
indicate the presence of a stronFs pres-
sure wave traveling along the 2rack,
resulting itn the local peak and valley
at 05. The local peak iz caused by the
compression wave reflectiun at the
crack tip, and the valley 13 believed
to be the result of expansion waves
generated by the reflection of. the com-
preassion wave at the crack entrance,
Pressure traces from Test €3 (shown in
Fig. 3) indlcate no strong pressure
waves moving along the crack. This can
be explained by considering the mechane

{cal deformation of the propellant along

the crack. As gases enter the crack,
pressurc waves traveline towari the
crack tip coalesce and become stronger.
In the region close to the pressure
wave front, the propellant walls ol the
crack deform, lncreasing the local

crack volume and lowering the local
pressure in the region near the pressure
wave front. In a very narrow crack,
mechanical deformatlion of the propellant
due tou pressure loading can be very
important. Propellant deforration for

2 given pressure will be approximately
the same for the same web thlckness,

but the percerntape chanse tn the port
area will tncrease ns the cririnal

crack ap width decrcasesz. The ap
width of Test 63 13 2.5 times smaller
thun that of Test ¢2; hence the pres-
sure wave cffect {3 much lz:3 proncuncad

- in Test 63.

The effect uf chamber rressuriza-
tion rate on the pressure-ti:ne history
of the crack can be seen by ccmparing
two sets of pressure trices from Tests
54 and i as shown in Figs. 4 and S.
These two tests were ccnducted with
the same propellant (Prupellant A) and
sgme crack geomerry (L = 155 mm, § =
J.89 ma), but with dJdifferent chamber
pressurization rates., Test €5, with a
chamber gressuri:atlon rate of about
4.5 x 102 atm/s, exhibits a strung
pressure wave effect alsrne the crack,
while Tzat &4, with 21 chamter pressuris
zation rate of about 1.3 x 10- utm/s,
shuws no sipgnificant pressure wave
effect in the crack.,

Firures € to 9 pres:nt a compari-
son of gpredicted and meusured {lume
fesnt 1cratinng.,  The auched 1o re-
presant nrealeved flane feoons 1ocatti-eg
shinlited ool the preevt-awn roviel 100
117; the colld lines prosoern® cecddrs
sttafrt teom the present Stuwdy. The
rloets Cluw the tine regqulied '~r the
lonitd o Tront to peach 3 partledlar
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.loeation veraus the nondimensisnal -

axial distance alone the crack. ‘Gute
stantial improvement in the prediction
of the flame front near the crack tip
reglon can be seen (rom these flgures.
The efTfect o various parameters on
flame front nropagation is eiven in
Refs. 11 and 12,
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Fig. 6 Comparison of Predicted and
Measured Ignition Front Propa-
gation for Test 62
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Fig. 7 Comparison of Predicted. and
Measured Ignition Front Propa-
gation fogifiif 63 -
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The prodlited pressure variations
with Puespest to time and axial distance
£ r Test T4 ia ghown in u» three-dimer-
slonal plet dn Fir. 10, (Flame-spread-
ing rosulty of vkis testare shown in
Fig. 9. In Mg.l0 , the traveling
pressure wave front can elsarly be seen
moving dack and forth along the crack
as time progrednes. The caloulated
preasdte-time trace 13 -in ressonable
agraenent with Lhe megsured data [18].
The physical reason for the presence
of cruests and troughs on the plot is
the saue as that given earlier in the
explanation of pressure peaks and vala-
leys present In Flgrs, 2 and 5,

Propellant 8
Lea97.Smm
6 = 0.89 mm

30

Fig. 10 Predicted Pressure Distribu-
tions Versus Time for Test 74

Predicted velocity variations with
respect to time and axial distance for
Test T4 are also shown in a three-
dimensional plot in Fi-. 11, During
the initial pericd, tle favorable
pressure gradient causea the hot gas
to penetrate the cpening portion of the
crack. A8 the propellant begins to
burn and the flame cintinues to spread,
local pressure and temperature increasge,
further facilitating zas penetration
deeper into the crack and increasing
€as velocity. As the pressure in the
cuvity incre&ses, the favorable pres-

3ure gradient eff. t diminishes, result-

in® in a decrease .n ;a5 velocity.

dhen tols about .45 ms, the gdverse
fregsure gradlent {n the oracl hecomes
strang enouth to revar.e tlow; theprsa
alter, cases produced {n the z2ruck
Tedity flaw our of i rrack, Velaelty
distributlicn La zenerally alesarad by
pressure ilotrlbutlen.
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Propellant B

Le 9?28 mn
d=0,00m

Fig. 11 Predicted Velocity Distri-
butions Versus Time for
Test 74

- . Results of the numerical ~ompu-
tatiohs show that although gas llow
in the propellant erack is highly
surtulent and high temperature gradi-
ents are present, as sxpected, the
effegt of turbulent transrort in the
axial dlrentieon was not silenificant
when compared with other terms In
the energy equatisn (18], This !s
due to the fact that the llow is
highly convective, and the enersy
transfer in the axial direction is
dominated by convectlon caused by
high gas velocities, The Qiffusion
of energy in the axial direction hy
turtulent transport 1s much smaller
than that by convactive energy trans-
port.

CONCLUSIOQUS

Several important observations
and conclusions from this investi-
gation are summarized Lelow.

(1) Predicted ipniticn front pro-
pagiation, using the currnent
theoretical moudel, was !n very
good agreement with e=xperi-
mental data, {ndicatinge
significant improvement ovep
predictions cof the previous
model near the crack tip.

(2) The effects of compression wave
reflection and flcw recircilie-
tion are important {n conajd-
eration of heat transfer between
gas and 30lid propellant near
the crack tip.
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(1) Beth experimental and thenreti-cal
resul*s «xhitlit a traveling pres-
sure wave phenomenon. Thls phee
nomenon {3 more proncunced with
increasea tn crack gap width or
chamber prressurization rate,

(4) Since the axial transpor: of
cnergy in the gas phase is
strongiy Jominated dy convection,
the inclusion of axial turbulant
transport terms in the governing
equations does not affect the
flame-spreading rate along the
crack.
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erack, me
a froecrnonential fanteop in the

naneresive bupning rats law,
ar™, (mm/s)/(nvm)
Rerly faras, N7k
Maarr luma o m Sk
Jrac i) heat gt anngtant
praccare . Jlkpef
N Jpenifia hent Ay rarstant
voaluie, T kne¥ -
£ Fprlettsn eseffletont, v /ouc
h Lacal convective heatetransfer
cr ¢refficlant wver the propels
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R Lozal convective neat-rransfer
crafl''i~{ent over nen-propellant
prret wall, W/mceK
Thermal nnduetivity, ¥/me®
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qolecular welpnt, Fe/kmnle
Fressure expenent in the none-
epnsive burninge rate law
F Troarure, I
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Spenifte eag constant for the
enmturttan cases, l-m/kr-K
Rurnine vt of the 30114 proe
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V&r The veluclty o propolant gas
At the burntin! sur’ice, n/o

X Axlal coordinate, n

QPQ!R Lét ters

Thermal diffusivity, ndtg
Ratic ¢f specific heats
3ap width of the eruck, ®m
Gas viscoalty, ka/w=3
Qr‘\ u "t' k‘/m‘s
Density (without s?bscripn,
g3s denalivy), kg/m
t §hear atress on the port wall,
Py
8 Angle measurea, {n 3 counter=
¢lockwise directl.n, at the
lower side of the propemllunt,

TR T e B

degree
Subsoripts
N Ricket chambwr
eff - Effective
2 38 -
! - Inltial vaiue
lgn Ignition condition
[ Propellant (cond:ts»a phase)
p3 Frapellant suriace
t Turdbulent
Sugerscrggts
- Favre S masdesvelnssd qaantlt&
- Reyrolds 20 tlfmie=iverared wate-
vity
" Flutuating quantlity in Favrs
averaging methold
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Flame Propagation and Combustion Processes
in Solid Propellant Cracks

Mridul Kumar,* Stephen M. Kovacic,t and Xenneth K. Kuod
The Pennsylvania State University, University Park, Penn.

The ofiucts of prossurisstion rate, crack-gap with, crack agih, and prepeliant type oa the igakies snd
fome-spiending piocossst in iselotvd AP-Dasd salid propoliant tracks bave been Sadied enperiammtally.
igtition lront prepagation rates were mensured uaing s high-apeed (up t0 44,000 pletures/s) camere. Crachs wp
to 200 man in loagth with gap widths as low s 430 am wure mndied. R was obesrved that the het gases prevede
the iguitien froat. The igatiea-Trent prapagation sped nsrenses aear the treck sntrante, reashes & Banimum,
a0d then decvenies near the erack Up. The resulte of porametric study indicate that the tiane requised for the
igoition front ' reach the crach tip decresses, sad thae the menimum velocity of the igabicn front insremes 2
the premurization e or buriag rate of the propeliant is incronsed. The masimam pressure ln the eruek in-
creases with an lacrease In buralag rate or crack leagth, dut detrenses with an inerenee in gap width,

Nemencinture

= pre-exponential factor in Saimt Robert's burning
rate relationship aP*, (mm/s)/(atm)*

= Andresv number, 7,d, /a

= hydrautic diameter of crack, mm

= length of crack, mm

= pressyre exponent in Saint Robert’s burning rate
relstionship

= pressure, stm ,

= maximum pressure in the crack cavity, atm

= hurning rate of yolid propetiant, mm/s
wiemperature, K

=time, s

= adiabatic flame temperature of solid propellant, K
= initial propellant temperature, 293 K

= convective ignition front propagation velocity, m/s
=gnial location, measured from entrance of crack,

mm

= thermal diffusivity
= gap width of crack
= density, kg/m?

v en ";‘;ul"-n.“v'u o

lntreduction

NDER certain cperating couditions, high-pressure and
hightemperature gases from the rocket chamber
penetrate the defects or cracks that are present in solid
. The convective heat transfer from the hot gases
heats the propellants along the cracks, and if a sufficient
amoumt of energy is transferred 10 the propellants, ignition
also occurs inside the defecis. Burning inside defects or
cavities may result in much higher pressures in the cavities;
indeed, it is betieved that givem the pcoper stimuli, these
defects or multiple cracks may 1nitiate detonation. Bven if this
abnormal burning does nox lead 10 a catastrophic failure, it
may cause the performance of the rocket motor to deviate

significantly from the designad conditions.

Prosonted &t Pager 50-1208 at the AIAA/SAEB/ASME 1&th Joim

Coaference, Hartford, Cona., June 30-July 2, 1980;

submitted July 31, lsw:muoauulvdbu 42, 1980, Copyright ®

Amarican Institute of Asromautics and Astronautics, lnc., 1980, All
Tights teserved.

*Asingnt Profersor, Department of Mechanicsl Enginesring.
Member ALAA.
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This paper deals with & detailed experimental investigation
of the development of convective burning in an isolated
propetlant crack. Convective burning is defined as enhanced
burnin.cnmpdhmchne.uudbyhotmmmiou
into propellant defects. Forced convaction is the primary heat
nmmmmmwnmm Even though
the ignhion, Name spreading, and combdustioa processes
inside an isolated solid propeiiaat crack represen!
case of the actual burning in propellant defects, a fun-
demental understanding of the ignition and flame-
propagation procesies in such a geometry is exsential in order
:onmmwmmmofwmnm
defects, leading to -detonation transition
(DDT). It should be notd, however, that a single crack will
tesult in a lmited increase in Dwning surface area, and,
therefore, may not cause detonation.

Prior 0 this study several researchers have investigated
convective burning in solid propsilant defects. Recently,
‘Bradley and Boggs® have made an extensive literature review
on coavective burning in propellant defects. Belyasv ot al.2
have compilerd most of the recent work doae in this area in the
USSR, These revicws indicate that the convective burning in
solid propellant cracks has been investigated by a aumber of
researchers in the past and that both theoretical and ex-
perimental techniques have been used. Studies in this ares
have also besn conducted at The Pennsylvania State
University. >’ Experimental studies on convective burning in
solid propellant c¢racks can be subdivided into two broad
categories!3: 1) onset of convective burning, and 2)
development of convective burniing. Literature on the onset of
convective burning is exiensive; the studies are usually
qualitative in nature and are characterized %y tests of the
80/n0-go type. Results of studies on the onset of combustion
are commonly presented in graphical form to indicate the
operating conditions (usually pressure) under which the lame
will penetrate a crack of a given dimensiun. The following
paragraphs list some of the important work in this ares.

Preatice® conducted experimental investigations on the
onset of coavective burning in & transparent, nitrocellulose-
petrin propeliant. He observed that it was much easier to
flashdown into a crack with both ends open than into & crack
with one end closed. Catalytic additives caused flashdown tc
occur more readily. Flashdown was not observed up (0 3.9
MPs in l.émm-diam cracks. Both motion pictures and
the:mocouplel were used to monitor flame penetration.
Later, Premtice® extended his work 10 opaque compuosite
propeilants. Vibvation response spectroecop) (VRS) was used
to monitor fAashdown. Double-based propelasts that
displayed mesa buraing were also investigated by Prentice. He
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concluded that the criticai pore diameter for flashiown in o
given propejlant is inversely tional 10 the burning rate,
Margolin and Margulis®® that combustion peneteates
more casily into a channel with two open ends than into a
blind channel. They alsc obeerved that if the channel were
open &t one end, or if there were one of more outlets from the
channel to the burning surface, the combustion guses in.
stantaneously penetrated the potes when the Andreev number
(AR) was beyond a critical value, However, the critical An.
dreev number is not always coastant.

Godai'' made experimental investigations of fName
propagation in the narrow slit and (ine hole of solid
propeiiant grain. Cracks of 22 mm in length were formed with
S mm square slabs of AP-based composite propeliants. The
propellant was ignited with a nichrome wire, and the ignition
event was ftlmed by motion-picture camera at a rate of about
32 framen/s. Tests were conducted in a slab of propellant with
both a single hole and multiple holes. Godai observed that
there is & threshold gap widih ot hole diameter below which
the Name does not propagate into the defect, and that the
threshold crack ap is (undamentally a function of the
burning rate. Bobolev et al., ! Payne, '’ and Krasnov et al. 1
also studied the onset of convective burning in solid
propellant cracks.

Experimental studies on the development of coavective
burning are limited. Belyaev @t al.'’'* made preliminary
investigations of the development of combustion in single
pores. The flame propagation raic was observed to increase
initially, and then to reach a constant value. The pressure in
the crcu was found to be greater than that ol the chamber,
and thwe effuct of erosive burning was found 16 be imporiant.
The raaximam pressute in the crack was correlated with the
crack lengt's and the ratio of the crack length to crack width,

The focus of previous investigations of combustion in
propellant cracks has been on the onset of convective burning;
the development of convective burning has yet to be in-
vestigated fully. 1t is generally believed that the development
of convective burning in a propellumt defect is a necessury
condition for subsequent transition to detonation. Almost all
of the previous studies have been conducted at constant
pressure conditions. The effect of chamber pressurization rate
(dP/d1) on flaine propagation, which is of interest in actual
rocket motor and DDT studies, has not yet been investigated.

The aim of the present research was 10 narrow some of the
technological gaps thar exist in the study of the development
of convective burning in solid propellant cracks. The specific
objectives of this investigation ave:

1) To experimentally study the effect of the following
parameters on ignition and flame propagation inside Am-
monium-Perchlorate-based composite solid propellant
cracks: a) chamber pressurization rate, b) crack;gap width, ¢)
length of the crack, and d) propellam: compositiSr.

2) To establish a daia base for the convevtive flame-
propagation rate and the maximum pressure in the crack
cavity as a function of pressurization rate, crack geometry,
and the physicochemical properties of the propellant.

The results of this study can also be used (or verification
purposes, in order to compare tH flame-propagation rates
and pressure measurements aiong axial locations of the crack,
with the numerical predictions of a parallel theoretica! study
being conducted by the authors at The Pennsylvania State
University.

Experimental Setup and Procedures

Test Apparatwa

The test apparatus and experimeatal conditions for this
study incorporated the following: major design con-
siderations: 1) the test apparatus should allow a wide range of
vatiation in crack geometry and operating conditions; and 2)
test corvditions should simulate, as closely as possible, those in
an actusl rocket motor. A salid propeilamt ighiter system
{details of which ure given in the tollowiny section) was used
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Fig. 2 Typicel propeilant crack sample.

to simulate igr ‘ter gas composition similar to that in an actusl
rocket motor. U -ing this igniter system, it was possibie to
obtain pressures up to 200 atm in the chamber in ap-
proximately 2 ms. The Lest apparatus is also compatible with
the theoretical model developed by the suthors®'' and,
therefore, the results obtained here could later be used for
modz) validation.

Igniter System .

A solid propellant igniter system was the source for hot gas
generation. Percussion primers were used as initistors for
ignition of a propellant charge. A remotely controlled,
solenoid-activaied firing pin was used to trigger the primer. A
schematic Jdiagram of the test chamber and igniter system is
shown in Fig. 1. The igniter sysiem consists of 1) a soienoid
mounted on the retaiv.er hlock wf a spring-loaded firing pin, 2)
a percussion element and its housing unit, 3) a prepellant
igniter charge and ignites chamber, and 4) a multiperiorated
nozzie plate. All hardware was made of stainless steef.

High-temperature, high-velocity gases, under rapidly in-
creasing pressure conditions that simulate flow conditions in a
rocket chamber, were oblgined by burning a 50 mm long,
rectangular cross-sectional ( ~ 5.7 x §.7 mm) solid propeilant
charge. This charge was placed inside the cavity of the igniter
chamber; the diameter of the cavily is 8 mm. When the primer
was triggered, it produced hot gases which flowed over and
ignited the salid propellant charge. The product gases flowed
through a multiperforated coaverging nozzle into the main
chamber. The pressurization rate of the chamber can be
varied by altering the dimensions of the propetlant strip in the
igniter, by changing the dimensions of the multipetforated
nozzle, or by changing the exit nozzle of the chamber.

Test Chamber end Crack Configurations

The test chamber shown 1n Fig. | was made of stainless
steel 304, The discharge of the igniter sysiem passes through a
124 mm long, rectangular cross-sectional (10%25.4 mm)
channel. The propellant crack sampie is placed perpendicular
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to the flow direction in the main chamber. Cracks were
formed by cutting a slot of desired width in a propellant slab
(of 25.4x 17 mm cross section) glued into a brass retainer, It
< ras possible to manufacture cracks up to 210 mm in length,

with gap widths as low as 450 um. Figure 2 shows a typical

propellant crack sample. Four pressure ports were provided
along the center of the crack in order to measure pressure
variation along the crack. An interchangeable, convergent
exit nozzle was used to vary pressure and flow conditions in
the chamber. The nozzle was made of titanium in order to
alleviate the problem of metal erosion caused by highly
corrosive gases. The exit diameter of the nozzle was varied
between 2.5 and 3.8 mm. For safety, the chamber was also
equipped with a port for a burst diaphragm. If for any reason
pressure inside the chamber exceeded a predetermined value
(usuaily 680 atm), the burst diaphragm would rupture to vent
pressure and avoid an explosion.

Flame propagation in the crack was observed through a set
of transparent plexiglass windows. The window assembly
consisted of a sacrificial window (238 x 65x6.3 mm) and a
viewing window (251 x 78 x 25.4 mm). The window assembly
was held in place by a stainless steel window retainer. To
achieve a good seal, rubber O-rings were used between the two
halves of the chamber, and between the inlet and exit nozzies
and the chamber. During the tests, the chamber was com-
pletely sealed, except for the interchangeable exit nozzie
through which product gases were discharged into the at-
mosphere. Since the sacrificial window is placed directly over
the propellant surface, it is destroyed after each test firing.
The test sample is clearly visible through the windows during
the test.

To obtain a more detailed observation of the flame-front
propagation, an alternative crack sample shown in Fig. 3 was
ysed to replace the one shown in Fig. 2. The alternative crack
sample provided direct (front view) observation of the gas
penetration and ignition-front propagation processes. In this
configuration, the crack was formed between a propeliant
slab and the sacrificial plexiglass window, i.e., one side of the
crack was an inert, transparent, plexiglass window and the
other side was a propellunt slab glued to a stainless steel base
_ plate. The gap width of such a crack conﬁgurauon is varied
.. by tlie amount by which the propellant surface is recessed
ovelow the side-leg assembly (se¢ Fig. 3). The prOpellant slabs
for these tests were 183 mm long gad 17.7 mm wide. Gap
wndth* of the crack were varied between 043 and 1.5 mm. It
should be noted that for this conﬁgurmon only two pressire
. traces can be obtained: one at the crack entrance, and the

.. other atthetip.

o lmmmlol

" Data Acquisition System

A block diagram of tﬁe d..ta acquisiuon system for the .

conavective flame pcopagation studies is shown in Fig. 4. The
data acqulshion system consistc of three majo- parts: 1)
ressure mepsuring system, 3) flacne propagetion measuring
system, and ). teansient waveform.recording systeiny: ‘Details

- of measurement echniques are’ glven in the Following sec.
flons.. The data adquisition system mcludes pressure trans-

© duuets, charge amplifiers, a high-spred movie camera, a light-
.+ emitting diode \LED) driving unit, a motion analyzer, a 9-
- chanrel mnsiem waveform recorder (Physical’ Data Model
" #515.334), 3 7-channei FM tape recorder, an osdilloscope and
an x-y.plotter. The maximum sampling rate of the Physical

" Data Systém is 2x j0* sampless), and the ‘maximum am-

"o plitide resolution is 0.1% with .a. 4096 word tiemory per

channel,. The tecording speed of the HP typé recorer js 60
I\t.7s a8 4 carrier frécuvncy of 108 kHz. The tape can be

played back st a' much lower speed (114 in./s) to expand the -
duration” of the trauisient signals. Data: recorded on the' .

“Physical Data Systém can be displayed of an oscil'oscom, at

pl:med on an x-y plodter fotr o hiard copy. Data recorded on

tupe is digitized before displey or plotting.-
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Fig. 4 Block diagram of data scquisition svstem.

Pressure Measurements

Four ports are provided along the length of the crack for
transient pressure measurements. The first port is located in
the main chamber, very close to the crack cntrance. The other
three are located at 48, 138, and 188 mm from the first
transducer port. Piczoelectric quartz transducers were used to
measure the pressure. The transducers have a rise time of 1.5
us and a natural frequency of 300 kHz. and can accurately

"record pressures up to 1000 atm. The transducers were

mousnted in a water-cooled adapter that prevented drifting or
damage due to excessive heat. In addition, a thin layer of

“silicon rubber insulation was placed on the ttansducer surface

to further protect the transducer dianhragm from high-
temperature gases. The transducers were mounted about 2
mm below the bottom surface of the chamber.

Charge signals from the pressure transducers were carried
thréugh an insulated, high-impedance, coaxiai cable to a
charge amplifier. The output (voltage signal) of the charge

. amplifiers was recorded simultancously on the transient

waveform recorder and on the magnetic tape. In order to
accurately determine the pressure level, calibration signals
equivalent to 69 atm (1000 psig) were ais0 recorded for each

. ¢hannel, Calibration signals for each transducer were checked

periodically by comparing them with signals obtained from
measuring a known pressure of a high-pressure niirogen or air
tank.
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MAY 1981 COMBUSTION PROPERTIES IN SOLID PROPELLANT CRACKS

nume-l'mpauliun Measurements

A high-speed, 16 mm motion pu.mre camera was used to
obisérve the complet¥ igiittion évent in the chamber. With a
qumer‘rrqm opticnl head, e camera was capable of
~ filming at-a-maximurh of about 44,000 pictures/s. The Hyeam
Peddmera 1§-¢quipped with a dual light-emitting diode (LED)
- systetn; one’ LED records timing marks and the other records

- acommonstime signal on the film- The common-time signal is
- ,genemod at the Staet of the event; ‘and is used to correlate

events recorded on the transient wavetorm récorder or tape
witih those on the film, The LED driver unit, a common-time
pulse and high-frequency (up to 10 kHz) tifhing generator,
was used 10 operate the LED time system. The frequency of
the timing pulse in the present investigation was set at 1 or 10
kHz.

The Vanguard motion analyzer was used 10 analyze the
film, frame by frame. The motion analyzer screen is equipped
with.two cross_hairs to traver:z: in (wo perpendicular direc-
tions in a plane. Two micrometer dials, accurate to a
thousandth of an inch, are used to record the movement of the
cross hairs. The analyzer's frame counter is designed to keep
track of the number of frames analyzed. In order to obtain
the flame-propagation spesd for a fixed y location (centerline
of the crack), x readings (along the crack) were taken for each
frame until the flame reached the crack tip. Readings of the
micrometer dials were scaled by using the known value of the
initial length of the crack and the total distance traversed by
the crosswire. The time interval between each picture was
obtained from the time marks on the film.

Remotely Controlied igaition Clreuit

The iransient ignition processes in a solid propellant crack
involve high pressures and very hngh pressurization rates
(~10% atm/s). Because pressurization rates of such a
magnitude are potentially hazardous, experiments were
carried out in a test cell with 1Y3-ft thick concrete walls, and
the ignition event was remotely controlled.

A block diagram of the remotely controiled ignition and
high-speed photography system is shown in Fig. 5. The
solenod that triggers the percussion primer is activated by an
event switch built into the high-speed camera. After the
camera is switched on, about one second is required to reach
the desired framing rate. This delay time can ke related to the
footage of the film that passes through the camera before the

SOLENOID ACTIVATED
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{IMS TRIGGER PULSE)
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§ o EYENT 3alTCH
S S
SAMERA
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RECORCEN ANC TE Sw|TCH
MAGHET IC NPE RECIRIER REMOTE TfTe
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Fig. § ‘Block dhgmn ot mmmly eoatmlléd ignition and
photography system, :
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attainment of the prescribed framing rate. The event switch is
controlled by a footage fndicator. Duting operation, the
footage indicator is set to a preselecied vatid® corresponding to
the desired framing rate. For example, the indicator is set at
100 fi for a framing rat¢ of 40,000 pictures/s. After a
specified length of film (preset on the footage indicator)
passes through the camera, the event switch closes, causing 12
V ac to be applied across the relay, and the relay is activated.
The relay, in turn, activates two other switches; one switch
triggers the solenoid (by causing & current to flow through it)
and initiates the ignition event, and the other closes the
common-titne switch on a light-emitting-diode (LED) driver
unit. At the instant at which the common-time switch closes,
the LED driver unit generates a 2 ms pulse that is recorded on
the' transiemt waveform recorders and is simultaneously
marked on the film. These common-time marks are used for
time correlation of the data recorded on the tape and film.

Tes? Procedure

Test samples were prepared from cast propellant grains
obtained from propellant processing laboratories, Propeliant
slabs (approximately 215 x 26 x 17 mm) were cut from the cast
propellant with a remotely controlled milling machine. A
slightly oversized propellant slab was glued into a brass
retainef. The sample was left 1o dry for 24 h in order to
achieve a good adhesive bond between the propellant and the
brass retainer. The sample was machined again to the desired
dimensions. A crack of the desired dimension was then
precisely cut through the center of the crack sample with a
jeweler’s slitting saw. Propellant samples for the alternative
conﬁguration (for detailed flame-front observation) were
obtained in a similar manner. Oversized propellant slabs were
glued onto a steel plate and machined to the desired dimen-
sions. The entrante ragion of the crack was rounded slightly
to ensure smooth flow devefopment inside the crack. After
rnachmmg. the samples were carefully cleaned with a high-
pressure air jet to remove any loose particles.in the crack
cavity.

During assembly of the test chamber, a part of the
propellant side surface in contact with the sacrificial
plexiglass windcw and the combustion chamber was coaved
with a thin layer of Tame retardant to help prevent the flame
from penetrating between the propellant and the contact
surfaces. A layer of rubber-based adhesive sealant wa. ap-
plied to all contact surfaces of the various-components of the
test chamber to prevent leaks during experiments. After the
crack sample was mounted into the crack combustion
chamber, the crack geometry was carefully measured and
recorded. High-intensity camera lights were used during the
test to facilitate motion-picture recording. In order to cbscrie
the ignition event remotely und 10 detect possible leaks during
the test, a video monitor with a TV camera was used.

Resuits and Discussion

Four types of AP-based compaosite solid pre-ellanic were
used in this investigation. Table 1 lists the propellants and
some of their properties. Propellants A and R have aimost
identicxl pressure exponents in the Saint Rotrt's burning rate’
trelationship; however, propellant A has a higher burning rate
since it has a lerger pre-exponential fsctor, Propellaut B
(AP/FBAA-EPOM) was used in most of the teuts. Propellanis
C and D have identical binder (HTPB) and oxidizer weight
fractions (73" ); however, the oxidizer particle size in .
propeliant C is 20 .m, whereas the oxidizer periicle size in
propeliant D is 200 um. The effect of oridizer puiticle size on
the ignition and Jlame piopagasion processes ceu be obtained
from s comparison of the results of these twu p:opelilnu.

The phy:icm processes thet take place during ihe test can be

U deseribed generally as foliows. Discharge of wroduct gaser

Trom the igniti syetent pressurizes the st chamires, causing

~hot ignition gases to penetrate the crack cavity, T; presrure-

wave fmms move tlcng (he coack, and the hm §oe8 srensfor
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Table | Propeilant properties

Fropelhm type A
Compositiot: AP-based AP/PBAA EPON AP/HTP! AWHTPB
Weight percent of oxidizer e k. S N o
Avetage pariicle size dyp  um : e B 200 .
Pre-exponential factor in Saint Rovert's 1.62 : 053?! o 0.8441 - '0.5!49

" burning rate expression g, mm/s/(atm)” . IR o S
Pressure exponent in Saint Robert's 0.4108 o4 -0:56“ C0.8427

burning rate expression, n - S o

- Flame témperature T, K 3o 1920 I%? 1687

Propellant density, kg ‘m?

- - B

heat to the crack surface, resulting in an increase in propellant
suriace temperature. As the pressure in the chamber continues
to increase, more hot gases are driven into the crack, and
there is also an increase in the convective heat-transfer rate,
Eventually, the ignition condition is realized, and the
propellant begins to burn. Following the flame-spreading
period, the gasification of the crack surface may generate a
pressure higher than that in the chamber. Finally, the gases
flow out of the crack into the main chamber.

As mentioned in the section on instrumentation, pressure
measurenients were made at four axial locations along the
crack. The ignition-front propagation speed was deduced
from films of the flame-front propagation made by a high-
speed camera. Because of the complexity involved with ac-
curate quantitative measurement of temperature for highly
transient flow situations, no attermnpt was made to measure the
temperature in the crack. (The time required for the flame to
propagate from the crack entrance to the crack tip was less
than | ms in most cases.) High gas temperatures also make
this kind of measurement difficult. In all test firings the initial
pressure in the crack chamber was 1 atm, and the initial
temperature: of the propeilant was about 295 K. Results of
pressure and flame-propagation measurements are discussed
next, followed by results of the parametric study.

A typical set of time-correlated pressure traces is shown in
Fig. 6. In this figure a dual time base is used to obtain
maximum information in one plot. The initial portions of che
P-¢ treces have been expanded to 1lustiate the pressurimion
processes at various locations along the ctack. Gage G2 is
located at the crack entrance, and GS near the crack tip. The
-qua”.cative nature of the curves is similar, with, the following
important differences: 1) the first discernible pressure rise for
each pressure gage cocurred consecutively from the crack

_enwanay to the cruck tip, ie, from G2 &y GS; 2) the
pressurization rate increased consecutively downstream from
the crack entranse; and 3) the waaximum pressure occurred in
the interior of the crack. The time delay between the first
discernible pressure rise at downstream locations snd that at
the crack entrance is caused by the fiuite (ime required for the
ko product gases to travel from ths entrance to the tip Guting

. initial pressurization, The incicase in pressurization rate at
daw.astream locxtions is causea by the coalescence of the
iruveiing jressure waves. This can be further explained by
noting that a5 the igniter is discharged, the prassure of the
chamber rises, causitg ‘veak pressuce waves ‘o travel

. Jownstreaa of the crack. At the sressure waves travel dewn

. the crack, they sie foliowed by stronger pressure waves
carsed by ~aridly Licreasing pressuse in tive chamber. At the
same tizs, some of the propellant in the upsucam region
begins to gasify, thus créating higher pressure behina ihe
pressure. front, The c&sult of the sowhined effect of the high
pressure : tégions ‘behind the Zrent i & stespening of the
pressurs front ws {t moves downstream.

. *he presyyre trece a¢ any location can be sabdivided into
three reglons: 1° the initia! rapid peessutization region, which

- it ennr-olled maunly by cnambzr conditions; ?2) the slowly
risirs pressure iegicn: ank 3) the depressurization region. The
i(.\iual -aotising portion of the pressure-time tiace is quite

- ' N
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‘Al’ weight percent and particie size for propeliant A not available to the authors. -

linear. Tn most cases, the flame reaches the crack tip during
the initial uprising portion of pressure-time trace at the tip.
Pressure in regions.2 and J is controlled by combustion and
flow processes in the crick. A3 the burzing of the propellam
in the crack continues, the pressure in the cavity rises above
that at the crack opcening; later, this pressure difference causes
the gases to flow out of the crack. Pressure in the crack
continues to rise until the mass {low rate of the gases from the
crack is greater than that generated by the burning of the
propellant in the cavity. Since the pressure in this region is
governed by combustion processes inside the crack, and
because gage G2 is located at the crack opening in the main
chamber, the highest peak pressure occurs in the interior of
the crack. Depressurization is caused by the increase in crack
cavity volume, as well as by the enhr.emem of the crack
opening, but the burmng surface area remains constant.

The common-time signal, which is used to correlaie
pressure measyrement and film, is not shown in Fig. 6 becguse
of the 10-12 ms time lag bgtween the common-time signal and
first discernible pressure rise at the crack entrance location. In
order to include the common-time signal, pressure-time ¢races
would have to be compressed substantially, which is not
desirable. The time-correlated pressure and ignition data

Propellant A .
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Fig. 6  Measured precciare-time traces,
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indicate that the appesrance of hat igniter gases at the crack
entrance coincides with the first discernible pressure rise at
that point. Therefore, the initial time 1= 0 in this study can be
defined as either the first discernible pressure rise at the crack
entrance location, or the first appearance of hot gases on the
film.

Figure 7 shows typical continuous photographs of the
ignition-front propagation in a crack. The instantanecus
location of the ignitiun {ront x was obtained by analyzing the
film of the ignition even: on a mouon-pictute analyzer, as
discussed in the last section. The time marks on the film were
used to determine the time ¢ corresponding to each reading. A
least- :quares polynomial was fitted o the x- data, and an
analytic derivative of this curve was used to obtain the
.umuon-front propagation rate (vy, =dx/dr). This procedure
made it possible to obtain flnme-propaution tates from the
measured ignition-front locations. Polynomials between the
third and fifth order were used, and the polynomial with the

hest fit was chosen to represent the analytic function relating

the instantaneous fame-front location to time. Figure 8

. shows & typical fourth-order polynomial fit to the measured

ignition-front location vs time data. As can be seen from this
figure, the curve fits the data quite well. The sum of the
square of errors for this polynomial fitis 4.143x 10 -*. In this
paper, she remainder of the figures of ignition-front Iocallon
vs axial distance show only the fitted polynomial. Errors are
of the same order as that given in Fig. §.

‘velocity of the ignition frédt for
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The efféct of chamber-peessurization rate on location and
propellant B is shown in Fig.
9. The crack specimen was 195 mm long, and the gap width

_'was 0.89 mm. The time for the flame to propagate to a given
‘axiai location and the velocity of the ignition front at that

location are plotted as a function of the nondimensional axial
coordinste for pressurization fats of 1.ix10%, 2.6x10°,
and 4.2 % 10° atm/s. The tinie required for the ﬂm 10 reach
the crack tip is 836, 511, and 351 us, respectively. That is, as
the chamber pressurization rate increases, the ignition front
propagates much more quickly into the crack because the
rapidly increasing pressure in the chamber acts as the driving
force for the penetration of hot gases into the crack. This
higher pressurization causes an increass in the velocity of the
gas flowing into the crack, and results in a higher rate of heat
transfer to the crack walls. Faster ignition-front propagation
is a net effect of these conditions. I should be noted that
because of the presence of bright gases near the crack en-
trance, it is extremely difficult to icentify the time at which
the ignition front at the crack opening first appears. This
explains why the plots do not show dats near x =0,

1t is interesting to note that the nature of the curves is the
same in all three cases. By extrapolating the time vs axial
location curve to x = 0, the time lag betwée . the arrival of hot
gases in the chansber and the initiation of the ignition front
near the crack entrance is evident. The time lag decreases as
the pressurization rate is increased. The ignition-front veiocity
vs the nondimensional axial coordinate curve shows that after
the ignition front is created near the crack entrance, it ac-
celerates, reaches & maximum, and then decsierates. This
deceleration near the closed end is more pronounced with a
higher pmsu:imion rate. At a iow pressurization rate, the
velocity remains relatively uniform over the bulk of the crack
tength. Initial acceleration is ¢aused by the preheating by the
hot gases thq precede. the igpition front. Deceleraticn is
believed (o be ¢aused by e end effects. Deceleration of the
ignition front is in sgreement with the observation made by
Taylor ¥ concerning ignition of granular propellants with a
closed-end Boundary. Maximum ignition-front propagstion
velocities are 410, 675, and 886 m/s for the pressurization
‘tates of 1.1%10% Mxm’ and 4.2x10% atm/s, respec-
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tively. It is important to note that the effect of dP/dr, as
depicted in Fig. 9, is valid only for the range of values in-
dicated. As observed earlier by the authors,® under very high
dP/dt conditions the crack tip may ignite before the ignition
front propagates to the tip.

The effect of gap width on instantaneous location and
velocity of the ignition front for propellant B is shown in Fig.
10. The length of the crack is 195 mm, and the crack-gap
widths are 0.508, 0.889, and 1.27 mm. As the crack-gap width
is increased, the ignition front perictrates the crack more
quickly and reaches the tip sooner because the larger gap
width offers less resistance to the penetration of the flow into
the cavity. However, maximum velocity increases as the gap
width decreases. This may be explained as follows, Since the
time delay required for the ignition front to establish itself
near the crack entrance is longer for cracks with smaller gap
widths, the preheating effect caused by convective heat
transfer is more pronounced. Once gasification begins,
pressure behind the ignition front (due tc gasification) wilt
also be higher in narrow cracks. It is believed that the com-
bined effect of preheating and higher pressure causes the
ignition front to accelerate relatively rapiily in narrow cracks.

Figure 11 shows the effect of gap width on maximum
pressure within the crack cavivy. It is clear that as the gap
width decreases, the maximum pressure in the cavity in-
creases. As discussed earlier, maximum pressure in the crack
cavity is determined by ignition and combustion processes
inside the crack. Since crack depths are identical for all
samples (25.4 mm), burning surface areas will also be
identical as long as crack lengths for all samples are the same.
As gap width is decreased, the burning surface area remains
constant, but the opening area of the crack and volume of the
crack gap decrease; therefore, maximum pressure is higher for
smaller gap widths.

The =ffect of the burning rate on ignition-front propagation
was studied by comparing results of tests conducted on
prepellants C and D as shown in Fig. 12. The initial crack
length and gap width were 198 and 0.89 mm, respectively; the
Initial chamber pressurizaiion rate was 3.2 % 10% atm/s. This
comparison shows that the ignition.lront propagation rate is
faster for propellant C with its higher burning rate (AP
particle size ~20 um), tian it is for propellant D with its
lower burmng rate (AP particle size ~ 200 um). In these tests
the effect of surface roughness was somewhat suppressed
during the ignition-front propagation period because of the

Fig. 11  Effect of gap width on maximum pressure in \he crack.
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fact that sucfaces were machined. The rate of fMame
propagation for a propellant with a higher burning rate is
faster because the high burning rate produces more gases
behind the ignition front and causes the local pressure
gradient near the front to increase.

The effect of propellant type was investigated further by
comparing the rasuits of high-energy propellant A with those
of propuilant B. Even though both are AP-based propellants,
the Name temperature and burning rate of propellant A are
much higher than those of propellant B. Figure 13 shows a
comparison of the ignition-front propagation rates of the two
propellants, The crack samples were 195 mm long, with a gap
width of 0.89 m;a. The initial chamber pressurization rate war
3.2x10° atm/s. The more energetic propellant A has a
shorter fleme-spreading period and a higher maximum
ignition-front velocity. Besides having a higher burning rate,
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the product gases generated from propeliant A also have a
higher temperature which further facilitates the ignition-front
propagation process. Table 2 shows the effect of propellant
burning rate on maximum pressure in the cavity., As the
burning rate is increased, the maximum pressure in the crack
also increases because higher burning rate propellants
generate more gases, and for cracks of identical initial length
and width (i.e., same initial volume of the crack cavity), this
results in higher pressure.

Figure 14 shows the effect of crack length on ignition-front
velocity. Propellant B was used in these tests, and the gap
width was kept constant at 0.89 mm. The crack lengths were
AS, 130, and 195 mm. As the crack length is increased, the
time required for the ignition front 1o reach the crack tip
increases, and the average ignition-front propagation velocity
also increases. The times required for reaching the tip are 252,
476, and 511 us, and the maximum ignition-front velocities
are 418, 530, and 675 m/s [or crack lengths of 6S, 130, and
195 mm, respectively. Maximum pressure in the crack also
increases as the crack length is increased. Higher flame-
propagation velocities for longer cracks are the result of the
reduced end effects which allows the flame front 10 accelerate.
The ignition delay near the entrance portion of the crack is

~ greater, howevér, for longer cracks. This may be the result of

crack entrance deformation caused by pressure exerted on the
front end of the crack sample. (n goneral, these observations
ate }“ agreemicnt with ihe imited data reported by Bobolev et
al.t

In order to observe hot gas penetration and ignition-front
propagation provesses in Jetail, experiments were conducted
using the alternuie crack configuration (see Fig. 3). Figure 13
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shows a typical time history plot of the hot gas front location
and the ignition front. The pressurization rate for this case
was 4000 atm/s, and the crack gap was 1.5 mm. A low
pressurization rate was used in this test in order 10 detect the
hot gas front clearly. It was observed that 1) the hot gases
precede the ignition front along the crack and reach the tip
much earlier than the convective ignition front; 2) the hat
gases near the crack tip are luminous for a short period of
time, with luminosity disappearing later (this can be at.
tributed to the quenching of the hot gases); and 3) the flame
frunt is ndnuniform near the crbék entrance, but becomes
Quite uniform as it propagates along the crack. The
nonuniformity of the flame front near the crack entrance
region can be auributed 1o the nonuniform flow at the en-
trance of a rectangular crosy-sectional crack cavity.
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Summary and Conclusioas

The developiment of convective burning in an isolated crack
has been studied experimentally under a wide range of
operating conditions and propellant geometries. Four types of
AP-based composite solid propellant were studied. A solid
propellant igniter system was developed to closely simulate
actual rocket conditions. A high-speed motion picture camera
was used (0 measure the flame propegation rate. Several
important obesrvations and conclusions from this study are
summarized as follows,

1) The initial pressure distribution in the crack is controlled
by the chamber pressurization rate; however, the maximum
pressure in the crack cavily is controlled by the initial crack
uot:‘mry and the ignition and combustion processes in the
crack.

2) The hot gases precede and reach the crack tip sooner than
the ignition froat. The ignition-front propagation speed
increases near the crack entrance, reaches a maximum, and
then decelerates near the closed end of the crack.

3) As the chamber pressurization rate or burning rate of the
propellant is increased, the time required for the ignition front
to reach the crack-tip decreases and the maximum flame-front
propagation velocity increases.

4) As the gap width of the crack is decreased, the time
required for the ignition front to reach the tip increases, but
the maximum ignition-front propagation velocity also in-
creases slightly. As the crack length is decreased, both
maximum ignition-front propagation velocity and the time
required for ignition front to reach the tip decrease.

$) The maximum pressure observed in the crack cavity
increases when the gap width is reduced, when the crack
length is increased, or when the propellant burning rate is
increased.
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Abstract

Ignition of a solid propellant is a cONpléx'physieb‘chouical phenomenon
which involves interaction between various processes such as heat transfer,

~ fluid mechanics, phase change, amss diffusion of chemical species, chemical

kinetics, etc. The theoretical modeling of the ignition process is further
complicated by such factors as the heterogeneous nature of the propellant (and

- the overall ignition process), intricate chemical kinetics, determination of the
controlling mechanism of the ignition process, and selection of appropriate

~ ignition criterion. A review of the solid propellant ignition was recently
conducted by the authors.l It was noted that the ignition process under rapidly
increasing pressure conditions which is typical ‘of ignition transients in rocket
.. 'motors and the development of deflagration-to-detonation transition (DDT) process
- in fractured propellant grains, has not been adequately studied in 'the past.
Furthermore, most ignition models employ a number of simplifying assumptions
‘which may not be valid under actual operating conditions. Nor, has the influence
of chemical kinetics on ignition processes been treated in detail to date. All
of the previous models, exnept that of Kumar and Hermance,? have considered the

~ composite propellant to be one-dimensional. Most models make an a priori assump-
- tion about the site of ignition, i.e., in the solid-phase, gas-phase, or at the
interface. It is apparent that in order to fully understand the ignition process
and to accurately predict the ignition delay time, 3 comprehensive theoretical
model is needed. The objective of this study is to develop a generalized ignition
model. Specific features of the proposed model are: '

1. Two-dimensional (axisymmetric) geometry, aliowing a more complete
- description of the hetercgeneous propellant ignition.

: ZQJ Inclusion of a bfessurization (dP/dt)"térn in the}governing
equation for the gases surrounding the propellant in order to
simulate actual rocket metor ignition conditioms.

.3, No a priori assumption of a solid-phase, hetervgeneous, or
. gas-phase reaction mechanism to specify the ignition site.
(The current model allows chemical reactions in all regioms,
including the gas phase, interfaces, and subsurface. )

4. Consideration of detailed chemical kinetics information in the
formulation of the model. .

The physical model considers an oxidizer particle embedded in a fuel binder
matrix; the sizes of the particle and the surroundiag binder are determined
statistically from the oxidizer particle-size distribution and the fuel/oxidant
ratio of the propellant. The shape of the oxidizer particle is approximated by
a cylindrical pellet. The mathematical model consists of governing equations
. for the solid-phase and gas-phase regions. In the solid phase, two energy

‘equations are considered; one for the oxidizer and the other for the fuel.
Source terms in these equations include contributions due to indepth radiatiomn
absorption, photocheémical heat release, and heat absorption due to pyrolysis.
The ecuations are coupled to the gas-phase conservation equations through the
heat flux balance at the solid-gas interface. Gas-phase behavior is described
by mass, energy, and species conservation equations. The measured pressure-time
" traces near the propellant sample surface is considered to be an inpuc to the model.
' For AP-based propéllants, five different species (NH,, HC10,, gaseous fuel, gaseous
oxidizer, énd products) are considered to be present in the gas phase. Five
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chemical reattions are considered' for this family of propéllanty, viz.,
exothernic de ation of solid AP particle into oxidizer gases, dissociative
subIimatich 6f AP into NM, and HC10,, reaction between premixed NHy and HC10,,
fuel- miyah. and difﬁ\iion ﬁm rosulting from chemical reaction botwoen
oxidtm ‘and fuel gases to form products. The required initial and boundary’
conditions for the governing squations are specified in detail in the paper,

The proposed model could serve as a framework for the !oml'ntiou of
ighition models for a wide range of conditions and propellants, since portions
of this model can be easily simplified and/or veplaced for specific applications.
It can also aid in the identification of the necessary smpirical input required
for a given propellant. Numerical solution of this model is in progross. Tesults
'will be presented at a later date.
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Investigation of solid propellant ignition under rapid pressurization is
essential to understand fundamentals of ignition mechanism and deflagration-to-
detonation transitior. (DDT) processes. In some of our previous research conducted
at The Pennsylvania State University, it was observed that the tip region of a
solid propellant crack can be ignited by compression waves generated by rapid
chamber pressurization. It was also observed that a propellant sample placed at
the tip of an inert crack can be ignited in the same manner. The measured ignition
delay under these conditions is in the order of 1 ms or less. This short ignition
delay time implies a high rate of energy deposition onto the propellant. The
mechanism involved could be used either for interpreting the evolution of DDT in
fractured propellant grains or for daveloping future efficient igniter systems.

The present investigation deals with both experimental and theoretical studies
of solid propellant ignition under rapid pressure loading. Specific objectives

of this study are:

1. To observe the detailed ignition phenomenon and to measure the ignition

delay time and instantaneous heat flux to the propellant sample surface;

2. To study the effect of pressurization rate (dP/dt), igniter gas teopera-
ture (Tg), and propellant type on ignition delay; and

3. To predict the ignition delay, using msasured values of heat flux to
the propellant sample surface and to compare calculated and weasurad

values.

Test firings have been conducted to experimentally deterwine the ignition delay
of solid propellants. The combustion chamber consists of a solid propellant
igniter system to generate high-temperature, high-velocity product gases. Product
gases flow into the main cavity of the test rig with an exit nozzle at the opposite

A small sample of propellant is situated at the tip of an inert crack channel,

end,
As s result

which is perpendicular to the main-flow direction of igniter gases.
of chamber pressurization, hot gases penetrate the crack and transfer heat to the
propellant sample. The ignition event is observed through a transparent plexiglass

window.

The data acquisition system consists of a high-speed (up to 44,000 pictures
per second) movie camera and photodiode system to detect ignitiom, & piezoelcctric
pressure transducer system to measure pressure-time history, and a thin-film
thermocouple located at the crack tip adjacent to the propeilant sample to deduce
heat flux to the propellant surface. Transient signals are recorded on a wulti-
channel waveform recorder with a maximum sampling rate of 2 MHz. The digitized
output of the waveform recorder is transferred to a minicomputer for data storage

and processing.

In the theoretical analysis, the composite propellant is considersd to comsist
of AP oxidizer particles surrounded by the fuel binder. The equivalent particle
sizes are determined stochastically. The energy transfer to the propellant is
mdeled by two coupled transient 2D (axisymmetric) heat conduction equations for
a heterogeneous control volume composed of an oxidizer psrticle and fuel binder.
The energy equation includes both surface and subsurface solid-phase reactions, as
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well as indepth rudiation sbsorxption. The heat flux deduced from temperature
neasureaents is used as a boundary condition for the partial differential equa-
tions. The numevical solution is obtained by using an implicit iterative scheme.

Measured ignition delay is found to decrease as pmmriutiq raty increases.
puted heat flux to the propellant surface is in the oxder of 10/ W/w‘ (200 cal/
-3): Further experiments are in progress to ohtain additional data on the

influenco of other paramsters on the ignition process.
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