600 - ATIAA JOURNAL

VOL. 16, NO. 6

Convective Burning in Solid-Propellant Cracks

K.K.Kuo,* A.T. Chen,{and T. R. Davis}
The Pennsylvania State University, University Park, Penn.

Transient combustion processes inside solid-propellant cracks can significantly affect the performance of a
rocket motor. A comprehensive theeretical model has been developed to study the gas dynamics, heat transfer,
and flame spreading phenomena within a single isolated crack. Calculations obtained from the theoretical medel
revealed that the internal pressurization rate, pressure gradient, and flame propagation velocity in propeliant
cracks decrease as the gap width increases, the rocket chamber pressurization rate decreases, and the propeliant
gasification temperature increases. Additionally, the predicted flame spreading was found to decelerate in a
region near the crack tip; this phenomena has been cxperimentally observed by sthers. A laboratory-size
combustion chamber has been designed to establish a fundamental data base in propellant crack combustion and
to verify the predicative capability of the theoretical model. Preliminary experimental data, obtained in wide
cracks (~ 0.1 em) for relatively low chamber pressurization rates, closely compares with theoretical predictions.

Nomenciature

A, =cross-sectional area of the crack, cm?

B, =bodyforce, g,/g

b = co-volume, cm? /g

c =speed of sound, cm/s

Cp = specific heat at constant pressure, cal/g-K

d, =hydraulic diameter of the crack, cm
=total stored energy, cal/g

g = acceleration of gravity, conversion factor, g-cm/g; -s>
A.  =local convective heat-transfer coefficient, cal/cm?-s-
K

h., =local convective heal-transfer coefficient over the
propellant surface, cal/cm?-s-K

h,. =local convective heat-transfer coefficient over
nonpropellant port wall, cal/em?-s-K

h;  =enthalpy of combustion gas at adiabatic flame
temperature, cal/g

J =mechanical equivalent of heat, g;-cm/cal

®, =burning perimeter, cm

®, =wetted perimeter of the port, cm

P = static pressure, g;/cm?

R =gspecific gas constant for the combustion gases, g;-

cm/g-K

r, =burning rate of the solid propellant, including the
erosive burning contribution, cm/s

T =temperature (without subscript, static gas tem-
perature), K

T, =adiabatic flame temperature of the solid propellant, K

T,  =initial propellant temperature, K

T,s =propellant surface temperature, K

T.. =nonpropellant wall surface temperature, K

t =time, s

u =gas velocity, cm/s

V,r =velocity of propeilant gas at the burning surface, cm/s

X = axial distance from propellant crack opening, cm

X,  =position at the end of crack, cm
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X, =axial distance along the crack at which propellant
: begins, cm )
y = perpendicular distance from the propellant surface

into the solid, cm

a  =thermal diffusivity, cm?/s

¥ =ratio of specific heats

A =thermal conductivity, cal/cm-s-K

u = gas viscosity, g/cm-s {poise)

0 = density (without subscript, gas density), g/cm?

Ty = shear stress on the port wall, g;/cm?

T« x =normal viscous stress, g;/cm”>

O, =angle measured, in a counterclockwide direction, at
the lower side of the propellant, degree

Subscripts

i =1initial value

pr  =solid propellant (condensed phase)

c =rocket chamber

I. Introduction

OIDS, cracks, or fissures in solid-propellant grains have

been responsible for the failure of many rocket motors to
meet acceptance specifications.' These defects may originate
as a result of the manufacturing process, damage received
during handling and transportation, and chemical aging or
thermal stresses incurred during storage. However, even
though the propellant grain is free of cracks before firing,
there is a possibility that cracks can form in regions of large
stress concentration during rocket motor operation. Com-
bustion within a crack can lead to a pressure buildup suf-
ficient to cause further propagation of the crack, resulting in
an unexpected increase in the surface available for burning.
Thus, there has been much concern among rocket motor
designers as to the extent that crack combustion may con-
tribute to catastrophic failure.

Prior to this study, no comprehensive theory has been
developed to explain the transient combustion of propellant
within cracks, due to the complexity of several interacting
phenomena. Ignition and combustion processes in solid
propeliant cracks generally involve 1) penetration of com-
bustion product gases into the crack cavity, 2) convective
heating of the propellant surface to ignition and transient
conduction within the solid propellant, 3) pressure wave
phenomena in the longitudinal direction of the crack, 4) flame
spreading along the crack, 5) cavity pressurization due to
gasification of the solid propellant, 6) flow reversal due to the
chamber pressurization, 7) deformation of the crack geometry
due to burning and pressure loading, and 8) propagation of
the crack tip due to gasification and stress loading,
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In addition to these complicated and interrelated
phenomena, there are many other important factors that can
influence the crack combustion process. These factors include
1) the initial geometry of the crack, 2) the variation of rocket
chamber conditions, 3) erosive burning phenomena due to
high gas velocities, 4) dynamic burning phenomena due to
rapid pressure transients, 5) physicochemical properties of the
propellant, and 6) the initial temperature of the propellant.

Although the overall process of transient crack combustion
is extremely complicated, various investigations have been
conducted to study certain particular processes mentioned
above. Taylor? conducted experimental tests to study the
convective burning of porous propellants with closed- and
open-end boundary conditions. He observed a critical
pressure above which the hot gas can penetrate into the
porous propellant and significantly increase the regression
rate of the charge. He observed the deceleration of the flame
front at the closed end of the propellant charge.

Prentice’ studied the flame-spreading phenomena in trans-
parent solid-propellant cracks using high-speed motion
pictures and fine thermocouples. Difficulties were en-
countered in using fine thermocouples due to the long
response time of the thermocouple, uncertainty in the precise
locations of the thermocouple, and also due to the gaseous
explosion. For closed-end cracks, with small diameters, he
observed that the flame cannot propagate into the crack when
the bomb pressure is low.

Bobolev et al.* studied the mechanism by which com-
bustion products penetrate into the propellant crack. Two
mechanisms were proposed: 1) forced penetration of gas due
to a higher external pressure, followed by 2} ‘‘spontaneous
penetration’ of product gases from the crack surface into the
unburned region of the propellant crack.

Belyaev et al.’ showed that burning of propellant inside a
narrow pore may lead to an excess pressure buildup. Their
experimental results have indicated that the erosive burning
effect cannot be neglected in the crack combustion study.

In a later study, Belyaev et al.® made a series of ex-
perimental tests to study the dependence of the flame-
spreading rate on crack geometry, propellant properties,
boundary conditions, and combustion chamber pressures.
They found that both the flame-spreading rate and pressure
gradient along a crack are strong functions of crack width.
For a closed-end crack, they observed that the flame-
spreading rate increases initially until reaching a constant
speed and then decelerates near the tip of the crack.

Cherepanov’ stated that in a sufficiently narrow and long
cavity, as a result of the impeded gas flow, the pressure
reaches such high values that the system becomes unstable. He
further divided the instability mechanism into two different

physical forms: 1) local volume burning at the end of the -

cavity and 2) local destruction of the propellant. In his
theoretical analysis, steady-state conditions were assumed,
but this is not practical in a real case. The ignition criterion
was not established in the analysis, and the continuity
equation did not include the mass addition due to burning.
Friction loss in the momentum equation was also neglected.
Energy release due to combustion and energy loss from the
hot gas to the unburned propeliant was ignored. Thus, the
analysis cannot predict the flame propagation and the actual
combustion phenomena inside a propellant crack.

Margolin et al.® indicated that the spontaneous penetration
of combustion gases into the pores of a gas-permeable ex-
plosive charge occurs when the Andreev number (4n) is
beyond its critical value. The boundary conditions were found
to be important in flame propagation. Godai,? in his ex-
periment, indicated that a threshold diameter or a critical
width of a uniform cavity exists, below which flame will not
propagate into the crack.

Krasnov et al.!® investigated the rate of penetration of
combustion into the pores of an explosive charge. The ex-
periment was performed in a constant-pressure bomb. The
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experimental results showed that the flame-spreading rate is
not equal to the rate of penetration of the combustion
products into the channel. Their theoretical model was based
on the following crude assumptions: 1) constant thermal wave
penetration depth in the heated propellant along the flow
direction, 2) uniform temperature profile inside the heated
propellant layer, and 3) steady-state assumptions for the heat
balance equation. Hence, their theoretical approach is
inadequate for predicting flame spreading.

Jacobs et al.'“12 studied the pressure distribution in burn-
ing-cracks that simulate the separation or debond of solid
propellant from the motor casing. Wedge-shaped channels
with debond angles of 4.75, 3.17, and 1.90 deg were tested in a
combustion chamber at various levels of pre-pressurization.
Pressure measurements were obtained at three locations along
the debond and at one location in the pressure chamber. The
propellarnit was doped with a highly flammable mixture of
titanium and ammonium perchlorate powder so that ignition
under increased pressures could be- safely assumed to ap-
proach that of instantaneous ignition over the entire surface.
This ignition procedure was advantageous for them to
compare the experimental results with a quasisteady
theoretical model. The actual ignition and flame-spreading
processes were avoided. Although their analysis may be useful
for some cases in the time interval after an extremely rapid
ignition process, their model in general cannot be used to
predict the overall transient behavior in crack combustion.

Other related studies of combustion inside propellant
cracks can be found in the literature.®% Although many
interesting experimental results have been obtained, no sound
theoretical model was developed. Therefore, the objectives of
this work are as follows: 1) to establish a theoretical model for
predicting the rate of flame propagation inside a single
isolated crack of variable geometry; 2) to predict the pressure
distribution and pressurization rate inside a crack, leading to
a basis for calculating overall stress ioading in the crack; 3) to
parametrically investigate the influence of crack geometry,
main chamber pressurization rate, and other physicochemical
parameters on the gasification rate inside the propellant
cavity; and 4) to design and test an experimental combustion
chamber for verification of the theoretical model and for
establishment of a fundamenta! data base in crack com-
bustion.

As previously mentioned, the overall problem is extremely
complicated. It is not the objective of this paper to model the
entire process, but rather to focus only on the combustion
aspect, in order to provide a basis for future studies that

_include crack growth due to stress concentration caused by

rapid cavity pressurization.

It is also important to note that although imperfections in
solid-propellant grains may be distributed in an irregular
intricate network, a rational starting point for understanding
the complicated interaction of the above mentioned
phenomena is to consider a simple ordered system-—a single
isolated crack. For such a system, it is desirable to establish a
criterion for stable combustion without catastrophic crack
propagation; the delineation of a safe domain of governing
parameters is the ultimate goal. But before it can be achieved,
a realistic theoretical model describing the transient flame-
spreading and combustion processes inside a propellant crack
has to be established and experimentally verified.

CONTROL VOLUME
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¥ig.1 The physical model of a transverse crack in solid propeliant.
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II. Analysis

A. Description of the Physical Model

The physical model simulates a transverse propellant crack
inside a rocket chamber. It represents a crack located in a
transverse direction to the main flow of the rocket chamber
and can be of variable geometry to generalize the problem.
The physical model is illustrated in Fig. 1.

B. Basic Assumptions

The following basic assumptions are used in the theoretical
model:

1) All chemical reactions occur near the propellant crack
surface, in a combustion zone that is so thin that it can be
considered as a plane. That is, the thickness of the combustion
zone above the propellant surface is much smaller than the
gap width in the propellant crack.

2) Rate processes at the propellant surface are quasisteady
in the sense that the characteristic times associated with the
gaseous flame and preheated propellant are short compared
to that of the pressure transient variation.

3) The gases flowing in the propellant crack obey the
Clausius or Noble-Abel equation of state. This dense gas
relation can adequately describe the departure from the ideal
gas law at high pressures.

4) The bulk flow in the pore is one-dimensional. Recent
experiments conducted by Kuo et al. !’ have revealed that the
one-dimensional assumption is appropriate for flow in cracks
when the pressure gradient along the crack is greater than a
critical value, which normally is extremely small.

5) The compressibility of the solid propellant is neglected.
The change of port area in propellant cracks is solely due to
the propellant surface regression. The authors recognize that
the assumption of negligible propellant deformation may be
unrealistic. However, before this effect can be adequately
treated, a reliable transient combustion -model has to be
developed to supply the necessary temporal and spatial
pressure distributions required by an appropriate stress-
analysis code.

C. Theoretical Medeling

To describe the gas-phase behavior inside a solid-propellant
crack, the mass, momentum, and energy equation in un-
steady, quasi-one-dimensional forms have been developed
based upon the balance of fluxes in a control volume within
the propellant crack.

The mass conservation equation is

3(pA,) | 3(pudy)

ar ax =750 ®p O

The momentum conservation equation is

aP ]
(puA )+ (pA,)u y=—g4, e &(A;)Txx)
- ®,7,80080,, +pA,B.g— (0, 1,®,) V,sin0O,, (2)

The energy conservation equation written in terms of the
total stored energy (internal and kinetic) per unit mass, E, is
3 ( aT
2 (w1, 20
ax ( P ax

d d
—(pA E — (pA uE) =
at(p » )+ax(p pUE)

14 1 a
—7a(ApPu)+ja(TxxApu)'*_pprrb(thf

- B.pA,u

hcp@b(T—Tpx)+;ATL_hcw((Pw;(Pb)(T_TWS)

3)
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The conservation equations are simplified further by an
order of magnitude analysis showing that the following terms
are negligible: 1) forces between gas molecules due to the
viscous normal stress in the axial direction, created by the
axial velocity gradient in the momentum equation; 2) viscous
dissipation and rate of work done by the force due to viscous
normal stresses in the energy equation; and 3) axial heat
conduction between gas molecules in the energy equation.

After rearranging the conservation equations, a set of three
governing equations is obtained, i.e., velocity-variation,
temperature-variation, and pressure-variation equations.
These three governing equations are first-order, coupled,
inhomogeneous, and nonlinear partial differential equations.
The unknowns that vary strongly with respect to the spatial
variables are gas temperature, pressure, velocity, and the
temperatures at the propellant surface and inert wall. There
are other unknown parameters that vary weakly with respect
to spatial variables. These parameters include the port area of
the crack, the burning rate of the propellant, the convective
heat transfer and friction coefficients, the gas flow angle, the
local blowing velocity normal to the propellant surface, the
wetted. perimeter, and the burning perimeter at various
locations along the crack.

To solve all the unknowns mentioned above, additional
equations and boundary conditions together with some
physical input functions must be specified. The propellant
surface temperature at a fixed location along the crack before
the attainment of ignition is calculated from the solid-phase
heat conduction equation which is written in the unsteady
one-dimensional form

0T, (ty)y _ 3T, (1y) @
ar e gyl
where the length variable y is measured perpendicular to the
local propellant crack surface. The initial and boundary
conditions are

pr (O;Y) = Tpi (5)
pr (txm) = Tpi (6)
aT,, A (1)
T}'}(!,O)=— N, [T(1) =T, (D] M

The heat conduction equation is solved either by using an
integral method !¢ employing a thrid-order polynomial or by
direct numerical solution of Egs. (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(l/p—b)=RT 3

For the solid phase, the statement of a constant density for the
solid propellant serves as the equation of state.

The expression for the local convective heat-transfer
coefficient, EC, is deduced from the conventional Dittus-
Boelter correlation for turbulent flow in pipes.!” Variation of
the physical properties of the gas across the boundary layer is
considered by evaluating the properties at an average. film
temperature, T, Before local ignition, he,=h,, =h., whereas
after local ignition 4, »=0and Aop=h,. The Prandtl number
used in the Dittus- Boelter correlatlon is ‘calculated from
Svehla’s equation.!® The correlation for the friction coef-
ficient used in this study is the modified form of the well-
known Colebrook formula,'® which is discussed in Ref. 17.
Zero wall friction is assumed at the burning surface inside the
crack due to large friction attenuation caused by the surface
blowing.
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In the absence of a more adeguate erosive burning-rate
expression, the Lenoir-Robillard® burning-rate formula is
used to account for erosive burning effect. After T, is solved,
a simplified ignition temperature criterion is used to deter-
mine the burning condition of the solid propcliant along the
crack. To avoid the step lunction change in burning rate, a
two-temperature criterion is used to achieve full ignition
within a finite time interval; when 7, is equal to T, the
propellant starts tc gasify. As soon as T, reaches 7y, the
full ignition condition is reached.

The initial conditions required for the sclution of the
system of governing equations are

u(0,xy=u;, TGx)=T, P(Ox)=P, (&)
where u;, 7;, and P, are the initial velocity, temperature, and
pressure in the propellant crack. :

The number of boundary conditions required depends upon
the flow direction and Mach number at the opening of the
crack. When the gas in the rocket chamber flows subsonically
into the propellant crack, two boundary conditions at the
opening of the propellant crack are specified to represent the
interface conditions at the crack entrance; and one boundary
condition at the closed end of the propellant crack is specified
to indicate that the gas velocity is zero. In the mathematical
form, they are represented as follows:

P(LOY=P. (1) T40)Y=T.(¢) uitx;)=0 {(10)

When the flow of the gas out of the crack is subsonic, two
boundary conditions are specified. They are written as

P(L,O)=P. (&) u(tx,)=0 (11}

When the outflowing gas is supersonic, only one boundary
condition can be specified, that is

u(t,x;)=0 i (12}

To solve the system of governing equations with a second-
order numerical scheme, extraneous boundary conditions are
required in addition to the physical ones. The procedure to
attain these conditions is discussed in the following section.

D. Numerical Solution Technique .

The governing equations, describing the flame-spreading
and combustion processes in a propellant crack, were found
to be totally hyperbolic.?’ The numerical techniques
developed were chosen on the basis of stability, maximum
accuracy, and computational efficiency. Recently obtained
experience in  solving Thyperbolic partial differential
equations? was utilized, and a generalized implicit scheme?
based on central differences in spacewise derivatives was
chosen to solve the governing equations. A guasilinearization
method, used to linearize the inhomogenecous terms in the
governing equation, was combined with a stable predictor-
corrector procedure.'” Finally, the governing equations, in
their finite-difference form, are arranged in a block-
tridiagonal matrix form,!’ which allows an efficient com-
putation. )

The use of central difference formulation for all spacewise
derivatives in the governing equations require six boundary
conditions for the solution. This implies that, when the gas
flows into the crack, three extraneous boundary conditions
are required in addition to the three physical ones described
by Eq. (10). The three extraneous boundary conditions are
used to determine the flow velocity at the opening of the
crack, and the pressure and temperature at the closed end of
the crack. .

When the gas flows out of the crack subsonically, in ad-
dition to the two physical boundary conditions described in
‘Eq. (11), two extraneous boundary conditions are required at
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the opening of the crack for the determination of the pressure
and temperature. Also, two extraneous boundary conditions
are required at the closcd end of the crack.

When the outfilowing gas is supersonic, in addition to the
physical boundary condition given by Eq. (12}, three ex-
tranecous boundary conditions are needed at the opening of
the crack and two other extraneous boundary conditions are
needed at the tip of the crack.

These extraneous boundary conditions for the hyperbolic
sysiem of governing equations are derived from the com-
patibility relations at the boundaries. The relations are ob-
tained by transforming the governing equaticns using the
method of characteristics.’”” The compatibility relations
together with the physical boundary condition form a closed
system to determine the velocity, temperature, and pressure at
both ends of the crack. '

III. Experimental Apparatus and Procedure

A. Test Rig Design

The design of this test rig was guided by the following
primary considerations: 1) The experimental set-up should be
as close as possible to the physical conditions considered in
the analytical model so that the experimental results can be
used dircetly for the verification of the theoretical solutions.
2) The test rig should have sufficient flexibility to permit a
wide range of variation in propellant crack geometry,
properties, chamber pressure, pressurization rate, igniter gas
temperature, and the main-chamber mass flow rate in the
transverse direction to the crack. This flexibility in testing is
essential for the establishment of a fundamental data base in
propellant crack combustion.

A schematic diagram of the test rig is shown .in Fig. 2, and
an assembly view of the propellant crack combustion chamber
is shown in Fig. 3. The propeliant containing a simuiated
crack is cast into a brass mold. A special mandrel is used
during the propellant molding process to produce a 2.54-cm-
deep channel-shaped crack of length L and gap width 6. In
this paper, two different crack geometries have been used. For
the large crack, L =20 cm and the average § =0.52 cm. For the
small crack, L =15 cm and the average 6 = 0.08 cim. The main
block of the combustion chamber has five parts machined
into its backside along the longitudinal axis of the crack to
accept four piezoelectric pressure transducers and a safety
burst diaphragm. The pressure transducers are located at
distances of 6.0, 4.8, 13.8, and 18.8 ¢m from the initial crack
opening. The window assembily consist of a Va-in. sacrificial
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Fig. 2 Schematic diagram of propellant crack combustor.
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Fig. 3 Assembly view of the combustion chamber: (A) main
chamber block, (B) brass mold containing propellant-crack specimen,
(C) sacrificial window, (I3) main window, (E) window retainer, (F)
interchangeable exit nozzle.

Plexiglas plate and a main Plexiglas window. This window
assembly, along with a stainless-steel retainer, is used to close
the combustion chamber and permit visual recording of the
iuminous flame front inside the propellant crack. An in-
terchangeable exit nozzle is connected to the combustion
chamber for control of the rate of chamber pressurization.
The combustion chamber was designed for a maximum static
pressure of 800 atm.

An ignition system has been developed using spark plugs to
ignite a gaseous mixture of oxygen and methane. Both fuel
and - oxidizer feed-lines contain a pressure regulator and
critical flow orifice that permit exact control of the fuel-
oxidizer flow rates. The gaseous reactants are first mixed in
the igniter chamber by tangentially injecting methane into the
oxygen flowsiream. The mixed reactants then enter the test
section through a multiperforated convergent nozzle. This
versatile igniter design provides the necessary variability to
produce a wide range of igniter strength.

B. Test Procedure

A typical test firing is conducted in the following manner.
To prevent unburned igniter gases from entering the crack, a
strip of tape is used to cover the entrance of the crack. The
fuel and oxidizer flow rates are set to predetermined values.
As the cold igniter gases pass over the sealed crack entrance, a
high-speed camera is turned on. A timing signal is then ac-
tivated which places light pulses on the film and
simultaneously sends a pulse to the tape recorder to syn-
chronize the film with the pressure data on the tape. Ignition
is then achieved with two conventional autombile spark plugs.
Hot igniter gases pass from the ignition chamber through a
mutltiperforated nozzie to the combustion chamber; the tape
covering the crack entrance burns away immediately and the
hot gases enter the crack. After an induction interval, the
propellant at the crack entrance reaches ignition condition.
The flame spreading process is then observed by the 16-mm
high-speed camera. The pressurization process in the
propeliant crack is simultanéously recorded on the magnetic
tape.

IV. Discussion of Resulls

A. Comparison of Theoretical Results with Experimental Data

A number of test firings with a smokeless propellant have
been conducted in the crack combustion facility. The larger
crack (6=0.5 cm) was used during the phase of initial system
checkout. The experimental results of a smaller crack, having
a length of 15 cm and a gap width of 0.051 cm at the entrance
with a gradual increase to 0.107 cm at the tip, are discussed
herein. (Although we call the above configuration a ‘‘small”’
crack, the gap width may be an order of magnitude larger
than that of the actual cracks found in rocket grains.)
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Fig.4 Experimental pressure-time traces from DNC test no. 11.

140 T T T T T
120 ~
o0% o 0
106 — -
o~
E
R
£ 8ok —
W
=<
2 sl i
w
z O EXPERIMENT
40 — THEORY —
20 —
o 1 | i | 1
] 0.10 0.26 0.30
TIME, s

Fig. 5 Comparison of theoretical and experimental pressure-time
profilesat x=4.8 em.
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Fig. 6 Comparison of theoretical and expenmental pressure-time
profiles at x=13.8 cm.

Typical pressure-time traces recorded from a test firing of a
“small’’ c¢rack configuration are shown in Fig. 4. G2
represents the pressure history at the entrance of the crack. G5
was initially covered by the propellant specimen and therefore
senses pressure at a later time. In this test, a large exhaust
nozzle was used to produce a relatively low pressurization rate
at the crack entrance. This resultant pressurization rate is
close to the typical value obtained during the starting transient
of many rocket motors. An examination of the G2-G4
pressure-time traces reveals that the spatial pressure gradient
inside the crack is very low. This nearly uniform spatial
pressure history is due to the relatively low value of dPc/df
and to a significantly large gap width; these conditions are
favorable for the reduction of pressure wave phenomena. As
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shown in Figs. 5 and 6, the predicted pressure-time profiles at
two stations inside the crack are in close agreement with the
experimental data. In this test an exceedingly long induction
period was required for the igniter gases to burn away the
protective tape and establish ignition at the crack entrance.
Consequently, no useful flame-spreading data were obtained.
However, in another firing with nearly identical test con-
ditions, the luminous flame front was found to propagate
slowly near the crack entrance and then suddenly accelerate to
a nearly uniform velocity. A similar behavior in the flame-
spreading rate was also observed experimentally by Belyaev et
al.®

Figure 7 describes the calculated gas temperature
distribution along the crack at various times. Because of the
high flame temperature and short transient times, no attempt
was made to measure the gas temperature inside the crack.
The input data used to make these predictions are listed in
Table 1. The locus of the calculated ignition front is
superimposed on this figure. The gradient in the temperature
distribution is very pronounced, indicating the penetration of
hot gases into the propellant crack. For times greater than 50
ms, the gas temperature at the opening portion of the crack
decreases slightly; this is mainly due to outflow of product
gases.

Figure 8 shows the calculated gas velocity profiles that exist
in the small ¢crack at various times. At a time of 1 ms, the hot
gases are flowing into the crack at a high velocity because of a
large initial pressure gradient. At 25 ms the velocity of the
inflowing gases decreases as the pressure distribution along

Table 1 Computer program input variables

Xp =0.0cm

Xy =15.05cm

B, =0.0g;/g

b =1.0cm?/g

M, =23.97 g;/g-mole

Y =1.233

Opr =1.741 g/cm?

- =0.44x 1073 cal/s-cm-K
oy =0.0011 cm?/s

e/d,  =0.001

T, =3000K

Tos =780K

Tian =1000K

T; =298K

a =2.752x 10 "% (cm/s)/ (g /em?)"
n =0.683

K, =15.9cm? -K/cal

8 =125

T, =2800K

DISTANCE FROM CRACK OPENING, cm
Fig.8 Calculated velocity distribution at various times.

Q40 T 7T T T T T TTTT T T T T T

§o.

=

=

£ o.

A

<

&)

w 0.

3

[
|67 0N SR S SN SN VAN S SO SO NOU SRS SN SN VRO M
0 5 10 is

" DISTANCE FROM CRACK OPENING, cm
Fig.9 Calculated growth of crack gap due to combustion.

600

T T T T ] T
e = 0.02 cm df /de=15atm/ms
500 Tign=i090 K eeen 0 |
: ——5
1
e 4000 Ptip lpup Pup =
E
© §
a7 300k l -
- i N
Y t M
g 9 : |
g 2001 ‘ | _
s i
= oo l
100 4= ?, ! ]
. P, i e,
LI o S
) e T T R R e B
1 i { i i 1
o1 >3 s 587

Time, t, ms
Fig. 10 Influence of rocket chamber pressurization rate on the in-
ternal pressurization process inside 2 narrow crack (6 = 0.02 cm).

the crack becomes more uniform. A negative velocity is
obtained at 50 ms in a region ncar the crack opening, which
indicates an outflow of product gases. As the flame front
progresses along the crack, the resultant gasification processes
cause an increase in velocity of the gases flowing out of the
crack. Due to the large increase in port area at the opening of
the crack (see Fig. 9), the velocity of the outflowing gases
decrease between 100 and 200 ms. During the entire
pressurization process, the gas velocity ncar the closed end of
the crack is very low; this is due to the lack of a favorable
pressure gradient. This very low flow velocity causes a
significant reduction in the convective heating of the
propellant surface. Hence, a much longer time is required for
the propellant surface near the crack tip to achieve a state of
ignition.
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B. Parametric Study

A parametric study was conducted with the theoretical
model to determine the influence of variations in chamber
pressurization rate, crack gap width, and ignition parameters
on the flame spreading and resultant pressurization inside
propellant cracks. Unless otherwise described, the input
constants used in this theoretical study are given in Table 1.

Figure 10 describes the pressure history at the tip of a small
constant-area crack (6=0.02 cm) for various chamber
pressurization rates. Three sets of curves are shown in this
plot for dPc/dr varying from 0.5x10* to 1.5x10* atm/s.
Each set of curves compares the calculated pressurization
history at the tip of the crack with the assumed chamber
pressure variation. As shown in this plot, the pressurization
rate at the tip of the crack changes abruptly due to the
gasification of propellant surface inside the crack. The time
required to attain this ‘‘rapid pressurization” is aptly
designated as #zp.

This time can either be defined as the time when the
pressure at the crack tip exceeds the chamber pressure, or
when the two tangent lines, drawn on each side of the curve
describing the rapid pressure transition, intersect. For small
cracks and large dPc/d¢, both methods for obtaining ¢, are
nearly equivalent. As shown in Fig. 10, fzp decreases for
increasing chamber pressurization rates. This trend is mainly
due to the increase of forced convection driven by a large
streamwise pressure gradient. This augmentation in the rate
of convective heat transfer significantly enhances the rate of
flame spreading and surface gasification.

A similar study is shown in Fig. 11 for a larger crack
(6=0.05 cm). Because of the large gap width, a very-low-
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Fig. 11 Influence of rocket chamber pressurizaticn rate on the in-
ternal pressurization process inside a wide crack (6=10.05 cm).
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pressure gradient prevails along the crack. This causes the
crack tip pressure to closely track the chamber pressure before
appreciable surface gasification. For this particular case, fzp
is more adequately defined by the tangent-intersection
method. Similar to the small-crack results, the theoretical
predictions for this large crack reveal that a larger delay in fzp
is experienced when dPc/dr is reduced.

The combined effects of gap width and chamber
pressurization rate are shown in Fig. 12. This cross-plot in-
dicates that the time required to reach rapid pressurization at
the crack tip becomes shorter with a decrease in the gap width
and with an increase in the rocket chamber pressurization
rate. For very large cracks, the definition of fz» become less
clear and difficult to interpret. For extremely small cracks,
there is a critical gap width below which a flame cannot easily
propagate; therefore, rzp will increase significantly with
further reduction in gap width.

The influence of propellant ignition temperature on the
time to reach rapid pressurization at the crack tip, 1zp, is also
studied for various rates of chamber pressurization. It is
found that 7zp for this small crack (6=0.02 cm) diminishes
with a reduction in the ignition temperature. In addition, the
flame-spreading and pressurization processes inside a crack of
a given initial geometry become less sensitive to the propellant
ignition temperature as the forced convection becomes
stronger.

V. Conclusions

1} A one-dimensional theoretical model has been developed
to describe the transient combustion phenomena in a
propellant crack. The theoretical model can be used to predict
wave phenomena, heat transfer from the gas to the propeliant
surface and associated thermal penetration, and flame
propagation and resultant pressurization at various locations
along the propellant cavity. }

2) For cracks with a gap width above the critical value
required for gas penetration, the internal pressurization rate,
pressure gradient, and flame velocity in the crack increase as
the gap width decreases, the rocket chamber pressurization
rate increases, and the propellant ignition temperature
decreases.

3) During the early phase of flame spreading, pressure
wave phenomena exist and the crack pressurization rate is
controlled by the rocket chamber conditions. At a later time,
the cavity pressurization is dominated by propeilant com-
bustion.

4} The calculated flame front deceleration near the crack
tip agrees with experimental observations made separately by
Taylor? and Belyeav et al.®
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