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Starting Transient of Solid-Propellant Rocket Motors with
High Internal Gas Velocities

A. PERETZ,* K. K. Kuo,f L. H. CAVENY,$ AND M. SUMMERFIELD§
Guggenheim Laboratories, Princeton University, Princeton, NJ.

A comprehensive analytical model which considers time and space development of the flowfield in solid-
propellant rocket motors with high volumetric loading density is described. The gas dynamics in the motor
chamber is governed by a set of hyperbolic partial differential equations, that are coupled with the ignition and
flame spreading events, and with the axial variation of mass addition. The flame spreading rate is calculated by
successive heating-to-ignition along the propellant surface. Experimental diagnostic studies have been performed
with a rectangular window motor (50 cm grain length, 5 cm burning perimeter and 1 cm hydraulic port diameter),
using a controllable head-end gaseous igniter. Tests were conducted with AP composite propellant at port-to-throat
area ratios of 2.0, 1.5, 1.2, and 1.06, and head-end pressures from 35 to 75 atm. Calculated pressure transients
and flame spreading rates are in very good agreement with those measured in the experimental system.

A'
a

b

Nomenclature
= cross-sectional area of the port, cm2

= motor nozzle throat area, cm2

= pre-exponential factor in the nonerosive burning rate law,
ap"

= burning perimeter, cm
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c = speed of sound, cm/sec; when with subscript, specific heat,
cal/g-°K

cp = specific heat at constant pressure, cal/g-°K
dh = hydraulic diameter of the port, cm
E = total stored energy, cal/g
/ = friction coefficient, 2grjpu2

g = acceleration of gravity, conversion factor, g-cm/gf-sec2^|
hc = local convective heat-transfer coefficient, cal/cm2-sec-°K
hcp = local convective heat-transfer coefficient over the propellant

surface, cal/cm2-sec-°K
hcw = local convective heat-transfer coefficient over nonpropellant

port wall, cal/cm2-sec-°K
hf = enthalpy of combustion gas at adiabatic flame temperature,

cal/g
hp = port height (see Fig. 3), cm
Jc = mechanical equivalent of heat, gf-cm/cal
k — erosive burning constant, cm3-°K/cal
L* = characteristic length, cm
wig = igniter mass flow rate, g/sec

gf denotes unit of gram force.
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= pressure exponent in the nonerosive burning rate law
= Prandtl number
= wetted perimeter of the port, cm
= static pressure, gf/cm2

= pressure at the motor-nozzle throat, gf/cm2

= rate of heat transfer, cal/cm2-sec
= specific gas constant for the combustion gases, gf-cm/g-°K
= nonerosive burning rate of the solid propellant, ap", cm/sec
= burning rate of the solid propellant, including the erosive

burning contribution, cm/sec
= temperature (without subscript, static gas temperature), °K
= average film gas temperature, (T+ Tps)/2, °K
= adiabatic flame temperature of the solid propellant, °K
= effective mean temperature of the igniter gas, °K
= initial propellant temperature, °K
= propellant surface temperature, °K
= propellant surface temperature, at which propellant ignition

occurs, °K
= nonpropellant wall surface temperature, °K
= time, sec
= gas velocity, cm/sec
= volume, cm3

= molecular weight of the combustion gases, g/g-mole
= axial distance from igniter nozzle end, cm
= position at the entrance to the motor nozzle, cm
— position at the entrance to the propellant section (propellant

slab leading edge), cm
= distance from the point of impingement of the igniter jet, cm
= perpendicular distance from the propellant surface into the

solid, cm
= thermal diffusivity, cm2/sec
= erosive burning exponent [see Eq. (16)]
= ratio of specific heats
= a small number in Eq. (22) °K
= equivalent sand roughness, cm
= thermal conductivity, cal/cm-sec-°K
= viscosity of the combustion gases, g/cm-sec (poise)
= density (without subscript, gas density), g/cm3

= shear stress on the port wall, gf/cm2

= normal shear stress, gf/cm2

Subscripts
E = entrance to motor nozzle (motor chamber aft-end)
es = entrance section
i = initial value
pr = solid propellant (condensed phase)

I. Introduction

PREDICTION and control of the pressure-time history of
high-performance solid-propellant rocket motors during the

early phases of operation often depend on understanding the
complex interactions between such elements as the igniter gas

flow, convective heating, flame spreading, the developing flow-
field, and erosive burning. Typical design and analysis goals
are: 1) to reduce motor-to-motor variations in the starting
transients of clustered motors; 2) to extrapolate sea-level motor
ignition data to high altitude ignition conditions; 3) to reduce
the overpressure that sometimes accompanies ignition; 4) to
predict how a design modification will alter performance (e.g.,
propellant substitution, increased throat area, and propellant
surface treatment); 5) to predict the effects of long-term storage
on ignition requirements; and 6) to avoid too narrow a margin
against hang-fire. The objective of ignition research is to provide
a sound basis for defining and achieving the design and develop-
ment goals with a minimum of expensive motor tests. This study
is directed at developing analytical and experimental techniques,
that can be applied to achieve the aforementioned goals and
objectives.

Many studies have dealt with a particular fundamental process,
taking place during the starting of solid-propellant motors, or
have focused on practical correlations to facilitate igniter design.
The analytical models used in those researches, which were
directed at the analysis of the over-all starting transient can be
categorized into two major groups: 1) lumped chamber-
parameter, or p(t) models,1"5 and 2) quasi-steady one-
dimensional flow, or p(x) models.6"9 The models of the first
group assume uniform pressure and stagnation temperature
distributions in the combustion chamber port. In the models of
the second type, quasi-steady pressure, temperature, and velocity
distributions along the port are supposed at each instant of time
during the transient. The flame spreading is treated in various
ways: an experimentally determined function of time1'6"8;
partially or fully instantaneous2'3; a linear function of the burning
rate4; or calculated as a function of the spatially varying heat
flux due to changing gas temperature10 or a boundary-layer
development.5

Many modern, high-performance solid-propellant motors
have high volumetric loading density and small port-to-throat
area ratio, frequently combined with large length-to-diameter
ratio. These motors, referred to in the paper as HVT (high
velocity transient) motors, are characterized by high internal
gas velocities, significant axial pressure and temperature
gradients, pressure overshoots, and relatively short transient
times. The starting transients of the HVT motors are inaccurately
predicted and unsatisfactorily analyzed by either one of the
aforementioned classes of approaches. Figure 1 shows schemati-
cally a typical starting transient of HVT motors compared to
that of motors with a high port-to-throat area ratio.

In all aspects of this study, the flowfield and pressure variations
with time and axial position [p(t, x) model] are considered and
the interactions between processes, such as the developing flow-
field, convective heat transfer to the solid propellant, flame
spreading, and erosive burning are properly taken into account.

INDUCTION SPREADING
INTERVAL STEADY STATE

Fig. 1 Typical starting transient of HVT motors
(low Ap/At) compared with that of motors having

high Ap/At.
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TIME,t , msec

300



DECEMBER 1973 STARTING TRANSIENT OF SOLID-PROPELLANT ROCKET MOTORS 1721

AXIAL IGNITER
NOZZLE

PORTS TO PRESSURE PROPELLANT MOTOR .

IGNITER
FEED CH.

SYSTEM

GASEOUS IGNITER
COMBUSTION CHAMBER

•\ TRANSDUCERS 7 SLABS 1

\ STATION 1 2 / 3 4 /

\ ' '

^
!

¥
/ /

0 <$ O O
'^'^^XXXXXXXX XXXXXXXXX^

NOZZLE"

5

\\^2j^2j

L °'XXf^^?

6.2cm 49.5 Cm 7.0cm

ENTRANCE
SECTION PROPELLANT SECTION AFT

SECTION

Fig. 2 Experimental rocket motor for starting transient studies.

II. Analysis
A. Description of the Physical Model

The analytical model is established for the general class of HVT
motors and is solved for the physical situation, corresponding
to the experimental rocket motor, designed and built to provide
detailed information on the ignition events and to test the
validity of the analytical model.

The physical situation analyzed and solved by the model
considers a rectangular window motor, which consists of
entrance, propellant, and aft sections (see Fig. 2). Two opposing
propellant slabs (2.54 cm wide, 0.635 cm thick, and 49.5 cm long),
cast into trays, are positioned in the propellant section. The
initial dimensions of the rectangular port [2.54 cm wide and
0.635 cm high (see Fig. 3)] are uniform along the entire motor.
The ignition stimulus is provided by a fore-end axial pyrogen
igniter, which discharges the ignition gases into the entrance
section through a centrally located sonic nozzle. A rectangular
replaceable nozzle is attached to the motor aft-end. The entrance
and aft sections, and the nonpropellant walls of the port (except
the window, when used) are thermally isolated by a thin layer
of mixture consisting of 50% PBAA/EPON 828 and 50% TiO2.
This layer ablated only slightly during the starting transient.
More details on the experimental facility are given in Sec. III.

At the onset of igniter discharge a flow pattern with pressure,
temperature and velocity distributions develops in the motor
port. Subsonic flow with friction and heat transfer to the
propellant and nonpropellant port walls at low pressure (usually
between 1 and 3 atm for the low port-to-throat area ratios under
investigation) is established in the chamber. The motor nozzle
may be either choked or unchoked. The first phase of the starting
transient is the induction interval (ignition lag), which ends with
the appearance of the first flame on the propellant surface. The
ignition criterion, adopted in this study, is that a point on the
propellant surface ignites when it attains some critical ignition
temperature,11, denoted here by TpStig. Thus the process of flame
spreading along the propellant surface, which starts at first
ignition and ends when the entire surface is ignited, is described
by the model of successive ignitions.2'3 Once started, the flame
spreading is accelerated by the increased heat flux due to the
rapidly increasing mass flow originating from the already ignited
propellant surface. The transition from unchoked to choked flow
is considered in the analysis. Rapid chamber pressurization
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usually begins with the onset of fast flame spreading. The last
phase of the starting transient is the chamber filling period, which
follows the completion of flame spreading. Severe erosive burning
may take place during this period and thereafter, due to the high
gas velocities in the chamber. Thus, the maximum pressure may
be much higher than the desired equilibrium pressure. Significant
pressure and temperature drops as well as velocity increase are
established along the port. Following the pressure peak, a quasi-
steady situation develops and pressure decreases toward an
equilibrium value due to diminishing erosive burning, as the
port area increases.

B. Basic Assumptions
The following basic assumptions were used in the analytical

model:
1) All chemical reactions occur on the propellant surface in a

combustion zone, which is so thin that it can be considered as
a plane. The combustion products enter the main stream in the
port with zero axial momentum.

2) The flow in the chamber port is one dimensional. This
assumption is a good approximation to the real situation in view
of the highly turbulent flows encountered in HVT motors.
Changes of flow properties across the boundary layer are
considered in the expressions for heat-transfer and friction
coefficients used in the analysis.

3) Rate processes at the propellant surface are quasi-steady
in the sense that their characteristic times are short compared
to that of the pressure transient.

4) The propellant combustion products and the pyrogen
igniter gas have the same values of cp, W, and y.

5) The gases flowing in the port obey the perfect gas law.

C. Description of the Analytical Model
Governing equations

A control volume element is established in the motor port,
as shown in Fig. 4. The mathematical formulation of the
approach to the previously described problem consists of the
following: a) mass, momentum, and energy conservation equa-
tions in unsteady, quasi-one-dimensional form for the gas phase;
b) equation of state for the gas flowing in the motor; c) proper
initial conditions at the start of the transient (onset of igniter
flow); d) two boundary conditions at the fore-end of the
propellant section, obtained from a pair of ordinary differential
equations, which describe the rate of change of pressure and
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Fig. 3 Cross section of experimental motor, showing port configuration. Fig. 4 Analytical control volume.
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temperature in the entrance section; e) a third boundary con-
dition, which describes the gas velocity at the entrance to the
motor nozzle, for either choked or unchoked flow; f) semi-
empirical correlations for the convective heat-transfer and friction
coefficients for the highly-turbulent flow in the port; g) burning
rate law for the solid propellant, including the effects of initial
temperature, pressure, and velocity over the surface (erosive
burning); and h) a solid phase heat-up equation for determina-
tion of the propellant surface temperature during the induction
interval coupled to an ignition criterion for the propellant.

The mass conservation equation for the control volume in
Fig. 4, written for a unit volume, is

dp d(pu) pu dAp rb
dt dx Ap dx Ap

 pr

The momentum conservation equation is
d(pu) d(pu2) pu2 dAp pu dAp

(1)

dx
dp

'-T^7 \-9
T.,P. (2)

The energy conservation equation, written in terms of the
total stored (internal and kinetic) energy per unit mass, E, is
d(pApE) d(pApuE) _ d / dT\ 1 d(Apup)

dt dx dx\ pdxj Jc dx
1 d

~T ^~ (r*x AP ") + Ppr brkf ~ 4l Pw (3)Jc ox
The preceding conservation equations constitute a set of

inhomogeneous, nonlinear, partial differential equations. After
nondimensionalization and an order of magnitude analysis, the
effects of the following terms were neglected: a) rate of mass
accumulation in the free volume created by the propellant
surface regression (as compared to the rate of mass addition
due to burning); b) forces between gas molecules due to the
viscous stress in the axial direction, created by the axial velocity
gradient; c) viscous dissipation and rate of work done by the
internal viscous forces; and d) axial heat conduction between
gas molecules. The wall friction at a station in the propellant
section is neglected when the ignition' temperature is reached
and appreciable blowing starts.

After rearrangement of the mass and energy conservation
equations, and using the perfect gas equation of state, the
following set of governing equations is obtained:

to + u^ + gR™-'--^'*-!*** (4)dt ox p ox A p 2A
dT

2gRTj (5)

-T~ <6>2g RTJ
The following expression for the rate of heat loss to the

propellant and nonpropellant walls, qt, pertinent to the physical
and experimental configuration (see Fig. 3) was used in the
analysis:

The three governing equations [Eqs. (4—6)] are first-order,
inhomogeneous, coupled and nonlinear partial differential equa-
tions. The independent variables are time t, and distance along

the port x, and the unknowns are the gas velocity u, tem-
perature T, and pressure p.

The three necessary initial conditions describing a state of
uniform distribution in the propellant and aft sections of the
motor are:

n(0, x) = ii,., T(0, x) = Tt, p(0, x) = pt (8)
where ut, 7], and p. are the initial gas velocity, temperature, and
pressure in the motor. To facilitate the start of the numerical
solution, it is assumed that p. is slightly higher than the
ambient pressure (by 0.0001 atm), with resulting small velocity
ut in the port.

The three physical boundary conditions are as follows: two
boundary conditions at the entrance to the propellant section
(denoted by xp\ and one boundary condition at the entrance
to the motor nozzle (denoted by XE).

The gas properties in the entrance section are assumed to be
uniform. Heat-transfer and shock-pattern losses taking place
there are found to lower the effective mean temperature of the
igniter gas 7}g.12~14 From the continuity and energy conserva-
tion equations for the entrance section, the following equations,
expressing the rate of change of pressure and temperature at the
entrance to the propellant section are derived:

dt

dT

= i7\ yRTismisM-yA
P,eSPeS(tKs(t)-

vj. PJ®

(9)

(10)

The igniter mass flow rate mig is a prescribed function of
time, determined from the experimental study.

Equations (9) and (10) form a pair of coupled ordinary
differential equations for the unknowns pes and Tes. Their
solution provides two boundary conditions for the governing
Eqs. (4-6). The two initial conditions for this pair of equations
are

= P->, and (11)
The boundary condition at the aft end of the motor chamber

is derived assuming isentropic flow between the entrance to the
motor nozzle and the nozzle throat. Using continuity and energy
conservation relations between these two sections, the following
equation is derived :

(12)

When the motor nozzle is unchoked (the usual case during
the induction intervals, when very low port-to-throat area ratios
are used) the pressure at the nozzle throat, pt in Eq. (12),
equals the ambient pressure. For the case of a choked motor
nozzle Eq. (12) becomes the following implicit relation :

1 +
-1 uE(t)2 -|(v

ygRTE(t)\ (13)

Empirical correlations for the heat-transfer and friction coefficients
The expression for the local convective heat-transfer coefficient

hc is deduced from the conventional Dittus-Boelter correlation
for turbulent flow in pipes. Entrance effects, observed by many
investigators are accounted for by including a power
function of the length-to-diameter ratio.16'17 Variation of the gas
physical properties across the boundary layer is considered by
evaluating the properties at an average film temperature Taf.15'ls
The expression for hc, used in the study,17 is
hc = 1.56 x 10'3Pr-°-6cp(pu/R)°-8 x

• (14)



DECEMBER 1973 STARTING TRANSIENT OF SOLID-PROPELLANT ROCKET MOTORS 1723

Before local ignition hcp = hcw = hc, whereas after local ignition

The friction coefficient /is deduced from Colebrook's expres-
sion for turbulent flow in pipes with roughness.19 Observed
entrance effects20 and variation of fluid properties across the
boundary layer16 are taken into account. The friction factor is
expressed in the following form17:

f=
J i.27^^°-5rfl/

1-65(^/xr)°-05'])2

I06pudhf° -]

The burning rate law
A modified Lenoir-Robillard's burning rate law21'22 is used to

account for erosive burning:
r = ap" + khc exp (- prppT/up) (16)

where the erosive burning constant k is estimated from theoretical
considerations,20 the zero-blowing heat-transfer coefficient hc is
calculated according to Eq. (14), and the erosive burning
exponent /? is evaluated from water-quench experiments (by

fJo
rdt

vs x measurements after extinguishment shortly after the
transient), and adjusted to fit the experimental pressure-time
curves for all values of Ap/At tested.

Determination of the propellant surface temperature
The heat equation for an unignited propellant grain at a fixed

axial location is
dTpr(t, y)/dt = apr d2Tpr(t, y)/dy2 (17)

with the following initial and boundary conditions:
Tpr(0, y) = Tpi (18)
Tpr(f, oo) = Tpi (19)

dTpr(t, Q)/dy = - |>C(OMPJ [TW~ Tps(0] (20)
To determine the propellant surface temperature Tps, Eq. (17)

must be solved together with the governing equations for the
gas phase. Equation (17) is solved for the surface temperature
using an integral method.23 A third-degree polynomial in y was
used to represent the transient temperature profile in the solid
phase; using the proper boundary conditions, the following
ordinary differential equation for the propellant surface tem-
perature at each prescribed axial position is obtained17:

(21)

To avoid the singularity at t = 0, the initial condition for
Eq. (21) is taken as

Tps(Q)=Tpi + s (22)
where £ has a small value, e.g., 0.1 °K.

Equation (21) is solved simultaneously with the governing
equations for the chamber flowfield to yield the propellant surface
temperature at any calculated time and position. In this way
flame spreading rates can be predicted, using a proper ignition
criterion.

The large number of coupled parameters, involved in the
analysis, precludes a simple and useful nondimensionalization.
Moreover, it is doubtful, if any use of normalized parameters
can provide an easy and straightforward interpretation of the
results. Therefore, it was decided to carry on the numerical
calculations in a dimensional form, using consistent, metric
engineering system of units, thus allowing a direct comparison
of predictions with experimental measurements.

D. Numerical Solution
A computer program was implemented to obtain numerical

solutions of the analytical model by the simultaneous integration
of the three governing equations (4-6), the two equations for the
entrance section, Eqs. (9) and (10), and the propellant surface
temperature equation (21). The set of governing equations is
found to be hyperbolic in nature, and its numerical solution is
based on central differences in space (x) and generalized implicit
differences in time (t).24 A quasi-linearization method,25 used to
linearize the inhomogeneous terms of the governing equations,
is combined with a predictor-corrector procedure to assure
efficient computation, improve stability and minimize the error.

The utilization of central-difference formulation requires three
extraneous boundary conditions in addition to the ones given by
Eqs. (9, 10, and 12 or 13). They are derived from the com-
patibility relations at the boundaries, i.e., by solving the govern-
ing equations by the method of characteristics at the boundaries.

The compatibility relation along the right-running Mach line
(defined by dx/dt = u + c), taking into account the conditions at
the right boundary, is

du

dt Upr\Tps-Tpi)(2T-Tps-Tpi)

(23)

The relation along the left-running Mach line (defined by
dx/dt = u — c) is

Fig. 5 Exploded view of experimental window
motor.
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The relation along the particle-path line (defined by dx/dt = u)

dT\ =y^±T(d£\ +
't)m y P\dt)i

(25)
The compatibility relation, Eq. (24), and Eqs. (9) and (10) form

a closed system to determine the gas velocity, temperature and
pressure at the entrance to the propellant section, whereas the
system formed by Eqs. (23) and (25), and Eq. (12) or (13)
determines the flow parameters at the chamber aft-end. To
prevent numerical oscillations in the boundary-value calcula-
tions, each system is solved by the quasi-linearized implicit
method.17

The governing equations, in their finite-difference form, are
arranged in a block-tridiagonal matrix form,26 which allows an
efficient computation. The previously described procedure was
organized into a Fortran IV computer program.

III. Experimental Set-Up
An experimental program was conducted to perform diag-

nostic studies, to provide necessary experimental data, and to
verify the predictions developed from the solution of the
analytical model. Figure 5 shows an exploded view of the
laboratory-size window motor. The primary feature of the slab-
grain geometry is that it permits direct photographic observa-
tion during ignition and flame spreading and at the same time
the chamber conditions realistically correspond to the conditions
in a practical rocket motor.

One wall of the port is a two-part Plexiglas window. Tests
with fast water quench revealed that no Plexiglas ablation
occurs prior to the time of peak pressure. The opposite wall of
the port channel is used for the instrumentation ports. Five
Dynisco PT76 high-frequency pressure transducers can -. be
installed along the port, 12.7 cm apart. A burst diaphragm is
connected to each end of the motor for overpressure protection.
Three additional ports are available for thermocouple probes

and heat-flux gages. The copper nozzle consists of a rectangular
convergent section and a precisely defined rectangular throat.

The ignition system used in the study is a versatile, con-
trollable pyrogen gaseous igniter, which burns pure hydrocarbon
fuel (usually methane) and oxygen. The specially-designed igniter
combustion chamber achieves 80% of the equilibrium conditions
within 3 msec. The injector head comprises two carefully
calibrated pairs of unlike impingement orifices. Control devices
permit a wide-range variation of the igniter mass flow rate,
temperature, and duration. The gaseous igniter-was usually
operated with an equivalence ratio ranging between 1.02 and
1.08.

IV. Discussion of Results
Diagnostic experimental tests and corresponding computer

calculations were conducted with AP composite propellant at
port-to-throat area ratios of 2.0, 1.5, 1.2, and 1.06. Pressure
measurements, water quench, and high-speed photography have

Table 1 Baseline values

Propellant properties :
Composition: 20% PBAA-EPON 828
80% AP (30% 15 mic. & 70% 180 mic.)

68 atm = 0.804 cm/sec = 0.32 in./secr0 @ p

w
y

Tf

I"

Motor parameters:

= 0.4
- 0.9 x 10~3 cal/cm-sec-°K
- 1.6g/cm3

= 0.1875xKT2cm2/sec
- 22.01 g/g-mole
= 1.24
= 0.87 x 10~6 VF°-5r°-65 poise
= 0.4665 cal/g-°K
= 3852 gf-cm/g-°K
= 700°K
= 2225°K
= 298°K
- 5.72 cm3-°K/cal
- 105
= 0.001 cm

= 6.2 cm
= 5.08 cm
- 1.61 cm2

- 62.7 (AJAt) cm
= 62.7 cm
= 1.02 cm
= 6.35 cm
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AFT-END
STATION 5

Ol——L
40 50 60 70 80

TIME FROM ONSET OF IGNITER , t, msec

°: 20

RUN E-8

Ap /A t= 1.20 T jg =24IO°K nrij g = 15.0 g/sec

———— EXPERIMENTAL
—— — CALCULATED //
—.— CALCULATED FOR NO

EROSIVE BURNING

FORE-END
STATION I

Fig. 7 Agreement of measured and calculated pressure vs time traces
at fore-end and aft-end of rocket motor. Demonstration of contribution

of erosive burning.

been used to study such phenomena as p(t, x) variations, ignition
delays, flame spreading, and erosive burning. Table 1 defines the
baseline values used in the calculations. These values correspond
closely to the experimental conditions in all tests.

Figure 6 shows typical starting transient p(t, x) measurements
during an experimental test, designated as Run E-8 with
Ap/At = 1.2. Following a small pressure wave, caused by the
onset of igniter flow, an almost uniform pressure distribution at
1.2 atm absolute is established in the motor cavity. At 36 msec
after the igniter start, a flame is observed (on high-speed photo-
graphs) at the leading edges of the propellant slabs and flame
spreading begins. The measured time-dependence of the pressure
distribution is depicted in Fig. 6, which shows the pressure-time
history at the five measurement stations denoted in Fig. 2.
As expected, because of the low Mach numbers near the fore-end,
the measured pressures at station 2 are identical to those at
station 1. The pressure rise at station 3 (middle of motor) starts
later but increases at the fastest rate. Pressure peaks are achieved
at 72 msec at the fore-end (station 1) and at 73.5 msec at the
aft-end (station 5). Comparisons between the measured and

Ap/At=1.20
T. =2410°K

72 MSEC, FORE-END PRESSURE
2_ — _ — ° - - - P E A K

——— EXPERIMENTAL

— — CALCULATED

0 12 24 36 48 56.5
DISTANCE FROM FORE-END OF PROPELLANT

Fig. 8 Comparison of measured and calculated axial pressure
distributions at four times during starting transient of Test E-8 within

the four significant intervals displayed in Fig. 1.

calculated (by the analytical model) pressure-time curves at
stations 1 and 5 are shown in Fig. 7. An excellent agreement
between the two curves, including the initial development of
pressure distribution, exists during the induction interval (not
shown in Fig. 8). Ignition at the propellant leading edge is
precisely predicted. During the flame spreading period, the
calculated pressure is slightly lower than the measured pressure,
whereas during chamber filling the calculated pressure is slightly
higher than the measured pressure. There is very good agreement
between calculated and measured pressure-peak values at all
stations.

Measured and calculated spatial pressure distributions at four
illustrative times of Run E-8 are compared in Fig. 8. Calculated
spatial velocity and temperature distributions at the same times
are ploted in Figs. 9 and 10, respectively.

Agreement within 10% was obtained between calculated and
experimentally observed ignition delay times using the modified
pipe-flow heat-transfer correlation. However, a careful estimation
of the effective mean temperature, 7Jg, of the igniter gas in the
entrance section was necessary for each test. The estimation
was performed with the heat-transfer correlations developed by
Co hen et al.27 from the heat flux measurements of Carlson,
Seader, and Wrubel.12'13 It was found that by including friction

(1) 25 MSEC, INDUCTION INTERVAL
(2) 57 MSEC, FLAME SPREADING
(3) 61 MSEC, CHAMBER FILLING

"(4) 72 MSEC, FORE-END PRESSURE
PEAK

VAt= !-20
T. = 2410°K

DISTANCE FROM FORE-END OF PROPELLANT
SECTION, x - x , CM

Fig. 9 Calculated axial gas velocity distributions at the same four
times as in Fig. 8.
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(1) 25 MSEC, INDUCTION INTERVAL
(2) 57 MSEC, FLAME SPREADING
(3) 61 MSEC, CHAMBER FILLING
(4) 72 MSEC, FORE-END PRESSURE

PEAK

"0 12 24 36 48 56.5
DISTANCE FROM FORE-END OF PROPELLANT

SECTION, x - x , CM

Fig. 10 Calculated axial gas temperature distributions at the same
four times as in Fig. 8.

approximately 5% accuracy in calculations of ignition delay and
flame spreading times was gained. It should be noted that in
many tests, start of pressurization in the motor chamber was
measured before any observation of ignition, which may be due
to preignition decomposition-gasification of the solid propellant.

High-speed photography of fast flame spreading is a difficult
task. Flame spreading appears to be more like an increasing
cross-sectional density of ignited points rather than a well-defined
advancing flame front. Figure 11 shows calculated and measured
locations of the flame front vs time for an experimental test with
port-to-throat area ratio of 1.5. Flame spreading rates were found
to increase with increasing mig and Ap/At. Rates ranging from
930 cm/sec to 19,800 cm/sec at the start and the end of the
process, respectively, were obtained for Ap/At = 2.0 and m^ =
19.5 g/sec. For the same igniter mass flow rate and chamber
geometry, lower flame spreading rates are obtained with lower
port-to-throat area ratios because the larger throat area results
in lower pressure (and, thus, lower heat flux and chemical
reaction rates) prior to the chamber filling phase.

For all port-to-throat area ratios tested, the highest pressuriza-
tion rates were measured in station 3 (middle of motor). For the
same motor chamber geometry used in this study, the maximum
pressurization rate increases slightly with igniter mass flow rate
in the range tested (10 to 21.5 g/sec) and increases considerably
with increasing port-to-throat area ratio. Fore-end pressurization

—— EXPERIMENTAL

2340°K —— CALCULATED _

17,9 G/SEC

FINAL FLAME
SPREADING RATE _
12,600 CM/SEC

INITIAL FLAME
-SPREADING RATE
830 CM/SEC

LOCATION OF THE FLAME FRONT, x - xp/CM

Fig. 11 Measured and calculated ignition flame front locations vs time,
with flame spreading velocities noted.

w 30

IGNITION DELAY
TIME

SLOPE = -1.5

MOTOR TESTS
SERIES "E"

J_______I

Fig. 12 Measured
times of ignition delay

for AJAl = 1.2.

10 12 15 20 25 28

IGNITER MASS FLOW RATE, mig,G/SEC

rates as high as 6800 atm/sec with Ap/At = 2.0 and as low as
3000 atm/sec with Ap/Al = 1.06 were measured.

Detailed experimental, as well as theoretical parametric
studies, were conducted to determine effects of parameters such
as igniter gas temperature, igniter mass flow rate, and port-to-
throat area ratio on values of interest such as ignition delay
times, flame spreading rates, pressurization rates, and peak
pressures. Figure 12 shows the measured effect of igniter mass
flow rate on ignition delay time for series of tests with port-to-
throat area ratio of 1.2. The slope of the log-log plot of ignition
delay time vs igniter mass flow rate in Fig. 12 is very close to
the slope deduced from turbulent flow correlations, which shows
that turbulent flow (although not fully developed), exists over
the leading edge of the propellant slabs.

V. Conclusions
A successful analytical model was developed to describe the

starting pressure transient of monolithic solid-propellant rocket
motors with low port-to-throat area ratios, resulting in high
internal gas velocities. Velocity, pressure, and temperature
distributions can now be calculated as a function of time and
axial distance. The pressure transients calculated by the analytical
model are in close agreement with the p(t,x) measurements in
the experimental motor. Ignition delay times, flame spreading
rates, pressure peaks, and times to achieve the pressure peaks
are accurately predicted. In addition, the analytical model can be
modified for application to various types of practical solid pro-
pellants and operational motor configurations (such as seg-
mented motors). The model can be readily extended to motors
using propellants with low aluminum content and fine aluminum
particle size by using effective values of the gas properties.
However, for highly aluminized propellants (which form large
A1/A12O3 agglomerates) it may be necessary to include in the
model time and space-dependent particle drag forces (with the
proper distribution function) and combustion in the main stream.

In comparison with previous studies as reviewed by Most and
Summerfield in Ref. 5, the essential new elements in this study
are: 1) techniques to account for the strong contribution of
erosive burning, coupled to the chamber gas dynamics; 2) ability
to consider significant pressure, temperature, and velocity spatial
gradients, encountered in HVT motors, and their variation with
time during the starting transient; and 3) calculation of the
propellant surface heat-up to ignition, coupled to both temporal
and spatial changes of flow parameters in the chamber. Indeed,
to account for the experimentally observed steep pressure rise
and pressure overshoots, the dominant influences of erosive
burning and the spatial gradients of pressure, temperature, and
velocity must be accurately taken into account.

When more precise agreement between the analytical calcula-
tions and experimental measurements is required in particular
investigations, it can be obtained by using more comprehensive
correlations for the convective heat transfer and burning rate,
by taking into account effects such as increased heat transfer to
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rough propellant surfaces, attenuation of heat transfer by the
"blowing" at the propellant surface due to preignition gasifica-
tion, unsteady burning resulting from preheating during the
induction interval and high pressurization rates during the fast
pressure rise, and turbulent boundary-layer structure.

The experimental system can be readily used to conduct
various diagnostic tests pertinent to modern rocket motors, e.g.,
heat-flux measurements, start-stop control, propagation of
pressure perturbations, and liquid-quench extinguishment.

The results of this study are useful to designers of high-
performance solid-propellant motors. In particular, by using the
techniques presented in this paper, the designer can prescribe the
upper limit of volumetric loading density, that can be safely
specified, and predict more accurately the pressure-thrust-time
motor performance during the starting transient.
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