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Flame-Spreading Phenomena in Fin Slots of a Solid Rocket Motor
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Flame-spreading processes in the � n-slot regions of solid-propellant motor grains have the potential to in� uence
the behaviorof the overall ignitiontransient.Theresearch conducted in this investigationis aimedatobtainingabet-
ter understanding of the � ame-spreading processes in rocket motors with aft-end � n slots. Nonintrusive optical di-
agnosticmethodswere employed toacquire � ame-spreadingmeasurements in the � n-slot regionofa subscale rocket
motor. Highly nonuniform� ame-spreading processes were observed in both the deep and shallow � n regions of the
test rig. The average � ame-spreading rates in the � n-slot region were found to be two orders of magnitudeless than
those in the circular port region of a typical rocket motor. The � ame-spreading interval was found to correlate well
with the local pressurization rates. A higher pressurization rate produces a shorter � ame-spreading time interval.

Introduction

A LTHOUGH many researchers have studied the � ame-
spreading processes over simple solid-propellant slabs in

laboratory-scale motors and propellant grains with simple geome-
tries in actual rocket motors,1 little work has been done in the study
of � ame spreading in rocket motor propellant grains with � n slots.
Propellantgrainswith � n slots havebeen used in a varietyof propul-
sion systems in both head-endand aft-end applications.In head-end
applications the large propellant surface area of the � ns is often
helpful for achieving a high thrust in a short period of time, as in
the case of the space shuttle solid rocket booster.2;3 For motors with
submerged nozzle designs, grain con� gurationswith � n slots in the
entrance region to the nozzle allow the high-velocity combustion
products to expand into the large free volume, hence reducing the
effect of erosive burning.4 Fin slots can also be used in the aft-end
region to increase the total burning surface area. In general, propel-
lant grains with � n slots have several advantages, such as 1) larger
burning surface area allowing the overall length of the motor to
be reduced; 2) relatively constant total burning surface area of the
propellant grain, providingnearly constant thrust level over a major
portionof the motor operationperiod; 3) reducedchancefor erosive
burning; 4) more propellant surface area for igniter gas to heat the
propellant grain for achieving greater reliability; and 5) larger free
volume for the pyrogen igniter gases to expand, thereby reducing
the localized hoop stress on the motor case.

Depending on the desired thrust characteristicsof the motor, the
depth of � n slots need not be uniform for all � n slots; a shallow-� n
slot and deep-� n slot may alternate around the propellant grain.5

Figure 1 shows a generic solid-propellantgrain with several identi-
cal � n slots in propellant grain at the aft end of the motor (� nocyl
con� guration) as reported by Zeller.5 Some motors have � n slots at
the head end regions, as described by Sutton.6 Because of the com-
plicated geometry of grains with � n slots, the � ow� eld and � ame-
spreadingprocessis also intricateand highly three-dimensional.The
effects of slot geometry on the � ow� eld in a solid rocket motor were
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studied by Waesche et al.7;8 In view of the complicated geometry
and the associated inability to gain suf� cient optical access to the
propellant grain surface, researchers in the rocket propulsion � eld
have not observedand measured the � ame-spreadingphenomena in
� n-slot regions.

The objectiveof this work is to obtain better understandingof the
� ame-spreadingevent in a solid rocket motor with aft-end � n slots.
The speci� c tasks conducted for achieving the major objective of
this study are 1) design a laboratory-scale motor capable of simu-
lating the � ame-spreading process in the aft-end � n-slot region; 2)
observe and measure the � ame-spreadingcharacteristicsusing non-
intrusive optical diagnostic techniques;3) study the effects of oper-
ating conditions,such as chamber pressure,pressurizationrate, and
igniter strengthon the � ame-spreadingrate;4) studythe relationship
between the penetrating gas stream and � ame-front propagationdi-
rections in � n slots; and 5) develop a � ame-spreading correlation
useful for design of this type of rocket motors.

Method of Approach
Test Rig Design

To investigate the effects of different parameters on the � ame-
spreading process in a solid rocket motor with � n slots, the test
rig must be suf� ciently versatile in design for easy change of test
conditions. The test rig must also avoid the use of large amounts
of propellant for both safety and economic reasons. The test rig
must have an adequate amount of propellant to simulate the � ame-
spreading process (i.e., thickness of the propellant has to provide a
thermally thick environment during the � ame-spreading interval).
The test rig design must be able to simulate both shallow-� n and
deep-� n regions for propellant grains with alternate � n-slot depths.
The test rig alsohas to accommodatetheappropriateinstrumentation
for measurement and observationof the � ame-spreadingevent. The
resulting test rig is a subscale analog motor with many suitable
features for simulating � ame-spreading processes in motors with
� n slots.

To view directly the deep-� n and shallow-�n regions, a single tri-
angular � n sectionof a motor was simulated.The test rig (see Figs. 2
and 3) used in this � ame-spreading study consisted of a head-end
igniter, a barrel section, a � n-slot section, and a submerged nozzle.
Design calculations showed that the motor analog was capable of
sustaining high pressurization rates generated by propellant prod-
uct gases during the ignition-transientinterval. The igniter section,
which generates hot gases to simulate a pyrogen igniter, could ac-
commodate either one or two cartridge-load igniter grains, which
were cast inside phenolic tubes. Most of the tests conducted for this
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study used only one igniter propellant cartridge, in which case a
hollow brass spacer was substituted for the other igniter cartridge.
Electrical energy was supplied through a remote control system to
initiate ignition of the M100 electric match, which then ignited a
bag of black powder. Combustion products from the black pow-
der were discharged onto the igniter propellant surface inducing
ignition and � ame spreading. The pressure-time history of the ig-
niter chamber was recorded by a diaphragm type of pressure gauge
(G1). The hot products from the igniter propellantcombustionwere
discharged through a converging–diverging nozzle into the barrel
section of the test rig, which simulated the long cylindrical portion

Fig. 1 Generic solid-propellantrocket motor grain with � n-slot design
at the aft-end (adapted from Ref. 6).

Fig. 2 Cutaway view of � ame-spreading test rig and main components.

Fig. 3 Cross-sectional view of � n-slot region.

of a rocketmotor grain. The barrel section propellantgrain was also
a cartridge-loadpropellant grain cast in a phenolic tube.

For each of the tests, a � n-slot sample cast with either live or
inert propellant was loaded into the � n-slot section of the test rig.
The pressure variations in the � n-slot section were recorded by two
pressure transducer gauges (G2 and G3). A submerged nozzle was
inserted in the downstream portion of the � n-slot section. Optical
access for either the photodetectorarray or windows for high-speed
movie and video cameras was provided on the deep-� n side, and
windows were provided on the shallow-� n side of the test rig. To
control the chamber pressureand pressurizationrates of the test rig,
three interchangeablegraphite nozzle inserts with diameters of 1.5,
1.75, and 2.0 in. (3.81, 4.44, and 5.08 cm) were used.

Instrumentation

To observe the � ame-spreading event and measure the rates and
directionof � ame-frontpropagation,the test setupwas instrumented
with a high-speed HYCAM movie camera, a Spin Physics video
camera, and an infrared photodetector array. Based upon a recent
study by Thynell et al.9 using Fourier-transform infrared (FTIR)
spectrometry, it was shown that the optical signals from an ignited
propellant surface could be distinctly differentiated from those of
an unignited propellantsurface, even in the presence of combustion
product gases and metal-oxide particles in the line-of-sight mea-
surement. The selection of the infrared photodetector array was
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Fig. 4 Photodetector array in the deep � n-slot region.

Fig. 5 Cross-sectional view of an optical access port for photodetector
measurement.

basedupon the three criteria outlinedby Thynell et al.9 for detecting
� ame-spreadingusing emitted radiant energy:1) each measurement
location must have an adequate optical access for detection of on-
set of ignition, 2) emitted energy from the burning surface must be
distinguishablefrom the � owing combustion product gases, and 3)
the measurement system must be capable of recording the rapidly
changing event. The selected mid-IR photodetector array, consist-
ing of numerous Pb-Se photodetectors, was able to meet all three
criteria.

Optical access to the propellant was achieved through a wall of
the combustion chamber with 30 small access ports for the pho-
todetectors. The 30 detectors were arranged in an array adequately
covering representative regions of the entire propellant surface as
shown in Fig. 4. These detectors provided the ignition delay times
of 30 different sites of the sample opposite to the photodetectors.
A cross-sectional view of one of the optical access ports for pho-
todetectormeasurement is shown in Fig. 5. A low-pressurenitrogen
purge gas between the rigidly mounted stainless-steel plates was
used to reduce the force acting on the quartz windows by com-
bustion product gases. The selected IR quartz windows not only
effectively shielded the detectors from the hot combustion prod-
ucts, but also transmitted the appropriate infrared emission signals
to the photodetectors.

To differentiate the burning propellant surface emitted radiant
energy from the � owing combustion product gases emitted radi-
ant energy, a mid-IR wave-number range of 4500 to 2500 cm 1

(2.2.–4.0-¹m wavelength) range was determined with the FTIR
spectrometer. In order to take advantage of the IR emission prop-
erties of the propellant ignition and to meet the criteria of fast-
response,lead-selenidephotodetectors(<10-¹s temporal response;
1–4.5-¹m wavelength) with optical � lters were selected. The � l-
ters eliminated detection of wavelengthsbeyond the 4.0-¹m range,
thus effectively eliminating the detection of a signi� cant combus-
tion product emission. Several tests were conducted to ensure that
the detectors did not respond signi� cantly to upstream combustion
product gases and metal-oxide particulates. The detectors showed
only a slight response to igniter propellant product gases, but when

exposed to propellant ignition they had a signi� cant response indi-
cated by a sharp peak, proving their capabilityfor distinguishingthe
ignition event from combustion product gases. The photodetector
data were acquiredusinga PC-based data-acquisitionsystem,which
obtained data at a rate of 1000 samples per second. Theoretically,
one should use a much higher speed data-acquisition system for
these measurements, but the relatively slow � ame-spreading rates
discussedin the Results andDiscussionsection justifythe useofPC-
based data-acquisitionsystem. With the preceding data-acquisition
system the time variation of intensity of the IR emission from the
propellant showed suf� ciently rapid rise at ignition. Therefore, the
ignition-delay time at speci� c locations could be accurately deter-
mined from the intensity vs time plots recorded by the array of
detectors.

The high-speed movie � lms of the deep and shallow � n-slot re-
gions also provided a detailed view of the � ame-spreading phe-
nomenon. Large Plexiglas® windows provided optical access to
nearly the entire deep-� n and shallow-� n propellant surfaces. For
most tests the camera obtained images at a rate of 6000 pictures per
second, this is suf� ciently fast for capturing the � ame-spreading
event.

Two different � ow-visualizationtechniques (surface � ow visual-
ization and � ow direction tracer) were used to determine the general
� ow pattern in the � n-slot region under cold and noncombusting
� ow conditions. The surface � ow visualization was accomplished
using a chalk and kerosene mixture painted on the inner surface of
the Plexiglas window surface. For the � ow direction tracer method
small threads were taped to many locations along the window sur-
face, and a video camera recorded the � ow pattern indicated by the
tracers.

Results and Discussion
The overall ignition transient based upon the recorded pressure-

time traces during this study showed many similarities to the
ignition-transientprocess for a typical solid rocket motor described
by Kumar and Kuo.1 The pressure-time traces for a typical test
recorded at the three pressure gauge locations are shown in Fig. 6.

Fig. 6 Typical set of pressure-time traces for a � ame-spreading test in
a motor with � n slots.
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Fig. 7 Flow pattern in the deep � n-slot region obtained from a cold-
� ow test.

The igniter chamber pressure, recorded by Gl, initially showed a
small pressure pulse caused by the ignition of the black powder
charge. The easily distinguishable peak of the black powder pulse
was de� ned as time zero for all other instrumented channels. Fol-
lowing ignition and � ame spreading along the igniter propellant
grain, the igniter chamber pressure rose as a result of the chokingof
the upstreamnozzle by the product gases leaving the igniter section.
Pressure transducersG2 and G3 recordednearly identicalresponses
for the test duration, showing evidenceof little or no axial variation
in pressureat theopeningof the � n-slotregion.All pressuresinitially
overshotabout10%beyondthe steady-stateoperatinglevels.After a
periodof steadypressurecondition,all gauges indicateda rapiddrop
to atmospheric pressure as the propellantgrain burned out. The two
vertical dashed lines in Fig. 6 represent the � ame-spreadinginterval
determined from time-correlated information from the high-speed
movie � lms. The � ame-spreadingintervalwas also determinedfrom
the photodetector signals when the detector array was used instead
of themoviecamera.The pressure-timetraceswere variedbychang-
ing the throat area of the exit nozzle and/or the number of igniter
propellant grains. Tests conducted under the same conditions were
found to be highly reproducible.Recorded pressure-time traces for
all test � rings indicated expected changes with respect to the test
setup and operating conditions.

The resulting � ow patterns obtained by the � ow-visualization
studies showed very interesting behavior in both the shallow-� n
and deep-� n regions. Figure 7 shows the � ow pattern in the deep
� n-slot region obtainedunder cold � ow conditions,using the afore-
mentioned � ow-visualization techniques. In this � gure longer ar-
rows were used to represent the � ow in higher velocity regions and
shorter arrows for � ows in lower velocity regions. It was found that
the inertia of the core � ow in the � n-slot section along the motor
axial direction has a strong in� uence on the resulting � ow pattern in
the � n slot. A stronger core � ow usually results in a smaller angle
of penetration into the � n-slot region immediately in front of the
submerged nozzle. A portion of the core � ow was found to de� ect
into the top portion of the � n-slot region above the submerged noz-
zle. Because of the geometric shape of the local free volume, the
� ow � rst turned counterclockwise,then turned downward along the
inclined edge of the sample, and then entrained a portion of the
core � ow to enter into the large recirculating� ow region in the cen-
ter portion of the deep � n-slot region. A small clockwise counter-
rotating � ow was evident in the upper right corner of the � n-slot re-
gion. Flame-spreadingpatterns for the low-pressure test runs using
a larger 2.0-in. (5.08 cm)-diam nozzle provided evidence that an-
other small counter-rotating� ow may have existed in the upper left
corner near the inclined edge. Although the � ow patterns obtained
under cold � ow conditionswere only valid when gas generationwas
negligible in the � n-slot region, the � ow pattern seemed to have a
strong in� uence on the � ame-spreading phenomena. It is interest-
ing to mention that, as observed in the � ow-visualization work of
Waesche et al.7 on the aft-end internal � ow� elds of candidate space
shuttle boosters and a high-performancemotor, the � ow pattern in
the � n-slot region depends strongly upon the motor con� guration
and the � ow conditions in the core region. The recirculating� ow in
the � n-slot region induced by the core � ow also depends strongly
on the � ow conditions in the core region. Therefore, it is expected

Fig. 8 Flame-front contours in the deep � n-slot region.

that the core � ow conditions should have a profound in� uence on
the � ame-spreading phenomena in the � n-slot region.

The � ame-front propagationcontours at different times were ob-
tained from the image analysis of the high-speed movie � lms. To
obtain the contours, the � lms were viewed frame by frame against a
paper screen. A pulsed light emitting diode (LED) system provided
selected timing pulses of light to which the edge of the � lm was ex-
posed. This allowed the � ame contour from the � lm to be outlined
on the paper at speci� c times. A 2-ms common-time signal was
also generated from the high-speed movie camera system during
the remote triggering of the ignition event so that both the � lm and
the pressure data were correlated. The � ame-front contours shown
in Fig. 8 correspond to the pressure-time traces shown in Fig. 6.
In Fig. 8 the bottom region (region 1) ignited � rst because of the
strong core � ow, as it � owed over the slightly protruded � n tip into
the circular port shown in Fig. 3. Because the primary mode of heat
transfer in a major portionof the � n-slot region is forced convection
(as justi� ed by heat transfer calculations), successive ignition was
expected, and the � ame front propagated into the center portion of
the � n-slot region with gradual changes in � ame-front curvatures.

The � ame front initially spread slowly in the upstream portion
of the � n-slot region near the bottom of the propellant sample and
then spread more quickly along the inclined edge. Part of the reason
for the initial delay in the upstream region can be attributed to the
high inertia of the core � ow, which did not give the � ow a chance
to expand into the � n-slot region until it approached the submerged
nozzle (see Fig. 7). In fact, the � ow direction in this region was
primarily in the downstream direction along the motor axis. Thus,
the propellant in the inclined region of the � n slot was not initially
exposed to high heating rates. The � ow pattern in Fig. 7 provides
some evidence of the weak � ow in the upstream region induced by
recirculatinggases in the � n-slot region. The � ame-front curvature
increased as it passed the center of the recirculating � ow� eld. Af-
ter region 7 of Fig. 8, the � ame front propagated rapidly along the
inclined surface. This was largely because of the increased propel-
lant burning surface area per unit free volume along the inclined
edge where the side propellant surface intersected with the main
propellant surfaces in the � n-slot region.

The � ame-front propagation into the upper right corner of the � n
slot above the submergednozzlealso showeda signi� cantlydelayed
ignition. The delayed � ame spreading to this region is believed to
be caused by the entrainment of cool air in the recirculating zone,
which was evident in the � ow pattern of the deep � n. It is useful to
point out that the radiative heat-transfer mode was not important,
otherwise this edge region, which has a much better view factor
than the major portionof the propellantsurface in the � n slot, would
ignite � rst. Most of the � ame-spreading patterns showed evidence
of delayed ignition in this corner region. The low-pressure test case
also showed delayed ignition in the opposite corner indicating the
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Fig. 9 Typical photodetector response.

presence of another recirculating zone in that location. Although
the � ame-frontpropagationpatternsshowedsomesimilaritiesunder
differentoperatingconditions, the � ame-front propagationrate was
found to be a function of the operating conditions. For example,
the recirculatingzone in the corner near the inclined edge was only
evident in the lowest pressure condition tested. In addition, for the
test run with two igniter grains a large amount of turbulence was
evidentin theupstreamregionnear theentranceto the � n-slotregion.

The responses of the photodetectors also provided very useful
information about the � ame-spreading process in the deep � n-slot
region. A typical photodetector response is shown in Fig. 9. The
sharp rise in the signal corresponds to the onset of ignition of the
propellant surface located opposite to the photodetector port. The
ignition-delaytime at each location was determined by intersecting
the slope of the sharp rise of the intensity-vs-timeplot with the time
axis. In nearly all tests using the photodetector system, detector #4
near the nozzle (see Fig. 4) was the � rst one to respond, con� rming
the results obtained in the � lm analysis. Other interesting results
obtained by the detectors were the early response of a few detec-
tors along the lower edge of the inclined surface and the delayed
response of detector #23. As was mentioned earlier in the discus-
sion of the � lm analysis, the � ame may spread more quickly along
the inclined surface because of larger speci� c burning surface area.
The delayed response of detector #23 was essentially caused by the
recirculating� ow near the upper right corner. Because of the ability
of the IR detectors to distinguishbetween unburnedand burned sur-
faces even with � owing combustion products as the media between
the photodetector and the sample surface, the photodetectors pro-
vided reliable data for determining ignition-delay times at speci� c
locations. The � ame-front contours obtained from the movie � lm
analysis provided more general information about � ame-spreading
phenomena and made it possible to observe the changes in � ame-
spreading patterns under various operating conditions. Again, the
� ame-spreading contour would be very different if radiative heat
transfer were important; the edge zone along the whole � n slot
would be the � rst place to ignite.

For the shallow � n-slot region a typical � ow pattern is shown in
Fig. 10, and the � ame-spreading pattern determined from the � lm
analysis is shown in Fig. 11. A comparison of these two � gures
indicated that the � ame-spreadingpattern was closely related to the
� ow pattern of the cold � ow. The � ow pattern was a function of the
chamber operating condition. A test conducted under a relatively
low-pressure condition indicated less core gas penetration into the
corner above the submerged nozzle and also showed the presence
of an upstream recirculatingzone. The reasons for ignition delay in
the recirculating regions are similar to those discussed for the deep
� n.

Fig. 10 Flow patterns in the shallow � n-slot region.

Using the results of the � lm analysis, average � ame-spreading
velocities were deduced for both the deep and shallow � ns. An
average � ame-spreadingvelocity was de� ned as the time derivative
of the ignited area of the � n bounded by the � ame front divided by
the average length of the � ame front, namely,

Vfs.t/ D 1
L ff.t/

dAignited

dt
(1)

To obtain the time derivativeof the burning surface area, the instan-
taneous surface area was determined through image analysis on a
Macintosh-based image processor. The time variation of the area
was � tted with a fourth-order polynomial and then differentiated.
The expression for the derivative was then divided by a fourth-
order � t of the average length of the instantaneous � ame front. The
average � ame-spreading velocity variations in the deep � n-slot re-
gion for four different operating conditions are shown in Fig. 12.
The results were plotted on the same vertical and horizontal scale
for convenienceof comparison. The time variations of the burning
surface area and average � ame-spreading rate show similar trends
among these four tests.

The effect of exit nozzle diameter can be seen from the com-
parison of test conditions a), b), and d). For a larger exit nozzle
the chamber pressure and pressurization rate were lower; hence,
the � ame-spreading intervalwas longer. The initial decay of � ame-
propagation speed in these three cases can be attributed to the de-
lay of � ame-spreadingprocesses by the recirculating� ow behavior
inside the � n-slot region. The relatively cold gases in the recircu-
lating zones inhibited penetrativemotion by the core gas composed
of hot propellant products. After reaching a minimum, the � ame-
propagation rate increased quickly as a result of the fast � ame-
spreadingrate along the edge (� n-slot tip) region where the speci� c
burning surface area was high. In addition, as the � n slot was � lled
with more propellant product gases from the ignited surfaces the
heat-transferrate increased, thereby facilitatingfaster � ame spread-
ing. Further generationof combustionproductsthen drove the � ame
front into the small remaining free volume of the � n slot above the
submerged nozzle until the � ame completely engulfed the � n-slot
sample. Comparing cases a), c), and d), it is observed that the higher
the pressurizationrate (correspondingto the smallest exit nozzle di-
ameter), the shorter the overall � ame-spreading interval and the
higher the maximum � ame-spreading rate.

By comparing the test results in b) and c) of Fig. 12, the effect
of the igniter strength on � ame spreading is quite obvious. Stronger
igniters [case c)] produce higher � ame-spreading rates and shorter
� ame-spreading time intervals.

Another interesting � ame-spreading phenomena exhibited in
Fig. 12 is the relatively low � ame-spreading rate in comparison
with those observed in the circular bore region. The typical � ame-
spreading rates in a circular bore after an initial acceleration can
reach speeds up to several hundred meters per second. In view of
this fact and the slow � ame-spreading rate in the � n-slot region, it
is easily conceivable that the overall ignition transient processes in
a solid rocket motor with � n slots is rate limited by the relatively
slow � ame-spreading phenomena in the � n-slot region.

In the development of an empirical correlation for � ame-
spreadinginterval,it is useful to considerthe effect of pressure,pres-
surizationrate, and igniterstrengthon the � ame-spreadingrate in the
� n-slot region. To quantify the effect of motor operating conditions
over the � ame-spreadingtime interval, the followingcorrelationwas
developed based upon the data obtained from this study:

1¿fs D
C

.dP¤=dt¤/n1 .P¤/n2
(2)
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Fig. 11 Flame-front contours in the shallow � n-slot region.

Fig. 12 Deduced � ame-spreading rates in � n-slot region for four representative tests.

where dP¤=dt¤ is thedimensionlesspressurizationrate during� ame
spreading and P¤ is the dimensionlesspressure de� ned as the aver-
agepressureduring� ame spreading,dividedby a referencepressure
of 1 atm.

P¤ ´ .P1 C P2/=2Patm (3)

where P1 and P2 are the average chamber pressure at the corre-
sponding times t1 and t2 , representing the beginning and ending of
the � ame-spreading interval.

The dimensionless� ame spreadingtime interval1¿fs is de� nedas

1¿fs ´ .t2 t1/=tres (4)

where tres is the � ow residence time over the axial length of the � n-
slot region. The residence time of the core � ow through the � n-slot
section can be de� ned as

tres ´ L� n-slot=Vbore (5)

where Vbore is the bulk velocity of the core gas at the axial station
immediately upstream of the � n-slot region. The test data were an-
alyzed using the proposed functional form based upon Eq. (2) and a
standard multiregressionanalysis. The correlation obtained has the
following form:

1¿fs D 22:95
.dP¤=dt¤/0:6689

(6)

The pressure, P¤ has been found to have very little in� uence on the
dimensionless� ame-spreadinginterval1¿fs. The value of exponent
n2 was found to be much smaller than the value of n1; therefore,
the in� uence of average pressure on the � ame-spreading rate can

be eliminated. Based upon the data analysis and the correlation, the
pressurization rate was found to be the governing parameter con-
trolling the overall � ame-spreading interval. From a physical point
of view, the inherently transientphenomenaof � ame spreading into
the � n-slot region are governedby the gas penetrationand the recir-
culating � ow processes in the localized region. The higher the lo-
calized pressurizationrate, the stronger the product gas interactions
with the unburned propellant causing higher heat feedback to the
unburned surface; therefore, the overall � ame-spreading interval is
shorter.Figure13 shows the comparisonof theexperimentallydeter-
mined � ame-spreading intervalwith the correlated � ame-spreading
interval. The experimental results, using the diagnostic techniques
alreadymentioned,are in very close agreementwith the correlation;
nearly all of the data fall within 15% of the correlated results.

Baseduponthepreceding� n-slot� ame-spreadingcorrelation,the
pressurization rate in the entrance to the � n-slot region exhibited
a dominant in� uence on the overall � ame-spreading interval. In
practice,higherpressurizationratescan be generatedusinga smaller
diameter exit nozzle or by increasing the igniter mass � ow rates.
Both of these methods resulted in shorter � ame-spreadingintervals.
Because the correlationis given in dimensionlessform, it is believed
that this kind of correlation can be used as a design tool by motor
designers. However, caution must be exercised in the usage of the
preceding correlation, especially when the grain geometry is very
different from the one considered in this study.

Summary and Conclusions
1) A subscale motor was successfully designed and fabricated

for the study of � ame spreading and � ow phenomena in the � n-slot
region containing both deep and shallow � ns.
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Fig. 13 Comparisonof � ame-spreadingcorrelation with experimental
data.

2) A new photodetector system together with high-speed movie
cameras were employed for detecting the onset of ignition at a lo-
calized region and studying � ame-spreading phenomena.

3) Test results showed the following interesting behavior:
a)Highly nonuniform� ame-spreadingprocessesoccurredin both

the deep and shallow � n regions.
b) The � ow pattern in the � n-slot region exhibited a strong cou-

pling with the � ame-spreadingpattern.The recirculating� ows near
the corner regions of the � n slot generally retarded the � ame-
spreading process.

c) Observed � ame-spreading rates in the � n-slot regions were
signi� cantly lower than those of a typical circular bore region. This
shows the rate-controlling characteristics of the � ame- spreading
process in the � n-slot regions in the overall ignition and thrust tran-
sients of solid rocket motors with � n slots.

d) The level of average � ame-spreading rate Vfs and the � ame-
spreading interval 1¿fs were found to depend strongly upon the
pressurization rate at the opening of the � n-slot region.

4) A dimensionless correlation was developed based upon test
data. The dependencyof the overall � ame-spreadinginterval on the
local pressurizationrate was determined.The higher the pressuriza-

tion rate, the stronger the product gas interactionwith the unburned
propellant surface, and therefore, the shorter the � ame-spreading
interval. This correlation,given in dimensionlessparameters, could
be useful to motor designers. Deeper understanding of the compli-
cated � ame-spreading process in a three-dimensional motor grain
was also achieved by this investigation.
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