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Flame Spread with Sudden Expansions of Ports
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Detailed theoretical and experimental studies on flame spread over nonuniform ports of solid propellant rockets
havebeen carried out. An idealized two-dimensionallaboratory motor was used for the experimental study with the
aid of cinematography. A detailed numerical simulation of the flame spread has also been carried out with the help
of a two-dimensional Navier-Stokes solver. Experimental results showing the phenomenon of secondary ignition
have been reported earlier and also reviewed here with the inclusion of additional results of a three-dimensional
geometry closer to a dual-thrust motor. In this paper more tangible results including the numerical modeling of
flame spread have been reported. It has been shown conclusively that under certain conditions of step location, step
height, and port height, which govern the velocity of gases at the step by the partially ignited propellant surface
or by the igniter gas flow, secondary ignition can occur far downstream of the step. This is very likely to be within
the recirculating flow region. The secondary ignition gives rise to two additional flame fronts, one of which spreads
backward at a relatively lower velocity, presumably as a result of low reverse velocities present in the separation
zone. This phenomenon is likely to play an important role in the starting transient of solid propellant rockets with

nonuniform ports.
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Introduction

HE flame-spreading process in a solid rocket motor is known
to influence the initial part of the thrust or pressure transient.
Flame spreading over a propellant surface is a complex process
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because the flame-spreading process in a rocket motor is coupled
to igniter system, port geometry, chamber gas dynamics, propel-
lant characteristics, location of the initial ignition, and so on. The
flame-spreading interval is defined as the time interval between the
first ignition of the propellant surface and the ignition of the entire
propellant grain.

The mechanism of flame spread apart from being dependant on
the thermal characteristics of the propellant, is influenced by the
heat-transfer process, which in turn depends on the flow, ambient
conditions,and propellant geometry. Normally, flame spread mech-
anism is assumed to be smooth or continuous. But this is not true in
many practical rocket motors with nonuniform ports. For instance,
dual-thrust motors (DTM) with a single chamber necessarily have
nonuniform port geometry. In such configurations it is very likely
that the flow separation, recirculation,and reattachment exist. Such
flow separation might also be caused by steep divergences, protru-
sions over the surfaces, or even by high localized burning. Many
segmented rocket motors also have sudden changes in port area
along the length. This will alter the convective heat transfer and so
the flame spread mechanism. The process of flame spread through
such a port, which is an input to any model, remains obscure. This
topic has not been studied by anybody so far although prediction of
ignition transient has been and continues to be a research topic! for
more than threedecades.In all of the earlierstudies, whethertheoret-
ical orexperimental constant port area configurationsare considered
because constant port area geometry is a good approximation to a
large number of solid rocket motors. In the present study the sudden
expansion region is modeled/simulated as a backward-facing step.
The flow pattern and heat transfer behind backward-facing steps
have been widely studied >~ which can aid in interpretation of the
present findings. Recently, similar studies on fuel (PMMA ) ignition
in a sudden-expansion region have been reported,” but there has
been none in the context of flame spread over propellant surface. In
a previous paper® the occurrence of secondary ignition at a down-
stream point followed by the formation of multiple flame front is
reported.

In spite of the massive efforts exerted toward understanding the
flame spread mechanism over propellant surface, many problems
are still unresolved. In an attempt to resolve some of the problems
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and in the light of new findings, a substantial revision of the exist-
ing idea may be necessary. Such problems of urgency to the rocket
motor designers are the starting transient prediction prompted by
experience with the solid rocket motors with nonuniform port con-
figurations.

In this paper experimental and numerical studies on flame spread
with sudden expansions of ports of solid rocket motors under ele-
vated pressure have been reported. Numerical simulation of flame
spread has been carried out using a two-dimensional Navier-Stokes
solver.

Literature Review

Paul and Lovine’ and several others have demonstratedthe role of
flame spreadrate in determiningthe starting transientof solid rocket
motors. Indeed the rate of pressure rise can, to a certain extent, be
controlled by altering the surface conditions governing the flame
spread. Flame spreading over double-base propellant and propel-
lant ingredients in quiescent atmosphere was studied by McAlevy
et al.!° In the experimental investigations freshly prepared rectan-
gular specimens were mounted in a large vacuum tight chamber and
were ignited by a hot wire. Flame-spreading velocity was found to
vary directly with pressure and ambient oxygen mass fraction and
inversely with the specimen surface smoothness. Raizberg!! pre-
sented an analysis and approximate analytical solution to determine
the flame-spreadingrate as a function of time. He investigated both
convective and radiative heating conditions and concluded that the
flame spreading rate must increase with time.

In most cases the flame spreading observed over solid propel-
lantis continuous. However, discontinuousflame spreading has also
been observed in some laboratory experiments.'>!? Peretz et al.!?
found that the flame-spreadingrate increases with increasingigniter
mass-flow rate and decreasing throat area. The discontinuous flame
spreadinghas been attributedto enhancedradiationheat-transferde-
layed reaction in the gas phase, enhanced convective heat transfer,
and local surface-roughnesscondition. Indeed the actual cause may
be a combination of the four causes just stated, which is succinctly
stated by Kumar and Kuo.!*

Experimental Method

A laboratory-size, solid propellant, window motor was designed
to withstand 60 kg/cm?. A schematic view of the experimental setup
is shown in Fig. 1.

The motor has a chamber of size 250 x 60 x 60 mm. It is fit-
ted with two toughened glass windows, one each on either side
to facilitate the cinematographic recording or the event of the
flame spreading. At the head end of the motor, a safety valve
that can operate at 25 kg/cm? is fixed. The ignition is carried
out by a thin nichrome wire, which is energized by an ac auto-
transformer. At the aft end of the motor, a nozzle block assem-
bly is fitted. In the present study ammonium perchlorate-hydroxyl
terminated polybutadiene-aluminiun propellant (p, = 1.77 g/cm?,
T; =3450K, r =3.47P%% where P is pressurein MPa and r is in
mm/s.) with 18% metal and 86% solid loading is used. The propel-
lant sample is inhibited on all sides other than the top surface. The
propellantspecimenis glued on a variable height wooden plank and
mounted in the motor. Metal plates can be fitted on the top wall of
the motor to affect changesin port area.
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Fig. 1 Schematic of the two-dimensional motor for flame spread
studies.

The two parameters of interest are the flame propagation rate
and the chamber pressure of the motor. A high-speed camera and
a pressure transducer are used for this purpose. The processed film
is analyzed in a motion picture analyzer frame by frame. Several
problems related to erosion of glass window, illumination of the
burning surface, and uniform ignition along the width had to be
resolved before obtaining accurate experimental data.

The parameters that are changed are the port height H,, step
height H;, and the step location X, which are shown in Fig. 1.
Nearly 40 firings were conducted, and data from only those firings,
which gave clear and distinct photographicimages, were analyzed.
These have been reported in detail in a previous paper.®

Data generation, both qualitative and quantitative, is through
frame-by-frame analysis of the cine photographicrecords obtained
at a speed of 100 pictures per second. This camera speed is ade-
quate for observing and analyzing the sequence of events during
the flame spread at the test conditions. Location of the main flame
front X ; at differentinstants of time ¢ constitute the raw data from
which the rate of flame spread, occurrence of secondary ignition,
and other information are deduced. In this discussion a reference to
secondary ignition implies the formation of additional flame fronts
that augment the flame spreading.

It takes a few seconds after the nichrome wire becomes white hot
for the first burst of flame, i.e., ignition, to occur. The first flame
seems like a hangfire (virtually stationary) at the beginning because
in this configuration little convection is present at that stage. The
instant when the flame spreading becomes perceptibleis arbitrarily
denoted as time # =0. This obviously does not alter any derived
information like the rate of spread.

Compared to the tests conducted at atmospheric pressure,'® rel-
atively shorter timescale and higher velocity levels are evident at
elevated pressure tests. Some experimental results under elevated
pressure tests have been presented earlier,!¢ and a detailed discus-
sion is available in Ref. 8.

Qualitatively,in all firings tiny flamelets are observed well ahead
of the flame front as in the case of a uniform port configuration, a
feature reported by Andoh et al.'> However, these flamelets do not
generate additional moving flame fronts, but are engulfed by the
main flame front. When the flow velocities are low enough over a
period during which a forward spreading flame approaches the step,
the situation may not be too different from the case without a step.
Figure 2 shows an example of the case of only forward spread in
the presence of a step.

In contrast to the preceding, when the flow rates are sufficiently
high upstream of the step, one could expect distinct flow separation.
This would be the case when the step is further downstream or the
portis narrower. Figure 3 shows a case with a secondary ignition at
a downstream region followed by a backward spread of the flame
in addition to the normal forward spreading.

Experimental
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Fig. 2 Example of the case of only forward flame spread in the presence
of a step.
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Fig. 3 Case of backward flame spread at higher pressure (peak pres-
sure = 12.6 Ksc).
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Fig. 4 Case with web downstream of the step. Web configuration in
two views in inset (peak pressure = 14.3 Ksc).

In all of the tests, with backward-facing step it is observed that
the vertical face of the step is the last part of the specimen to be
consumed. Because the propellant thickness and normal burn rate
are uniformall over, this is corroboratingevidence for the formation
of multiple flame fronts.

The phenomenaof secondary ignition has been observed with the
aid of color video photography, and data recording has been done
with the help of cinematography.

Figure 4 shows a flame-spreading phenomenon at high pressures
with a grain geometry that includes a thin web downstream of the
step. This obviously generates a three-dimensionalgeometry closer
to the DTM grain near the expansionregion. The secondaryignition
was observedfirston the top partof the web followed by flame spread
in all directions.

It has been shown conclusively that under certain conditions of
step location and port height, which govern the velocity of gases at
the step by the partially ignited propellant surface, secondary igni-
tion can occur far downstream of the step. This is very likely to be
a region of reattachment of flow. The secondary ignition gives rise
to two additional flame fronts, one of which spreads backward at
a relatively lower velocity presumably because of the low reverse
velocities present around the separation zone. This phenomenon is
likely to play an importantrole in the ignition transient of solid pro-
pellant rockets with nonuniform ports. Having proved the concept
of secondary ignition, the next step will be to develop a theoretical
model for practical applications. These efforts are described in the
subsequent sections.
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Fig. 5 Idealized two-dimensional model of a solid rocket motor with
sudden expasion port.

Fig. 6 Grid system in computational region (120 X 80).

Numerical Method of Solution

A detailed numerical simulation of the flame spread and corre-
sponding flowfield in a sudden expansion combustor has also been
carried out with the help of a two-dimensional code. This code
solves unsteady Reynolds-averagedthin-layer Navier-Stokes equa-
tions by an implicit LU-factorization time-integration method. It
uses state-of-the-art numerical methods like upwind differencing
with Van Leer flux-vector splitting, which are necessary for getting
good quality time accurate solutions for practical configurations.
An idealized physical model is shown in Fig. 5. This is a good
representation of the nonuniform ports of a solid rocket motor.

The system of governing differential equations with boundary
conditions is solved using the finite volume method. The viscosity
is determined from the Sutherland formula.

An algebraic grid-generationtechnique is employed to discretize
the computational domain. A typical grid system (120 x 80) in the
computationalregionis shown in Fig. 6. The grids are clustered near
the solid walls using suitable stretching functions.

The motor parameters and propellant properties including the
burning-rate constants are known a priori.

Especially for internal transient problems boundary conditions
are very crucial. Treatment of boundary conditions depends up on
the problem to be solved. In this analysis initial propellant sur-
face temperature is prescribed, and solid-wall (nonpropellant) tem-
perature is specified as the propellant autoignition temperature.
At the solid walls a no-slip boundary condition is imposed. The
heat-transfer coefficient [C}, =2q., / (0oo USQ)] is evaluated from the
model, and further propellantsurface temperatureis determined us-
ing Zien’s equation.!”

Burn rate (r =a P") is computed based on the local pressure of
the cell. For the initial state of low velocities and low pressure rise,
one can ignore erosive and transient burn rates.

Using the burn rate r, propellant density p,, and gas density
P, normal velocity caused by propellant burning is given by
V. =rp,/p,, and tangential velocities are specified as zero. Step
location X, step height H,, and portheight H, in Fig. 5 are chosen
to conform with the experimental condition presented in Ref. 8.

Using this model, several test runs were made with different port
geometries, inflow conditions, and grids. The Courant-Friedrichs-
Lewy number is chosen as 2.0 in all of the computations.

Results and Discussion

The numerical results correspondingto the experimental configu-
ration and propellantproperties reproduce many qualitative features
such as secondary ignition and backward flame spread. Figures 7a-
7c show the velocity distribution of a test case where secondary
ignition is evident. In this test case secondary ignition occurred at
t =0.2058s. Reverse flow is discernible,at the upstream of the step,
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Fig. 7a  Velocity distribution before secondary ignition (£ = 0.189 s).

g
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Fig. 7b Velocity distribution at the time of secondary ignition
(£=0.205895).

Fig. 7c  Velocity distribution after secondary ignition (¢ = 0.223 s).
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Fig. 8 Numerical prediction of the location of flame fronts at different
intervals showing with and without secondary ignition at two different
inlet velocities over a same backward-facing propellant surface.

well before the secondary ignition, and it is apparentat # =0.189 s.
This is presented as Fig. 7a. At the time of secondary ignition, the
reverse flow at the upstream of the step vanished. This change over
has taken place within a short period of time (16.8 ms), and it is
visible in Fig. 7b. In this figure recirculation region can easily be
recognized. Figure 7c shows the velocity distribution after the sec-
ondary ignition (f =0.223 s). At this time flow is established at
the upstream of the step; however, reverse flow persists at the down-
stream of the step. Backward flame spreadis prominentduring these
periods (17.2 ms).

Figure 8 shows the numerical prediction of the location of flame
fronts at differentintervals in a backward-facing propellant surface
at two differentinlet velocities. It shows that when the inlet velocity
is 100 m/s there is only forward spread and when the inlet velocity
is relatively higher (600 m/s) secondary ignition is evident. This
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Fig. 9 Numerical prediction of the propellant surface temperature at
different intervals showing the shifting of the peak values of the heat
flux toward the step.

indicates that the inflow condition is very crucial for modeling the
flame spread mechanism. Figure 9 shows the shifting of the peak
values of the heat flux toward the step during the pre-ignition time.
This is because of the shifting of the reattachmentlocationitself due
to the reverse flow.

The numerical results presented so far in this paper made it pos-
sible to examine for the first time a number of factors, which are im-
portant in the ignition transient studies of solid rocket motors with
nonuniform port configurations. Toward this end, an attempt has
been made for the exact prediction of flame spread over a backward-
facing propellant surface. Numerical solutions are sensitive to
grid distribution. Considerable effort has been directed toward this
study.

Figure 10 shows the numerical solutions of a typical test case
with the same inflow condition but with three different grid distri-
butions. Although qualitative features of the flowfield are found to
be the same, quantitative differences exist between 120 x 80 and
240 x 160 grid cases. It can be seen from further grid refinement
that between 240 x 160 and 350 x 160 grid systems the time of
secondary ignition, total period of multiple flame spread, and the
total flame-spread time is found to be almost the same even though
some difference persists in the location of the secondary ignition.
This difference may be caused by the stretching of the grids. In
all of the cases, length of the first grid from the solid surface is
taken as 0.25 mm. The location of the secondary ignition has large
heat-transfer rates; hence, an error in pinpointing the location of
secondary ignition can lead to significant errors in predicting the
overall ignition transient of solid rocket motors. This is an area that
deserves to be examined more carefully.

Considering the computational time for all of the different cases
considered, the 240 x 160 grid distribution is chosen for further
parametric study. Figure 11 shows the flame-front locations with
time for the case with same port height H,, and step height H, but
with differentstep locations X;. It is seen from this figure that when
X, =110 mm secondary ignition is found to be at 1.3 times the
step height from the step location. When X; = 80 mm, secondary
ignition has been reduced to 0.9 times the step height. It has been
observed through this parametric study that when the step location
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Fig. 10 Numerical solutions of a typical test case with same inflow
condition but with three different grid distributions.
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Fig. 11 Numerical prediction of thelocation of flame fronts at different
intervals with same inflow condition, port height, and step height but
with two different step locations.

is nearing to the head end, the location of the secondary ignition is
tending toward the step location with faster spread rate.

In an another attempt a case with same port height and step lo-
cation but with different step height does not show any significant
difference in the location of the secondary ignition. However de-
layed secondary ignition is noticed with an increase in step height.
This can be seen in Fig. 12.

It has been observed through several comparisons that, with the
same inflow conditions and propellant properties, velocity distribu-
tions are different for different port geometries during the flame-
spreading period. Hence, it has been concluded that, apart from the
propellantpropertiesand inflow conditions, the inclusion of the port
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Fig. 12 Numerical prediction of thelocation of flame fronts at different
intervals showing the variation of secondary ignition time with same
inflow condition, port height, and step location but with three different
step heights.

geometry in the model is also important for the accurate prediction
of the flame spread mechanism.

For the differentconfigurationstested in the presentexperimental
work, the peak Reynolds numbers based on step heightare estimated
to be between 6 x 10° and 4 x 10* at the propellant flame tempera-
ture. At these turbulent Reynolds-number ranges, the reattachment
point is known to lie at least three times the step height away from
the foot of the step. However the zone of secondary ignition for
many tests is around 0.8-3.0 times the step height. Therefore one
can conclude that the secondary ignition occurs inside the recir-
culation bubble. The preheating of the propellantin this zone be-
fore the arrival of the flame at the sudden expansion also appears
important.

The separated flow characteristics such as size of the separation
bubble, flow redevelopment, and heat transfer in the recirculation
region are known to be dependent on Reynolds number upstream
of the step and step height. During the flame-spreading process, the
Reynolds number at the top of the step gradually increases as the
main flame frontadvances, attaininga maximum as the flame covers
the entire propellant surface before the step. The flame spread be-
ing a transient phenomenon, the heat-transfer coefficient gradually
increases with time. Hence, ignition of a larger propellant surface
area produces more hot gases, which increase the amount of heat
transferred to the unburnt propellant surface by convection. Thus,
the rate of spread at a given distance or time is increased by increas-
ing the ignition area. As the flame spread rate increases, preheating
increases, and the spread becomes accelerative.

In the numerical study different Reynolds numbers are consid-
ered. The two cases presentedin Fig. 8 with a given Reynolds num-
ber (3 x 10*) show that high inlet velocity will cause reduction of
the effective time for the complete ignition of the propellantsurface.
Secondary ignition and multiple flame fronts are also observed in
one case where inlet velocity is relatively higher, and in the other
case, atlow velocity, the flame spread is observed as continuouseven
in the presenceof a step. These featuresare observedexperimentally
and presented in Figs. 2 and 3. In the experimental conditions port
heights are changed for getting differentflow velocities. Hence, the
formation of a multiple flame front has been observed at different
experimental conditions too.

In the numerical studies when the time step increases, the peak
value of the heat flux is shifting toward the step location. A case
reportedhere shows (Fig.9) that the peak temperaturezone is located
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within the recirculationbubble. It is inferred from these studies that
the recirculationregion will favour secondary ignition.

The implication of the secondary ignition can be quite serious
for a practical rocket. One secondary ignition would result in two
additional flame fronts, one spreading forward and the other back-
ward. This effect will be furtheraccentuatedin the case of star grain
downstream of sudden expansion where the star points generate
multiple flame fronts. The effective time required for the complete
burning surface area to be ignited comes down drastically giving
rise to a high pressurizationrate (d P/dt) in the second phase of ig-
nition transient. This in effect could lead to a hard start of the rocket
motor.

Conclusions

Although the experimental investigations of flame spread mech-
anism proved conclusively the formation of secondary ignition, it
is difficult to separate the effects of geometry from the inlet flow
conditionson the formation of multiple flame fronts. This ambiguity
has been overcome by the present model. The detailed parametric
study has revealed that the proposed model will be able to reason-
ably predict the condition of the flow separationand reattachmentat
differentenvironmentalconditionsand material propertiesata given
initial and boundary condition. Hence, the model will be useful for
the designer to design a solid rocket motor in the thrust transient
point of view.

It may be conjectured from this experience that the phenomenon
of flow separation and reattachmentcould also modify the nature of
erosive combustion, which is also a consequenceof convective heat
transfer. This also adds to the complexity of the ignition transient.
This calls for areexaminationof the existing conceptof solid propel-
lant motor ignition and subsequent flame spread before embarking
on the formulation of a new model and a code of solution.

The experience gained through this code has made it possible to
develop a three-dimensionalversion of the model for handling more
complex geometries for practical applications.
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