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Flow-Structural Interaction Inside a Solid Rocket Motor
During Ignition Transient

W. A. Johnston* and J. W. Murdockt
The Aerospace Corporation, Los Angeles, California 90009

In this article, a numerical procedure for the analysis of the flow-structural interaction inside a solid rocket
motor (SRM) is developed from existing codes. This computer code simultaneously models the developing
flowfield and the associated propellant grain deformation during the ignition transient period of SRM operation.
It was created by coupling together an ignition-transient flow code, which provides a detailed picture of the
time-dependent flowfield and flame spreading inside the motor, with a set of structural influence coefficients,
which enable us to calculate the grain deformation that results from a given surface pressure distribution. Also
included in the numerical package is a grid-generation code, which generates a grid mesh for the internal-flow
passages, based on the deformed shape of the propellant grain. This grid mesh then is used in the ignition
transient flow code. As these three component calculations march forward in time, they interact continuously;
in this way the flowfield and grain shape are updated continuously. The computer analysis was validated by
and used to study the static test failure of the Titan solid rocket motor upgrade (SRMU) that occurred on April
1, 1991 at Edwards Air Force Base. It has since been used to predict the stability of other motors.

I. Introduction

T HE static test failure of the Titan solid rocket motor
upgrade (SRMU) that occurred on April 1, 1991 at Ed-

wards Air Force Base resulted in activity at various facilities
to model the test. This activity included the present work, as
well as Refs. 1 and 2. Reference 1 is a transient approach
with a very simplified geometry. Reference 2 is a quasisteady
flow model. The approach reported herein is transient and
makes minimal geometric approximations.

During the ignition transient period of solid rocket motor
(SRM) operation, several complex, time-dependent processes
advance in a strongly coupled manner. For example, in a large
segmented SRM, the hot gas from the igniter travels down
the bore and heats the propellant surface to ignition; once
this ignition occurs, the propellant surface becomes a site of
gas generation. Since the convective and radiative heat trans-
fer that lead to propellant ignition are strongly dependent on
the developing flowfield, and since the development of the
internal-flowfield is strongly dependent on the rate at which
the flame spreads down the motor, it is obvious that the time-
dependent flow and surface temperature are closely coupled.
Furthermore, the surface pressure load that develops on the
propellant segments causes the segments to deform, which in
turn alters the flowfield. This results in the additional coupling
of the internal-flowfield with the propellant geometry. This
flow-structural coupling is particularly important in seg-
mented SRMs, when the propellant segments have forward
corners (see Fig. 1) that jut out into the bore at intersegment
slots (e.g., Titan 5, 5-1/2, 7 segment SRMs, Space Shuttle
SRM, Titan SRM upgrade). When a protruding corner is
subjected to an axial flow, the surface pressure deforms the
corner out into the bore and further constricts the flow, which
then raises the upstream pressure and exacerbates the pres-
sure loading on the corner. If this feedback loop proves to
be unstable, then the corner will continue to deform and the

motor to pressurize, until either the grain or the motor case
fails.3

In this article, a numerical procedure for the analysis of the
flow-structural interaction is presented. This computer code
simultaneously models the developing flowfield and the as-
sociated propellant grain deformation during the ignition tran-
sient period of SRM operation. It is during this initial period
of motor operation, when the propellant surface has receded
only a little through burning and erosion, that the pressure
differential across propellant segment corners typically is at
a maximum and the bore radius at a minimum. It is at this
time that the interaction between the grain and the flowfield,
and the associated danger of grain and motor case failure, is
greatest. This code, which is designed to provide a model of
the time-dependent, fluid-solid interaction inside an SRM,
was created by coupling together the following:

1) An ignition transient flow code,4 which provides a de-
tailed picture of the time-dependent flowfield and flame
spreading inside the motor. The ignition transient flow code
is itself created by coupling together an unsteady internal-
flow code5 with an unsteady heat conduction solution for the
propellant surface temperature.

2) A set of structural influence coefficients, which enable
us to calculate the major features of the grain deformation
that result from a given surface pressure distribution.6

3) A grid-generation code, which generates a grid mesh for
the internal-flow passages, based on the deformed shape of
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Fig. 1 Initial geometry and cell mesh for the Titan SRMU internal
flowfield.
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the propellant grain. This grid mesh then is used in the ignition
transient flow code.

As these three component calculations march forward in
time, they interact continuously; in this way, the flowfield and
grain shape are updated continuously.

The computer code was applied to the analysis of the static
test failure of the SRMU. Numerical results from several
SRMU ignition transient simulations with different propellant
moduli are presented and compared with the measured head-
and aft-end chamber pressures that were obtained during the
static test firing.

II. Theory
As discussed in the Introduction, the numerical procedure

developed and used in this work has three main components:
1) an ignition transient flow solution, 2) a propellant grain
deformation calculation based on a set of structural influence
coefficients, and 3) a grid-generation code. The component
parts of this time-dependent, coupled, flow-structural inter-
active calculation are discussed separately.

A. Ignition Transient Flow Solution
The numerical calculation procedure for the ignition tran-

sient flowfield has been described in detail4; here, we present
only a brief description of that procedure. The ignition tran-
sient flow solution is itself best described as a composite cal-
culation. The approach was to combine an unsteady, axisym-
metric solution of the equations of inviscid fluid motion with
semi-empirical models for the convective and radiative heat
transfer to the propellant surface during the run-up to ignition.
The inviscid, single-phase, single-component flow solution
consists of a time-marching, finite volume solution of the
Euler equations. This flow solution, which is spatially second-
order accurate and employs the total variation diminishing
(TVD) methodology of Harten,7 has been described8 and im-
plemented for segmented SRMs.5 An unsteady, one-dimen-
sional, heat conduction solution for the propellant grain is
coupled to this flow solution in order to calculate the pro-
pellant surface temperature. Together with a surface tem-
perature ignition criterion, this determines the ignition delay
and flame spreading rate.

A portion of the finite volume cell mesh used in an SRM
ignition transient simulation is shown in Fig. 1. (Because the
flow is approximated as axisymmetric, only the upper half of
the motor is displayed.) The grid covers the central bore from
the head-end of the motor to a small distance downstream of
the nozzle throat. The grid also resolves the slot regions that
lie between propellant segments. In the absence of the flow-
structural interaction, the ignition transient flow solution pro-
ceeds as follows. Initially, the gas in the motor chamber is at
ambient conditions and at rest. The hot gas from the igniter
(the outline of which may be found in Fig. 1, on the centerline
at the head end of the motor) begins to emerge from the
igniter port(s) at time zero and to enter the computational
domain. This gas travels down the bore and, in so doing,
heats the propellant surface area elements that it passes. As
each surface area element reaches the autoignition temper-
ature, it is deemed to burn and acts throughout the remainder
of the calculation as an inflow boundary element that injects
hot combustion gas into the computational domain. As suc-
cessive surface elements are "turned on" by the hot gas that
moves through the motor, the flame spread is simulated. Rather
early in this process, the nozzle chokes and a period of rapid
motor pressurization begins. This pressurization continues
throughout the period of flame spreading and beyond, until
a steady-state situation appears after some elapsed time, typ-
ically on the order of 0.5 s for a large segmented SRM. Since
the ignition transient code (in the absence of the flow-struc-
tural interaction) runs on a fixed grid geometry, the calcu-
lation will converge on a steady-state result, although in an
actual motor there is a continuing change in propellant surface

location due to pressure deformation and burnback. There-
fore, in an actual SRM, the flow pattern at the end of the
ignition transient period is only quasisteady at best. If the
propellant deformation is both rapid and severe, the resulting
flow will be unsteady.

B. Grain Shape Calculation
The grain deformation component in this flow-structural

interactive calculation procedure is first activated after a spec-
ified number of flow solution time steps have been completed;
this continues at similar intervals throughout the time-march-
ing process. An interval of 100 time steps between geometry
updates, which was found by experience to be both sufficiently
time-accurate and economically feasible, was used in the cal-
culations. Since the typical flow solution time step was limited
by numerical stability to the order of 10~5 s, it follows that
the grain shape was recalculated about every millisecond. The
grain deformation calculation itself consists of multiplying (for
each propellant segment under consideration) a pressure loads
vector by a structural influence coefficient matrix to get the
resultant displacements at a few key points, which define the
shape of the grain. Consider Fig. 2, where this procedure is
illustrated. The quantity E is the propellant modulus (MPa);
P,, P2, P3, P4, and P5 are the values of the depicted pressure
loads (MPa); A/^, Ar/j, Ar0 Az^, and Azc are the radial and
axial displacements (mm) of points A, B, C, which are at the
corners and midpoint of the segment. These structural influ-
ence coefficients were supplied to us by Patel and Yang6; the
coefficients were obtained from a series of grain structural
analyses carried out using the ABAQUS code.9 In these anal-
yses, the propellant is treated as an isotropic, homogeneous,
linear elastic material. Figure 2 shows the structural influence
coefficient matrix used for the Titan SRMU center propellant
segment. The corresponding information for the Titan SRMU
aft propellant segment is shown in Fig. 3. Note that although
the coefficient matrices used herein are relatively small, there
is no fundamental limitation on size. The choice here was
dictated primarily by a desire to be consistent with our grid-
generation approximations. The deformation of the forward
propellant segment, which plays no role in the flow-structural
interaction, is not considered in our calculation. Consider how
the grain deformation calculation functions within the context
of the flow-structural interactive procedure. After 100 flow
solution time steps have been completed, values of the pres-
sure loads P,_5 are calculated. Our previous experience with
internal-flow solutions for the SRMU geometry indicated that
the actual surface pressure distribution on the propellant seg-
ments could be approximated accurately by a composite of
these simple loads. Once these pressure loads have been ob-
tained, a matrix multiplication gives the displacements of the
key points. The locations of these points are adjusted further
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Fig. 3 Structural influence coefficients for the aft propellant segment,
Titan SRMU (initial geometry).
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Fig. 4 Actual and approximate deformed grain surfaces at the for-
ward corner of the aft and center segments, Titan SRMU.

to account for propellant burnback, at an assumed rate of 7.6
mm/s. When these points have been relocated in this manner,
the deformed surface shape is approximated by straight line
segments. Based on our observations of the actual surface
shape that a structural analysis code such as ABAQUS9 pre-
dicts for a deformed grain segment, this line segment shape
is a good approximation over most of the propellant surface.
However, it is only a fair approximation at the forward corners
of the aft and center segments, where the surface exhibits
larger curvature. A further approximation is made in these
slot regions, i.e., that propellant surfaces in the slots must be
purely radial; this additional constraint is imposed by the grid-
generation procedure that we have yet to discuss. The situ-
ation is depicted in Fig. 4. We shall return to a discussion of
these geometric approximations later. Once this updated
polygonal grain segment shape is obtained, then a new finite
volume grid is generated for the flow passages, and the flow
solution is marched forward in time for another 100 steps.

C. Grid Geometry
The initial grid geometry for the Titan SRMU in the vicinity

of the aft slot is shown in Fig. 1. The complete axisymmetric
grid mesh contains 3545 cells. In the actual SRMU, the pro-
pellant in the forward closure has a star-grain cross section
with axial grooves. (A more complete description of the in-
ternal geometry of the SRMU may be found in Ref. 10.) To
account for this three-dimensional feature in our axisymmetric
model, we omit the axial grooves, which results in an annular
propellant cross section, and set the inner radius of this an-
nulus so that the void volume in the actual forward segment

and computational forward segment are matched. Then the
burning rate in the forward closure is adjusted upward to
account for any discrepancy in the burning area. The actual
SRMU has two other features that have been omitted in the
interest of simplicity. First, the actual SRMU geometry in-
cludes a submerged nozzle, which does not appear in the
computational geometry. This geometric omission is ac-
counted for by an enhanced burning rate over a small portion
of the burning surface in the aft closure, where this submerged
region is located. Second, in the actual SRMU, there are stress
relief grooves that appear as small indentations in the grain
surface near the top of the slots. These features also are
omitted from the computational geometry and modeled with
a locally enhanced burning rate. Note that these two features
are omitted from the geometry of the flow solution, but were
included in the grain structural analyses that yielded the in-
fluence coefficients.

The grid-generation scheme that creates the initial cell mesh,
and all of the subsequent cell meshes during the course of the
time-marching interactive calculation, is a modified version
of a code described in Ref. 11. An important feature of the
numerous grids generated during the interactive calculation
is that the number of flowfield cells does not change, and that
they retain their relative positions within the mesh as that
mesh undergoes distortion. When a geometry update is car-
ried out, the shape and position of many cells will change
slightly. Since our geometry updates are performed quite fre-
quently, compared to the grain deformation rates we have
encountered, the change in a cell's shape and location from
an update typically is very small. For this reason, we simply
carry over the cell values of pressure, density, temperature,
and velocity during the geometry update process. The grid-
generation procedure is economical (less than 3 CPU s of run
time on a Cray X-MP-14 for the grid in Fig. 1), but it is limited
to grids where the vertical borders between cells are strictly
radial lines. As noted previously, this constraint necessitates
some additional approximation of the deformed grain surface,
after that surface shape is calculated. However, it is important
to note that since the flow-structural interactive calculation
described here is constructed in modular form, it would be
possible to replace the present geometry module with some-
thing more general. Hence, this limitation is not inherent in
the overall interactive scheme.

III. Numerical Results
In this section, results from several numerical simulations

using the time-dependent, flow-structural interactive proce-
dure are presented. We begin with a discussion of the static
firing of the Titan SRMU, which occurred on April 1, 1991
at Edwards Air Force Base. At about 1.6 s into this static
test, the motor case failed due to excessive internal pressure.
Chamber pressure measurements obtained just prior to the
failure showed the head-end chamber pressure increasing rap-
idly and the aft-end pressure dropping. This divergence of the
head-end and aft-end chamber pressures implies a bore con-
striction, and strain gauge measurements from various axial
locations placed this critical constriction at the aft slot. The
probable cause of this bore constriction was judged to be the
uncontrolled deformation, or collapse, of the forward corner
of the aft propellant segment under the applied pressure load.
Due to the uncertainty in the value and behavior of the pro-
pellant modulus, and the crucial role that this property plays
in the success or failure of the motor, our approach was to
perform numerical static firing simulations for a range of pro-
pellant moduli. Our goal was to see if a reasonable depiction
of this failure scenario could be achieved with some reason-
able value of the modulus. We present results from simula-
tions with the modulus represented as a decreasing function
of time and with constant modulus. The first type of behavior
was intended to represent a relaxation modulus. In the interest
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of simplicity, we have replaced the usual decreasing expo-
nential behavior12 with a decreasing linear behavior. The as-
sumed modulus functions for the four cases considered here
are shown in Fig. 5. Lightweight analog motor tests carried
out by Hercules13 have been analyzed to determine the mod-
ulus. We computed E to be 8.6 MPa at 0.4 s, dropping to 6.8
MPa at 2 s with an accuracy of ±20%. Thus, cases I, II, and
IV are within the estimated uncertainty range of the modulus,
while case III is well above this range.

The various gas and propellant properties common to all
the SRMU simulations are found in Table 1, and the igniter
mass flow rate used in these calculations14 is shown in Fig. 6.
Note that although the geometric surface recession is ap-
proximated as constant, the local mass flux from the burning
surface is correctly computed as a function of pressure. Also,

Table 1 Gas and propellant properties, Titan SRMU

Specific heat ratio y 1.13
Gas constant #, J/[kg • K] 282.6
Flame temperature rflamc, K 3537
Ignition temperature rignition, K 700
Propellant density pprop, mg/m3 1.79
Burning rate constant C, mm/s 8.00
Burning rate exponent n 0.30
Propellant thermal diffusivity a, /mr/s 31.8
Prandtl number Pr 0.45
Propellant thermal conductivity k, W/[m • K] 0.692
Gas viscosity /x,ref, //Pa-s 0.314

M = Atrcl(770.556)"65 with T in K and burning surface mass flow
rate (kg/m2-s) = ppn)pC(/7/6.89)" with p in MPa.
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Fig. 5 Modulus functions for Titan SRMU simulations, cases I-IV.
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Fig. 6 Igniter mass flow rate, Titan SRMU.

we have attempted to model the burning rate reduction factor
(i.e., the so-called "hump factor"15) that solid propellants
exhibit immediately after ignition. We model this phenome-
non by starting all simulations with a burning rate that is 2%
less than the nominal value and allow the burning rate to rise
linearly to the nominal value (8.00 mm/s) during the first 1.5
s. A typical SRMU simulation required about 5 h of CPU
time on the Cray X-MP-14 to reach 1 s of physical time and
about 1 MWord of storage for the grid mesh previously de-
scribed.

A. Case I
As a first case, we consider an SRMU characterized by the

following propellant modulus:

E = 9.0
9.0 -4 - 1.1)

t < 1.1
t> 1.1

where E is in MPa and t in seconds. The computed head- and
aft-end chamber pressures are compared with static firing data
in Fig. 7. The computed bore radii at the forward and aft
corners of the center and aft propellant segments are shown
in Fig. 8. \

It is instructive to consider in detail the time-dependent
situation inside the motor. The simulation starts at t = 0,
with the gas inside the motor at ambient conditions and at
rest, and with the propellant segments in their initial shape.
At this time the igniter begins to function, and hot gas begins
to emerge from the axial igniter port and flow down the bore.
The first propellant surface ignition occurs at about t = 0.09
s near the forward slot, and from this point flame spreads
down the bore toward the nozzle and up the bore toward the
top of the motor. The nozzle chokes at about t = • 0.105 s,
and the steep rise in chamber pressure begins (see Fig. 7).
Since the rising flow rate implies an increased propellant load-
ing, especially on forward facing corners, we begin to see an

— Computed head-end pressure
- - • Computed aft-end pressure
* Aft-end pressure data*
o Head-end pressure data*

I I

0.8 1.2
Time, s

* Data supplied by Hercules Corp. to The Aerospace Corp.

Fig. 7 Comparison of computed (case I) and measured head- and
aft-end pressures, Titan SRMU.
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increase in the amount of propellant deformation at this time
(see Fig. 8). For the period from approximately t = 0.1 to
t = 0.3 s, the rate of deformation is rather "choppy," due to
significant pressure wave action during this time (i.e., pressure
waves traveling up and down the motor). Although in some
computations with the code these grain oscillations have not
decayed (presumably due to the massless propellant model),
in the present case, both the wave action and the grain os-
cillation diminish when the pressure rise begins to slow at
about t = 0.3 s as the motor begins to settle into a quasisteady
behavior. During the period from t = 0.1 to t = 0.2 s, there
is a disagreement between the data and the computed aft-end
pressure. We attribute this discrepancy to the fact that the
pressure transducer in question was situated behind the motor
insulation in the submerged nozzle region and may have ex-
hibited a slower response for this reason. The flame spread
continues from first ignition, with the flame reaching the noz-
zle at t = 0.14 s and completely penetrating the aft slot at
t = 0.20 s, at which point the entire propellant surface has
been ignited.

During the time interval from / = 0.4 s to t = 1.4 s, changes
in the flowfield and propellant continue to occur, but at a
much more gradual pace. The head- and aft-end chamber
pressures continue to rise, even after the initial pressurization
is complete, due to the decreasing hump factor and the in-
creasing burning area as a result of propellant burnback. The
pressure difference between the head and aft ends of the
motor also continues to grow, due to the continuing drop in
the bore radii at the forward corners of the segments. There
are two competing effects that together set the rate at which
the bore constriction proceeds. First, the deformation of the
forward corners of the propellant segments, due to the applied
pressure loads, causes the corners to move radially inward
and to constrict the bore. Second, propellant burnback causes
the corners to recede radially and to open the bore. During
the time interval from 0.4 to 1.4 s, the bore radii at the front
corners of the center and aft segments are slowly but inex-
orably decreasing, because deformation dominates the situ-
ation here. However, the aft corner of the center segment
recedes, because the burnback and the deformation both act
to increase the bore radius. Starting at about 1.0 s, the com-
puted values of the head and aft pressure begin to diverge
somewhat from the data, and the computed head-to-aft-end
pressure differential grows more slowly than the measure-
ments indicated. This implies that the simulation increasingly
underpredicts the amount of bore constriction during this time
period. We shall return to discuss this point later, but for the
moment we simply note the discrepancy.

When the calculation passes t = 1.5 s, the situation again
becomes highly unsteady. The calculation shows the head-
end pressure rising sharply, and the aft-end pressure plum-
meting, in a manner consistent with the data. (Note that the
final three values of head-end pressure data, which corre-
spond to the motor case failing, should be omitted from com-
parisons with the numerical solution.) The reason for the
sudden divergence of the two numerical pressure curves in
Fig. 7 is apparent from Fig. 8, which shows a steep drop in
the forward radius of the aft segment. This sudden, cata-
strophic bore constriction produces a highly unsteady internal
flow; these rapid changes in the flow pattern produce some
erratic behavior at the forward and aft corners of the center
segment (see Fig. 8). As this bore constriction becomes ex-
treme, the demands placed on our grid-generation procedure
overwhelm the calculation, and the numerical solution fails.
We note, for the purpose of comparison with other cases
presented later, that the solution terminates at t = 1.57 s, at
which time E = 8.15 MPa.

We have presented this particular case first, because it shows
the best agreement with the experimental data, and because
this relatively good agreement indicates that our numerical
procedure is capable of replicating the major features of the

data. We shall now consider some other propellant modulus
functions that lead to motor performance histories that are
qualitatively different from the present case.

B. Case II
As a second case, we consider an SRMU characterized by

the propellant modulus:

E = 9.0 f < l . l
9.0 - 0.7(/ - 1.1) t> 1.1

Note from Fig. 5 that this modulus is slightly higher than the
case I modulus. Computed head- and aft-end chamber pres-
sures are compared with static firing data in Fig. 9, and com-
puted bore radii are shown in Fig. 10. The purpose in dis-
playing simulation results for this particular modulus function
is that this modulus function, while very close to the modulus
of case I (see Fig. 5), leads to a stable motor. In this case,
the modulus drops a bit more slowly than in case I for t >
l.ls, with the result that the inward deformation at the critical
forward corners of the segments first slows, and then pro-
pellant burnback reverses the bore constriction. By comparing
Figs. 9 and 10 with Figs. 7 and 8, one finds that these two
simulations proceed in a very similar manner until t = 1.5 s.
At this point, the case I simulation experiences a catastrophic
bore constriction, while the case II motor continues to operate
successfully. The reason for the success of the case II motor
is found in Fig. 10, although it is somewhat difficult to discern
there. While the radius of the forward corner of the aft seg-
ment decreases continually in case I, this radius reaches a
minimum value of 436 mm at t — 1.53 s in case II and increases
thereafter. In case II, the radius of the forward corner of the
center segment reaches a minimum value of 399 mm at t =
1.38 s. The calculated head-end chamber pressure reaches a
maximum at t = 1.93 s and then declines.
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Fig. 9 Comparison of computed (case II) and measured head- and
aft-end pressures, Titan SRMU.
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The case II numerical simulation was run for 2.5 s, at which
point the calculation was terminated. The numerical results
at this time showed the bore widening, the chamber pressure
dropping, and the motor continuing to operate successfully,
even though the modulus had dropped to a value (E = 8.00
MPa) that was lower than the final value in case I. The results
suggest that motor failure due to bore constriction has been
avoided. Although the continued use of this linear modulus
function eventually might lead to some kind of failure, the
numerical results indicate that this would not happen until
the modulus drops to some unrealistically low value.

C. CaseHI
As a third case, we consider an SRMU with a constant

propellant modulus of E = 14 MPa. Computed head- and
aft-end chamber pressures are compared with static firing data
in Fig. 11, and computed bore radii are shown in Fig. 12. In
this case, the modulus is much higher than in either of the
previous two cases, and the propellant deformation is much
less. It is apparent from very early in this simulation that a
bore constriction failure cannot occur; both the bore radii
at the forward corners of the segments are increasing after
t = 0.60 s. The numerical simulation was terminated at t =
2.0 s.

The numerical results in case III support the common-
sensical notion that as we move away from the modulus func-
tion of case II towards a higher modulus (i.e., a stiffer pro-
pellant), the possibility of a bore constriction failure is eliminated
quickly.

D. Case IV
As a fourth case, we consider an SRMU with a constant

propellant modulus of E = 7.6 MPa. Computed head- and
aft-end chamber pressures are compared with static firing data
in Fig. 13, and computed bore radii are shown in Fig. 14. The
low modulus used in this simulation produces a catastrophic

bore constriction that has many of the same characteristics as
in case I. In particular, we direct the reader's attention to the
sudden divergence of the computed head- and aft-end cham-
ber pressure (Fig. 13) and the behavior of the segment corner
radii during the period of pressure wave action (from 0.1 to
0.3 s) and at the time of the failure (Fig. 14). However, the
case IV failure occurs much earlier. The numerical results in
case IV indicate that, as we move away from the modulus
function of case I toward a lower modulus (i.e., a softer pro-
pellant), a bore constriction failure increasingly is assured.

E. Additional Results
Since the propellant modulus is a quantity over which the

designer may have only limited control, it is important not to
rely solely on a high-modulus propellant for the success of a
motor. For this reason, we have considered some propellant
grain shape changes for the SRMU, which were intended to
make the successful operation of the motor less sensitive to
the modulus. Since the problem arises when forward corners
of propellant segments jut out into the bore flow, designs that
remove or mitigate this feature will produce a safer motor
from the standpoint of catastrophic bore constriction. One
way to achieve this would be to reverse the direction of the
center propellant segment (i.e., install this segment in the
motor upside down).16 A second approach would be to cham-
fer (i.e., either chop off or round) the forward corners of the
segments. The chamfering concept is depicted in Fig. 15.

We have carried out a flow-structural interactive simulation
for an SRMU with a straight chamfer at the forward corner
of the aft segment, but with the center segment unchanged.
This chamfer, which removes a triangular cross-sectional piece
from the corner, is drawn to scale in Fig. 15. The numerical
solution for this grain design required the generation of a new
set of structural influence coefficients for the aft segment,
which again were supplied by Patel and Yang.6 It is not our
intention to discuss the details of this numerical solution,
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Fig. 15 Chamfering concepts for the Titan SRMU.

12

as
Q_

o 4
0-

0

\ \ \ I I I

— Computed head-end pressure

— Computed aft-end pressure

I I I I J___I

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Time, s
Fig. 16 Computed head- and aft-end pressures, Titan SRMU, straight
chamfer on aft segment.

600

400

200

0

— Forward radius of center segment
— Aft radius of center segment
........ Forward radius of aft segment chamfer
— Aft radius of aft segment chamfer

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time, s

Fig. 17 Computed bore radii, Titan SRMU, straight chamfer on aft
segment.

except to note that the modulus was somewhat lower than
the case IV modulus and the solution predicted a motor fail-
ure; the results from this numerical solution may be found in
Figs. 16 and 17. However, this failure was interesting, because
in this case the catastrophic bore constriction occurred at the
forward corner of the center segment (see Fig. 17). The grain
deformation of the aft segment was diminished considerably
by the chamfer, and the numerical results indicated that a
failure originating at the aft segment would not be possible
for this motor. It can be seen in the case.I and case IV sim-
ulations that, while the preferred failure site for the SRMU
motor is the forward corner of the aft segment, the forward
corner of the center segment also has experienced a significant
inward deflection. Apparently, the failure at the aft segment
in these two cases may have masked an imminent failure at
the center segment. There is an additional implication that a
successful redesign requires chamfering both the aft and cen-
ter segments.

Finally, we have carried out some steady internal-flow so-
lutions for an SRMU with rounded chamfers, such as the one
depicted in Fig. 15, at the forward corners of the aft and

center segments. We have not attempted any direct compar-
ison of the rounded chamfer design with the straight chamfer
design, although it is reasonable to expect that the absence
of vestigial corners makes the rounded chamfer a slightly
better approach. This steady-flow solution was achieved sim-
ply by turning off the structural and geometry recalculation
components of the flow-structural interactive code and run-
ning the time-marching calculation to steady state; a similar
steady internal-flow solution for the nominal (unchamfered)
SRMU also was run for comparison. The purpose of these
two steady solutions was to make a quick assessment of the
effect of this chamfer on the pressure differential around the
forward corners of the aft and center segments. This pressure
drop, between the slot surface of a propellant segment and
the bore surface just downstream of the slot, is responsible
for the inward deflection of the forward corners of the aft
and center segments; the effect of the chamfers was to sig-
nificantly reduce these pressure differences. The numerical
results indicated that a bore constriction failure originating at
either the aft or center segment would not be possible for this
redesigned SRMU, unless the propellant modulus was far
below any of the modulus functions used in cases I-IV. Fi-
nally, we note that as of the date of this paper, five redesigned
SRMUs have been test fired successfully with rounded grain
chamfers on both the center and aft segments.

IV. Discussion
In this article, we have presented a flow-structural inter-

active calculation procedure that was constructed for the anal-
ysis of the developing flowfield and the associated propellant
deformation inside an SRM during the ignition transient pe-
riod. We have applied this computer code to the simulation
of the April 1991 static firing failure of the Titan SRMU and
have examined the motor's performance for four different
assumed propellant modulus functions, one of which (case I)
produced a chamber pressure history that agreed fairly well
with the data. This case I numerical solution exhibited a cat-
astrophic bore constriction at the front corner of the aft seg-
ment that confirmed the postulated failure scenario. We be-
lieve that the code has captured the major features of this
particular failure process and has done so with reasonable
accuracy.

Although the code in its present form has performed well,
there are two obvious areas that warrant further attention.
First, the isotropic, homogeneous, linear elastic behavior we
have assumed for the propellant is an idealization, the ade-
quacy of which deserves further examination. Second, there
are certain limitations on the generality of our flowfield grid-
generation scheme, which we already have noted could be
removed by upgrading the grid-generation component. While
we are engaged in a discussion of possible improvements in
the code, it is appropriate to return to the discrepancy be-
tween the data and computed values of the head and aft
pressure for t > 1.0 s that we noted in our discussion of case
I. We mentioned previously that the computed head-to-aft-
end pressure differential grows more slowly than the mea-
surements indicate, and that this implies that the simulation
increasingly underpredicts the amount of bore constriction
during the period for f = 1.0 s to f = 1.5 s. Two factors that
might contribute to this discrepancy are as follows. First, we
have made no attempt to model corner erosion, i.e., the
rounding of forward corners of propellant segments by the
particle laden flow. This effect would tend to slow the rate
of bore constriction. Since it appears that we already under-
predict the rate of bore constriction, this might not seem to
be a possible solution. However, the true situation is not that
straightforward. We have found in our various SRMU sim-
ulations that a lower modulus tends to increase the head-to-
aft pressure differential (by increasing the bore constriction
rate) and to move the failure forward in time. For example,
if we employ a somewhat lower modulus than the case I
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modulus, we would expect to get a simulation where the head-
to-aft pressure differential would be wider (i.e., in better
agreement with the data), but the failure would have occurred
earlier (i.e., worse agreement). Perhaps the inclusion of cor-
ner erosion in our model would help solve this dilemma.
Second, our idealized deformed propellant shape (see Fig. 4)
ignores the extent to which the propellant "bends over" at
the corner. This approximation tends to cause an overpre-
diction of the pressure differential at the corner, just as ig-
noring corner erosion does. An improved grid-generation
component would remove this problem.
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