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Titan IV Motor Failure and Redesign Analyses

I-Shih Chang,*N. R. Patel,’ and S. Yang?
The Aerospace Corporation, El Segundo, California 90245

A fully interactive, gas-flow—grain structural analysis was developed and applied to reconstruct the failure mode
of the first prequalification motor and to evaluate the redesigned grain configuration for the Titan IV solid-rocket-
motor upgrade. The gas-flow analysis was based on an adaptive, unstructured, finite-element method for the
solution of full Navier-Stokes flows inside solid-rocket-motors. The grain structural analysis was conducted using
a general-purpose, finite-element program with the consideration of viscoelastic properties of the propellant and
orthotropic properties of the graphite-epoxy motor case. The exact deformed grain geometry was considered in
the fully interactive, gas-flow—grain structural analysis. Results of the analyses for the first prequalification motor
and for the redesign motor agreed well with the data obtained from the static firing tests. The study provided
confirmation and confidence required for the implementation of the grain modification. The qualification program
for the Titan IV solid-rocket-motor upgrade was completed with five successful tests of the motors with the

redesigned grain configuration.

Nomenclature

= specific heat at constant pressure, Btu/Ib-°R

= conservative variable vector in Eqg. (1)

= Young’s modulus in Eq. (2)

= r-direction flux vector in Eq. (1)

= x-direction flux vector in Eq. (1)

= Flux vector in Eq. (1)

ith component of external loading vector

shear modulus, E/2(1 4 v)

gas pressure, psi

= gas Prandtl number

= radial coordinate from motor centerline, in.

= propellant burn rate, in./s

= temperature, °R

= time, s

ith component of grain displacement vector

axial coordinate, in.

ith component of a position vector

coefficient of thermal expansion

= ratio of gas specific heats

= geometry index in Eq. (1) (6 = 0 for plane
two-dimensional flow; § = 1 for axisymmetry)

= first strain invariant

= temperature difference, T — T, °R

= gas viscosity (Ibf-s/in.?)

= Poisson’s ratio
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Subscripts

c = motor chamber condition
0 = initial condition

Introduction

HE U.S. Air Force Titan IV solid-rocket-motor upgrade,’
shown in Fig. 1, is being developed to launch large payloads.
The program suffered a temporary setback when a static firing test
of the first prequalification motor (PQM-1) failed at 1.58 s after
ignition.? The evaluation of test data from the motor firing suggested
that the large pressure gradient on the unchamfered aft-segment
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propellant grain resulted in an excessive grain deformation, which,
in turn, increased pressure on the propellant grain as illustrated in
Fig. 2. This coupling of the gas pressure and grain deformation con-
tinued until the propellant grain cracked at the stress-relief groove
and deformed excessively to constrict the gas flow at the forward end
of the aft segment. This caused a corresponding rise of the head-end
pressure until the motor case ruptured.

To confirm and reconstruct the postulated failure mode for
the SRMU PQM-1, a novel, multidisciplinary interactive analysis
method shown in Fig. 3 was developed. This analysis method com-
bines the disciplines of propulsion, gasdynamics, and structural me-
chanics and provides a means to evaluate the detailed gas flowfield
and exact propellant-grain structural response during a solid-rocket-
motor firing. A unique feature of this analysis methodology is the
gas-flow analysis, which solved the full Navier—Stokes equations
for viscous, compressible, axisymmetric flows inside an arbitrary
computational domain prescribed by the ablated motor and nozzle
insulation and receding propellant burnback boundary. This paper
documents the results of the fully interactive gas-flow—grain struc-
tural analyses performed during the mishap investigation and during
the redesign evaluation of the Titan I'V solid-motor upgrade.

Background

The Titan IV solid-rocket-motor upgrade is 10.5 ft in diameter
and 112.4 ft long; it consists of three segments made of filament-
wound graphite-epoxy composites and joined together by steel cle-
vis rings. A composite of IM7 graphite fibers and HBRF-55A epoxy
resin is employed for the forward dome and cylindrical segment,
the cylindrical center segment, and the cylindrical portion of the
aft segment, which is mated with the steel aft dome. In addition to
the filament windings, the segment joint regions are reinforced with
unidirectional tapes consisting of IM7 graphite fibers preimpreg-
nated with 3501-6 epoxy resin. The motor case is thermally pro-
tected from combustion gas by Kevlar-loaded ethylenepropylene-
diene monomer wound elastomeric insulation in the major portion
of the cylindrical region of the segments. Premolded silica-loaded,
ethylenepropylenediene monomer insulation is used for the ther-
mal protection of the forward dome, the steel clevis rings, and the
aft dome. The motor is loaded with 688,850 1b of hydroxyltermi-
nated polybutadiene solid propellant (69% ammonium perchlorate
+19% aluminum +12% binder) and weighs about 772,750 1b. The
propellant has a star-shaped grain in the forward segment and a
tapered cylindrical grain in the center and aft segments. A stress-
relief groove is molded in the center and in the aft segment, as shown
in Fig. 1, to minimize the stress concentration at the bondline be-
tween the propellant and the motor case insulation. The connection
between the aft composite segment and the steel dome, as well as
the connection between composite segments and steel clevis rings,
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Fig. 3 Fully interactive gas-flow—grain structural analysis simulation.

is accomplished by factory joints using two staggered rows of 120
1.125-in.-diam steel pins. The motor is assembled with two field
joints located between the forward and center segments and be-
tween the center and aft segments. Each field joint has a single row
of 144 equally spaced 1.125%in.-diam steel pins. A thrust-vector
control system with a flexseal assembly provides the nozzle with a
maximum 6-deg gimbaling capability. The Titan IV launch vehicle

_with two strap-on solid-rocket-motor upgrades is designed to pro-
vide a 25% increase in the payload delivery capability over that of
the current Titan IV vehicle with steel motor cases. The Titan IV is
the most powerful solid rocket motor in the U.S. Air Force space
launch program. .

Following the failure of the first prequalification motor, a mishap
investigation team acted to identify the cause of the test failure.>
A fault tree was constructed to ensure proper evaluation of every
potential cause of the test failure, which included items such as test
facilities and the design and manufacture of all motor components.
Each item of the fault tree was carefully examined and scrutinized.
The cause of the failure was identified to be the result of gas-flow—

grain structural interaction, which led to the excessive deformation
of the propellant grain and constriction of the gas flow inside the
motor chamber.

A fully interactive gas-flow—grain structural analysis was devel-
oped and applied to reconstruct the failure mode of the motor. In this
analysis approach, the pressure-distribution along the propellant-
grain surface was obtained from the gas-flow analysis and used in
the grain structural analysis at the initial time. The combustion gas-
pressure load resulted in propellant-grain deformation, which in turn
induced the change in gas-pressure distribution inside the motor. The
exact deformed grain geometry generated from the grain structural
analysis then was fed back to the gas-flow analysis for a contin-
ued, interactive solution at the next time. This process was able
to provide analysis results that closely matched with the test data
from the first motor firing. Although a one-dimensional model for
gas-flow—grain structural interaction was discussed* for a motor of
simple geometry, the detailed gas-flow—grain structural interactive
analysis with the consideration of the exact deformed grain geom-
etry presented is required for the failure-mode reconstruction, and
for the redesign evaluation of the Titan IV motor with a complicated
interior configuration. As a part of the PQM-1 recovery program,
the propellant grain at the leading edge of the center and aft seg-
ments was chamfered to reduce the pressure gradient on the grain
surface and to eliminate the recurrence of the PQM-1. failure. The
fully interactive gas-flow—grain structural analysis also was utilized
to evaluate the redesigned grain configuration. The study provides
the analysis support to the qualification program of the Titan IV
solid-rocket-motor upgrade.

Internal Flow Analysis

An efficient method® for the solution of compressible viscous
flows inside solid rocket motors was used to provide timely flow
analysis support for the mishap investigation and for the redesign
evaluation of the SRMU. The method applied an adaptive, unstruc-
tured, finite-element mesh generation technique and a cell-centered,
second-order flux correction transport scheme for the solution of full
Navier—Stokes equations, which included every term in the viscous
stress tensor in an axisymmetric or two-dimensional flow:
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The method, which was applied in Ref. 6 to the study of a
plane two-dimensional, supersonic flow over a circular cylinder,
was extended and streamlined in Ref. 4 for the solution of axisym-
metric flows inside solid rocket motors of any arbitrary configu-
ration with a nonuniform inlet boundary condition. This method
also had been extended to a multimaterial transient heat-conduction
analysis in Ref. 7. With a known initial motor interior configura-
tion, the method allowed the computational boundaries, including
propellant burnbacks, ablated motor case insulation, and eroded
nozzle and exit-cone surfaces at any time after ignition, to be deter-
mined intelligently. The method is flexible and versatile in treating
the complicated geometry in multidimensional space and is espe-
cially suited for the internal flow analysis of the SRMU with ab-
lated motor and nozzle insulation and receding propellant burnback
boundary.

The computational domain in this study covered the full length
of the SRMU interior configuration. This included the forward seg-
ment, the center segment, the aft segment, the submerged nozzle,
and a portion of the exit cone. The three-dimensional star-shaped
grain in the forward segment was approximated in an axisymmetric
analysis by a cylindrical grain with an equivalent hydraulic diame-
ter equal to 4 times the cross-sectional area divided by the wetted
perimeter at each axial station at every time slice. The mass flow
rate from the cylindrical grain surface was adjusted to be equal to
that from the star-shaped grain on the forward segment at each axial
station at every time slice. The inlet boundary lay on the propel-
lant burning surface, and the flow variables on the inlet boundary
were determined from propellant burn rate, chamber temperature,
and chamber pressure. At each integration step, the gas pressure
on the propellant burning surface was recomputed from the energy
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Table 1 Lamina properties®

Modulus, 10° psi

Poisson’s ratio

Ply type En Exp E33 G2 Gi3 G V12 V13 V23

Hoop Winding 220 0.262 0.262 045 0.1 0.1 0.272 0.311 0.311
Helical Winding 209 0.262 0.262 0.45 0.1 0.1 0.272 0.311 0.311
Broadgood 20.6 1.23 1.23 0.723 0.469 0.469 0.275 0.313 0.313

4Subscript 1 denotes fiber direction, 2 normal-to-fiber direction (in-plane), and 3 cross-ply direction.

equation, using an average of presently and previously computed
gas densities. The newly computed pressure was used to provide a
new gas density from the equation of state on the inlet boundary for
the next integration step. For the viscous flow analysis, the nozzle
and exit-cone wall constituted a nonslip boundary with a specified
wall temperature. The exit plane was set at a location 20 in. down-
stream of the nozzle throat. This insured that no subsonic pocket
existed near the exit plane, and any numerical error resulting from
linear extrapolation near the exit plane would not propagate back
and affect the upstream results. The initial guess for the quasisteady
flow calculation at each time slice was based on a one-dimensional,
isentropic assumption.

The flowfield associated with the deformed grain inside the PQM-
1 could not be analyzed easily with other existing methods, mainly
because of the difficulty in modeling the exact configuration of the
deformed grain. Further difficulty arose when excessive grain radial
deflection made the bore radius at the leading edge of the aft-segment
propellant grain smaller than the geometric throat of the nozzle. This
produced another sonic flow atthe leading edge of the deformed aft-
segment grain, in addition to the one at the geometric throat of the
nozzle. The adaptive, unstructured, finite-element method used in
this study considered the exact deformed grain geometry and en-
countered no difficulty in obtaining the solution for the complicated
flow situation inside the PQM-1 motor. The quasisteady analysis
implied that the flow attained steady state at each time slice. The
difference in the mass flow rate generated on the propellant burn-
ing surface and that passed through the nozzle throat at each time
slice produced the measurable effect of time rate of change of the
chamber pressure, dp/d ¢. The propellant burn rate is a function of
pressure and is set to s = 0.0677p"?32, The gas properties used in
the analysis are

y = 1.13, ¢, = 0.587 Btu/Ib-R

T, = 6400°R,

1= p(T/T)*

Grain Structural Analysis

The structural analysis portion of the interactive analysis was
based on the following generalized equations of displacement:

1 9 fi  2(1+v) a9

e _ o9 2
1—209z, G 1-2 Yo 2)

Pr=0.57

with g, = 0.1382 x 1077 Ibf-s/in.?
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The discretized finite-element equations were solved by the
ABAQUS computer program® using the linear elastic element op-
tion. This program is known to provide accurate results for a nearly
incompressible material such as the propellant. Since the data ob-
tained from the motor firing test indicated that the forward-segment
grain deformation did not significantly affect the gas flow, the struc-
tural analysis effort was focused on the center and aft segments.
Because of the large size of the analysis model, the two segments
were analyzed separately for the thermal, gravitational, and pres-
sure loads. The structural model included the composite motor
case, polymeric insulation, and propellant grain. The eight-noded,
axisymmetric solid elements were used to represent the graphite-
epoxy motor case, rubber insulation, and solid propellant in the
finite-element analysis. Each element of the motor case was pro-
vided with a set of orthotropic material properties summarized in
Table 1. A special type of hybrid element, which contains both stress
and displacement in the formulation of the element and is suitable for

Table 2 Insulation and propellant properties

Thermal
. expansion
Modulus, psi Poisson’s coefficient,
Material Ignition Storage ratio 109 (in./in.)/°F
Insulation (EPDM) 8040 2000 0.499 8.5
Insulation (WEID) 2570 570 0.4994 85
Propellant:
60°F 1200 230 0.499985 4.6
90°F 900 155 0.499985 4.6

nearly incompressible materials, was used for the rubber insulation
and solid propellant. The viscoelastic properties of these materials
were taken into account in a linear-elastic analysis by varying their
moduli as a function of motor burn time.

During the initial phase of the anomaly investigation, the pro-
pellant modulus was not well defined, because the initial motor-
propellant mechanical properties were not fully characterized.
Based on the preliminary data® from the propellant uniaxial ten-
sion tests at various loading rates, a propellant ignition modulus
ranging from 900 to 3000 psi was considered in the fully interac-
tive gas-flow—grain structural analysis. The radial deflection for the
high-modulus (stiff) propellant was not large enough to cause the
observed chamber pressure drop from the head end to the aft end
of the motor. On the other hand, too much deformation of the low-
modulus (soft) propellant would produce a higher pressure drop
from the.head end to the aft end of the motor than that observed
in the test. The “correct” modulus derived from the analysis for the
PQM-1 propellant at 60°F was found to vary from 1200 psi at ig-
nition to 1040 psi at 1.58 s-into motor burn. This time-dependent
propellant modulus produced a very good match between the com-
puted and the measured pressures inside the motor chamber during
the 1.58-s motor firing of the PQM-1. Incidentally, the propellant
ignition modulus was verified by the propellant mechanical property
test!” and subscale pressurization test,!! after the anomaly analysis
described in this paper had been completed. The properties for the
insulation and propellant used in this analysis are summarized in
Table 2.

Test Data and Results of Analysis
PQM-1 Anomaly

The test motor was provided with static pressure probes near the
ignitor housing at the head end of the motor and at the joint be-
tween the aft dome and the nozzle assembly. Shown in Fig. 4 is the
motor-chamber pressure history obtained during the PQM-1 firing.
The measured data showed that the difference between the head end
and aft end pressure deviated significantly from that of the prefire
prediction for a well-behaved motor. During a normal motor firing,
one would expect that, after the ignition transient period (0.2 s) had
passed, the difference between the head end and the aft-end pres-
sure would decrease with time as propellant receded. In this case,
however, the difference continued to rise after the ignition transient
period had passed. The head-end pressure not only exceeded the
predicted maximum value of 1170 psi at 0.4 s, but continued to rise
to 1835 psi, when the motor case ruptured.

To help identify the cause of this abnormal pressure response of
the motor, the motor-case hoop growth measured during test firing
was examined. The test motor was instrumented with hoop wire
gages at the locations indicated in Fig. 5, which also shows the
motor hoop strain measurements at 0.4, 1.4, and 1.58 s into motor
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firing. At 0.4 s, the hoop-strain response of all three segments was
not significantly different. At later times, however, the forward and
center segments bulged out distinct further than the aft segment.
At the time of failure, the chamber pressure downstream of the
joint between the center and aft segments was much smaller than
the pressure in both the forward and center segment, suggesting a
flow constriction between center and aft segment. The measured
head-end pressure at 1.58 s reached the burst strength of the motor
case. Full-scale hydroburst tests conducted during the motor case
development program demonstrated a burst strength ranging from
1730 to 1830 psi. Based on the hydroburst test data, rupture of the
PQM-1 test motor case at 1835 psi was to be expected. The excel-
lent agreement of the hoop-wire measurements with the hydroburst
test data confirmed that the motor case behaved normally from the
structural perspective.

The gas flowfields were obtained at nine times, namely 0.2, 0.4,
0.7,1.0,1.2,1.4,1.5,1.55, and 1.58 s after PQM-1 ignition. At each
time, the adaptive, unstructured finite-element mesh for the gas-
flow analysis was generated automatically for the computational
domain prescribed by the recessed and deformed propellant surface
and ablated nozzle and exit-cone wall boundaries. The number of
elements in the computational domain ranged from 4333 to 4465 for
the PQM-1. Figure 6 illustrates the unstructured grid with deformed
grain geometry used in the flowfield calculation for the PQM-1 at
1.58 s. The required computation time for a converged solution of
the full Navier-Stokes equations at each time slice was 2 h on a
Cray X-MP/18 supercomputer.

Figure 7 depicts the finite-element models for the grain structural
analysis of the center and the aft segment. There were 13,010 nodes
and 4207 elements for the center segment, and 11,618 nodes and
3557 elements for the aft segment. After the propellant was cast
into segments, the propellant shrank because of cooldown from the
curing temperature of 135°F. In addition, the propellant deformed
further under its own weight. The center- and aft-segment grain

Head-End

Aft-End

Gas-Flow Computational Mesh for PQM-1 (1.58 s)

Bore

Propellant

Motor

Forward .
Centerline

/
Igniter
Segment

Propellant

Center -
Motor
Segment Centerline
Propeltant
Aft
Motor Flow ——
Segment Centerline Direction
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deformations due to thermal cooldown and slump were determined
by the structural analysis, and the deformed grain geometry was
used as the initial condition for the gas-flow analysis. The grain
structural analysis also was conducted at the same times as those of
the gas-flow analysis. '

Figure 8 shows the computed pressure distributions on the grain
surface at 0.2, 0.4, 1.2, and 1.58 s into motor firing. The deformed
grain geometry at 1.58 s from ignition, as predicted by the grain
structural analysis and used in calculating the pressure acting on the
grain, is shown in the bottom portion of the figure. The pressure
difference between the forward and the center segment was fairly
steady with time. On the other hand, the pressure difference between
the center and aft segment increased dramatically with time, because
of an increased rate of the grain deformation. At 1.58 s, this pres-
sure difference exceeded 600 psi. Figure 9 shows the Mach-number
distribution at the motor centerline for the same four times. For the
viscous flow analysis, the gas velocity on the grain surface was de-
termined from the propellant burning rate. The Mach number on
the grain surface was very small, about 0.003. However, the Mach
number at the motor centerline just downstream of the forward face
of the deformed aft segment grain reached 1.0 at 1.58 s.
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Fig. 11 Gas-pressure contour near the flow constriction area.

The chamber pressure histories obtained from the gas-flow anal-
ysis at the head end and at the aft end of the motor are compared
with those obtained from the motor test in Fig. 10. The gas-flow
analysis incorporated additional grain deformations and burn sur-
faces caused by the cracking of the aft-segment propellant stress-
relief groove starting from 1.5 s after motor ignition. The cracking
of the groove was deduced from the grain structural analysis, as the
computed strain at the propellant stress relief groove exceeded the
maximum allowable strain. The good agreement between the com-
puted and the measured pressure history is evident from Fig. 10.
The results of the gas-flow analysis indicated that the deformed
grain constricted the gas flow at the joint between the center and the
aft segment and caused a corresponding rise of the head-end pres-
sure, until the motor case ruptured at 1.58 s after motor ignition.
This is shown in the enlarged pressure contour plot near the flow
constriction area on the forward face of the aft segment in Fig. 11.

The grain deformation of the aft segment at 1.4 s is shown in
Fig. 12. The leading-edge deformation history of both the center
and aft segments is shown in Fig. 13. The radial displacement of
the center segment remained almost constant with time, whereas
the aft-segment displacement continued to increase with time until
it constricted the gas flow. The membrane hoop strain predicted for
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Fig. 12 Grain deformation of the aft segment.

20 20

Center Segment Aft Segment

Axial Displacement

Axial Displacement

Displacement, in.
s
5

Radial Displacement

Radial Displacement

0 T T T T 0 r T T
0.0 02 04 06 08 1.0 1.2 1.4 16 0.0 02 04 06 08 1.0 12 14 16
Time, s Time, s

Fig. 13 Leading-edge deformation histories.
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ration.

the center and aft segments is compared in Fig. 14 with the mea-
sured data. The comparison shows good correlation, which further
validates the predicted pressure distribution on the grain surfaces.
The knowledge gained from the confirmation and reconstruction
of the failure mode paved the way for further evaluation of the re-
design configuration.

Corrective Action

An obvious fix for the motor was to reduce excessive grain defor-
mations and to eliminate the flow constriction in the motor center
bore. This was accomplished through recontouring and chamfer-
ing the forward corner of the propellant grain for both the center
and aft segments as shown in Fig. 15. For the redesigned motor,
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Fig. 18 Pressure distributions on the grain surface (redesign).

the fully interactive analysis was carried out at 11 times, namely
0.2,04,07,1,2,5, 10, 20, 30, 40, and 50 s after motor ignition.
The number of elements in the flow analysis domain ranged from
5148 to 6592. Figure 16 shows the computation grid for the flow-
field calculation at 20 s. The corresponding finite-element models
for the center- and aft-segment grain structural analysis are shown
in Fig. 17. There were 22,014 nodes and 7215 elements for the
center segment, and 14,744 nodes and 4817 elements for the aft
segment in the grain structural analysis. The worst-case condition
associated with the propellant ignition modulus of 900 psi corre-
sponding to the propellant mean bulk temperature of 90°F was
studied. Figures 18 and 19 show the pressure and Mach-number
distributions inside the motor at six times. The deformed grain con-
figurations at 0.2 and 50 s also are given in the bottom portions of
the figures.

The pressure history inside the chamber (Fig. 20) was very close
to that computed from SPP'? for a simple one-dimensional flow,
because the crossflow effect was insignificant inside the motor with
the chamfered grain. The computed pressure drops between the
segment joints for the first motor and for the redesigned grains are
compared in Fig. 21. For the chamfered grain, the analysis predicted
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Fig. 19 Mach-number distributions on the redesigned motor center-
line.
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Fig. 20 Head-end and aft-end pressure histories for the redesigned
motor.
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Fig. 21 Computed pressure drop between the segment joints.
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Fig. 22 Radial deformation histories of the grain leading edge.

amaximum pressure drop of 45 psi at 1.0 s, which decreased to 20 psi
at 20 s after ignition. This pressure drop was much smaller than 600
psi, which led to the failure of the first test motor. The Mach number
was predicted to remain below 0.35 inside the motor throughout the
motor firing.

Figure 22 shows the comparison of the radial deformation ob-
tained from the analyses for the PQM-1 and the redesigned grain.
The excessive radial closure of up to 13 in. at the forward lead-
ing edge of the PQM-1 aft segment was eliminated with the
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redesigned grain. The analysis further showed radial openings for
both the center and aft segments with the redesigned grain geom-
etry, thereby completely eliminating constriction of the gas flow
inside the motor. The study essentially confirmed the adequacy
of the new SRMU grain design for ground test and eventual im-
plementation in flight motors. Since the cracking of the propel-
lant stress-relief groove was identified as the secondary cause of
the prequalification motor failure, an improved propellant stress-
relief groove'> was incorporated into the motor to provide a
significant improvement in the grain structural margin of safety.
Subsequently, five static firing tests of the motors with the recon-
figured grain geometry were conducted successfully. To prevent
recurrence of a similar anomaly in the solid-rocket-motor devel-
opment program, a new policy* was adopted. The policy requires
that a multidimensional interactive gas-flow—grain structural anal-
ysis be implemented for a new or redesigned segmented or mono-
lithic solid rocket motor with full or partial cylindrical perforated
grain.

Conclusions

This paper documents the results of a fully interactive gas-flow—
grain structural analysis and compares them with the motor test
data. The analysis developed in this study considered the exact
deformed grain geometry, propellant burnback configuration, and
submerged, ablated nozzle contour; it served to reconstruct the fail-
ure mode of the first firing and to evaluate the grain redesign for
the Titan IV solid-rocket-motor upgrade. The study confirmed the
adequacy of the new grain design. Five motors with the redesigned
grain configuration were fired successfully in the motor qualification
program.
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