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ABSTRACT

STRESS ANALYSIS OF A SOLID PROPELLANT ROCKET
MOTOR

The aim of this study is to perform structural analysis of a solid propellant
rocket motor using the finite element method and to determine the effects of aging on
the analysis results. Thermal and pressure loadings occurring during the firing, storing
and shipping are considered to be the most critical in determining long-term behavior
of the motor. Stress and strain distribution of the rocket motor under these loading
conditions are determined. Maximum principal strain at the surface of the propellant
and normal stresses at the interface between the liner and the insulator are evaluated
as indicators of cracking in the propellant grain and debonding at the liner-insulator
interface. The analyses are performed for both new and aged propellants. Analysis

results are then to be used to estimate the service life of the motor.



vi

OZET

KATI YAKITLI ROKET MOTORUNUN GERILME
ANALIZI

(aligmanin amaci, sonlu elemanlar metodunu kullanarak kati yakith roket mo-
torlarinin yapisal analizini gerceklestirmek ve yaglanmanin analiz sonugclar: iizerine etk-
isini belirlemektir. Motorun uzun dénemdeki davranigin1 belirleyici olmasi nedeniyle
ategleme, depolama ve tagima sirasinda olusan sicaklik ve basing yiikler géz Oniine
alinmigtir. Bu yiikleme durumlar altinda motorun gerilme ve gerinme dagilimlar: be-
lirlenmigtir. En biiylik normal gerilme astar-yalitim arayiizeyinde ayrilma acgisindan
kritik olarak ve en biiyiik asal gerinim yakit cekirdeginde catlak olusumu acgisindan
kritik olarak degerleri ve konumlar1 belirlenmistir. Analizler hem yaglanmamis hem
de yaglanmig yakit icin gerceklestirilmistir. Analiz sonuclar1 daha sonra hizmet omri

tahmininde kullanilir.
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1. INTRODUCTION

Solid rocket motor consists of a solid propellant grain embedded into a stronger
metallic or composite case with an insulator material between the case and the grain.
The case provides the essential structural resistance against service and operational
loads. Low strength of the inner propellant grain is used for transmission of loads from
the grain surface to the outer case, and the insulator reduces stresses occurring in the

motor.

Solid rocket motors are utilized in defence and space technologies. Motors are
generally stored for a long time and/or transmitted from one place to another before
their ignition processes, in other words most of their life is spent in a standby position.
During their lifetime motors may encounter different environmental effects, in partic-
ular temperature variations due to change in climate of storage or regions they are
transported to. Since the mechanical properties of solid propellants are very sensitive
to temperature changes, the effects of thermal loads on the performance of the rocket
motor should be determined. Once a motor is fired, it is impossible to put out the fire
unless all of the solid propellant is consumed. Consequently, as an engineering problem

motors should be carefully examined before firing.

Rocket motor should maintain its reliability and performance during its service
life. In-service a rocket motor is often exposed to a wide range of thermal and pressure
loading conditions which may result in stress and strain values exceeding material ca-
pabilities [1]. In that regard, as the first step to estimate the service life of the motor,
critical loading conditions and failure modes should be determined. In order to accu-
rately predict the failure mode of the motor, understanding the mechanical behavior
of the grain and of the propellant-liner-insulator interfaces under several thermal and
pressure loading conditions is important [1, 2]. The most common failures that occur
in solid rocket motors consist of debonding at the propellant-liner or liner-insulator
interface and cracking at the propellant grain. Therefore, in order to determine the

service life of solid rocket motors, stresses and strains in the critical regions of the



motor should be evaluated and maximum values should be determined.

Mechanical response as well as capabilities of solid propellants may change in
time. These changes are called aging, and generally result in a loss of the grain struc-
tural integrity. Aging may result from different types of processes. Chemical (i.e.
oxidation, chain chissioning, incompatibilities), mechanical (i.e. thermally induced
stresses, vibrations, shock loads), and physical (i.e. migration of liquid propellant
components) aging are some of the most crucial ones [3]. Although the extent of these
processes can partly be anticipated during design and development of the motor, the
actual aging behavior is shown during in service use. The effects of aging on the critical
strain and stress components should be periodically evaluated during the useful life of

the motor.

In recent years, a variety of experimental and numerical works have been done to
gain more information about the mechanical behavior of solid propellants and rocket
motors. The mathematical description of the propellants should contain the physical
and geometrical nonlinearities. Swanson and Christensen’s model accounts for soften-
ing of the propellant stress-strain curve, however it assumes linear viscoelasticity [4].
The model is not suitable for representing large deformations in solid propellants, since
the definitions of strain and stress deviators have physical significance only for small
strains. A three dimensional finite strain viscoelastic model has been developed by
Simo [5]. The most significant feature of this work is the uncoupling of volumetric and
deviatoric responses over any range of deformations. Based on Simo’s finite strain vis-
coelastic formulations Oziipek and Becker developed a phenomenological model which
is applicable over any range of deformations and has an easy calibration [6, 7]. Canga
et al. developed an efficient numerical algorithm for the model and implemented it in a
finite element code [8]. For an accurate lifetime prediction of the rocket motor, aging of
the propellant should also be considered. Kivity et al. studied the accelerated aging of
propellant properties with changing percentage of integrants [9]. Heller et al. studied
the failure of the propellant from probabilistic and chemical aging aspects [10, 11]. A
methodology based on material level aging experiments in combination with computer

modeling is presented by Keizers and Meidema. Several other techniques have been



used to determine the service lifetime of rocket motors. Hazim and Heller discussed
service life of the motor from a numerical point of view. They also stated that during
the cold days the modulus becomes higher, thus higher thermal stresses are induced,
and service lives of motors are shorter at cold regions. Ho [1] evaluated the critical
temperatures at which debonding and/or propellant cracking occur and the number of
thermal cycles required to induce failure. Various nonlinear viscoelastic constitutive
theories were studied by Collingwood et al. [13], and their verification in laboratory
tests were performed using subscale motors. The service life estimation for a rocket
motor was made assuming that only propellant capabilities changed with age. The

mechanical response of the propellant was assumed to be independent of age.

Main objective of this study is to perform structural analysis of a solid rocket
propellant motor using the finite element method (FEM) and determine the effects of
aging on the analysis results. Loadings occurring during the firing, storing and shipping
are considered to be the most critical in determining long-term behavior of the motor.
Stress and strain distribution of the rocket motor under these loading conditions are
determined. The maximum normal stress and maximum principal strain values and
their locations are determined. The analyses are performed for both new and aged
propellants. Analysis results are then to be used to estimate the service life of the

motor.

In the following, the rocket motor used in this study is introduced and material
properties of various motor components are presented in Chapter 2. Experimental test
data and constitutive model for both new and aged propellants are described in detail.
In Chapter 3, solid rocket motor analyses performed for new and aged propellants for
different loading conditions are presented. In particular, maximum principal strains
along the solid propellant surface and normal stresses at the interface between the liner
and the insulator are calculated to determine the critical regions of the motor. Finally,

summary, discussion, and future work are presented in Chapter 4.



2. THE MATERIAL MODELS

The considered solid rocket motor is composed of five different parts each with

different material properties. These parts are

Fiberglass Reinforced Plastic (FRP) Motor Case
Aluminum Boss

EPDM! Insulator

e Liner

Solid Propellant

A section view of the motor is illustrated in Figure 2.1. The inner and the
main part of the motor is an HTPB? based propellant, and surrounding outer portion
is the case. The insulation is located between the case and the liner covering the
solid propellant. Case provides the essential structural resistance with its reinforced
strength. Aluminum bosses are located at the top and the bottom of the motor to
support the structure. Two features of the motor design aim to release the stresses.
One is the slot at the top of the motor, another is the free flap within the insulator at

the bottom of the motor.

In the stress analysis, both FRP motor case and aluminum boss are modeled
as linear-elastic. Whereas, liner and solid propellant are modeled as viscoelastic, and

EPDM as a hyperelastic material.

In this section, mechanical properties of materials used in this study are presented,

and the implementation of these materials into ABAQUS is discussed.

!Ethylene Propylene Diene M-Class Rubber.
2Hydroxyl Terminated PolyButadien



Aluminum Boss ———"

EFDM

Liner

Solid Propellart /

FRP Motor Case

Auminum Boss

Figure 2.1. A section view of solid rocket motor



2.1. Mechanical Properties of Materials

2.1.1. FRP Motor Case

FRP rocket motor case is modeled as a linear-elastic material with the follow-
ing elasticity modulus, E, Poisson’s ratios, v, thermal expansion coefficient, «, and

reference temperature, 6g:

E, = 4615.3kg/mm?, v, = 0.33

a. = 2.304x107%°C~, 6, = 20°C

2.1.2. Aluminum Boss

Aluminum boss is considered as a linear-elastic material with the following ma-

terial properties

By = 7031kg/mm?, vy = 0.33
(2.2)
aq = 22.5x107%°C71, 6, = 20°C

2.1.3. EPDM Insulation

EPDM, insulation material, is modeled as a hyperelastic material. Hyperelastic
materials are described in terms of a strain energy potential, U(e), which defines the
strain energy stored in the material per unit of reference volume (volume in the initial
configuration) as a function of the strain at that point in the material. Neo-Hookean

formulation of the strain energy potentials is considered for EPDM [15].

1

— Cyo(f) —
U 010(1 3)—|—D1

(J — 1) (2.3)



where U is the strain energy per unit of reference volume; C}y and D; are the temper-
ature dependent material parameters; I; is the first deviatoric strain invariant defined

as

=M+ 0+ (2.4)

No=J3 N\ (2.5)

where \; are the deviatoric stretches, J is the total volume ratio, J° is the elastic
volume ratio and A; are the principal stretches. The initial shear modulus and bulk

modulus are given by

to = 2Cho
) (2.6)

Ky = —

"= D

Equation 2.6 represents the actual way of implementing bulk modulus into ABAQUS
when hyperelastic material model is used. Mechanical properties of the insulation

material are

Cho = 0.05kg/mm?, K, = 200kg/mm?* 27
2.7
QOEPDM = 1.8X10_600_1, (90 = 60°C

2.1.4. Solid Propellant

Solid propellants use an elastomeric binder that is filled with a high level of solid
particles, such as oxidizer crystals and fuel. Some ingredients, such as curing agents and
burn-rate catalysts are added to the propellant to improve the rheological and physical

properties, to optimize the burn rate and to improve bonding [6]. Different mechanisms



may occur in the solid propellants when the load is applied. As a result of these,
propellants exhibit large deformation and large strains, rapid decrease of stress during
unloading, large hysteresis during cyclic loading, and transition from incompressible to
compressible behavior at the onset of damage [7]. A constitutive model representing
these effects was proposed in [§]. Although the model is calibrated for the rocket
motor propellant used in this study [17], its implementation in ABAQUS is not yet
available. Therefore, the stress analysis was done using the finite strain viscoelastic

model available in ABAQUS.

Propellants at two different ages are considered for the structural analysis: the
“new” propellant is newly cured, the “aged” propellant is six years older than the new

one.

2.1.4.1. New Propellant. Finite strain viscoelastic representation combines viscoelas-

ticity with a hyperelastic model. A reduced polynomial form, in particular Yeoh model
[16], is selected for the hyperelastic part. Yeoh states the strain energy function in the

form of

- - - 1
U = Cio(l; —3) 4 Coo(I, — 3)? + Cyo(I; — 3)% + ﬁ(ﬂ —1)? (2.8)

1
where Cjo, Dy, and J¢ are as stated in Section 2.1.3. The coefficients of U in Equation
2.8 were found by fitting the constitutive model prediction to uniaxial constant strain
rate test data with superimposed pressure corresponding to the highest pressure the
propellant is exposed to. This test is assumed to represent material response without

damage. The coefficients are given in Table 2.1.

The viscoelastic material property is defined by a relaxation modulus. Prony

series expansion is used to represent the dimensionless shear relaxation modulus

gr(t) =1-3_g"(1- et/ (2.9)



where N, g;©, and 7€ are material constants.

Stress response of a viscoelastic material depends on strain rate. It was stated in
@ziipek and Becker’s study [7] that for most propellants dilatation has little rate depen-
dence at constant strain rate tests and no measurable time dependence at relaxation
tests. Therefore, dilatation is considered as rate independent, so volumetric behavior
is also viscoelastic. In this study, same relaxation function as given in Equation 2.9 is
used for the volumetric response. The relaxation curve for the new propellant is shown
in Figure 2.2, and the normalized prony series coefficients are given in Table 2.2. The

equilibrium modulus, G, and the instantaneous modulus, Gy, are

Goo = 117 x 107! kg/mm?
(2.10)
Gy = 6.507 kg/mm?

Since Equation 2.9 is dimensionless, hyperelastic coefficients Cyy are multiplied by the

instantaneous shear modulus, as given in Table 2.1.

Table 2.1. Hyperelastic coefficients of new propellant

Coefficient kg/mm? multiplied by Gg
Cho 3.7694x 1071 2.452949791
Cao 1.3243x107" | 0.861792701
Cso -1.8037x107! -1.17376387

In this study, the dependence of viscoelastic properties on temperature changes is
defined by a shift factor determined from several relaxation test data of the propellant.
The shift function, ay, was represented in WLF form, as proposed by Williams et al.

[18]

C1(0 — 0y)

R OER (2.11)

logar =



10

Table 2.2. Normalized prony series of new propellant

N gt ke ¢, minute
1 0.31686350 0.31686350 1x10°¢
2 0.36025936 0.36025936 1x1075
3 0.16311863 0.163118630 1x10~4
4 0.07820935 0.07820935 1x1073
5 0.02805517  0.02805517 1x1072
6 0.01822964 0.01822964 1x107!
7 0.00957705  0.00957705 1

8 0.00535763  0.00535763 1x10*!
9 0.00041825 0.00041825 1x10%2
10 0.0019107  0.00191071 1x10%3

where 6 is the reference temperature, and ', Cy are material constants. Equation 2.11
has been used to describe the temperature effect on the relaxation behavior of many
polymers with fairly satisfactory results [19]. The coefficients of the shift function for

the new propellant are

Qpro = 0.87x1074°C~!

0y = 60°C
(2.12)

Cy =4.74

Cy = 210.47°C

The prediction of the new constitutive model described above and the experimen-
tal data for the uniaxial constraint strain rate loading are shown in Figure 2.3. The
experimental test data was obtained from non-pressurized and pressurized experiments
[17]. The non-pressurized test data was obtained from a simple uniaxial test, whereas
the pressurized test data was obtained from a simple uniaxial test with a chamber
pressure of 0.6895kg/mm?*(980.7psi). As can be seen from Figure 2.3, non-pressurized

and pressurized test data curves overlap up to the value of nearly 0.1 strain. After



11

that value, the difference of non-pressurized and pressurized test data increases due
to damage effect in the solid propellant. The finite strain viscoelastic model used in
this study is a non-damaging model, therefore the predictions for both pressure levels

overlap as seen in Figure 2.3. Further discussion regarding the new propellant model

is given in Section 2.1.4.4.

G (kgfimm?)

N 107 107 10° 10° 10
log t (min.)

Figure 2.2. The relaxation curve of new propellant

2.1.4.2. Aged Propellant. The service life prediction of the rocket motor requires the

determination of aging trends of the propellant behavior. On the other hand, exper-
iments and observations of aged propellants are very limited due to lack of naturally

aged propellant availability. In this study limited data for a six year old propellant was

available [17].

The Yeoh form of strain energy potential used for the new propellant was not
used for the aged propellant since uniaxial test data with a pressure level high enough

to assume no damage was not available. Instead, Neo-Hookean strain energy potential
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Figure 2.3. Comparison of ABAQUS model with non-pressurized and pressurized test
data for new propellant (¢ = 0.7291[1/min])
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U = Cho(l, — 3) + Di(ﬂ _ ) (2.13)
1

was used with Cjo, D1, and J¢ as stated in Section 2.1.3. The hyperelastic coefficient
Cho was fitted to the uniaxial test data up to onset of damage, about 0.1 strain level

[17]. The resulting coefficient is shown in Table 2.3.

Table 2.3. Hyperelastic coefficient of aged propellant

Coefficient  kg/mm? | multiplied by (Gy)
Cho 3.1691x 1071 2.444

The relaxation curve for the aged propellant is shown in Figure 2.4, and the

normalized prony series coefficients are given in Table 2.4.

Table 2.4. Normalized prony series of aged propellant

_ - P .
N gi" k; 74, minute

1 0.41988643 0.41988643 1x10°¢
2 0.22904074 0.22904074 1x1075
3 0.15027800 0.15027800 1x1074
4 0.04890939 0.04890939 1x1073
5 0.04361316 0.04361316 1x1072
6  0.00839941 0.00839941 1x107!
7
8
9

0.02066500 0.02066500 1

0.01343698 0.01343698 1x10™!

0.01219195 0.01219195 1x1072
10 0.00645608 0.00645608 1x10%3

The equilibrium and instantaneous modulus for the aged propellant are presented
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G (kgf/mmz)

0
N 10°° 107 1072 10° 10
log t (min.)

Figure 2.4. The relaxation curve of aged propellant

in Equation 2.14.

G = 3.63 x 107! kg/mm?
(2.14)
Go = 7.713 kg/mm?

The coefficients of shift function 2.11 for the aged propellant are

e} 1
Qpro = 0.87x107* e

0y = 60°C~!
(2.15)
C; = 9.065
C, = 275.58°C

The prediction of the aged constitutive model described above and the experi-

mental data for the uniaxial constraint strain rate loading are shown in Figure 2.5.
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The experimental data was obtained from non-pressurized and pressurized tests [17].
The non-pressurized experimental test data was obtained from a simple uniaxial test,
whereas the pressurized test data was obtained from a simple uniaxial test with a cham-
ber pressure of 0.281kg/mm?(400psi) [17]. Available test data of the aged propellant
is compared with the response of the FE simulation. Since the finite strain viscoelastic
model used in this study is a non-damaging model, the predictions for both pressure

levels overlap as seen in Figure 2.5.

02 T T I T T T T T T
/ — — —Testdata

018l / — Test data at 0.281 kgf/mm? ||
/ — - — Model

©
HIN
o
T
i

.O
N
~
T
~
i

012 / a

©
N

T

\
\

i

0.08 , i

First Piola-Kirchhoff (kgf/mm?)

0.06

T
<
1

0.04F 1 /1 -

0.02" /7 R

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Strain

Figure 2.5. Comparison of ABAQUS model with non-pressurized and pressurized test
data for aged propellant (¢ = 0.7291[1/min])

It is observed from Figure 2.5 that initial slopes of non-pressurized and pressurized
test data are distinct, contrary to that of the new propellant where pressure has not
effect up to 0.1 strain, where material starts softening due to damage. Due to limited
data for aged propellant, more definite conclusion regarding the initial slope could not
be made. Further comments regarding the aged propellant are presented in Section

2.1.4.4.
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2.1.4.3. Aging effects. In order to clearly see the effect of aging the relaxation moduli

for the new and aged propellant are compared in Figure 2.6. Higher modulus for the
aged propellant indicates its stiffened behavior. This can be also observed in Figure
2.7 where uniaxial response of the propellants are compared. Test data states that
aged propellant is stiffer than the new one, and the same behavior is represented in
the constitutive models. The maximum strain predictions for the aged propellant are
expected to be lower than those for the new one, while maximum stress predictions are

expected to be higher.

~ o~ New
\ — — — Aged

G (kgf/mm?)
N ol

w

107 10
log t (min.)

Figure 2.6. Comparison of relaxation curves for new and aged propellant



First Piola-Kirchhoff (kg/mm?)

Figure 2.7. Uniaxial constant strain rate test data (¢ = 0.7291[1/min])

025 T T T T T T T T T
New test data
— — ~ New test data at 0.6895 kg/mm2
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I
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A S P
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. - ’/
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005F 2 i
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:./
O | | | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Strain

0.5

17



18

2.1.4.4. Discussion on Propellant Models. Solid propellants have different responses

when uniaxial tests are performed in pressurized and non-pressurized (ambient pres-
sure) environments (see Figure 2.7). The stress-strain curves overlap while the propel-
lant remains incompressible. Once dilatation starts the stress response softens. The
softening, referred to as damage, is suppressed at high pressure levels. When general
loading conditions are considered, it is important to account for the softening, i.e.
damage, in the constitutive model of the propellant. For the loadings analyzed in this

work, however, the use of a non-damaging model is acceptable.

It is expected that for thermal loads maximum strain will not exceed the value
of 0.1. For pressure loads this value may be exceeded, hence it is reasonable to use a

model that was fitted to pressurized test data (Figure 2.3).

For the aged propellant, test data at a pressure level high enough to suppress
dilatation was not available. Furthermore, the initial slope of stress-strain curve was
different for two available pressure levels. Due to lack of limited data and for consistency
in the calibration of the propellant model only the pressurized test data was used in

the determination of the hyperelastic coefficient of the aged propellant.
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3. THE SOLID ROCKET MOTOR ANALYSIS

The main aim of this study is to perform the finite element analysis of the new and
aged solid propellants under various conditions to determine the critical loading and
the corresponding stress and strain levels that cause the failure of the motor. Typically,
the rocket motor reaches the end of its service life as a result of crack formation in the
grain, or debonding at the liner-insulation interface, that is when maximum strain or
stress exceed the corresponding material capacity or strength, respectively. Loadings
that were analyzed in this study represent the launching of the rocket, the storage and
transmission of the rocket motor. All analyses were performed in finite element package
ABAQUS [20]. Since the considered rocket motor is small enough, the gravitational

force is not very significant in this study.

3.1. The Finite Element Model

The finite element mesh was previously constructed with the finite element pack-
age TEXPAC [8]. In order to transfer the mesh into ABAQUS, an interface code was
developed in MATLAB. Assignment of material properties to elements was completed

in ABAQUS.

The finite element mesh of the rocket motor can be seen in Figure 3.1. For all
loadings axisymmetric analysis was performed. The mesh consisted of 4973 nodes, and
1314 8-node biquadratic axisymmetric quadrilateral hybrid elements (CAX8H). The
term “hybrid” refers to the assumption of fully incompressible material. Steps, tem-
perature and pressure conditions are defined for each particular loading case separately.

Section views of rocket motor for each part are illustrated in Appendix A.



Figure 3.1. Meshed view of rocket motor in ABAQUS CAE
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The service life prediction requires an accurate determination of critical regions.
In order to determine the critical locations for the formation of crack or initiation of
debonding the following regions of the motor are examined for the distribution of bond

stress and hoop strain, the maximum principal strain.

Table 3.1. Critical regions of the rocket motor

Prop top is the top center line of the propellant (Figure 3.2)

Slot x at the top curvature of the propellent (Figure 3.3)

Slot b at the top horizontal segment of the propellent (Figure 3.4)

Bore x in the center line of the propellant (Figure 3.5)

Bond h between the liner and EPDM at the top of the motor (Figure 3.6)

Bond x between the liner and EPDM at the middle of the motor (Figure 3.7)
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Figure 3.2. Propellant Top View (Prop top)
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Figure 3.3. Slot View (Slot x)
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Figure 3.4. Slot View (Slot b)
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Figure 3.5. Bore View (Bore x)
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Figure 3.6. Slot View (Bond h)

Figure 3.7. Bond View (Bond x)
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3.2. Finite Element Analysis

Finite element analysis was done for three loadings. Ignition pressurization (Sec-
tion 3.2.1) represents the launching of the rocket and may induce significant stresses
due to low stiffness of the FRP case. Thermal cycling (Section 3.2.2) represents worst
temperature conditions the motor may be subjected to during its service life. Thermal
storage (Section 3.2.3) represents average temperature variations during one year while

the motor is stored.

3.2.1. Ignition Pressurization Analysis

There are three loading steps in the analysis. First two steps correspond to the
cooling down of the propellant, and last step corresponds to the ignition pressurization.
First step is defined as one day cooling from 60°C' to —20°C' followed by another step
for four days of cooling to —32°C' as shown in Figure 3.8. The last step is ignition
pressurization to 0.654 kg/mm? (943 psi) with a rise time of 0.3 seconds. In order to
alleviate the convergence, equal increments are considered for the cooldown steps. On

the other hand, automatic time intervals are appropriate for the pressure analysis.

Steps for ignition pressurization analysis are taken as

e Cooldown 1: 40 increments to 86400 seconds ( 60°C' to —20°C')
e Cooldown 2: 40 increments to 432000 seconds (—20°C' to —32°C)
e Pressure: 16 increments to 432000.3 seconds (0.654kg/mm?)

Figures 3.9 to 3.14 show results after cooldown and ignition pressurization anal-
ysis for regions identified in Table 3.1. Results for the new and aged propellants are
plotted for each region. Maximum principal strain and bond stress values and their
locations are given in Table 3.2 and 3.3 for new and aged propellants, respectively. As
stated previously, maximum principal strain, €, is critical for prop top, bore x, slot b,
and slot x regions, whereas normal stress, o, is critical for bond h and bond x regions.

Table 3.4 compares calculated values for new and aged propellants. Differences, D,
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between new and aged propellant are also indicated in Table 3.4. Difference is defined

as

New — Aged
_ New ged

D 100 (3.1)
New
60
50 1
40 1
301 1
8 20f .
L
p=}
E 10 [ . - -
8
_10 [ 4
_20 [ 4
_30 [ -
_40 Il Il Il Il Il Il Il Il
0 0.5 1 15 2 25 3 35 4 45
Time(seconds) X 10°

Figure 3.8. Propellant temperature history for ignition pressurization

Maximum principal strains can be readily obtained from the finite element pro-
gram. However, the normal stresses or bond stresses need to be calculated as a post-
processing operation. In order to obtain normal stresses between the liner and the insu-
lator, element by element coordinate transformations are performed, and the resulting

Cauchy stresses are averaged for the nodes that belong to more than one element.

According to Table 3.4, maximum principal strains for the aged propellant are
slightly lower then those for the new propellant. This is expected, since the material
response shown in Figure 2.7 states that aged propellant has a stiffer behavior than
the new one, therefore strain values obtained from the new model will be greater than
those obtained from the aged one. Maximum normal stresses for the aged propellant
are much greater than those for the new one. Figure 2.7 also verifies this result. The

rigidity of the material does not allow large strains for the aged propellant, therefore
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stress response of the aged one is higher.

Maximum principal strain of 1.39x 107! occurs at the middle surface of the pro-
pellant grain at the end of pressurization analysis (Figure 3.10). Whereas, maximum
normal stress of 6.50x1072kg/mm? is calculated between the liner and the insulator

at the tip of the free flap. (Figures 3.13 and 3.14).

Table 3.2. Maximum principal strains and normal stresses for new propellant and

their locations for ignition pressurization analysis

) | Bond Stress
Location Step Element(s) | Node | Hoop Strain
kg/mm?
Cooldown 923 3150 | 2.30x1072 -
Prop top
Pressurization 923 3150 | 3.69x1072 -
Cooldown 712, 840 2269 | 9.25x1072 -
Bore x
Pressurization 712, 840 2269 | 1.39x107! -
Cooldown 371, 372, 642 | 1277 | 2.55x1072 -
Slot b
Pressurization | 371, 372, 642 | 1277 | 4.61x1072 -
Cooldown 1125, 1292 | 3290 | 6.90x10~2 -
Slot x
Pressurization | 817, 1047 2770 | 1.19x107* -
Cooldown 1236, 151 3772 - 6.90x1073
Bond h
Pressurization 1236, 151 3772 - -6.94x 107!
Cooldown 526, 322 3900 - 2.43x1072
Bond x
Pressurization 322 3901 - -6.89x 107!
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Table 3.3. Maximum principal strains and normal stresses for aged propellant and

their locations for ignition pressurization analysis

. .| Bond Stress
Location Step Element(s) | Node | Hoop Strain
kg/mm?
Cooldown 923 3150 | 2.29x1072 -
Prop top
Pressurization 923 3150 | 3.58x1072 -
Cooldown 712, 840 2269 | 8.92x1072 -
Bore x
Pressurization 712, 840 2269 | 1.29x107* -
Cooldown 371, 372, 642 | 1277 | 2.49x1072 -
Slot b
Pressurization | 371, 372, 642 | 1277 | 4.37x1072 -
Cooldown 1125, 1292 | 3290 | 8.36x1072 -
Slot x
Pressurization 817, 1047 2770 | 1.22x107* -
Cooldown 1236, 151 3772 - 2.13x1072
Bond h
Pressurization 1236, 151 3772 - -7.11x1071
Cooldown 526, 489 1215 - 6.50x 1072
Bond x
Pressurization 322 3901 - -7.09%107!

Table 3.4. Maximum principal strains and maximum normal stresses after cooldown

and pressure steps for ignition pressurization analysis

Step: Cooldown Pressure

Model: New Aged D New Aged D
Prop top, € | 2.30x1072 | 2.29x107% | 0.43% | 3.69x1072 | 3.58x1072 | 2.98%
Bore x, ¢ 9.25x1072% | 8.92x1072 | 3.28% | 1.39x107' | 1.29x107" | 5.36%
Slot b, 2.55%x1072 | 2.49x1072 | 2.35% | 4.61x1072 | 4.37x1072 | 5.2%
Slot x, e 8.39x1072 | 8.36x1072 | 0.46% | 1.19x107! | 1.22x107! | 7.9%
Bond h, 0 | 6.9x1073 | 2.13x107% | 208% | -6.94x107! | -7.11x107! | 3.28%
Bond x, 0 | 2.43x1072 | 6.50x107% | 167% | -6.89x107! | -7.09x10~! | 2.82%
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3.2.2. Thermal Cycling Analysis

Thermal cycling loading represents possible worst case conditions during the
transmission of the rocket motor from one place to another. The thermal cycling
profile considered in this study is shown in Figure 3.15. Temperature changes during

a cycle are represented with two exponential functions as

Tcooldown = —32+82 exXp (—Day/083)
(3.2)
Twarmup = D0 — 82 exp (—Day/0.83)

where Tiooidgouwn represents cooling and Tygrmyp represents warming within one cycle.
Three cycles are analyzed. 50°C' is defined as the starting temperature in a step for

the cycling analysis. Fixed increment is used for the analysis.

Step for thermal cycling analysis is taken as

e Cooldown €& Warmup: 2400 increments to 2592000 seconds

Figures 3.16 to 3.21 show distributions in critical regions (Table 3.1) of rocket
motor after each thermal cycle. Maximum principal strain and bond stress values and

their locations are given in Table 3.5 and 3.6 for new and aged propellants, respectively.

Maximum principal strain, ¢, is critical for prop top, bore x, slot b, and slot x
regions, whereas normal stress, o, is critical for bond h and bond x regions. Table 3.7
compares calculated values for new and aged propellants. Differences, D, between new
and aged propellant are also indicated in Table 3.7. Figures 3.16 to 3.21 state that
responses of the critical regions at 432000, 1296000, and 2160000 seconds overlaps for

both new and aged materials.

Maximum principal strains for the new propellant are higher than those for the
aged propellant. This is expected, since the material response shown in Figure 2.7 states

that aged model has a stiffer response than the new one, therefore strain values obtained
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from the new model will be greater than those obtained from the aged one. Maximum
normal stresses for new model are lower than those for the aged one. Stiffened response

of the propellant with aging, as shown in Figure 2.7, explains this result.

Maximum principal strain of 7.95x1072 is obtained at the middle surface of the
propellant grain at the end of each cooldown (Figure 3.17). Whereas, maximum normal
stress of 5.70x107?kg/mm? is calculated at the tip of the free flap at the end of each
cooldown (Figure 3.21).

60

Temperature (OC)

-40 I I I
0 0.5 1 15 2 2.5

Time (seconds) % 10°

Figure 3.15. Propellant temperature history for thermal cycling



their locations for thermal cycling analysis

Location Step Element(s) | Node | Hoop Strain | Bond Stress
kg /mm?
1st cycle 923 3150 | 2.055%x 1072 -
Prop top | 2nd cycle 923 3150 | 2.054x10~2 -
3d cycle 923 3150 | 2.055%x 1072 -
1st cycle 712, 840 2269 | 8.25x1072 -
Bore x 2nd cycle 712, 840 2269 | 8.24x1072 -
3d cycle 712, 840 2269 | 8.25%x1072 -
Ist cycle | 371, 372, 642 | 1277 | 2.26x1072 -
Slot b 2nd cycle | 371, 372, 642 | 1277 | 2.26x1072 -
3d cycle | 371, 372, 642 | 1277 | 2.26x1072 -
Ist cycle | 1125,1292 | 3290 | 7.52x1072 -
Slot x 2nd cycle | 1125, 1292 3290 | 7.51x107?2 -
3d cycle 1125, 1292 3290 | 7.52x1072 -
1st cycle 1236, 151 3772 - 6.30x1073
Bond h | 2nd cycle 1236, 151 3772 - 6.30x1073
3d cycle 1236, 151 3772 - 6.30x1073
1st cycle 526, 322 3900 - 2.28x1072
Bond x | 2nd cycle 526, 322 3900 - 2.28x1072
3d cycle 526, 322 3900 - 2.28x1072

37

Table 3.5. Maximum principal strains and normal stresses for new propellant and



their locations for thermal cycling analysis

Location Step Element(s) | Node | Hoop Strain | Bond Stress
kg /mm?
1st cycle 923 3150 | 2.045%x1072 -
Prop top | 2nd cycle 923 3150 | 2.043x10~2 -
3d cycle 923 3150 | 2.045%x 1072 -
1st cycle 712, 840 2269 | 7.95x1072 -
Bore x 2nd cycle 712, 840 2269 | 7.94x1072 -
3d cycle 712, 840 2269 | 7.95%x1072 -
Ist cycle | 371, 372, 642 | 1277 | 2.20x1072 -
Slot b 2nd cycle | 371, 372, 642 | 1277 | 2.20x1072 -
3d cycle | 371, 372, 642 | 1277 | 2.20x1072 -
Ist cycle | 1125,1292 | 3290 | 7.47x1072 -
Slot x | 2nd cycle | 1125, 1292 | 3290 | 7.46x10~2 -
3d cycle | 1125, 1292 | 3290 | 7.47x1072 -
1st cycle 1236, 151 3772 - 1.63x1072
Bond h | 2nd cycle 1236, 151 3772 - 1.63x1072
3d cycle 1236, 151 3772 - 1.63x1072
1st cycle 526, 489 1215 - 5.70x1072
Bond x | 2nd cycle 526, 489 1215 - 5.70x1072
3d cycle 526, 489 1215 - 5.70x1072

38

Table 3.6. Maximum principal strains and normal stresses for aged propellant and



%0GT | ¢—0TX0LC | —0TX88'C | %0ST | ¢—0TX0L'G | ¢—0TX8G'C | %0ST | —0TX0LG | ;—0IX8C'C | © ‘X puog
%8GT | ¢—0TXEYT | ¢—OTXE9 | %8/GT | o—0TXEYT | ¢—0TXE9 | %SST | —0IXEIT | ¢—0IXE9 | o ‘7Y puog
%99°0 | ¢—O0TXLVL | ¢=0TXTGL | %990 | —0TXIF'L | o—0TXTGL | %990 | ~O0TXLF'L | ,—0TXTG'L 2 'X 30[S
%G9C | ¢—0TX08T | ¢-0TX9'C | %S9C | ;~0TX08T | —0IX9TC | %S9C | ~0TX00T | —01X92C 2 'q 3018
%EYE | —0TXG6L | ¢—0TXGT'8 | %EYEC | —0TXF6'L | (—0IXFT8 | %EIE | ~0TXG6L | ,—0TXGT'S 3 ‘X oI10¢]
%8F°0 | ¢—0TXSH0T | c—0TXGG0T | %8T'0 | (—0TXEVOT | c—0TXFSG0T | %8V0 | ;—0TXGF0O'C | ;—01XGC0G | 2 ‘doy do1g
a pesy MON a pasy MIN a pesy MIN] PPOIN
(995000091%) 00ST (998000962T) 009 (9980002€7) 00€ SLETENaLY |

SISATRUR SUIDAD I0] SIUSWRIOUL (J)GT PUR‘())6 00E 193 S9SSI)s [RULIOU WnWIXew pue surel)s [edourid wnwixey L ¢ 9[qR],




sisATeue 3urpAd reunoy) oY) 10§ dog dorg o) Suore uornqriysip ureljs fedmourid WNWIXR]Y QT "¢ 0INSIL]

(wuw) uoneoT eIXY

018 008 06. 08L 0LL 09. 0S. oL
_ _ _ _ T G000
00ST PUB 006 00E SiuswaJoul 18 umop|ood ‘doud paby - © — z
00ST PUB 006 00E SIUsWaJIdUI 8 uMmop|ood "doid maN —k— )
2
3
av)
- 46100 =
o,
o
=
- > 4200 &
0T S,
=)
i i i i i i Ggz0'0




SISATeuR SUIDAD [RULISY)} O} I0J X 2I0¢] 9} SUO[e UoNqLIISIp ureljs redourid WNWIXe]N "LT°¢ 9INJ1]

(ww) uoneoo JeIxy

009 0SS 00S 014 00)7 0s€ 00¢ 0S¢ 00¢
T T T T T T 0 900

00GT pue 006 0OE Sluawadul Je umop|ood ‘doid paby - © — | Q, =
| 00ST pue 006 00E Sluawaioul 18 umop|ood ‘doud maN —k— | . ... .. ‘®\ A 46900 &
2
- 4200 3
R
=
- 15L00 2
=)
w
2 800 F
2.

i i i i i i i mwOO

SgezlZ el LISEENTD B L 5 E ]




SISATeUR SUIDAD [RULISY) O I0J ( O[S oY} Suo[e uornqriysip urer)s redmourid wnwixey "Q1°¢ oIn3I

(Wwuw) uonesoT [eipey

0Tt 00T 06 08 0L 09 0§ 0]% 0€

T T T ) T T T 10°0-
5
- . O M.
c
3
>
: RLLRE:
=}
==
.\ q0 2
00ST PUB 006 0OS SIUBWAIdUI Je umop|ood ‘doid paby - © — | A\ S
00ST PUB 006 00S SIUSLAIOUI Je umopjood "doid maN —k— | X1 =

I 1 I 1 I | | 00




SISATeUR SUIDAD [RULISY) 9} I0J X J0[S o) Suole uonnquisp urers redoutid wWNWIXe]\ “G1°¢ 2INSI]

(Wuw) uonesoT [eipey

0cT 8TT 91T V1T 43" OTT 80T 90T vOT

T T T T T T T €00
00ST PUe 006 Q0E SIUSWIoUI Te uMop|ood "doid paby — o — T =
- 00ST PUB 006 0OE SIUsWJoUI 12 UMOP|003 ‘doid MmaN —x— q¥00 &
, , , , , | 2
- 500 3
R
=
8 4900 &
S
R
- .00 §
>

r r r r r r r 500




SIsATeuR SUIDAD [RULISY) S} I0J [ PUOY S} SUO[R UOINLIISIP SS9I)S [RULION ()7 € 9INSL

(ww) uo1eao |eipey

00GT pue 006 00E Sluswaldul Je umop|ood ‘doid paby —o—
00ST PUB 006 00E SIUSWaIdUI 8 uMop|ood "doid MaN —k—

Lo
o
o

—
Q
o

Lo
-
o

-¢0°0

o

o

(Zujuj/;6>|) SSoA1S [eWION




SISATRUR SUIDAD [RULISYY) ST} I0] X PUOY S} SUO[R UOIINLIJSIP SSOI)S [RULION "[¢'¢ 9INSI

(ww) uoneoo jeIxy

0S¢ 00€ 052 002 0ST 00T
T T T T ¢00-
Z
o
- ‘IO w
=
)
- 4200 &
5
S S ]
sjuswaJou] 00ST 006 00€ 1e “doid paby —o— 3
SjuawWaIou| 0OGT 006 00€ e “dosd MaN —— | ,
I I i i @OO

I k< 9€ EF B




46

3.2.3. Thermal Storage Analysis

The temperature profile for storage analysis is constructed based on temperature
changes during the year, as well during the day. The worst case scenario for thermal
loading is defined as a two step loading, first step is cooling down from 50°C' to yearly
averaged temperature, and second step is again cooling down along the path from
average to coldest temperature. Fixed increment is used for the analysis. The resulting

temperature loading profile is presented in Figure 3.22.

Step for thermal storage analysis is taken as

e Cooldown : 918 increments to 7927200 seconds ( 50°C to —10°C')

50

40 .

30 b

10F 1

Temperature (OC)

_20 Il Il Il Il Il Il Il
0 1 2 3 4 5 6 7 8

Time (seconds) x 10°

Figure 3.22. Propellant temperature history for thermal storage

Figures 3.23 to 3.28 show results at the end of the thermal storage analysis for
regions identified in Table 3.1. Maximum principal strain and bond stress values and
their locations are given in Table 3.8 and 3.9 for new and aged propellants, respectively.

Table 3.10 compares calculated values for new and aged propellants.

As in the case of other loadings, Table 3.10 shows that maximum principal strain

occurred in the new propellant model are greater than those of aged one. This is
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expected, since the material response shown in Figure 2.7 states that aged model has a
stiffer response than the new one, therefore strain values obtained from the new model
will be greater than those obtained from the aged one. Maximum normal stresses for
new model are lower than those for the aged one. Since aged material response in

Figure 2.7 is stiffer than that for the new one, this result is reasonable.

Maximum principal strain of 5.90x1072 is obtained at the middle surface of the
propellant grain at the end of cooldown (Figure 3.24). Whereas, maximum normal
stress 4.14x1072kg/mm? is calculated at the tip of the free flap for cooldown process

(Figure 3.28).

Table 3.8. Maximum principal strains and normal stresses for new propellant and

their locations for thermal storage analysis

Location Element(s) | Node | Hoop Strain Bond Stress
kg/mm?
Prop top x 923 3150 | 1.52x1072 -
Bore x 712, 840 2269 | 6.08x1072 -
Slot b 371, 372, 642 | 1277 | 1.63x10°2 ;
Slot x 1125, 1292 3290 | 5.59x1072 -
Bond h 1236, 151 3772 - 4.40x1073
Bond x 322, 526 3900 - 1.17x1072




their locations for thermal storage analysis

Location Element(s) | Node | Hoop Strain Bond Stress
kg/mm?
Prop top x 923 3150 | 1.51x1072 -
Bore x 712, 840 2269 | 5.90x1072 -
Slot b 371, 372, 642 | 1277 | 1.60x10~2 ;
Slot x 1125, 1292 3290 | 5.54x1072 -
Bond h 1236, 151 3772 - 4.40%x1073
Bond x 322, 526 3900 - 9.90x1073

thermal storage analysis

Increment: 7927200 sec

Model: New Aged D
Prop top, € | 1.52x107% | 1.51x1072 | 0.66%
Bore x, € 6.08x1072 | 5.90x1072 | 2.96%
Slot b, € 1.63x1072 | 1.60x1072 | 1.84%
Slot x, e 55.89x1073 | 55.43x1072 | 0.83%
Bond h, ¢ 4.40x1072 | 9.90x107% | 55%
Bond x, o 1.77x1072 | 4.14x1072 | 57%

48

Table 3.9. Maximum principal strains and normal stresses for aged propellant and

Table 3.10. Maximum principal strains and maximum normal stresses at last step for
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3.3. Summary of Finite Element Analyses

Maximum principal strain and maximum normal stress values for each loading are

summarized in Table 3.11 and Table 3.12 for new and aged propellants, respectively.

For the new propellant, maximum hoop strain of 1.39x107! occurred at the
middle surface of the propellant in ignition pressurization analysis. Whereas, maximum
normal stress of 2.43x1072 is calculated between the liner and the insulator at the tip
of the free flap in ignition pressurization analysis. The contour plot of solid propellant

for the ignition pressurization analysis is illustrated at Figure B.1 in Appendix B.

Table 3.11. Maximum principal strains and maximum normal stresses for new

propellant

Type: Hoop strain Bond stress, kg/mm?

Step Region Value Step Region Value

Pressure | Pressure | Bore x | 1.39 x 10~! | Cooldown | Bond x | 2.43 x 102
Cycling | Cooldown | Bore x | 8.25x1072 | Cooldown | Bond x | 2.28x1072
Storage | Cooldown | Bore x | 6.08x1072 | Cooldown | Bond x 1.77x1072

For the aged propellant, maximum hoop strain of 1.29x107! occurred at the
middle surface of the propellant in ignition pressurization analysis. Whereas, maximum
normal stress of 6.50x1072 is calculated between the liner-insulator at the tip of the

free flap in ignition pressurization analysis.

From the bond stress point of view, liner-insulator interface at the tip of the free

flap is the critical location for all cooldown processes.

Tables 3.11 and 3.12 state that, the maximum principal strain values are close
to each other for new and aged propellants. Bond stress values of new and aged
propellants, on the other hand, are quite different from each other. Therefore, it is
expected that the maximum bond stress will be the critical value, and liner-insulator

interface at the tip of free flap will be the critical region when determining the lifetime



Table 3.12. Maximum principal strains and maximum normal stresses for aged

o6

propellant
Type: Hoop strain Bond stress, kg/mm?
Step Region Value Step Region Value
Pressure | Pressure | Bore x | 1.29 x 10! | Cooldown | Bond x | 6.50 x 102
Cycling | Cooldown | Bore x | 7.95x1072 | Cooldown | Bond x | 5.70x1072
Storage | Cooldown | Bore x | 5.90x1072 | Cooldown | Bond x | 4.14x1072

of solid rocket motor.
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4. CONCLUSIONS

The main objective of this thesis was to do structural analysis of a solid propellant
rocket motor considering the effect of aging. Finite element models were constructed
using nonlinear viscoelastic constitutive models for new and aged propellants. Ignition
pressurization, thermal cycling, and thermal storage loadings were analyzed. Maximum
principal strain at the surface of the propellant and normal stresses at the interface
between the liner and the insulator were evaluated as indicators of cracking in the
propellant grain and debonding at the interface. Maximum hoop strain occurred at
the middle-surface of the grain for all loadings. Maximum bond stresses were calculated

at the tip of the free flap in all cooldown analyses.

The differences between new and aged propellants are small for maximum prin-
cipal strains, whereas the differences between new and aged propellants are quite large
for maximum normal stresses. Therefore, it is likely that maximum bond stress will be
the critical value, and liner-insulator interface at the tip of free flap will be the critical

region when determining the lifetime of solid rocket motor.

A number of assumptions were made during the study. The nonlinear viscoelastic
model used in the study is a non-damaging one, and the predicted response is indepen-
dent of the pressure level. Analysis results show that strain and stress levels for the
loadings considered are in the region where the effect of pressure is not very significant,
therefore the assumed constitutive representation is acceptable. As a future study, it
would be desirable to include the effect of damage and pressure into the constitutive
model. It would be expected that for non-pressurized analysis maximum principal
strains obtained from a damaging model would be higher than those predicted in this
study. On the other hand, normal stresses would be smaller than those calculated in

this study. For the pressurized analysis no significant difference would be expected.

The results obtained in this study can be used to estimate the service life of the

rocket motor. For such estimation the strain capability and bond-strength data for
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different ages of the solid propellant should be available. The maximum stress and
strain values calculated in this study would be compared with the capabilities to deter-
mine if a propellant at the considered age could be safely fired. Furthermore, if aging
trends could be established on both the response and capabilities, then extrapolation
to future times could be done, therefore life of the motor could be estimated. Analyses
may be repeated for planned intervals in the future, and estimation could be adjusted

accordingly.
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APPENDIX A: SECTIONS OF THE ROCKET MOTOR

iewport: 1  Model: ABAQUS mesh1001_pressurized Part: PART-1-

Figure A.1. Aluminium Boss section in ABAQUS CAE



iewport: 1  Model: ABAQUS mesh1001_pressurized Part: PART-1-

Figure A.2. Case section in ABAQUS CAE
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iewport: 1  Model: ABAQUS mesh1001_pressurized Part: PART-1-

Figure A.3. EPDM section in ABAQUS CAE
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iewport: 1  Model: ABAQUS mesh1001_pressurized Part: PART-1-

Figure A.4. Liner section in ABAQUS CAE
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iewport: 1  Model: ABAQUS mesh1001_pressurized Part: PART-1-

Figure A.5. Propellant section in ABAQUS CAE
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APPENDIX B: UNDEFORMED AND DEFORMED
VIEWS

iewport: 1  ODB: F:/Abaqus_work/Thesis/130409/pressurized.od

NE, Max. Principal

(Avg: 75%)
+1.387e-01
+1.267e-01
+1.146e-01
+1.025e-01
+9.047e-02
+7.841e-02
+6.635e-02
+5.428e-02
+4.222e-02
+3.016e-02
+1.809e-02 T
+6.031e-03
-6.032e-03

Figure B.1. Deformed view of the motor at ignition pressurization analysis
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0409/p

ADag

Figure B.2. Slot x



Viewport: 1

ODB: F:/Abaqus_work/Thesis/130409/pressurized.odb
|

Figure B.3. Bond x

Py
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