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This research aims to examine structural responses of frequently used solid
propellant sections such as tubular, star, slotted, wagon wheel, and anchor
subjected to centrifugal acceleration load. Viscoelastic finite element models
of the grains having different dimensions are constructed and solved in the
Abaqus environment using in-house parametric Python scripts prepared within
the content of this work. Validation of the finite element models is
accomplished by comparing finite element results with an analytical equation
found in the literature. Finally, different response surfaces are constructed in
the Minitab environment to determine the effect of grain cross-section
parameters on von Mises stress level of the propellant. Thus, the most effective
cross-section parameters on von Mises stress are determined for the examined
grain shapes.
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Sik Kullanilan Kati1 Yakit Geometrilerinin Donme Yiikii Altindaki Yapisal

Davramsimin Cevap Yiizeyi Yontemi Kullanilarak Incelenmesi
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Elemanlar Yontemi, Viskoelastisite,
Cevap Yiizeyi Yontemi

Bu ¢alisma, dairesel, yildiz, oluklu, vagon tekeri ve ¢apa gibi kesitlere sahip
kat1 yakit geometrilerinin donme yiikii (merkezka¢ kuvveti) altindaki yapisal
cevaplarin1 incelemeyi amaglamaktadir. Farkli kesit boyutlarma sahip
viskoelastik kati yakit modellerinin sonlu elemanlar analizleri, calisma
kapsaminda hazirlanan parametrik Python kodlar1 kullanilarak Abaqus
ortaminda gergeklestirilmistir. Sonlu elemanlar modelleme tekniginin
dogrulamasi, literatiirden temin edilen bir analitik esitlik yardimiyla
tamamlanmigtir. Son olarak, kati yakitlara ait kesit parametrelerinin von Mises
gerilme seviyesi lizerine olan etkilerini ortaya ¢ikartmak amactyla Minitab
ortaminda farkli cevap yiizeyleri olusturulmustur. Bdylece, incelenen yakit
geometrileri i¢in Von Mises gerilmesi {izerinde en yiiksek etkiye sahip kesit
parametreleri belirlenmistir.

1. INTRODUCTION

while some of them focus on structural integrity under
different loading conditions. This research only focuses

Solid rocket motor technology has a wide usage area
covering both civil and military purposes. Giant solid
booster motors are designed and used for spacecraft
launch applications while smaller versions are
preferred for military purposes. Depending on the
application, different performance requirements should
be satisfied by generally changing the grain’s cross-
section in order to provide a suitable thrust time curve.
On the other hand, the grain should preserve its
structural integrity under different loading conditions,
such as cool-down, ignition, centrifugal and
longitudinal accelerations, etc. Therefore, in literature,
some of the studies focus on the examination of the
internal ballistic performance of solid rocket motors

on the structural integrity of solid propellants. Thus, the
internal ballistic performance issue is out of the scope
of this work; so, the literature review covers only the
structural integrity issue.

Shen et al. performed structural integrity analysis of a
solid rocket motor grain under the cool-down and
ignition pressure combined loading condition [1].
Gligorijevi¢ et al. carried out a structural analysis of a
122 mm rocket propellant grain under thermal and
acceleration loads [2]. Qu and Zhang performed
structural analysis of a solid rocket motor under
acceleration loads during ship motion [3]. Chu and
Chou examined the effect of cooling rate on solid
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propellant’s safety factor [4]. Adel and Guozhu studied
modeling bore deformation of a tubular grain under
cool-down loading and compared their results with
experimental results determined within the context of
their work [5]. Kurian et al. carried out structural
analysis of tubular grain under storage and pressure
loads [6]. Tung and Oziipek performed thermal cyclic
stress analysis of a three-dimensional solid rocket
motor model to provide information about its life
assessment [7].

During a solid rocket motor development process,
combined load case scenario covering all of the
different loading conditions (cool-down, ignition,
centrifugal and longitudinal accelerations) should be
examined carefully. However, analysis of different
grains under combined load does not provide
generalized results about which grain variable is much
more critical on which type of loading.

Effects of cool-down, ignition, and longitudinal
acceleration loads and storage are examined in different
works so far. On the other hand, effects of centrifugal
loading (rotational body force) on the structural
integrity of frequently used grain sections such as
tubular, star, slotted, wagon wheel, anchor, etc. are not
examined in the literature. However, the structural
endurance of a grain section under centrifugal loading
is critical since some of the munitions are ejected with
spinning from their launchers in order to increase their
stability.

Within the content of this work, the response surface
method is used to perform the structural behavior
examination of the grain configurations exposed to
centrifugal loading in order to determine which grain
variable is much more critical for different grain
geometries on the maximum stress level governing
from the rotational body force. First of all, the linear
viscoelastic finite element model is validated using
analytical solutions of simple geometry. Then,
parametric Python scripts are prepared for each grain
type in order to construct and solve finite element
models quickly. Finally, response surfaces are
produced and validated after accomplishing required
finite element analyses for surface construction.
Parametric finite element models are prepared in the
Abaqus environment and response surface analyses are
conducted in Minitab software. As a result, the effects
of different cross-section parameters on von Mises
stress level on the frequently used grain geometries are
examined.

2. FINITE ELEMENT MODEL

This section covers the properties of finite element
models prepared for the grain configurations that are
used for response surface construction.

2.1. Solid Rocket Motor Geometry

A basic solid rocket motor consists of a motor case,
insulation, propellant, nozzle, and igniter as can be seen
from Figure 1.
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Figure 1. Solid rocket motor components [8].

Motor case (metal case) covers propellant, insulation,
igniter inside it and endures various loading conditions
during ignition and flight. Generally, insulation is
located between the motor case and the propellant to
isolate the motor case against high combustion
temperature. Solid propellant stores energy needed
during ignition and flight. Igniter initiates the launch
process and the nozzle accelerates burned gasses
through it.

Different grain configurations can be preferred
depending on mission’s thrust — time requirements
considering their structural strength. Grains having
tubular, star, slotted, wagon wheel, and anchor cross-
sections are frequently preferred for different
applications. Figure 2 illustrates the cross-sections.

a) Tubular b)gtar

d) Wagon Wheel
Figure 2. Frequently used grain geometries [9-10].
A few cross-section parameters are enough to define
them. Figure 3 to 7 defines and illustrates those

parameters for each of them. Parameter N defines the
numbers of slots for the star, slotted, wagon wheel, and

anchor geometries.
@
D

Figure 3. Cross-section parameters of tubular grains
adapted from [9].
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Figure 4. Cross-section parameters of star grains
adopted from [9].
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Figure 5. Cross-section parameters of slotted grains
adopted from [11].
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Figure 6. Cross-section parameters of wagon wheel
grains adopted from [9].
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Figure 7. Cross-section parameters of anchor grains
adopted from [9].

In order to prepare and solve a lot of finite element
models which are required to construct response
surfaces as soon as possible with high accuracy; the
plane strain modeling technique having symmetry
boundary conditions is preferred assuming that the
cross-section of solid rocket motors is constant.

2.2. Material Properties

It is assumed that the motor case is produced from
Maraging 250 steel, ethylene propylene diene
monomer (EPDM) based insulation material, and
hydroxyl-terminated polybutadiene (HTPB) based
solid propellant is used for the solid rocket motor.

The propellant is modeled using a linear viscoelastic
model considering its material properties. In order to
define its stiffness with respect to temperature and time,
Prony series stated in (1) and Williams-Landel-Ferry
(WLF) function given in (2) are used [12].
o —t
E(t) =E, + ZEi - exp (/’T) (1)
i=1 t
where, E. is long-term relaxation modulus, and E;

corresponds to relaxation modulus constants. Time is
symbolized with t and 4; is named as time constants.

_CI(T - To)

log(at) = m (2)

where, C; and C; are named as WLF coefficients. T is
instantaneous temperature and To corresponds to
reference temperature.

Mechanical properties of the materials are listed Table
1. Prony Series coefficients and WLF coefficients are
tabulated in Table 2 and 3 respectively. The master
curve of the propellant is given in Figure 8.
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Table 1. Mechanical properties of materials [10].

HTPB
. Maraging | EPDM based | based
Properties 250 Steel Insulation propell
ant
E,MPa | 190000 500 %‘EO(‘;
v 0.3 0.3 0.499
p, kg/m3 8000 1000 1700

Table 2. Prony series coefficients of propellant [10].

i Ei Ai
1 | 7.664 | 0.0007
2 | 7.844 | 0.0052
3 | 3.600 | 0.0578
4 | 2536 | 0.4059
5 ] 1.390 | 3.5383
6 | 0.816 | 37.6457
7 | 0.757 | 240.954
8 | 0.041 | 3030.30
9 | 0.429 | 6905.38
10 | 0.619 | 191.149

Table 3. WLF function coefficients of propellant [10].

[ Cx T, °C
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Reduced Time (log(t/aT)) [min]

Figure 8. Master curve of the propellant [10].

It should be noted that the propellant used in this study
is generic so its properties do not belong to a real one.
On the other hand, the defined properties imitate real
propellant behavior as it is supposed to be. Figure 9
illustrates material distribution on a sample wagon
wheel grain configuration.

Motor Case

Insulation

Solid Propellant

Figure 9. Material distribution on a sample cross-
section.

Similar material distributions are also applied for all
other finite element models.

2.3. Loads and Boundary Conditions

Symmetry boundary conditions are applied to all finite
element models to lessen the solution time without
sacrificing accuracy. Centrifugal acceleration force is
applied as a rotational body force. It is assumed that 500
rpm (52.36 rad/s) rotational body force is exerted on the
models in 1 second.

Figure 10 illustrates the loads and boundary conditions
of the sample wagon wheel grain configuration.

Rotational Body Force

Symmetry Boundary
Conditions

x

Figure 10. Loads and boundary conditions on a
sample cross-section.

A similar modeling strategy is also applied to all other
finite element models.

2.4. Mesh Structure

Quadrilateral plane strain elements having 1 mm
approximate edge size are used for all models. Motor
case and insulation are modeled with CPE8 8 node
biquadratic plane strain elements having full
integration while solid propellants are modeled with
CPE8RH 8 node biquadratic plane strain elements
having reduced integration and hybrid formulation.
Reduced integration leads to higher strain values on the
propellant and this is conservative in terms of strain
since propellants are generally failed due to high strain
value. The hybrid formulation is also preferred
considering the propellant’s high Poisson ratio value.

Sample mesh structures belonging to different grain
configuration samples are presented in Figure 11.

2.5. Model Parametrization

During the construction of the response surfaces, a lot
of models have to be prepared and solved. In order to
accomplish this process in less amount of time without
causing any human error; parametric Python scripts
which can easily construct and solve the finite element
models of the different grain configurations are
prepared.
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a) ubular b) Star

d) Wagon Wheel

a) Slotted

e) Anchor
Figure 11. Sample mesh structures for each grain

type.

3. VALIDATION

Before performing finite element solutions, to be sure
that the modeling technique is correct, a validation
study is conducted.

Radial stress at the most outer surface of a tubular grain
(Figure 12) subjected to centrifugal loading can be
determined using (3) [13].

Motor Case

Propellant

Figure 12. Tubular grain geometry used for validation
[13].

6

1+ g[(ﬁ)z - 1] (1—v.2) 2k

a hE;

S S [ G R

©)

Urr(b) =

where, a and b are inner and outer radius of the
propellant respectively. Motor case thickness is defined
by h. E; and Ec defines modulus of elasticity
corresponding to the propellant and the motor case; pp
and pc are propellant and motor case densities
respectively. Poisson’s ratio of the motor case is
defined by v, gravitational acceleration corresponds to
g and spin rate is defined by w.

It is assumed that =50 rad/s spin rate is exerted on the
tubular grain in 1 second. Instantaneous stiffness of the
propellant is calculated benefiting from the Prony
series previously stated in (1) and using the properties
listed in Tables 1 and 2.

Table 4 summarize material properties and Table 5 lists
geometric dimensions of the motor used in the
validation process. The gravitational acceleration value
is taken as 9.80665 m/s?.

Table 4. Material properties used in validation.

Properties '\ézts%r Propellant
E, MPa 190000 4.994 (for t=1s)
v 0.3 Not used
p, kg/m® 8000 1800

Table 5. Dimensions of the tubular grain used in the
validation case.

a 100 mm
b 300 mm
h 10 mm

The loading scenario is also modeled and solved in the
Abaqus environment using the same modeling
technique expressed in Section 2. Finite element
analysis results covering radial stress components of
the propellant are shown in Figure 13.

S, 511 (Cyl)

(Avg: 75%)
0.000011
-0.014923
-0.029858
-0.044792
-0.059726
-0.074661
-0.089595
-0.104529
-0.119464
-0.134398
-0.149332
-0.164267
-0.179201

Figure 13. Finite element analysis results of the
validation case, radial stress distribution (MPa).

Comparison of the finite element analysis and
analytical results for the most outer region of the
propellant can be seen in Table 6.

Table 6. Comparison of analytical and finite element
results.

Analytical Finite
Properties Y Element Error (%)
Results
Results
an(D), -179.085 -179.201 0.065
kPa

TOLA, EYLENOGLU
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According to Table 6, finite element results are in good
agreement with the analytical results. Thus, the
modeling technique explained in Section 2 can be used.

4. STRUCTURAL ANALYSIS RESULTS

This section covers the finite element analysis results
of the solid propellant sections under centrifugal
loading. For each case, the outer radius of the propellant
is kept constant (R = 100 mm). Critical locations in
terms of von Mises stress are determined and illustrated
for each grain type.

4.1. Tubular Grain

Tubular grain has 2 independent cross-section
parameters those are inner and outer radius. Finite
element analysis results show that maximum von Mises
stress occurs at the inner bore of the propellant up to a
certain inner radius limit (Figure 14) and further
increment of inner radius leads to a decrement of
maximum von Mises stress level on it. After a certain
inner radius threshold, further increment of the inner
radius shifts maximum stress location to the most outer
surface of the propellant (Figure 15) since its propellant
volumetric loading fraction is low enough.

S, Mises

(Avg: 75%)
0.01434
0.01340
0.01245
0.01150
0.01056
0.00961
0.00867
0.00772
0.00678
0.00583
0.00488
0.00394
0.00299

Max: 0.01434
Elem: CYLINDRICAL GRAIN-1.1050
Node: 674

Figure 14. Sample finite element analysis result of
tubular grain (for high volumetric loading fraction,
ri=20 mm) (MPa).

S, Mises
(Avg: 75%)

Max: 0.00320

Max: 0.00320
Elem: CYLINDRICAL_GRAIN-1.1
Node: 1012

Figure 15. Sample finite element analysis result of
tubular grain (for low volumetric loading fraction,
ri=80 mm) (MPa).

4.2. Star Grain

Star grain has 7 independent cross-section parameters
which are illustrated in Figure 4. According to the

results, maximum von Mises stress occurs at the slot
radius of the star grain (Figure 16).

S, Mises

(Avg: 75%)
0.01216
0.01115
0.01014
0.00913
0.00812
0.00711
0.00610
0.0050%9
0.00408
0.00307
0.00206
0.00105
0.00004

Max: 0.01216
Elem: STAR_GRAIN-1.441
Node: 382

Figure 16. Sample finite element analysis result of
star grain (MPa).

4.3. Slotted Grain

Slotted grain has 5 independent cross-section
parameters which are illustrated in Figure 5. Similarly,
maximum von Mises stress occurs at the slot radius of
the propellant (Figure 17).

S, Mises

(Avg: 75%)
0.00975
0.00894
0.00813
0.00731
0.00650
0.00569
0.00488
0.00407
0.00326
0.00245
0.00164
0.00082
0.00001

Max: 0.00975
Elem: YAKIT-1.160
Node: 16

Max: 0009

Figure 17. Sample finite element analysis result of
slotted grain (MPa).

4.4. Wagon Wheel Grain

Wagon grain has 9 independent cross-section
parameters which are illustrated in Figure 6. Finite
element analysis results show that maximum von Mises
stress occurs at the upper radius of the wagon wheel
grain (Figure 18).

S, Mises

(Avg: 75%)
0.02244
0.02057
0.01871
0.01684
0.01498
0.01311
0.01125
0.00938
0.00752
0.00566
0.00379
0.00193
0.00006

Max: 0.02244
Elem: WAGON_GRAIN-1.662
Mode: 555

Figure 18. Sample finite element analysis result of
wagon wheel grain (MPa).

45. Anchor Grain

Anchor grain has 7 independent cross-section
parameters those are listed in Figure 7. According to the
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results, maximum von Mises stress occurs at the
anchor-shaped slot’s upper corner (Figure 19).

S, Mises

(Avg: 75%)
0.02515
0.02310
0.02105
0.01900
0.01695
0.01489
0.01284
0.01079
0.00874
0.00669
0.00464
0.00259
0.00053

Max: 0.02515
Elem: ANCHOR-1.33
Node: 12

Figure 19. Sample finite element analysis result of
anchor grain (MPa).

5. RESPONSE SURFACE RESULTS

Response surface analysis is used to determine the
response of an output parameter (response) to input
variables (response variables). Different methods such
as Central Composite or Box-Behnken can be applied
for response surface design. The Face-Centered Central
Composite Design method is preferred for the response
surfaces constructed within the content of this work.

Response surface is a mathematical model and if the
correlation between experimental data (real data) and
the data derived from the response surface
(mathematical data) are good enough; it is possible to
make fast and accurate calculations inside the
boundaries of the response variables. On the other
hand, it is not reliable to use response surface results if
response surface variables are out of the boundaries and
so extrapolation is needed.

Usage of the response surface method provides
valuable information to designers. For example,
response surfaces clarify that whether there is a linear
or nonlinear relationship between the output and the
input variables. This method also easily reveals the
most effective parameter on the response. In the light
of the response surface analysis results, it is possible to
conduct a very quick virtual optimization study by
solely using a mathematical model to significantly
lessen the optimization process. On the other hand, the
results of the virtual optimization studies have to be
checked by performing a final real analysis to be sure
about its accuracy.

This section covers response surface analysis results of
different grain types subjected to centrifugal loading.
Cross-section parameters except for constant outer
radius (R = 100 mm) are defined as response variables
(inputs) while maximum von Mises stress on the
propellant due to the rotational body force is defined as
the response (output).

5.1. Tubular Grain

Tubular grain has only two cross-section parameters
and since one of them (outer radius) is constant (100

mm), it is not possible to construct a response surface
with only one variable (inner radius). Instead, basic
regression analysis in MS Excel can be accomplished
by performing 17 different finite element analyses and
using results of them as real data set. The number of
analyses (17) is selected arbitrarily so less amount of
analyses is also enough to illustrate the behavior of the
maximum stress variation. Figure 20 represents the
variation of maximum von Mises stress level on the
propellant with the wvariation of inner radius.
Boundaries of the inner radius (port radius) are
presented in Table 7.

Table 7. Response variables and boundaries for
tubular grain.

Variable | Min. Max.
ri, mm 20 80
0,016
)
T 0,014 .
2 0,012 .
= ;
@ 001 .
E
w 0,008 b Y
2 -
S 0,006 veg
: .
= 0,004 .
[} .
2 0,002 5 ‘ ; -
y = 4E-12x° - 1E-09x* + 1E-07x" - BE-06x* + 0,0002x” - 0,0026x + 0,0331
0 R?=0,9993
0 20 40 60 80 100

Port Radius [mm]

Figure 20. Variation of von Mises stress with inner
radius for tubular grain.

An increment of the inner radius leads to a decrement
of maximum von Mises stress level on the propellant.

A smaller inner radius means higher propellant volume
and so higher propellant fraction ratio. Whenever the
inner radius is smaller than a certain threshold (for this
example r = 48 mm) maximum von Misses stress is
located at the inner bore of the radius.

If the inner radius is bigger than the threshold, the stress
level at the inner bore is decreased and the maximum
von Mises stress is shifted to the most outer surface of
the propellant. When the maximum stress location is
shifted to the outer surface, further increment of the
inner radius is less effective on maximum von Mises
stress level when it is compared with the previous case.
Therefore, the slope of the curve’s left-hand side
illustrated in Figure 20 is higher than its right-hand
side.

5.2. Star Grain

To construct the response surface, 77 different finite
element models having different dimensioned star
grains are modeled and solved using the parametric
Python script since there are 6 independent response
variables. The response variables and their boundaries
are listed in Table 8.
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Table 8. Response variables and boundaries for star
grain.

Variable | Min. Max.
N 4 6
w, mm 5 15
ri, mm 5 10
r;, mm 5 10
¢, deg 18 28
7, deg 25 40

Percentage effects of the response variables on von
Mises stress level of the star grain that is subjected to
centrifugal loading are presented in Figure 21.

According to the results, N is the most effective
parameter for star grains. Additionally, N, & #, rq, and
w dominates approximately 86% of the results.

ri*Eta Error Others
1,4% 09% 3,5%

N*Ksi

4,1% Category

N*r1

1,3%
N*w

25% _———

N
w
25,4% r
d

oooEfEECOEE
g

N*w

N*r1
. N*Ksi
Ksi r*Eta
20,1% Error

Il Others
W
10,4%

/
Eta r
17,4%

Figure 21. Percentage effects of response variables on
von Mises stress results of star grains.

Figure 22 represents the variation of maximum von
Mises stress level on the propellant with the variation
of Nand &

Hold Values

w [mm] 10

r1 [mm] 75

Eta [deg] 32,5
g 0,020
£ o015
= 0,010 28
% 24
= Ksi [deg]

5
N 6

Figure 22. Variation of von Mises stress with N and ¢
for star grain.

Figure 23 illustrates the variation of maximum von
Mises stress level on the propellant with the variation
of N and #.

Hold Values
w[mm] 10
r1 [mm] 7,5
Ksi [deg] 23
T
E 0,020
£ o015
=
= 0,010 : 40
H 35
s i 30 Eta[deg]
5 25

Figure 23. Variation of von Mises stress with N and »
for star grain.

Figure 24 shows the variation of maximum von Mises
stress level on the propellant with the variation of » and
&

Hold Values
N 5
w [mm] 10
r1 [mm] 7,5
& 0,020
2
w 0,015
@
=
- 0,010
= 28
x
© 24
= 0,005 Ksi [deg]
25 20
30
35 40
Eta [deg]

Figure 24. Variation of von Mises stress with » and &
for star grain.

Figure 25 plots the relationship between maximum von
Mises stress level on the propellant with the variation
of the response variables.

Fitted Means

w [mm] r1 [mm] Eta [deg] Ksi [deg]

0,018
0,016

%\\\\/

4 10

Max V. Mises [MPa]

30 36 42 20 24 28

Figure 25. Variation of von Mises stress with
response variables for star grain.

Increment of N, w, r1, 5, and a decrement of & leads to
decrement of the stress level on the propellant.
Additionally, there is a nonlinear relationship between
N and the stress level while other response variables
have a linear relationship with the stress.

5.3. Slotted Grain

To construct the response surface, 25 different finite
element models having different dimensioned slotted
grains are modeled and solved using the parametric
Python script since there are 4 independent response
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variables. The response variables and their boundaries
are listed in Table 9.

Table 9. Response variables and boundaries for
slotted grain.

Variable | Min. | Max.
N 3 5
Ri, mm 15 30
Rp, mm 40 80
f, mm 4 8

Percentage effects of the response variables on von
Mises stress level of the slotted grain that is subjected
to centrifugal loading are presented in Figure 26.

Error |

1,1% 2,6%
/

Rp*f
N*Rp 7,5%\
2,7%

Category
N

]

Il Rrp

i Olf

I Rp*Rp
I N*Rp
] Rp*f
I Error
R

__Rp
42,0%

Rp*Rp
34,9%

f
9,2%

Figure 26. Percentage effects of response variables on
von Mises stress results of slotted grains.

According to the results, R, is the most effective
parameter for slotted grains. f parameter has also a
considerable effect on maximum stress.

Figure 27 represents the variation of maximum von
Mises stress level on the propellant with the variation
of Ry and f.
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Figure 27. Variation of von Mises stress with R, and f
for slotted grain.

Figure 28 shows the variation of maximum von Mises
stress level on the propellant with the variation of N and
f.
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Figure 28. Variation of von Mises stress with N and f
for slotted grain.

Figure 29 plots the relationship between maximum von
Mises stress level on the propellant with the variation
of the response variables.
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Figure 29. Variation of von Mises stress with
response variables for slotted grain.

Increment of N and f leads to a linear decrement of the
maximum von Mises stress level on the propellant. On
the other hand, there is a nonlinear relationship between
Rp and the stress level. An increment of R, decreases
the maximum stress value up to a certain limit.

5.4. Wagon Wheel Grain

To construct the response surface, 145 different finite
element models having different dimensioned wagon
wheel grains are modeled and solved using the
parametric Python script since there are 8 independent
response variables. The response variables and their
boundaries are listed in Table 10.

Table 10. Response variables and boundaries for
wagon wheel grain.

Variable | Min. | Max.

N 4 6
w, mm 5 20
ri, mm 5 10
r;, mm 5 10
rs, mm 5 10
La, mm 10 30
&, deg 18 28
p, deg 30 40

Percentage effects of the response variables on von
Mises stress level of the wagon wheel grain that is
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subjected to centrifugal loading are presented in Figure
30.
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Figure 30. Percentage effects of response variables on
von Mises stress results of wagon wheel grains.

According to the results, w is the most effective
parameter for wagon wheel grains. Additionally, w, ry,
N, L, and £ dominates approximately 86% of the results.

Figure 31 shows the variation of maximum von Mises
stress level on the propellant with the variation of w and
.
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Figure 31. Variation of von Mises stress with w and r;
for wagon wheel grain.

Figure 32 represents the variation of maximum von
Mises stress level on the propellant with the variation
of wand N.
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Figure 32. Variation of von Mises stress with w and N
for wagon wheel grain.

Figure 33 illustrates the variation of maximum von
Mises stress level on the propellant with the variation
of ryand N.
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Figure 33. Variation of von Mises stress with ry and N
for wagon wheel grain.

Figure 34 plots the relationship between maximum von
Mises stress level on the propellant with the variation
of the response variables.
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Figure 34. Variation of von Mises stress with
response variables for wagon wheel grain.

Increment of N, w, r1, 8 and decrement of r3, & L leads
to a decrement of maximum von Mises stress level on
the propellant. All response variables are in a linear
relationship with the stress level except N.

5.5. Anchor Grain

To construct the response surface, 77 different finite
element models having different dimensioned anchor
grains are modeled and solved using the parametric
Python script since there are 6 independent response
variables. The response variables and their boundaries
are listed in Table 11.

Table 11. Response variables and boundaries for
anchor grain.

Variable | Min. | Max.
N 2 4
w, mm 10 30
L;, mm 5 15
Lo, mm 5 10
p, deg 15 30
Ye, MM 20 30

Percentage effects of the response variables on von
Muises stress level of the anchor grain that are subjected
to centrifugal loading is presented in Figure 35.
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Figure 35. Percentage effects of response variables on
von Mises stress results of anchor grains.

According to the results, w is the most effective
parameter for anchor grains. Additionally, w, and N
dominate approximately 77% of the results.

Figure 36 represents the variation of maximum von
Mises stress level on the propellant with the variation
of wand N.
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Figure 36. Variation of von Mises stress with w and N
for anchor grain.

Figure 37 plots the relationship between maximum von
Mises stress level on the propellant with the variation
of the response variables.
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Figure 37. Variation of von Mises stress with
response variables for anchor grain.

Increment of N, w, L; and decrement of yc, ¢ leads to a
decrement in the maximum von Mises stress level on
the propellant. On the other hand, L, does not have a
critical effect on the maximum stress level.

Since the maximum stress is located at sharp edges of
the anchor grain, it is possible to decrease the maximum
stress level on it by modifying the edges with fillets.

6. CONCLUSION

This work examines the structural behavior of
frequently used solid propellants subjected to
centrifugal loading that is not previously examined in
the literature. Parametric Python scripts are prepared
and used to construct and solve the linear viscoelastic
finite element models. Finally, response surface
analyses are performed and the most effective
parameters on von Mises stress level for different grain
geometries are determined. Response surface data also
represents the type of relationship (such as: linear or
nonlinear) between the von Mises stress and the
response variables.

Results of this work showed that:

e Itis possible to shift the maximum von Mises stress
location of a tubular propellant from its inner radius
to outer radius by increasing its inner radius value.

e The number of slots (N) has a nonlinear relationship
with the maximum von Mises stress level of the star,
slotted, wagon wheel, and anchor grains.

e N is the most effective parameter on the maximum
von Mises stress level of the star grains subject to
rotational body force.

e R, parameter dominates the maximum von Mises
stress level of the slotted grains.

e w is the most effective parameter on the maximum
von Mises stress level for both the wagon wheel and
the anchor grains subject to rotational body force.

e To decrease the stress level, the propellant
volumetric loading fraction should be decreased.
This result is valid for all of the examined grain
sections since less amount of propellant mass leads
to less amount of centrifugal load and so the stress
level at the critical location.
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