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INTRODUCTION

Geometry Optimization of Star Shaped
Propellant Grain With Special Attention
to Minimization of Stress and Strain

Apart from always permanent demands for achieving as much as possible
higher rocket motor internal ballistic performances, reliability, service-life,
operating temperature and requirements for handling, transportation and
storage are also of great importance. By the rule, the most critical part of
the rocket is propellant grain. In order to improve those characteristics, it
is very important to minimize stresses and strains that occur in the
propellant grain, especially at the most critical moment of rocket motor
ignition. Principally, this can be done in several ways, for example: by
radical change of propellant grain geometry, change of propellant
composition, change of propellant grain placement in rocket motor, etc.,
but those possibilities are either spent or are too complicated and
expensive. Because of that, it is preferable, to solve the problem or to
increase reliability and operating temperature range wherever it is
possible with minimal, inexpensive and simple solution.

In this paper, it is presented a specific methodology for optimization of star
shape propellant grains in the sense of minimizing stress and strain without
compromising the required internal ballistic performances.

Keywords: solid rocket motor, grain design, star grains, rocket propellant.

« Proven track record

The star geometry has been a popular grain
geometry in the professional solid propulsion industry
for years and is still used extensively today. The star a is
radial burning cylindrical grain with distinctive
geometric properties. Design flexibility of the star
configuration protects the chamber wall from
consequences of gas temperature and erosion, thereby
eliminating the need for wholesale case insulation. With
seven variables available, it is quite easy to achieve
desirable volumetric fraction and relatively neutral
burning. Neutrality is provided in two dimensions by
the interaction of the regressive burning star wedges and
the progressive burning tube.

The design of solid propellant grain that provides
neutral burning is important to optimize rocket motor
performance. The star configuration has been widely
used to achieve this goal. For that reason it is very
important to optimally design propellant grain both
from internal ballistic and from structural point of view.
As demand for loading factor of propellant grain is
higher, achieving this goal is harder.

The star geometry does possess some notable
advantages over other grain geometry’s such as:

o Can possess high surface area exposure

o Great for fast powerful burns

o Can possess close to neutral burn
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o Low heat exposure to the combustion chamber

Some disadvantages may include:

« Existence of sliver

o Existence of stress concentration in star valley

o Effect of erosive burning may be very high in
some cases

e Mandrels maybe difficult to make.

The demonstration of possibilities for optimizing the
star shape propellant grain in such manner that stresses
and strains are minimized without compromising
internal ballistic performances will be presented on the
example of real existing rocket motor. The main idea is
to introduce elliptical instead of classic circular fillet of
star valley in order to minimize stress concentration
factor. Also, web thickness is optimized. New mandrel
for production of propellant grain is even simpler,
regardless of elliptical fillet, due to four-star-point
configuration.

2. PROPELLANT GRAIN CONFIGURATION

Both propellant grain configurations, the existing
and a new improved one, are of the same type, star
shaped. Also, outside diametar and length are absolutely
the same. The only difference is in cross section
appearance, but they have identical port area, which
means both propellant grains possess the same amount
of identical solid rocket propellant. Propellant grain
placement in rocket motor is the same, so in this way
the influence of geometry on rocket motor performances
is isolated.
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2.1 Existing geometry

The existing geometry is classic five-star points with
the following main cross section geometry.

Table 1. Main dimensions of cross section

Designation Value Unit
D Outside diameter 116.50 mm
w Web thickness 28.85 mm
rl Tip radius 8.00 mm
r2 Internal radius 2.00 mm

Separation angle 23.00 ©
Rp Port radius 15.40 mm
N Number of star points 5
«/

n

Figure 1. Cross section of existing propellant grain

2.2 New improved geometry

In this case we have 4-star points and elliptical tip
geometry.

Table 2. Main dimensions of cross section

Designation Value Unit
D Outside diameter 116.50 mm
w Web thickness 27.25 mm
ea Major ellipse axis 10.00 mm
eb Minor ellipse axis 6.00 mm
r2 Internal radius 5.00 mm
n Separation angle 0.00 ©
N Number of star points 4

<

e

eh=eps*ea

Figure 2. Cross section of improved propellant grain
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The value for parameter eps (ratio of minor to major

ellipse axis) was chosen in such manner that stress
concentration factor is minimal. Since the semi-circle
star tip (eps =1) has one point of stress concentration

and the geometry with eps=0 has two points of

concentration, it is clear that at some intermediate value
of eps a transition from one point of concentration to
two points of concentration must occur, and that at this
transition the stress should be uniformly distributed
around the tip. That transition will represent a minimum
stress configuration. A configuration of minimum stress
occurs for a value of eps in the range 0,35 <eps <0,7,

and at a value of eps where the transition from one
concentration point to two concentration points is
occurring. To find the optimum value for the eps in our
case, we will use program package (Pro/Mechanica).

Figure 3. Pro/Mechanica simulation model

As can be seen from the Fig. 3 internal pressure is
specified load and model was considered as 2D plain
strain (infinitely thick). Because of the model
symmetry, one quarter of cross section is enough.
Parameter eps was varied from 1 to 0.3 with 0.1 steps.
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Figure 4. Elliptical star tip calculation results

From the Fig. 4 it can be seen that minimal stress
concentration factor will occur for the eps=~0,58.

Accepted value is 0.6 and in that case stress
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concentration factor ratio between elliptic and semi-
circle star tip is 0.83.

3. STRESS AND STRAIN ANALYSIS

Causes of operational failures of solid rocket motors
are varied, but the major are connected to the structural
integrity of the propellant grain. A structural analysis,
when coupled with appropriate failure data of the
component materials through a failure analysis, defines
the limiting environment in which a solid rocket motor
may be expected to perform satisfactorily.

The loads encountered by a solid rocket motor are
normally classified as two types: specified loads and
induced loads or derived loads. Specified loads are fixed
by mission requirements demanded by the prime
contractor. These loads are typically the operational
temperature environment, acceleration, vibration, shock,
transportation and handling loads and the physical
environment (aging conditions, humidity, etc.). Induced
loads arise from particular selection of the propellant,
processing techniques and grain configuration satisfying
the mission objectives of the motor. Induced loads are
typically cure shrinkage, pressure, flight and certain
combined loads.

There are two very distinct stages in the operational
life of a propellant grain:

e The stage Dbefore firing: this includes
manufacturing followed by various transportation
and storage phases.

o The firing which lasts from a few milliseconds to
several seconds.

To esteem correctly the safety factor in propellant
grain it is first necessary to make analysis of loads it is
exposed to. In case of most rocket motors, the
propellant grain is exposed to these loads:

o The load that is the consequence of great pressure
difference along the central port length. These
loads are the greatest at motor start.

e Pressurization loads arise during ignition of a
solid propellant rocket motor and act until motor
burnout. The pressurization loads imposed on a
solid rocket motor are determined by the
propellant properties, the grain configuration and
the stiffness of the motor case. The hoop stresses
and strain at the inner bore are usually the critical
design parameter for pressurization loading,
particularly for low temperature firings where the
propellants have less elongation capabilities than
at high temperatures.

o Inertial loads at start as a result of axial
acceleration.

o Axial and radial thermal loads. Those loads are
the consequence of thermal spreading (shrinking)
of propellant grain at various temperatures.

o Axial and radial transport loads which are the
results of rocket transportation and are defined
by basic technical requirements.

o Centrifugal loads as the result of rocket rotation.

e Remaining stresses that are realized as a
consequence of technological processing of
propellant grain.
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e Cyclical loads due to cyclical (climatic)

temperature changes.

o Loads due to its own weight.

In our case of console supported grain the most
critical load is one that grain bears in the ignition phase,
when exposed to internal pressure in central port, it
leans on the wall. For this case of load of greatest
importance is the clearance value between grain and
combustion chamber at a certain temperature.

3.1 Mathematical model

Parameter H, directly connected with stress
concentration factor in star valley is defined by empiric
relationship derived from photo-elastic tests:

1 |Jy+l a
H=-— 7|1 2/— . 1
IN !//—1£+ pj M

Parameter y is determined by the relationship of

external and internal diameters and is defined as:
D

y=—= . 2)
a D_u
2

For the internally pressurized grain, the hoop stress
at the star valley is related to (1) by the equation:

(o8, =(1-12 L, G

where o, is clearance between grain and combustion

chamber at a certain temperature:
D;.—-D
é‘r — ( lC2 ) . ( 4)

Inner diameter of the combustion chamber at a
certain temperature is:

Dj. =D [1+ac(T_T0)]' Q)

Outer diameter of the propellant grain at a certain
temperature is:

D=Dy[1+a,(T-Ty)]. (6)

Maximal tangential deformation at the star valley is
defined by equation:

ay _[3¥2-1)(5,
w25 o

The pressure in central port, which is necessary to
make the grain lean on combustion chamber wall, is:

2
v -1 5}’
Er—. 8
Sy bre, )
Referring to (3), photo-elastic parameter in the case
of elliptical tip geometry will be:

H y, =elip(H . ~1)+1. (9)

Po=

With the knowledge of propellant mechanical
characteristics according to the temperature, it is now
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possible to calculate stresses and strains for star
perforated grain.

The best way to present what new geometry
improves is to find the ratio of stresses and strains. In
this way, we are comparing only geometrical parameters
of the grain cross-sections without influence of the
propellant mechanical characteristics.

The ratio of stresses between radius and elliptical
fillet:

(H-D(y*-1)

SR = 3
(Helip - 1)(!//elz'p -1)

=1.421. (10)

The ratio of elongation between radius and elliptical
fillet:

H(y* -1)

ER = 5
Helip (l//elip -1

=1.404. (11)

The ratio of the pressure of radius with elliptical
fillet:

2 —
PR:W2—1:1.346 . (12)
Velip -1

As can be seen the significant improvement is
achieved. The old design has 42% higher stresses at the
critical moment of motor starting at every motor
working temperature. This means that with new a
design the motor can operate at lower temperature and
with higher reliability safety factor. This result is
achieved with the change of two major design
parameters. One is the optimal type of the star tip to
reduce stress concentration factor and the other one is
web thickness to reduce the load.

4. INTERNAL BALLISTIC VERIFICATION

After determining the new optimized shape of
propellant grain cross-section it is necessary to check if
the internal ballistic of motor is satisfactory. In other
words, if the main motor parameters remain unchanged
or in acceptable limits. In this case, the main motor
parameters of our interest are:

e« Maximal motor working pressure during
operating time

o Total motor impulse

o Motor thrust at the start of motor burning

o Total and effective motor burning time

o Thrust vs. time trace history

To this end, we will use the existing computer
program for internal ballistic calculation. Our
theoretical results for the “old” — 5-star-point case will
be first compared to the experiment for validation of
calculation, and after words with “new” — 4-star-point
case. The first comparison is done where both
configurations use the same propellant with the same
burning rate. In second case, the propellant in a new
designed cross section has by 9% higher burning rate
(mean diameter of oxidizer particle size is smaller), but
mechanical properties remain the same.
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Figure 5. Pressure vs. time history for old star shape grain
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Figure 7. Pressure vs. time comparison between old and
new design
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Figure 8. Thrust vs. time comparison between old and new
design

From previous figures, 5 and 6, it can be concluded that
the program used for internal ballistic calculation gives
excellent results and can be used in further analysis.
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Figure 9. Pressure vs. time comparison between old and
new design with higher burning rate propellant
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Figure 10. Thrust vs. time comparison between old and
new design with higher burning rate propellant

The new star design with the usage of the same
propellant gives satisfactory results. Motor burning time
and obtained total impulse is practically the same for
both configurations. Maximal pressure for elliptic fillet
design is lower than maximal pressure for original
design, more than 20 bars (figure 7.). Only a small
disadvantage is in the fact that at start the thrust is lower
~22% but after 0.2 s is equal to the thrust of radius fillet
configuration (figure 8.). Because of lower maximal
pressure that lack in thrust can be overcome by
increasing the propellant burning rate (by decreasing the
oxidizer particle size), of course up to the same limit as
in original design, 140 bars. In that case starting thrusts
are almost the same and due to the higher average
operating motor pressure a new design has slightly
bigger total impulse, 0.7% (figure 10).

5. CONCLUSION

By the presented example it is shown that it is
possible to significantly improve the design (from
mechanical point of view) of star perforated propellant
grains only with optimization of the star tip geometry.
The main geometry difference is in the fact that instead
of classical round star tip elliptical tip geometry was
introduced. In this way stress is uniformly distributed
around the tip, which means that a minimum stress
configuration is achieved. The ratio of ellipse minor to
major axis (eps), which gives minimal concentration
factor, should be calculated for each independent case.
Parameter eps is mainly the function of the number of
star points, ratio of outer grain to star tip radius, and
ratio of star tip to star tip fillet radius. In most cases a
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configuration of minimum stress occurs for a value of
eps in the range 0.35+0.70.

Even better results could be obtained with
optimization of web thickness, number of star points
and separation angle.

Of course, it should be kept in mind that required
internal ballistic performances must be satisfied. In our
case we achieved that as can be seen on figures in 7. and
8. Furthermore, with a new design we have opportunity
to even increase motor total impulse by introducing the
propellant which differs from original only in burning
rate law (by decreasing the oxidizer particle size we
increase the propellant burning rate), but keeps the
maximal pressure on the same level (figures 9. and 10.).

The evidence for the right choice of the design idea
and dimensions of the improved geometry are
conducted ground and flight tests which demonstrate
increment in operating temperature range (lower minus
temperatures from -20°C to over -30°C) without lacking
in ballistic performances.
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NOMENCLATURE

Photo-elastic parameter in case of semi-
circle tip geometry
Photo-elastic parameter in case of

elip
elliptical tip geometry
a Radius to star valley
b Outside radius of proppelant grain
Er Tensile modul of propellant at
temperature 7'
T Temperature

D;., Inner diameter of the combustion
chamber at temperature 7

Dy Outer diameter of the propellant grain at
temperature 7|

Greek symbols
4 Grain radius ratio
P Tip radius, p=rlin case of semi-circle and

p=ea in case of elliptical tip geometry
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a, Coecfficient of linear expansion for combustion
chamber material
ap Coefficient of linear expansion for propellant

IF'EOMETPUJCKA OITUMM3AIIUJA
MMOI'OHCKOI' IYWEBA THIIA 3BE3JIA CA
MMOCEBHUM OCBPTOM HA MUHUMMU3ALINTY
HAIIOHA U U31YKEIBA

Ipeapar Musnom

INopex crajgHO NMPUCYTHHX 3aXTeBa 3a IOCTH3AmE LITO
00JPMX  VHYTPAIIHKO-0aMUCTHIKNX  TepdopMaHCH
PAaKeTHUX MOTOpa OJ BEJIHMKE BaXXHOCTH Cy Takohe u
MOY3JaHOCT, BEK ymorpede, TeMIEepaTypHH OIICer
IIPUMEHE M 3aXTEBU BE3aHH 32 PYKOBaHje€ TPAHCIOPT U
crnaauireme. [1o npaBuily HajKPUTHYHUJU JI€0 paKeTe

40 = VOL. 35, No 1, 2007

je moroHcko nymeme. Jla 0u ce yHanpenuie npeaxoaHo
HaOpojaHe KapaKTepPUCTHKE BEOMa j€ BAXKHO CMArbUTH
HallOHE W U3AYyXeHha Koja Ce jaBibajy y IHOTOHCKOM
NyHBeHkhY HAPOUYUTO Y HAJKPUTUYHHUJEM TPEHYTKY
NpuNabiBamka pakeTHOr MoTopa. HawenHo je To
Moryhe ypaiuTH Ha BHIIE HaYMHA HA MpUMEp
paluKalHOM  TIPOMEHOM  TE€OMETpHje  IOTOHCKOT
MyHkEeHa, IPOMEHOM IIOTOHCKE MaTepHje, IPOMEHOM
HAYMHA CMELITaja MMOTOHCKOT ITyHekha y CAMOM MOTOPY
WTA., and TakBe MoryhHocTH cy wim Beh moTpomieHe
WU Cy CyBHIIIE KOMIUIMKOBaHe M cKyre. W3 tor pasiora
j€ TOXeJbHO, TAe Toj je To Moryhe, ca MUHUMAITHHM,
jeOTHHUM M IIPOCTUM 3aXBaTUMa PEIIUTH MPOOJIEM HITH
noBehaT NOy3laHOCT ¥ TEMIIEPaTypCKH  OIICcer
HpUMEHeE.

Y oBOM paay je INpe3eHTOBaHa METOJOJIOTHja 3a
ONTHMU3AIM]y TIOTOHCKHX ITyHeHha THIA 3Be3la Y
CMHCITy CMameHha HallOHA 1 M3/LyKema 0e3 yrpokaBama
TPAKEHUX YHYTPAIIHO-0aTUCTHYKUX MepHOPMAHCH.
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