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Abstract. The research work addresses mathematical modelling and computational analysis of novel solid pro-
pellant grain configuration. The aviation industry is working on propulsion systems as well. For high thrust in rockets,
space ships, and even in aircraft, solid propellant grains can be used as fuel. Grain design is a vital and integral part of
solid propellant design. The designer has many options available for selecting grain configuration. Several design para-
meters - volumetric loading fractions, web fraction, length to diameter ratio, and port area — are normally tailored to
mission demands. The star grain configuration has been a mainstay in this industry since 1935. The star grain config-
uration does however have a long-standing drawback, namely the formation of slivers. In this paper we present a new
grain configuration, the “rose petal”, which overcomes the drawback of the traditional star grain design. The configur-
ation is modelled using relevant internal ballistic relations. The design computation is executed in MATLAB. Thrust
and time and burn area time curves are generated for a prescribed port area. Comparisons are drawn between the
two configurations, clearly revealing that the new configuration obviates the occurrence of unwanted slivers otherwise
generated in the old star design, which lowers the efficiency of all those propulsion systems in which solid propellants
are used.

Keywords: rose petal grain, slivers, propulsion systems, port area, star grain, thrust curve, propellant configura-
tion, aviation.

Copyright © 2012 Vilnius Gediminas Technical University (VGTU) Press Technika
http://www.tandfonline.com/TAVI



Aviation, 2012, 16(3): 76-83

1. Introduction

Composite propellants are primary ingredients of solid
propulsion systems. They have a resilient poly matrix
containing an oxidizer that releases propulsive energy
on ignition. Ammonium perchlorate (AP)-based com-
posite propellants have been the workhorse in the field
of solid rocket propulsion for more than 5 decades. This
type of propellant typically contains a multi-modal dis-
tribution of solids embedded in hydroxyl-terminated
polybutadiene (HTPB) matrix (Cai et al. 2008). Regard-
less of the composition, however, all propellants are pro-
cessed into a similar basic geometric form, referred to
as a propellant grain. Propellant grains are cylindrical
in shape to fit neatly into a casing in order to maximise
volumetric efficiency.

Two types of solid grain blocks are used in the
space industry. These are cylindrical blocks with com-
bustion at the end, or surface and cylindrical blocks
with internal combustion. The so-called end burners
produce constant thrust throughout the burn. In the
latter type, the combustion surface evolves across the
length of a central port. Most grains however are cast
with a hollow core, burning from the inside out and are
case bonded (Davenas 1993). A central core, surface
area, and geometry that extend the full length of the
grain are usually introduced to increase the propellant
surface area. Grains are classified accordingly to the
main orientation of burning.

The thrust profile over time is controlled by the
grain geometry. The shape of the grain determines the
particular type of mission it will perform. Geometrical
consideration determines whether the thrust increases,
decreases or stays constant. The thrust time curve, the
desired burning time, motor mass, and volume are the
primary design factors. The grain geometry is selected
to fit these requirements. The grain should be designed
so that it will utilise the maximum available volume in
the chamber efficiently and produce a suitable burning
surface with associated thrust time profile. An overrid-
ing requirement is that the amount of slivers should be
minimal.

Grain configurations are classified according to
their web fraction, L/D ratio and volumetric loading
fraction. Some of most widely used two-dimensional
grain configurations are end burning (EB), internal
burning tube (IBTG), slotted tube grain (STG), and star
grain (SG) (Sutton, Biblarz 2001).

A reasonably methodical procedure is followed
in selecting and designing the specific grain geometry.
Various grain geometries including two-dimensional
and three-dimensional grains have been elaborated in
this context (Barrere 1977). The prediction and analysis
of burning profiles of various grains provide a great deal
of information (Davenas, Thepenier 1999). The geo-
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metric parameters of star grain, their effects on internal
ballistics, and their future trends provide better under-
standing regarding star grain (Ricciardi 1992). Many
problems are solved by the simulation of solid propel-
lants (Dick et al 2005). Wilcox used a minimum distance
function (MDF) to simulate burning propellants (Wil-
cox et al. 2005). Stein mathematically modelled both star
grain (SG) and internal burning tube grain (IBTG) and
concluded that performance is enhanced with the mer-
ger of the two configurations (Stein 2008).

2. Material and methods

Two-dimensional mathematical modelling
and computational analysis

In this paper we use the module presented in the lay-
out of figure 1 for mathematical modelling and in sub-
sequent computer analysis.

Star graln

Rose petal grain

Set outer radius ,

Finding curves

Finding
intersection points

Finding area biw
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Same port \ '/
ared
Calculate bumn
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Fig. 1. Grain geometry and computational analysis module
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2.1. Geometrical considerations

The traditional star grain and the proposed rose petal
grain configuration appear in fig. 2.

Fig. 2. Rose petal grain configuration (proposed) and star
grain configuration (existing)
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In this paper two cases have been considered for
both configurations, keeping port areas constant. Thrust,
burn area curves, sliver mass, and area of both config-
urations are investigated for constant port area. To find
port area, we have to follow a calculation procedure as
given below.

2.1.1. Determining curves

The two curve segments representing the respective
grain geometry are indicated in fig. 3.

Fig. 3. First replicas of rose petal and star shape grain
configuration

Curve 1 is a circular curve and curve 2 is an a*(1/X)
curve. The equations of both curves are given below
(Thomas, Finney 1995).

Y2 + X% = R? (Simple circular curve eq.),
a* L (a is multiple).
X

2.1.2. Determining intersection points

In the second step, we find the intersection points where
these curves meet. For this the following equations are
applied.

Y2=R2-X2, (1)

o L
Y=a [XJ (2)

After the mathematical operations, equation (1)
and (2) are transformed thus.

y2-R%*y+a=0. (3)

In equation (3), R and a are constants. These con-
stants, being design constants, are set for each configura-
tion. In this paper we discuss two different cases of both
configurations with different R and a values. Intersection
points in both configurations are given in fig. 4. The val-
ues are put in equation (3), and a quadratic equation res-
ults.

Fig. 4. Intersection points (X1&X2) in rose petal and star grain
configuration

2.1.3. Determination of area between the curves using
laws of integration

The area between the curves follows from integration
given by formula F1.

A= Cl- 1C2, 4)

Fig. 5. Area between the curves in star and rose petal grain
configuration (in first replica)

The integration of the circle equation is given as

xb
Cl. (5)

xa

The integration of the a* (1/X) equation is given as
X2 X2 1
I C2=|_a* [—de ,
X1 X1 X
X2 X} (6)
ax*lnX;.
X1

In the above section, we have determined limits for
both configurations, and by putting these values in for-
mula F1, one gets the area between the curves.

2.1.4. Determining port area

To determine the port area, we find the area of the inner
circular curve by using equation (4) and then multiply
the answer by 2 (limit of integration with respect to X
is (5, -5), as 5 mm is the radius of the inner core of the
propellant grain). Now we solve for the following cases.
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2.2. Case #1, same port area / burn area for both
configurations

Data for both configurations is R=5 mm, a =5 for the
star grain configuration and R=5 mm, a =8 for the
rose petal grain configuration. By using these data in
the equations and formulas given above we are able to
calculate the port area. Now to calculate total area, we
multiply the area between the curves by the number of
star points of the rose petal and star configurations. Here
we consider n=4 for both configurations. Hence the area
between curves in both configurations is given by

TA =A% n, (7)
PA = CA - TA‘ (8)

It is evident that the port area of configurations is
not equal. For this we have to set an appropriate value of
n for both configurations. It comes out that the port area
of both configurations is nearly the same if we set n=8 for
the rose petal and n=4 for star grain configuration. We
however have to determine the circumference bounding
the star points to assure that the replication is consistent
with constant port area requirements.

The circumference bounding star points are given
by formula F5.

2>|<{Xb[R>i=sin‘1 [ij} )
Xa R

We have to keep in mind that whatever the value of
n, the circumference of the port area should be the same
for both grains. We know the limits of the circular arc
and star or rose petal arc as shown in fig. 6.

Fig. 6. Arcs in star and rose petal grain configurations (in the
first replica)

By putting these limits in the formula (F5) and cal-
culating the circumference of the circular arcs and star
or rose petal arcs, we come to know that we have to keep
the circumference of the inner curve shape of both con-
figurations constant. For this # can also undergo change.
Again for this case 7 is set as 7 for the rose petal grain
configuration, and its value is 4 for the star grain config-
uration as depicted in fig. 7.
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Fig. 7. 7-pointed rose petal grain, 4-pointed star grain
(geometry with port area conformity)

2.2.1. Burn area
The formula used for finding burn area is given below.

By = (Lt +Leo) "L (10)
So according to the mathematical formulas

LCI’ LC2

The arc length of the circle curve is integrated easily
(R asin (X/R)) while the arc length of the a*(1/x) curve
is not amenable to simple integration. We have to use
binomial expansion followed by integration to yield the
result:

wofellr (o5 e

The thrust, web fraction, and volumetric load-
ing are computed as given below (Sutton, Biblarz 2001;
Brooks 1972).

2.2.2. Thrust

Thrust = mass rate *specific impulse

Mass rate= burn area *burn rate*density.

So

Thrust = burn area *burn rate*density *Isp, (12)

2.2.3. Web fraction
The web fraction is given by formula F9
Web fraction = web thickness/radius, (13)

2.2.4. Volumetric loading
To find volumetric loading V;, the following formulas
are executed one by one.

Ag =2*f;1\/(R12 — X2)dx, (14)

GV: AG *LG’ (15)
PV= PA *LG) (16)
VP = GV —Pv, (17)
m,=n* Vp. (18)
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2.2.5. Sliver calculations
Slivers in actual propellant appear in fig. 8.

Fig. 8. Depiction of slivers in actual propellant

Sliver area/mass is computed via the following relations

Sa=104a1 - Onyl (19)

J;(:[\/(RP _x2 _a*(iﬂm&dﬂ ,

For further calculations we use these formulas
given below.

SA:

Sta=SA "1, (20)
SV = STA *LG’ (21)
SM= n * Sv. (22)

2.3. CASE #2, designing rose petal configuration with
respect to 6-point star configuration (n=6)

This case is considered because a 6-point star is normally
used. Here the rose petal configuration is set according
to the 6-point star configuration for the sake of com-
parison. We have to follow the same procedure as given
above. For star grain R=6 mm, a =12.5 and for rose petal
grain R=6 mm, a =14.6. These calculations show that the
7-pointed rose petal grain configuration shows the same
behaviour as the 6-point star grain configuration, with
nearly mitigated slivers, as depicted in fig. 9.

Fig. 9. 7-pointed rose petal grain configuration, 6-pointed star
grain configuration

2.4. Programming and computation

In order to perform these mathematical calculations
automatically, MATLAB software was used, which helps
in generating different curves (thrust - time, burn area -

time) for both cases. It also helps in generating the burn
patterns. MATLAB is very powerful software that helps
in generating powerful two-dimensional and three-di-
mensional curves. Here programming follows the same
module given above.

3. Results and discussions

3.1. Design result analysis

This section includes an analysis of curves generated
in MATLAB. Before the analysis of these curves, it is
necessary to describe design requirements and con-
straints.

3.1.1. Design requirements and constraints for both
configurations

The thrust - time profile is the primary output. Thrust,
pressure, burning time, length, diameter, and mass of
propellant determine the design requirements (Khurram
et al. 2007). In the present study, thrust and burn area
have been taken as the objective functions to satisfy the
limits on propellant mass, burn time, burn rate, nozzle,
propellant parameters, and length and diameters in both
grain configurations for comparative analysis. The main
system, constraints for current two-dimensional grain
design appear in Table 1 (Thomas, Finney 2001; Brooks
1972; Khurram et al. 2007).

Table 1. Main system constraints for the current two-
dimensional grain design

Requirements and constraints Values
Length (Lg)(mm) 50

Mass of propellant (m,)(kg) Variable
Burn time (t)(msec) Variable
Radius (R)(mm) 12

Throat area (At)(mm?) Variable
Thrust coeflicient (Cy) 1.54

Burn rate(r)(mm/sec) 1

Port area (P,)(mm?) Variable
Volume of motor (mm?) Variable
Density (p)(Kg/mm?) 0.0000018
Specific impulse (Isp)(s) 240

Web fraction (wy) 0.35<wf<0.6
Volumetric loading (V;) 0.7<v1<0.88
Length/diameter (L/D) NA

3.1.2. Case #1, same port area/burn area in both
configurations

In this case, star and rose petal grain configurations are
designed for same port area. The star configuration has
4 star points and the rose petal configuration has 7 petal
points. For this case, the computed values are given in
Table 2.
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Table 2. Calculated values of requirements and constraints for
case #1

Requirements and Calculated values

constraints

Port area (P,)(mm?) 53 (star configuration)

55 (rose petal configuration)
Mass of propellant (mp)(Kg) |0.036 (both configurations)
Throat area (At) (mm?) 26.5

Port volume (Py) (mm?)

2650 (star configuration)
2750 (rose petal grain
configuration)

Web fraction (Wy) 0.58 (calculated)
Volumetric loading (V1) 0.87 (calculated)
Length/diameter (L/D) NA

3.1.2.1. Burn patterns

Burn patterns of a replica for each configuration are
given below in fig. 10. It is seen that complete shape
replicates n times.

0 5 10 0 5 10
Fig. 10. Burn patterns of rose petal and star grain configurations

3.1.2.2. Output curves
The output thrust and burn area curves for the two con-
figurations appear in Figs 11 and 12.
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Fig. 11. Rose petal grain thrust and burn area time curves
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Fig. 12. Star grain thrust and burn area time curves

Comparison of thrust time and burn area time out-
put indicates the following.
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From 0 to 1 msec, the curve increases linearly at the
commencement of burning for both configurations.

From 1 to 2 msec, the thrust and burn area in the
rose petal grain configuration is marginally less than in
the star configuration. During this period the curves
mimic each other.

From 2 to 7 msec, the thrust and burn area graph
increase over time as seen in figure 11 and figure 12.

From 7 to 8 msec, the rose petal grain thrust falls to
nearly zero at 8msec. On the other hand, the star grain
configuration curve does not fall to zero; the rose petal
configuration curve has no tail-off, as opposed to its star
counterpart.

From 8 to 9 msec, the star configuration propellant
burns at low thrust.

A comparison clearly shows tail-offs in star config-
uration curves. Tail-offs are negatives showing the por-
tion of wasted propellant that burns at a very low thrust
and pressure during the final action time.

3.1.2.3. Case #2, 6-point star with same port area in
both configurations

The 6-point star is considered since it is the most used
shape. Correspondingly, the rose petal grain configura-
tion is set so that it has 7 petals in a circle with a radius
of 6 mm, keeping the port area constant. The calculated
values of requirements and constraints appear in Table 3.

Table 3. Calculated values of requirements and constraints for
case #2

Requirements and Calculated values

constraints

Port area (Py;)(mm) 100 (star configuration)
99.7 (rose petal

configuration)

Mass of propellant (m,)(Kg)

0.031 (both configurations)

Throat area (At)( mm?)

50 (both configurations)

Port volume (Py,)(mm?)

5000 (both configurations)

Web fraction (W) 0.5 (calculated)
Volumetric loading (V)) 0.78 (calculated)
Length/diameter (L/D) N.A.

3.1.2.4. Burn patterns
The burn patterns of the two configurations are given
below in fig. 13.

— Petal Grain

Fig. 13. Burn patterns of petal and star grain configurations
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3.1.2.5. Output curves
The output thrust and burn area curves for the two con-
figurations are depicted in Figs 14 and 15.

Thrust Curve Burn area Curve
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Fig. 14. (7-point) rose petal grain thrust and burn area time
curves
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Fig. 15. (6-point) star grain thrust and burn area time curves

From 0 to 1 msec, both curves increase linearly at
the commencement of the start of burning.

From 1 to 2 msec, in the star grain configuration,
the curve is constant, but for the rose petal grain config-
uration, the curve is little bit progressive; the values are
nearly equal, however.

From 2 to 6 msec, both curves show an increasing
trend.

From 6 to 7 msec is an important interval since
the rose petal grain curves fall nearly to zero at 7 msec.
No tail-offs form thereafter because the propellant has
burned completely by this time. On the other hand the
star grain configuration curve does not fall to zero.

From 7 to 8 msec, the star configuration propellant
burns at low thrust.

One can easily observe the tail-offs of the star grain
configuration. It is important to consider the following
aspects.

3.1.3. Thrust and burn time
In certain cases, it is desirable to attain required thrust
in less burn time to attain high thrust.

Case 1: In this case, both configurations attain same
high value of thrust, but the burn time of the star con-
figuration is 9msec as opposed to 8msec for rose petal.

Case 2: Here both configurations attain exactly the
same thrust, but the rose petal configuration attains high
thrust in less time than the star configuration. The burn
time of star grain is more than 8 ms compared with 7 ms
for rose petal.

Both configurations attain the same value of thrust,
but burn time of the rose petal grain configuration is less
than the star grain configuration and, importantly, lacks
the attendant sliver tail-off.

3.1.4. Burn area
Both configurations are identical as far as burn area
evolution is concerned.

3.1.5. Slivers

Slivers are important for two main reasons. The first one
is loss of thrust and the second one is thermal load in-
crease on the motor case during sliver burning (Piskiilcii
2004). It is deemed necessary that slivers should be kept
at a minimum because useful energy cannot be attained
by leftover propellant. That is because leftover propellant
burns at very low thrust. Sliver area and unburned mass
appear in Table 4.

Table 4. Sliver area and unburned mass for the two
configurations

Cases Sliver area (mm)? Unburned mass (mg)
Case #1 6.1 (for petal) 549 (for petal)

9.6 (for star) 860 (for star)
Case #2 0.84 (for petal) 75.6 (for petal)

10.5 (for star) 945 (for star)

The comparison given in table 4 between proposed
and already existing configurations is crucial. It is ob-
served that in both cases the petal configuration has
far less wasted area and unburned propellant mass. On
the contrary, the star configuration shows distinct tail-
off, with the attendant longer burning duration at lower
thrust. This also leads to wastage of propellant. The rose
petal configuration is decidedly much better than the
star grain configuration from the standpoint of both
sliver area and sliver mass. The star grain also shows a
much higher fraction of slivers.

3.1.6. Structural integrity

It is necessary to minimise grain failure due to envir-
onment, internal pressure, and stresses inside the grain
mass. These effects can be minimised by

- reducing web fraction,

- adding other stress features,

— avoiding sharp curves in the configuration,

- limiting changes in the port area of grain config-

uration (Brooks 1972).

A cursory look at the geometry readily reveals that
the rose petal is more suitable design when seen in this
light. Relatively sharp curves can be seen in the star grain
configuration, with higher concentration of stress and
higher probability of failure.
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4. Conclusion

Novel architecture for a burning surface based on the
shape of the rose petal is mathematically modelled and
computationally analysed to demonstrate the burn area
profile. The new design entails the total mitigation of
slivers in the tail-off section, without compromising
propulsion system performance as inferred from the
thrust time and burn time output. Comparisons are
drawn with the established star design, and they clearly
exhibit the advantage accrued in the elimination of re-
gressive burning due to slivers. The new design is bound
to contribute to more efficient utilisation of solid pro-
pellants, which is the most important component of
propulsion systems. The aviation industry will gain a
boost with this improved propulsion system.
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List of Acronyms

SRM Solid rocket motor

EB End burning

STG Slotted tube grain

SG Star grain

AP Ammonium perchlorate

HTPB Hydroxyl-terminated polybutadiene
L Length

D Outer diameter

R Inner radius

n Number of star arcs or rose petal arcs
NA Not applicable

A Area between the curves

C1 Curvel (circular curve)

C2 Curve 2 (a* (1/X) curve)

Xa, Xb, X1 and X2 intersection points of both curves
T, Total area between the curves

P, Port area

C, Area of inner circle of grain(pi*R?)
B, Burn area

L, Arc length of circle curve (curvel)
Lc, Arc length of a* (1/x) curve (curve2)
L Length of grain segment

V | Volumetric loading

Ag Area of grain segment

R1 Outer radius of grain segment

Gy Grain segment volume

Py, Port volume
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Vp Volume of propellant

m,, Mass of propellant

p Density

S, Sliver area

O, Area of outer circle after complete grain burning
O,, Area of a*(1/x) for outer circle after complete
burning

St Total sliver area

Sy Sliver volume

Sy Mass of slivers
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