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Summary. Simulated Annealing (SA) is applied in optimization of slotted tube grain
configuration. We propose a CAD based geometry calculation function, to increase calcu-
lation accuracy, integrated with internal ballistic model. CAD representation encapsulates
all of the geometric entities pertinent to the grain design in a parametric way, allowing ma-
nipulation of grain entity (web), performing regression and automating geometrical data
calculations. Average thrust is the impetus driver on performance, and so is considered as
the core of grain design process. It is demonstrated with a constrained optimization for
slotted tube grain using simplified internal ballistics model that maximizes average thrust
for minimal deviations from neutrality.

1 INTRODUCTION

Grain design is the most imperative in completing the design of any Solid Rocket
Motor (SRM); the key is to develop a relation between web burnt and the burn-
ing surface [1, 2]. The Slotted Tube configuration consists of a cylindrical tube of
propellant into which a number of slots have been cast. High volumetric efficiency
along with relatively simple manufacturing are some of the distinct advantages of
Slotted Tube configuration. Refs. [3-5] illustrated details on analytical development
of slotted tube grain. Methods described above do not handle the dome portions of
grain thus a limitation to the overall design. The most important analytical method
is the generalized coordinate grain calculation, using basic geometrical shapes to
define the initial grain void [6-8].

CAD based programs are available in industry and have proved to be very
useful for the design process of Solid Rocket Motor (SRM). PIBAL [9], ELEA [10]
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software uses CAD modeling for design of SRM two dimensional (2D) and three
dimensional (3D) grains. The former program uses a simplified ballistic model for
internal ballistics and later can give a point to point burning rate taking account of
local internal ballistics.

Reference [11] applied Pattern Search technique for design and optimization of
3D grain configuration. The approach has limited applicability as solution qual-
ity is heavily dependent on starting solution. The method has a tendency to fall
prey to local optima similar to any gradient method and has extreme sensitivity to
the starting solution. Reference [12] presents the design and optimization of Finocyl
grain using generalize coordinate method. Reference [13] presents Hybrid Optimiza-
tion technique for Finocyl grain configuration using the same method. References
[14-16] present design and optimization of Finocyl, slotted tube and 3D radial slot
grain using CAD and genetic algorithm. The approach has the robustness of an ex-
haustive search of the design space; its computational demands appear larger than
alternatives.

This paper outlines the application of a CAD-centric optimization technique to
the design of slotted tube grain configuration. The design process uses commercial
CAD and optimization algorithm in conjunction with a simplified ballistic code
to analyze and optimize slotted tube shape. The design process takes advantage
of Simulated Annealing based optimization method for design space search; with
a relatively small computational cost. Grain modeling is in parts to provide ease
and ensure lesser chances of surface creation failure. A simple variable input is
sufficient to create the geometry. Simulated Annealing controls the optimization
module. Simplified ballistic model calculates the ballistic performance, and steady-
state pressure is calculated by equating mass generated in the chamber to mass
ejected through nozzle throat [17-19].

2 GEOMETRIC MODEL AND PERFORMANCE
PREDICTION

Slotted tube is a 3D grain configuration especially employed for neutrality and large
thrust. Grain geometry construction is modular and separate entities for different
parts ensure ease of construction and lessen the chances of surface creation failure.
The grain regression is achieved by a web increment equal in all directions; automat-
ically creating new grain geometry at each step thereafter estimating geometrical
properties. Burning surface area and propellant mass are calculated as:

Abk =
Vk+1 − Vk

wk+1 − wk
(1)

where k is the web step.
mp = ρpVk (2)

Chamber pressure is calculated as

pc = (ρpac
∗K)

1
1−n (3)

where K = Ab/At.
Thrust and thrust coefficient are calculated as

F = CF pcAt (4)
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Specific impulse is calculated as

Isp =
Ftb
mpg

(6)

Neutrality is defined as

Neu = max

(
pmax

pav
,
pmin

pav

)
(7)

Figures 2-4 present a detailed description of the grain modeling. Table.1 gives the
descriptions of design variables for grain burning regression.

Figure.1 Grain BoundaryFig. 1 Grain Boundary Figure.2 Grain BoreFig. 2 Grain Bore

Fig. 3 Slot Length
Figure.4 Full Slot 

Fig. 4 Full Slot

Table 1 Design Variables for Grain Geometry

Design Variables Units Symbol Design Variables Units Symbol

Grain length mm L1 Number of slots - N

Slot length mm L2 Half Slot thickness mm H2

Grain radius mm F2 Slot radius mm R1

Motor front opening mm F1 Motor rear opening mm F3

Bore radius mm F4

3 OPTIMIZATION METHOD

The fundamental driver of grain design is maximization of specific impulse; max-
imizing average thrust under neutral condition subjected to constraints provides
the aforementioned goal. Requirements have been given for fixed length and outer
diameter of the grain while remaining within constraints of burning time, propellant
mass and nozzle parameters. Maximization of average thrust is the design objective
for current research effort.
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MaxFav(X ) (8)

where the design variable (X ) is:

X = f (F4, H2, L2, N)

The present study calculates neutral time trace. The main system constraints for
the configuration used are:

Ci ≥ 0, i = 1, 2....., 6
Where C is given as;
C1 : R = 690
C2 : pmax ≤ 69
C3 : Neu ≤ 1.12
C4 : 15900 ≤ mp ≤ 16200
C5 : 68 ≤ tb ≤ 70
C6 : L = 7200

(9)

3.1 Simulated Annealing

Simulated Annealing (SA) was originally proposed by Metropolis [20] in the early
1950s as a model of the crystallization process. It was only in the 1980s, that in-
dependent research, described in [21,22], noted similarities between the physical
process of annealing and some combinatorial optimization problems. They noted
that there is a correlation between the different physical states of the matter and
the solution space of an optimization problem. It was also observed that the objec-
tive function of an optimization problem corresponds with the free energy of the
material. An optimal solution is associated with a perfect crystal, whereas a crystal
with defects corresponds with a local-optimal solution.

SA is one of the most versatile techniques available for solving hard combinato-
rial problems. The main advantage of SA is that it can be applied to large problems
regardless of the conditions of differentiability, continuity, and convexity that are
normally required in conventional optimization methods. The name, Simulated An-
nealing, is derived from metallurgy annealing techniques that contain heating and
cooling the material to enhance its strength. The algorithm starts with generation
of initial design; new designs are randomly generated in the vicinity of the current
design. The change of the objective function value between new and current design
is calculated as a measure of the change of temperature of the system. At the end
of the search, when temperature is low, the probability of accepting worse designs
is remarkably low. Thus, the search converges to an optimal solution[23, 24]. The
main control parameter of algorithm (temperature) is high in the beginning of the
optimization process and decreases until no improvement of the current solution
is attainable. The best solution found during optimization is output of the algo-
rithm after the system is frozen. SA has proved to be a potent, stochastic search
method and is applicable to some aerospace system design problems [25-27], but
the implementation of SA on grain design is hard to find.

The original thought behind the simulated annealing algorithm is the Metropolis
algorithm that models the microscopic behavior of sets of large numbers of particles,
as in a solid. The Metropolis algorithm generates a sequence of states of a solid as
follows: giving Si, with Ei, the Sj is generated by a transition mechanism that
consists of a small perturbation with respect to the original state, obtained by
moving one of the particles of a solid chosen by the Monte Carlo method. If the
difference, Ej −Ei, is less than or equal to zero, the new Sj is accepted. Otherwise,
in case the difference is greater than zero, new state is accepted with probability P .
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Figure 5. Outline of SA and optimization
Fig. 5 Outline of SA and optimization

P = exp

(
Ei − Ej

kBT

)
(10)

This acceptance rule is also known as Metropolis criterion, and the algorithm sum-
marized above is the Metropolis algorithm. The temperature is assumed to have a
rate of variation such that thermodynamic equilibrium is reached for the current
temperature level, before moving to the next level. This normally requires a large
number of state transitions of the Metropolis algorithm. Figure 5 gives an outline
of SA algorithm.

4 Optimization Results

The simulated result for a slotted tube grain configuration is presented herein.
This research effort optimizes ballistic objective of maximize average thrust. The
diameter of grain is fixed at 1380 mm and length at 7200 mm. Table 2 lists propellant
and nozzle parameters used in ballistic analysis. Table 3 shows the values of design
variables obtained by applying simulated annealing.

Table 2 Propellant and Nozzle Parameters

Parameter Units Value

Dt mm 270

ε - 8.5
∗
c m/s 1550

ρp kg/m3 1750

n - 0.34

a mm/s/Pan 0.0386

Propellant HTPB/AP/Al

Table 4 shows the ballistic performance parameters attained. All these values
have been achieved by adhering to severe design constraints. Figure 6 shows the
pressure and thrust time trace.
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Table 3 Optimized Values of Design Variables

Design Variables LB UB Optimum Result

Bore 180 270 228.5

Slot thickness 20 40 25.6

Slot length 500 4500 3248

Number of slots 3 5 3

Table 4 Ballistic Performance

Parameter Symbol Unit Optimum Result

Average thrust (sea level) Fav kN 589.3

Mass of propellant mp kg 16173

Burning time tb s 68.9

Average pressure Pav bar 64.8

Maximum pressure Pmax bar 68.6

Neutrality Neu - 1.106
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Figure. 6 Ballistic Performance 
Fig. 6 Ballistic Performance

5 CONCLUSION

An integrated design approach for design, optimization, for slotted tube grain has
been proposed and successfully implemented using Simulated Annealing. The inclu-
sion of Simulated Annealing in liaison with CAD modeling replaces the analytical
approach of geometric description to parametric modeling. SA eliminates the re-
quirement of suitable initial guess and takes advantage of its excellent capability to
acquire the global best solution. The results illustrate that the neutral trace achieves
average thrust of 589.3 kN with all the stringent constraints satisfied.
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