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ABSTRACT

The study investigated the optimization of the formulation of a double — based solid propellant using Sorbitol as
fuel and Potassium nitrate as oxidizer. This research provides an insight into a way of preventing the negative
effect of poor propellant formulation on the predetermined rocket mission. The design is based on the fact that
specific impulse, temperature, density and thrust of the product are functionally related to specific propellant
formulation and these are fitted to multiple regression equations describing responses to optimal formulation using
response surface methodology (RSM). From the model equations developed, the potassium nitrate ratio had a
positive linear and negative quadratic effect on specific impulse and density and a strong positive linear and strong
negative quadratic effect on temperature and thrust. The model fitness value (F- value) of 972.07, 29072.37,
32434.66 and 969.43 implies that the model is significant since there is only a 0.01% chance that an F- value that
is large could occur due to noise. The coefficients of determination (R?) values gotten are 0.9999, 0.9974, 0.9999
and 0.9974 and the adjusted coefficients of determination (adjusted R?) values are 0.9964, 0.9999, 0.9999 and
0.9964 which further validates the model. The optimum performance values obtained are 90.2119 s, 1643.84 K,
1843.02 Kg/m® and 950.854 N for specific impulse, temperature, density and thrust respectively. These values
were in good agreement with the experimental results. An optimum double base propellant formulation of 34.18%
sorbitol and 65.82% potassium nitrate can be used in launching rockets and missile systems because of its high
specific impulse and thrust.

Keywords: Optimum, response surface method, sorbitol, potassium nitrate, solid propellant.

l. INRTODUCTION
Propellants are mixtures of chemical compounds that produce large volume of gas at controlled and predetermined
rates. Their major applications are in launching projectiles from guns, rockets, and missile systems (Jacqueline,
1998). Double based solid propellant is a type of solid propellant of composition of a single fuel and single
oxidizer only. For example a propellant of composition of sorbitol as fuel and potassium nitrate as oxidizer
respectively. Chemical propellants provide a simple and effective way of creating propulsion for flight (Krishnan
etal., 1998).

Optimization is greatly required to formulate a solid propellant of a good performance for effective and efficient
propulsion to check such occurrence. The solid propellant, which is the rocket fuel, is developed when the rocket
missions are known (Arnon et al., 2010).

The Response surface methodology is a reliable and powerful tool for optimization of solid propellant formulation
and more efficient for maximizing propellant efficiency and performance (Ogunleye, et al., 2015). Adhering to
proven optimal techniques will result in a high quality propellant. Successful optimization studies for solid
propellants brought a propellant of a good performance for effective and efficient propulsion (Raphael and Zafer,
1996; Sevda, 2010).

However, despite the tractable mathematics involved in formulating a good propellant, limited treatment of the
subject appears in the literature (Amir and Wan, 2011). In this work, an optimization studies in which a double
based solid propellant of optimal formulation for propellant of a good performance were carried out. This work is
to design a double based solid propellant with optimal formulation for a propellant of good properties, through
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developing a mathematical model for some propellant properties in terms of the propellant formulation,
formulating and solving the optimisation problem that maximises the solid propellant performance and validating
the model developed.

The study was restricted to the analysis of the effect of varying the double based solid propellant ingredients on
propellant properties. An emphasis was laid on the propellant of composition of sorbitol and potassium nitrate as
fuel and oxidizer respectively. Also, the grain geometries considered for the design was hollow bates grains.

1. RESEARCH METHODOLOGY

A methodology for design and optimization studies of double based solid propellant where a propellant
formulation of optimal properties for a good propellant performance was considered. The set out objectives for
this study were executed in the following four phases: Model Development, Optimization, and Validation.

The models were developed using a Response Surface Methodology (RSM). Basically, RSM relates product
properties by using regression equations that describe interrelations between input parameters and product
properties (Jouhaud et al., 2007). The preliminary task is the identification of input parameters and output
variables involved in propellant design.

Propellant design was considered for the purpose of identifying the design inputs and output parameters. The input
variables identified were the quantities of ingredients while the output variables identified were the propellant
properties at the exit of the rocket motor after propellant combustion.

2.1 Experimental design

In this study, Design Expert (6.0.8) software was used to design the experiment with the aim of optimizing the
response of the propellant parameter involved in the experiment using response surface methodology (RSM). This
requires having a ‘good’ fitting model that provides an adequate representation of the mean response because such
a model is to be utilized to determine the value of the optimum condition (Khuri, 1996).

This methodology is a collection of statistical techniques and mathematical techniques that uses quantitative data
from the appropriate experiment to determine regression and model equations and operating condition which was
useful for developing, improving and optimizing processes (Montgomery, 2009).

The design was based on the fact that specific impulse, temperature, density and thrust of the product are
functionally related to specific propellant formulation and attempts were made to fit multiple regression equations
describing responses to optimal formulation.

2.2 Model assumptions
The following assumptions were made about the propellant combustion process.
(i) A double base propellant is considered. Here fuel and oxidizer are contained within the same molecule
which decomposes during combustion.
(i)  Propellants are at room temperature (298 K).
(iii) There is no appreciable friction and all boundary layer effects are neglected.
(iv) Combustion gas properties throughout the motor are constant.
(v) Asolid rocket motor of De Laval nozzle was used for the firing test.

2.3 Response equations for propellant properties
The resulting weights for each ingredient in different propellant formulation were generated. A central composite
rotatable design was adopted (Cocharan and Cox, 1957). In this design, experiments were randomized in order to
minimize the effects of unexplained variability in any responses due to extraneous factors. In order to analyse the
experimental design by response surface methodology, it was assumed that there existed n mathematical functions,

f,(h=12,..,n), for each response variable, Y, in term of m independent ballistic variable
X;(i=12,..,m).
Y, = (X, Xp e X,0). @

In this experiment, n = 4 and m = 1. In order to approximate this function, a second order polynomial equation
was assumed.
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Where by, is the value of fitted response at the centre point of the design, i.e. (0,0), andb, , b, and b; are
linear, quadratic and cross product regression term respectively.

2.4 Optimisation model of propellant formulation
A multi objective optimisation problem was formulated to maximise specific impulse, density and thrust while
minimizing temperature subject to mission requirement as given below:

Maximise Y, = f (X)),
Maximise Y, = f(X,),

MaximiseY, = f (X,), @)
MinimiseY, = f(X,).
Subject to:

-1<X, <1

Where X; is coded ratio values for independent propellant variables and Y1, Y2, Yz and Y. are response variables
of propellant formulation.

I11.  RESULTS AND DISCUSSION

3.1 Validation of double based propellant formulation
The results of the rocket motor firing tests optimized using RSM were verified experimentally to validate the
model.

This observation is corroborated by the Richard Nakka’s study on solid rocket propellant design. The scientist
worked on sorbitol and potassium nitrate and observed that as sorbitol increases, specific impulse decreases while
as potassium nitrate increases, specific impulse increases also (Nakka, 2013).

3.2 Development of the Performance Models for Propellant Formulation

In developing the mathematical models for the performance properties of the solid propellant, regression analyses
were conducted in obtaining the models. All main effects, linear and quadratic, and interaction were calculated
for each model. The regression coefficients as well as the correlation coefficient obtained for each model are
shown in Table 1. Correlation analysis was used as tools for assessment of the effects of two or more independent
factors on the dependent variables (Boonmee et al., 2010). The correlation coefficients for the responses such as
specific impulse, temperature, density and thrust (R? = 0.9974, 0.9999, 0.9999 and 0.9974, respectively) are quite
high for response surfaces, and indicated that the fitted quadratic models accounted for more than 99 % of the
variance in the experimental data. These were found to be highly significant. Based on t-statistics, the regression
coefficients that are not significant at 95 % were discarded while only those that are significant were selected for
developing the model equations (4) to (11).

specific impulse (Y,) =—18.22105+93.99968X, —19.82647X @)
R? =0.9974 (5)
Temperature (Y,) = 64227763+ 695.41863X, —95.96242X ,° (6)
R* =0.9999 @
Density (Y,) =1725.63219+ 73.52010X, — 7.21867X ° (8)
R? =0.9999 ©)
Thrust (Y,) = —2319.09260+ 2834.716181X, —597.90733X,° (10)
R? =0.9974 (11)
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Table 1: Estimated Coefficients of the Response Equation for Propellant Properties
Ballistics Model Coefficients t-values p-values
Properties Factors

Specific Impulse Constant -18.22105 88.03 0.0001*
(Y1) X1 93.99968 7.49 0.0001*
Xq? -19.82647 -2.71 0.0002*

R? =0.9974
Temperature Constant 642.27763 1603.76 0.0001*
(Y2) X1 695.41863 125.22 0.0001*
Xq? -95.96242 -13.14 0.0001*

R? = 0.9999
Density (Y3) Constant 1725.63219 1837.41 0.0001*
X1 73.52010 17.27 0.0001*
X2 -7.21867 -0.99 0.0003*

R? = 0.9999
Thrust (Y4) Constant -2319.09260 884.96 0.0001*
X1 2834.71618 225.89 0.0001*
Xq? -597.90733 -81.85 0.0002*

R? =0.9974

*Significant at p value < 0.05 at 95 % confidence interval

The potassium nitrate ratio had a positive linear and negative quadratic effect on specific impulse and density.
Also, the potassium nitrate ratio had a strong positive linear and strong negative quadratic effect on temperature
and thrust. Similarly, the sorbitol nitrate ratio had a strong positive linear and strong negative quadratic effect on
specific impulse and density. Also, the sorbitol ratio had a positive linear and negative quadratic effect on
temperature and thrust. The interaction of sorbitol and potassium nitrate ratio had no statistical significant effect
on the properties in consideration.

3.3 Adequacy Test of the Models for Propellant Properties

The fitted models were tested for adequacy and consistency by analysis of variance, ANOVA for all the propellant
performance model responses and presented in Table 2. The analysis of variance was calculated to assess how
well the model represents the design data. The results from the statistical analysis of variance reveal that the F-
values for specific impulse, temperature, density and thrust (972.07, 29072.37, 32434.66 and 969.43 respectively)
were significant at the 95 % level. On this basis, it can be concluded that the selected performance models
adequately represent the data for specific impulse, temperature, density and thrust. There were no outliers to the
regressions. The model F- value of 972.07, 29072.37, 32434.66 and 969.43 implies the model is significant. There
is only a 0.01% chance that a model F- value this large could occur due to noise. If the value of probability is less
than 0.5, it indicates the model terms are significant. In this case, regression values of 264.24, 70837.78, 1343.18
and 240300 are significant model term as compared with the residual which include the lack of fit of 0.64, 6.09,
0.10 and 619.66 respectively. This shows there is an insignificant lack of fit. The lack of fit value is an indication
of the failure of the model representing the experimental data, at which points not included in the regression or
variations in the models cannot be accounted for by random errors. It therefore implies that if there is a significant
lack of fit, the model should be discarded.

The suitability of the model was also tested using the coefficient of determination (R?). This is the proportion of
variation in the response that is attributed to the model. For a good model, R? should not be less than 80%. R?
values that are close to unity signify the suitability of the empirical model to the actual value. From the result, the
R? values are 0.9999, 0.9974, 0.9999 and 0.9974. A large value of R2 does not always imply the adequacy of the
model. Thus, the adjusted R? of over 90% is more appropriate to evaluate the model adequacy (Li et al., 2011).
The adjusted R? values from the table are 0.9964, 0.9999, 0.9999 and 0.9964 which further validates the model.

Table 2: Analysis of Variance for Propellant Performance Models
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Ballistic Source of | Sum of | d.f. Mean Squares | p-values Adjuste | F-values

Properties Variation Squares d R?

Specific Impulse | Regression 264.24 2 132.12 0.0001* 0.9964 | 972.07
Residual 0.68 5 0.14
Total 264.92 7

Temperature Regression 70837.78 2 35418.89 0.0001* 0.9999 | 29072.37
Residual 6.09 5 1.22
Total 70843.88 7

Density Regression 1343.18 2 671.59 0.0001* 0.9999 | 32434.66
Residual 0.10 5 0.021
Total 1343.28 7

Thrust Regression 2.403E+005 2 1.201E+005 0.0001* 0.9964 | 969.43
Residual 619.66 5 123.93
Total 2.409E+005 7

*Significant level at p < 0.05

3.4 Optimal formulation for solid Propellants

The Response surface methodology was used for the optimization of solid propellant formulation for the
understanding of the factors affecting propellant formulation. The models (Y1, Y2, Y3 and Y4) were useful for
indicating the direction in which to change variables in order to maximise specific impulse, density and thrust
while minimising temperature. The regression equations were solved for maximum specific impulse, density and
thrust and minimum temperature. The optimum performance values obtained are 90.2119 s, 1643.84 K, 1843.02
Kg/m2and 950.854 N for specific Impulse, density, temperature and thrust, respectively. The optimum ingredients
ratio (coded) predicted for each corresponding response and actual compositions or mass fractions for optimum
response are presented in Table 3.

As shown on Table 3, the coded level lies within the experimental range and this indicated the validity of the
selection of the variables range. The actual compositions or mass fractions obtained for optimum responses as
shown on Table 3 are 0.3418sorbitol and 0.6582potassium nitrate.

Table 3: Optimal Formulation for Solid Propellants

Coded ratio Ingredient ratio
X1 A B
0.33 0.6582 0.3418

The response surfaces were plotted for the relationship between the independent and dependent variables for
selected model equations which gave the optimum responses. The relationship of specific Impulse with solid
propellant formulation indicates that as the potassium nitrate ratio increases so also there is an increase in specific
impulse, whereas, when moving in the direction of sorbitol ratio, an increase in the ratio brings a decrease in
specific impulse until an optimum specific impulse is achieved. For the relationship of temperature with propellant
formulation, the unit positive change in potassium nitrate ratio gives an increase in temperature, but a positive
change in sorbitol ratio brings a decrease in temperature until an optimum temperature is achieved. The
relationship of density with propellant formulation shows that the increase in sorbitol ratio yields a decrease in
density whereas an increase in potassium nitrate ratio resulted into an increase in density until an optimum density
is achieved. Also, the relationship of thrust with propellant formulation indicates that the increase in sorbitol ratio
yields a decrease in thrust whereas an increase in potassium nitrate ratio resulted into an increase in thrust. The
behaviour of specific impulse and thrust with the propellant formulation are very similar which implies that the
two responses could be related. The behaviour of density and temperature with the propellant formulation are very
similar. This suggested that the two responses are much related. The desirability plot to determine the point of
optimality for optimum formulation is shown in Figure 1 and Figure 2. The optimum propellant properties were
obtained where the coded and actual values are 0.33 and 1.98 respectively.

http: // www.ijesrt.com© International Journal of Engineering Sciences & Research Technology
[300]



http://www.ijesrt.com/

&% THOMSON REUTERS

ISSN: 2277-9655

[Oyedeko * et al., 7(8): August, 2018] Impact Factor: 5.164
IC™ Value: 3.00 CODEN: 1JESS7
1 —
0.75 —
Predict 0.000
=)
% 0.5 —
B
0.25 —
3
0—3
| | | | |
1.49 1.68 1.86 2.04 2.23

A: X1

Figure 1: Desirability Plot for Optimum Formulation in Actual value
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Figure 2: Desirability Plot for Optimum Formulation in Coded value

3.5 Validation of the optimal propellant formulation
The optimum condition was verified experimentally. The results obtained were 89.78, 1643.80, 1896.99 and
890.550 for specific impulse, temperature, density and thrust respectively. These experimental values at the
optimum propellant formulations were in good agreement with the simulated results. This shows the efficiency
and effectiveness of Response surface methodology adopted for the design. The validation on the basis of specific
impulse which is the measure of propellant efficiency and performance is shown in Table 4. This confirmed that
the optimum formulation is very good for solid propellant design.
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Table 4: Results of the Validation Experiments

Ballistic properties RSM Experimental Result

Specific Impulse(s) 90.2119 89.78

Temperature(K) 1643.84 1643.80
Density(Kg/m?®) 1843.02 1896.99
Thrust(N) 950.798 890.550

IV.  CONCLUSION
The propellant ingredients and their proportions determine the solid propellant performance. This informed the
trend of the behaviours of propellant samples considered in this study.

The (Response surface method) RSM was successfully applied to the determination of the optimum formulation
for double based solid propellants since the model F- value of 972.07, 29072.37, 32434.66 and 969.43 implies the
model is significant and there is only a 0.01% chance that an F- value this large could occur due to noise. The R?
values gotten are 0.9999, 0.9974, 0.9999 and 0.9974 and the adjusted R? values are 0.9964, 0.9999, 0.9999 and
0.9964 which further validates the model. The optimum performance values obtained are 90.2119 s, 1643.84 K,
1843.02 Kg/m®and 950.854 N and these values were verified experimentally and the results obtained were 89.78s,
1643.80K, 1896.99Kg/m? and 890.550N for specific impulse, temperature, density and thrust respectively. The
experimental values at the optimum propellant formulations were in good agreement with the simulated results.
This shows the efficiency and effectiveness of response surface methodology adopted for the design. The
developed performance model is an effective tool for determining optimal condition for double based solid
propellant formulation.

Also, the mathematical models developed establish the relationship between the double based solid propellant
ingredient and its properties.
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