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1. Hydroxyl-terminated butadiene- (HTBD)
2. Hydroxyl-terminated polybutadiene (HTPB)
3. Grain
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Table 1- Advantages and disadvantages of solid and liquid propellants [13]

Propellant Type Advantages Disadvantages
Liquid High Specific Impulse | Complicated Design
Low Toxic Gases High Volume
Solid Simple Design Explosive
Low Volume High Toxic Gases

1. Autophage
2. Composite
3. Tsiolkovsky
4. Goddard
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Figure 1- Hybride Propellant Structure [15]
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Table 2- Components of Propellant Systems

Propellant - Fuel_ - _Oxidiz_er -
Solid | Liquid | Solid | Liquid
Composite Solid Propellant + - + -
Liquid Propellant - + +
Autophage Propellant + - + -
Hybrid Propellant + - +
Combined Propellant + + + +
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Figure 2- Combined Propellant Structure [17]
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Table 3- Values considered for parameters in validation [18]

Parameter Value
Density of Solid Propellant (kg/m®) 1610
Density of Liquid Propellant (kg/m®) 1231
Decomposition Enthalpy of Solid Propellant (kJ/kg) -2000
Decomposition Enthalpy of Liquid Propellant (kJ/kg) -3000
Latent Heat of Liquid Propellant (kJ/kg) 310
Burning law coefficient, a 1.3E-6
Burning law exponent, n 0.55
External diameter of Solid Propellant, D, (mm) 67
Internal diameter of Solid Propellant, D; (mm) 35
Length of Solid Propellant, L (mm) 85
Specific heat of combustion products (kJ/kgK) 2000
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Figure 6- Comparison of volumetric rate of Liquid Propellant in first experiment
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Figure 7- Comparison of Chamber Pressure changes in first experiment
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Figure 9- Comparison of Chamber Pressure changes in second experiment
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Figure 10- Comparison of Volumetric rate of Liquid Propellant in third experiment
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Figure 11- Comparison of Chamber Pressure changes in third experiment
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Figure 12- Comparison of Volumetric rate of Liquid Propellant in first experiment with noises
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Figure 13- Comparison of Chamber Pressure changes in first experiment with noises
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Table 4- Dimensions of PropellantsDesign

Mass of Mass of Total Solid Volume Volume Volume Duration
Solid Liquid Mass Propellant | D; Do L of Solid of of Liquid of
Propellant | Propellant (ko) Content (m) | (m) | (m) | Propellant | Chamber | Propellant | Injection
(kg) (kg) (%) (m*) (m°) (m®) ()
250 0 250 100 0.51 | 0.70 | 0.80 0.14 0.31 0 0
200 50 250 80 0.56 | 0.70 | 0.80 0.11 0.31 0.15 8.7
150 100 250 60 0.60 | 0.70 | 0.80 0.09 0.31 0.10 14.91
100 150 250 40 0.63 | 0.70 | 0.80 0.06 0.31 0.15 2111
0 250 250 0 0.70 | 0.70 | 0.80 0 0.31 0.25 33.52
500 0 500 100 0.36 | 0.70 1 0.28 0.38 0 0
400 100 500 80 0.45 | 0.70 1 0.23 0.38 0.10 14.91
300 200 500 60 0.52 | 0.70 1 0.17 0.38 0.20 27.31
200 300 500 40 0.59 | 0.70 1 0.11 0.38 0.30 39.72
0 500 500 0 0.70 | 0.70 1 0 0.38 0.50 64.53
750 0 750 100 019 | 0.70 | 1.2 0.43 0.46 0 0
600 150 750 80 036 | 0.70 | 1.2 0.34 0.46 0.15 21.11
450 300 750 60 047 | 0.70 | 1.2 0.26 0.46 0.30 32.72
300 450 750 40 056 | 0.70 | 1.2 0.17 0.46 0.45 58.33
0 750 750 0 0.70 | 0.70 | 1.2 0 0.46 0.74 95.55
1000 0 1000 100 019 | 0.70 | 1.6 0.57 0.77 0 0
800 200 1000 80 0.36 | 0.70 | 1.6 0.45 0.77 0.20 27.31
600 400 1000 60 047 | 0.70 | 1.6 0.34 0.77 0.40 52.13
400 600 1000 40 056 | 0.70 | 1.6 0.23 0.77 0.60 76.94
0 1000 1000 0 0.70 | 0.70 | 1.6 0 0.77 0.99 126.57
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Table 5- Values considered for parameters

Parameters Value | Reference
Density of Solid Propellant (kg/m?®) 1760.8 [19]
Density of Liquid Propellant (kg/m®) 1007.5 [19]
Decomposition Enthalpy of Solid Propellant (kJ/kg) -1230 [24]
Decomposition Enthalpy of Liquid Propellant (kJ/kg) | -3500 [25]
Latent Heat of Liquid Propellant (kJ/kg) 1390.6 [26]
Burning law coefficient, a 1.3E-6 [18]
Burning law exponent, n 0.55 [18]
Specific heat of combustion products (kJ/kgK) 2000 [18]
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Figure 14- Thrust-Time Diagram for 250kg Propellants
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Figure 17- Thrust-Time Diagram for 1000kg Propellants
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Table 6- Simulation Results of Propellants in Table 4

lodds

Mass of Solid Mass of Liquid Total Mass Maximum Thrust (N) Total Impulse (N.s) Specific Impulse
Propellant (kg) | Propellant (kg) (kg) x10° x10° (s)

250 0 250 2.58 7.08 251.92
200 50 250 4.03 5.91 252.10
150 100 250 5.13 5.14 258.92
100 150 250 4.62 4.35 262.30

0 250 250 1.61 4.23 339.35
500 0 500 4.98 17.43 292.30
400 100 500 7.27 14.91 298.14
300 200 500 8.30 12.62 298.42
200 300 500 7.04 10.57 300.28

0 500 500 1.79 9.27 371.35
750 0 750 7.56 29.20 31141
600 150 750 10.03 24.51 319.06
450 300 750 11.22 20.24 315.39
300 450 750 9.67 17.15 317.92

0 750 750 1.88 14.58 388.43
1000 0 1000 14.01 37.40 312.19
800 200 1000 18.31 31.52 317.44
600 400 1000 17.00 26.12 311.49
400 600 1000 14.30 22.41 316.58

0 1000 1000 1.88 19.44 388.55
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Figure 18- Comparison of Maximum Thrusts Diagram
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Figure 21- Thrust-timewith various volumetric rates of liquid propellant injection for propellant with 150kg solid and 100kg liquid
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Table 7- Comparision of Propellant Performance in different Liquid Propellant Injection rates
Volumetric Rate (m®s) | 0.004 0.008 0.016

Maximum Thrust (N) 376115 | 511278 | 639357
Total Impulse (N.s) 5071064 | 4933438 | 4429971
Specific Impulse (s) 256.77 257.44 247.51
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Table 8- Advantages and Disadvantages of Combined Propellant

Advantages Disadvantages
upper total impulse larger
Comparision with Liquid upper maximum thrust more
complicated
Propellant - - - —
faster in getting maximum lower specific
thrust impulse
upper specific impulse larger
upper maximum thrust more
Comparision with Solid Propellant PP complicated
faster in getting maximum lower total
thrust impulse
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The rocket design with low motor weight and more power paves the way for researchers to develop innovations
in rocket engines. Combined propulsion design focuses on the simultaneous combustion of solid and liquid
propellant components in the combustion chamber. In the present work, simultaneous combustion modeling of
propellants (solid and liquid) was done. By writing house code and applying simplifying assumptions, the
propulsion system behavior was analyzed. Different compositions were considered for systems with 250, 500,
750, and 1000 kg total mass of propellants. It shows by increasing the solid propellant percentage to 60%, the
maximum thrust was reached its maximum value while decreasing the motor combustion time. When the solid
propellant percentage increases, the total impulse increases accordingly, and the specific impulse decreases. In
another comparison, for a propellant combination with 150 kg of the solid propellant charge and 100 kg of
liquid propellant charge, the injection rate related to liquid propellant was adjusted at 4, 8, and 16 liters per
second. The results show by increasing injection rate, maximum thrust increased, and total impulse decreased.
The specific impulse was almost constant.
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