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Table 1- Advantages and Disadvantages of hybrid Propellant [4].

Advantages Disadvantages
. Higher overall impulse Larger dimensions
Comparison
with liquid Maximum thrust more More complex design
propellant - - —
Achieve maximum thrust faster | Less specific impulse
. Higher specific impulse Larger dimensions
Comparison
with solid Maximum thrust more More complex design
propellant - - _
Achieve maximum thrust faster Less total impulse
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Figure 1- Sketch of a hybrid rocket engine using a paraffin-based fuel [6].
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Figure 2- Schematic of the entrainment mechanism and reacting droplets, as presented in [7].
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Table 2- Background of numerical studies and simulation of paraffin-based hybrid rockets [10-18].

References fuel oxidizer Turbulence radiation Chemistry reactions | species | TCI
model model
Bellomo et al. eddy
[10, 11] Paraffin wax N,O k-¢ NO dissipation 1 12 YES
Paccagnella sorbitol and eddy
etal. [12] paraffin wax N0 ko NO dissipation ! 12 YES
Ranuzzietal. | p o ovax No | Kandkee NO  eddy 1 10 | YES
[13] [0} dissipation
Bianchi et al. HTPB and Spalart- ..
[14, 15] paraffin wax GOX Allmaras NO Finite-rate 2 3 NO
Leccese et al. HTPB and Spalart- -
[16, 17] paraffin wax GOX Allmaras YES Finite-rate 7 10 NO
DiMartinoet | o o ffinwax | GOX k-0 NO mixed is - YES
al. [18] burnt
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Figure 3- 3D design of the experimental hybrid rocket [23].
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Figure 4- Geometry and dimensions of combustion chamber of solid fuel hybrid rocket engine [18].
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Flow: turbulent single-phase steady-state RANS

Turbulence model: standard k—e Pressure inlet
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Figure 5- Computational domain with an overview of its boundaries. [24].
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Table 3- Properties of the 4 types of SH injectors [23].
Injector Name Orifices Layout Number of Orifices | Orifice Diameter (mm) | Orifice Length (mm)

1 11 1.4 7.0

71 0.8 7.0
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Figure 6- The independence diagram of the results from the mesh pressure distribution in hybrid rocket engine combustion.
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Table 4- Summary of experimental and simulation results with 4 different showerhead injectors [24].

VoA

' ; Pepamperlbar] | FN] I, Is] Errors
cases ;g/‘;’i 7[';/1:;1 [O/F] chamber .ar . sp ‘ P, F Isp
exp sim ex sim exp sim

1-1 386.4 | 148.6 2.6 17.9 16.5 879 796 167.5 151.5 7.82 9.49 9.51
1-2 380.3 | 152.1 2.5 17 16.8 | 768 808 | 147.1 154.8 1.18 -5.31 -5.27
1-3 3869 | 1612 | 2.4 17.2 17 835 818 | 1553 152.1 1.16 2.01 2.01
1-4 393.8 | 1459 | 2.7 17.7 17.8 | 862 851 | 1629 160.7 -0.56 1.24 1.29
2-1 529.2 | 147 3.6 24.1 23.8 | 1142 | 1232 | 172.2 185.8 1.24 -7.64 | -7.91
2-2 542.5 | 150.7 | 3.6 244 | 24.1 | 1100 | 1247 | 161.8 182.2 1.22 -13.36 | -12.59
2-3 5289 | 1556 | 34 23.1 22.7 | 1082 | 1218 | 161.2 181.4 1.73 -12.61 | -12.56
3-1 5383 | 1538 | 3.5 22.8 | 227 | 1100 | 1247 | 162 183.7 0.42 -13.42 | -13.43
3-2 543.2 | 1509 | 3.6 23.8 | 23.5 | 1168 | 1252 | 171.5 184.1 1.26 -7.23 -7.25
33 537.6 | 153.6 | 3.5 244 | 24.1 | 1183 | 1264 | 1745 186.4 1.22 -6.86 -6.84
4-1 550 | 157.1 3.5 24.1 23.8 | 1172 | 1280 | 169 184.6 1.24 -9.26 -9.24
4-2 537.5 | 153.6 | 3.5 233 23 1131 | 1263 | 166.8 182.4 1.28 -11.72 | -9.36
4-3 544.5 | 155.6 3.5 24.3 23.7 1137 | 1268 | 165.6 184.7 2.46 -11.58 | -11.55

Average 1.67 -6.65 -6.40
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Figure 7- Showing changes in axial velocity relative to the length of the combustion chamber on the axis of symmetry.
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Figure 8- Representation of changes in radial velocity relative to the length of the combustion chamber on the axis of symmetry.
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Figure 9- Display of pressure changes relative to the length of the combustion chamber on the axis of symmetry.
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Figure 10- Display of temperature changes basis of the length of the combustion chamber on the axis of symmetry.
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Figure 11- Representation of changes in density relative to the length of the combustion chamber on the axis of symmetry.
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Figure 12- Representation of enthalpy changes relative to the length of the combustion chamber on the axis of symmetry.
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Figure 13- Representation of entropy changes relative to the length of the combustion chamber on the axis of symmetry.
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Figure 16- temperature cloud distribution in the chamber and computational area after the nozzle; a) For the simulation case 1-1. b)
For simulation case 1-2. ¢) For simulation case 1-3. d) for simulation case 1-4.
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Figure 17- cloud density distribution in the chamber and computational area after the nozzle; a) For the simulation case 1-1. b) For
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Table 5- Average percent changes of injector in the present simulation.

M,y [g/s] Mgye [8/S] O/F Pen [bar] F[N] Lsp [s]
A\./erage percentage change from second type injector to first 37.92 0.56 18.43 1823 50.62 1828
mjector
A t h. fi hird t inj to fi
: Yerage percentage change from third type injector to first 3951 0.54 38.43 3764 5331 19.29
njector
Ayerage percentage change from fourth type injector to first 40.62 229 3725 18.03 5530 | 1878
injector
{\Yerage percentage change from third type injector to second 116 110 0.00 042 179 0.85
njector
Averag? Percentage change from fourth type injector to 1.96 287 094 014 310 042
second injector
A t h. from fourth injects hi
in}/:;z;gre percentage change from fourth type injector to third 08 175 094 028 129 0
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Figure 19- Engine geometry and 3D model display for an injector sample (4th type).
(Pl E9) ouitly digod S gl umanw Joo el g )9 g0 dwasa — 1] JSo

Gilwdd 0 oaidly £55 2 gl ohg (ullias] 9 sl adrame (Lid slacieS lhs ws e . Ske £ Jgax o
Gl 30,0 ¥ 390 WS uSilia oy yiion 45 el o &1 [YY] alKiolos] ls 4 Cand samdw 5 samgs >
o Sl g 93 ool esliial plej 55 (p92ad o 5 saman L gl 03jlsd (Slewlre Gane 4 axgi L oS

D9 g0 Slgiion 8l CS g 3l 2o

9 59 Sl (gilwand j0 0wl g9y sl o9 lliasl g Cowl i caliizno HLLS GaCuS s w0y (uSSlo —F Jgux
P lo)T g & S (geaman

Table 6- The average error percentage of chamber pressure, thrust and special impulse measurements for each type of sprinkler in
two-dimensional and three-dimensional mode simulation compared to laboratory results.

. Average Error Average Error Average Error

Injector

Type Pchamber F ISP

2D 3D 2D 3D 2D 3D

1 2.40 1.85 1.86 7.07 1.89 7.46
2 1.40 1.26 -11.31 -6.09 -11.03 -5.80
3 0.98 2.54 -9.17 -2.12 -9.18 -2.11
4 1.67 1.53 -10.86 -4.06 -10.05 -4.04
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English Abstract

Numerical study of the effect of mass flow rate and ratio of fuel to oxidizer
on thrust, specific impulse and chamber pressure of a hybrid rocket based
on paraffin fuel combustion
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The current research has studied the effect of the input mass flow rate of paraffin fuel and dinitrogen
oxide oxidizer, O/F ratio in the combustion chamber of a hybrid rocket on the quantities of chamber
such as its pressure, thrust and specific impulse. The combustion chamber as well as a peripheral
area are included in the calculation area. A two-dimensional steady-state simulation with a
Reynolds-Averaged Navier—Stokes (RANS) approach using the standard x-¢ turbulence model
together with the Eddy Dissipation Model (EDM) is used for the chemistry-turbulence interaction
(TCI). Oxidizer and fuel enter the field in gas phase. The grids are structured. The simulation results
are compared with the experimental data of the validation article and in the simulation, the highest
average deviation value is 6.65%. By increasing the O/F ratio by 27.76% in the two-dimensional
simulation, the average pressure of the combustion chamber has increased by 38.22%, the average
thrust has increased by 52.29%, and the average specific impulse has increased by 18.28%. With the
increase of O/F ratio by 38.43%, the average pressure of the combustion chamber has increased by
37.64%, the average thrust has increased by 53.31%, and the average specific impulse has increased
by 19.28%.

Keywords: Simulation and modeling, Hybrid rocket engine, Paraffin, Dinitrogen oxide, Trust
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