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Figure 1-Schematic of a solid fuel ramjet[6]
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1. Depolymerization

2. Cyclization

3. Crosslinking
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Figure 3- PBD thermal decomposition mechanism [8]
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Table 1- Mass fraction of HTPB pyrolysis products at various temperatures [9]

Major species of chemical foﬂﬁ?z:tci);n Mass fraction of pyrolysis products at different temperatures (K)
pyrolysis product formula AH?. Jig 73 573 973 073
Ethene C2H4 1865.69 S 5.59 3.05 6.58
Propene C3H6 485.49 —— — 49 10.99
1,3-Butadiene C4H6 2037.27 774 89.06 66.1 41.07
3-Pentene C5H6 2119.82 — _— 9.2 10.28
Benzene C6H6 1062.29 - - 10.3 22.2
Toluene C7H8 542.97 JES—— JES— 6.41 9.06
4-Vinyl-cyclohexene C8H12 280.78 22.6 5.35 - -
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Figure 4-Regression rate for fuel surface temperature to produce HTPB pyrolysis gases [9]
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Table2-Reaction rates for two-step general chemistry [10]

r= AT"exp{~E, /R T}[ fuel]" [oxidizer]’

Reaction Af Ea,f Ak Eak ni|a b
2 1.3496x10%° | -1.5108x10* 0 0 of1] 1
3 2.2387x10% | -2.10143x10% | 5x10% | -2.10143x10* [ 0 [ 1 | 05
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Table 3- boundary and operating conditions

Mass flow rate . temperatu | Mass flow rate of
- ~|Mass flow rate Flight Pressure of | percentage of the - S
outlet wall of bypass air of C4H6 altitude(ft) air inlet |composition in air re of air air inlet
(kg/s) inlet (kg/s)
Ambient - Calculated by o o
pressure Adiabatic 0.78 udf 5000 1 MPa 23% O, | 77% N, | 625 K 2.6
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Figure 7-Computational mesh
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Figure 8-Simulation results of different mesh and mesh independence for temperature at nozzle outlet
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Figure 9-Simulation results of different mesh and mesh independence for axial velocity at nozzle outlet
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Table 4-Comparing the results of the numerical solution of the reference article and the present simulation

p The result of image processing of the | The resultin the present | Percentage
arameters - - .
reference article (Kadoosh) [5] simulation error
Average pressure in the combustor (Pa) 927000 910000 1.83
Average Mach number in the combustor 0.344 0.386 12.2
Average temperature in the combustor (K) 1209 1120 7.36
Average mass fraction of C,Hg in the combustor 0.039 0.042 7.69
Average mass fraction of O, in the combustor 0.16 0.143 10.62
Percentage of color used
40 T T T T T T T
35 A

Computational averaged value related to investigating parameter = 0.0394
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Figurel0-Image processing result for C4Hs mass fraction
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Figure 11-Comparison of regression rate in the present simulation and reference article [5]
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Figure 12-The pressure contours calculated from the different models
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Table 5-Pressure and error calculated from simulation of different models in the throat and outlet

Pressure (Pa) CEA K-o/ Finite rate | K-o / Eddy dissipation | K-¢/ Finite rate | K-g/ Eddy dissipation
In the nozzle throat | 535740 486807.1 542957.1 524868.3 452792.1
error 9.1 1.3 2 15.4
In the nozzle outlet 91748.55 92515.6 105628.6 1072833
error 321 4.07 18.8 20.6
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Figure 13-The temperature contours calculated from the different models
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Table 6- Temperature and error calculated from simulation of different models in the throat and outlet

Temperature (K) CEA K-o/ Finite rate | K-o / Eddy dissipation | K-¢/ Finite rate | K-¢/ Eddy dissipation
In the nozzle throat | 1637.54 1243.63 1551.833 1718.938 1381.886

error | 24 5.2 4.9 15.6
In the nozzle outlet 700.142 922.98 1020.984 772.208

error \ 33.2 12 2.7 26.4
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Figure 14- The Mach number contours calculated from the different models
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Table 7- Mach number and error calculated from simulation of different models in the throat and outlet

Mach number CEA | K-/ Finite rate | K- / Eddy dissipation | K-¢/ Finite rate | K-g¢/ Eddy dissipation
In the nozzle throat 1 0.962 0.981 0.962 1.03
error | 3.8 19 3.8 3
In the nozzle outlet 2.18 2.1 2.086 217
error \ 0.9 2.7 33 0.5
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Figure 15- The H,Omass fraction contours calculated from the different models
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Table 8- H,Omass fraction and error calculated from simulation of different models in the throat and outlet

Mass fraction of H,O CEA K-o/ Finite rate | K-o / Eddy dissipation | K-¢/ Finite rate | K-g/ Eddy dissipation
In the nozzle throat | 0.03398 0.02102317 0.03088553 0.0104844 0.02972856
error 38.1 9.1 69.1 12.5
In the nozzle outlet 0.0226169 0.02929458 0.009975826 0.02857836
error 33.4 13.7 70.6 15.8
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Figure 16-The O,mass fraction contours calculated from the different models
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Table 9- O,mass fraction and error calculated from simulation of different models in the throat and outlet

Mass fraction of O2 CEA K-/ Finite rate | K-o / Eddy dissipation | K-g¢/ Finite rate | K-g/Eddy dissipation
In the nozzle throat 0.112 0.1456638 0.1219188 0.1255827 0.1375379
error | 30 8.8 12.1 22.7
In the nozzle outlet 0.1533656 0.1276373 0.1424382 0.1498953
error \ 35.9 13 26.2 328
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Figure 17-The CO mass fraction contours calculated from the different models
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Table 10- CO mass fraction and error calculated from simulation of different models in the throat and outlet

Mass fraction of CO CEA K-/ Finite rate | K- / Eddy dissipation | K-¢/ Finite rate | K-g/Eddy dissipation
In the nozzle throat | 0.00002 0.07374369 0.0037808 0.02371665 0.003185657
In the nozzle outlet 0.00002 0.06817024 0.0024659 0.01181855 0.003131092
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Figure 18-The CO, mass fraction contours calculated from the different models
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Table 11- CO, mass fraction and error calculated from simulation of different models in the throat and outlet

Mass fraction of CO, CEA K-/ Finite rate | K-o / Eddy dissipation | K-g¢/ Finite rate | K-g/ Eddy dissipation
In the nozzle throat | 0.11115 | 0.0007355298 0.09470191 0.07206814 0.09337128
error 99.3 14.7 35.1 15.9
In the nozzle outlet 0.000771092 0.09157306 0.0623693 0.08976828
error 99.3 17.6 45 19.2
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Figure 21-Radial 1,3-C,Hs mass fractiondistribution at different axial positions
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Figure 23-Radial CO mass fractiondistribution at different axial positions
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Figure 25-Radial H,O mass fractiondistribution at different axial positions
Aliso (5 950 sCarBgo JoH0 ooy pnS olads 20395 —YO JSCi

S e 595 2 5998 im0 Bt ol (Siasl sl oo 5l Jole gl sose o g psliten;
oo 3l osliial 13 rmgn ol 4ol oo il 5 ay3e0 5 5 op,lie HTPB aly p sul> e g Cp,
Cop,y gl ol dbases gile Jaw ;o K-o-Sst g o luslinl K- sla Jos b dgamxe 5 cond g slasls 57 Ploras! 8l ool
Y gamme g eS| 2398 Flo sae oo Lid jo o Juw ol 5 plaS o Sl s b gw) g cdolin Jul> Co g
ol 00 s lin CEA bl b g ooy 0 2]

Lol cosils o9 cinllas CEA slaosls b Les com st jo K-g/Finite rate Condg Sl nogo,i gl 4y axgi b
K-/ Finite rate Coxdg 0,2 S guls gw)pm b ad 05050 olya oo ;o aed 6 caoyol s Lo o
50 Suasl Joe 50 58 gl Sgame F cand (Sl o 5l eoliiul chrd 4zl e sl 48,55 Oygo JelS 5l
K-e/ Coundg 90« 8l g (Sonlinoge i bl 4y axgi Lol onys sl S gu Copy 3l ool alaases ol > (g5leans
K-o / Eddy condg o)ge wiz o ¢ auils CEA @l L) os calle K-o / Eddy dissipation ¢ Eddy dissipation
K- Sanl Joe g slals 5 Plores! B>t Jow 8,5 aml olg co cplpls ol &l 1) os5 ,laws gl dissipation
el ceslin jos D13 gHTPB iy o dul> o g copy Gyl abbases o5lwals gl o-Sst

] Al o lys 5 g DS e s oloyr S5as] Sl 55 ansl sty spams 5 o
3o blas a8 o St lals )3 BT Jaw 4 cnd g0l gllas L) sl o gu copy Bl Slasis
K-e/Eddy dissipation oy 90 ¢ Byl g Soolnoge i gl 4y az g5 b .ol coslive lodiss OB yae 5 adgi aled sloo
z=bi K-o/Eddy dissipation coxsg ol iz jo g aiils CEA mls L1, o¢> cille K- /Eddy dissipation
I O U PR vowe

WYY



9.

10.

11.
12.

13.

14.

oz 51 o oy Jailsd

&b

M. Sarbaz, A. Pishehvar and A. Jamali, " Transient ignition of solid fuel in the sudden expansion combustion chamber,"
The 9th Iran Fuel and Combustion Conference, Shiraz, IRAN, February 8-10, 2022, https://civilica.com/doc/1452527. [in
Persian]

A. Mohammady, K. Mazaheri and Gh. Heydarinejad, " Numerical simulation of flow inside solid fuel ramjet combustor
using a low Reynolds k-¢ turbulence model.," 8th Fluid Dynamics Conference, Tabriz, IRAN, September 8-10, 2003,
https://civilica.com/doc/30260. [in Persian]

S. Herfat, M. Mahmoodi and J. Pirkandi, "Simulation and optimization of solid fuel rocket-ramjet considering the effects
of chemical reactions and turbulence.,” The 19th International Conference of Iranian Aerospace Society, Tehran, IRAN,
May 18-20, 2021, https://civilica.com/doc/1362404.

J. veisy, “Simulation of internal ballistics of the A hybrid-propellant rocket engine with the investigation of the thrust
force changing process,” M.Sc. dissertation, Aero. Eng., Khajeh Nasir al-Din Toosi Univ., Tehran,
2013.https://ganj.irandoc.ac.ir/#/articles/bf413687e0900d8d00c57dcd96492659

H. Kadosh and B. Natan, "Internal Ballistics of a Boron-Containing Solid Fuel Ramjet," Combustion Science and
Technology, vol. 193, no. 15, pp. 2672-2691, 2021.

S.Krishnan and P.George, "Solid fuel ramjet combustor design”, Progress in aerospace sciences, vol. 34, pp. 219-256,
1998.

B. Natan and A. Gany, "Ignition and combustion of boron particles in the flowfield of a solid fuel ramjet,” Journal of
Propulsion and Power, vol. 7, no. 1, pp. 37-43, 1991.

K. McCreedy and H. Keskkula, "Effect of thermal crosslinking on decomposition of polybutadiene," Polymer, vol. 20,
no. 9, pp. 1155-1159, 1979.

M. J. Chiaverini, Regression rate and pyrolysis behavior of HTPB-based solid fuels in a hybrid rocket motor. The
Pennsylvania State University, 1997.

V. Sankaran, "Computational fluid dynamics modeling of hybrid rocket flowfields," Progress in Astronautics and
Aeronautics, vol. 218, p. 323, 2007.

Fluent 6.3 User’s Guide, Fluent Inc, 2006.

B. F. Magnussen and B. H. Hjertager, "On mathematical modeling of turbulent combustion with special emphasis on soot
formation and combustion,” Symp. Combust, 16, 1977, pp. 719-29.

B. E. Launder and N. Shima, "Second-moment closure for the near-wall sublayer-development and application,” AIAA
journal, vol. 27, no. 10, pp. 1319-1325, 1989.

F. R. Menter, "Two-equation eddy-viscosity turbulence models for engineering applications,” AIAA journal, vol. 32, no.
8, pp. 1598-1605, 1994.

\YF


https://civilica.com/doc/1452527
https://civilica.com/doc/30260
https://civilica.com/doc/1362404
https://ganj.irandoc.ac.ir/#/articles/bf413687e0900d8d00c57dcd96492659

VE) Ll ¢pg o)l el Jlo (3l 2ol § Co g Lidghy — gode 4y i

English Abstract

Numerical investigation of the effect of combustion and turbulence models
in estimating the combustion characteristics of a fuel-rich propellant
-case study: ramjet
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The variety of multiple physical phenomena in the combustion chamber like chemical kinetics, heat transfer
(convection and radiation), multiple phases, and thermal decomposition in the absence of oxygen (pyrolysis)
related to solid fuel with the accumulation of particles and the liquid film are combustion challenges in the
air-breathing combustion systems (ramjet). Understanding the physical and chemical processes involved in
combustion is required to predict the physical procedures governing fluid flow, combustion initiation,
regression rate, heat release rate, flame, and concentration of species generated during combustion. According
to simultaneously solving the combustion and turbulence models, applying the numerical methods in
analyzing the governing equations leads to some results, including the effect of variables, performance
characteristics, combustion properties, and finally, access to fuel-rich propulsion combustion efficiency in
solid fuel ramjet systems. The chemical reactions in the combustor, pyrolysis of Hydroxyl-terminated
polybutadiene (HTPB), and the combustion of the pyrolysis products are investigated based on the reduced
kinetic mechanisms. Then, by eddy dissipation and finite-rate chemistry models accompanied by K-g¢
standard and K-o-SST models in the modeling of solid fuel ramjet combustor, the simulation results are
compared with CEA data to identify the best models for accurate combustion prediction. The results showed
that the finite-rate model predicts the combustion characteristics of the solid fuel ramjet with much error
compared to the eddy dissipation model due to ignoring the effects of flow turbulence and the amount of fuel
and air mixing in the combustion chamber. According to the thermodynamic and combustion results, the K-
w/eddy dissipation case was in good agreement with CEA results.

Keywords: Solid fuel ramjet, Combustor, Thermal decomposition, Eddy dissipation model, Finite rate model
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