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Figure 1- solid fuel ramjet combustor flow field[1]
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! Polymethyl methacrylate(PMMA)

% Swirl flow

* Swirl number

* Hydroxyl Terminated Polybutadiene (HTPB)
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Figure 2- based geometry in considered model according to [16] reference.
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Table 1- different geometrical cases in numerical study

Backward step Length of aft- Inlet air mass Inlet air total
Case number height(h) chamber(L,) flow(rn,;,) temperature(T ;)
[mm] [mm] [kg/sl (K]
Case 1 11 300 0.6 540
Case 2 15 300 0.6 540
Case 3 20 300 0.6 540
Case 4 15 200 0.6 540
Case 5 15 100 0.6 540
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Table 2- some of assumed constant properties in present research.

Properties Laminar schmidt number | Turbulent schmidt number | Turbulent prandtl number
Value 0.5 0.8 0.89
Reference [16] [16] [19]
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? User defined functions(UDFs)
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Table 3- three step of ethylene reaction mechanism according to data of [19] reference

) . kgmole [ j ]

Reaction steps Reaction A [ me —s ] Eq kgmole b
Step 1 C,H, +0,—>2C0+2H, 2.10x10" 149779.2x10° 0.0
Step 2 2C0+0,—22c0, 3.48x10° 84261.5x10° 2.0
Step 3 2H, +0,—22H,0 3.00x10™ 0.00 -1.0
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Figure 4- solid fuel temperature treatment in pyrolysis[23]

' High density polyethylene(HDPE)
2 Pyrolysis
3 Polymer

¥4



VEY s oJsl oyl omain Jlo o3l il 5 S g oyl — sals 4t

[YF]cdblb,5 b yo aoly e g bod jlis, -F JSi

Jole onl ool EE g () Gijom £ b oy £ Sl slocsgu 3l anl jo Koo Coeal g pae Jule
Tl gy 39 &4 S g Sy £ dralnn Ygane 09 salys Jiol bume 4 (GhoyF g Glie Sl o5 4
e oo b S s mlaw By, Sl Gudid (ul jo oS 0sd e plnl e led b C s mhaw 5 Cull sles b e g
oS S 8 aslns 3)50 ho aye il cusedy| laloles il dslr S s (S5 5 Gy Ol )0 Sel 00 oslin
G axg bl GilwJbd 55l B g 00g oles Oyle 5l Gl coli 4 aaly cpl jo el oals &1 (YY) akal, o
(YY) abasl, 51 ooliiwl b g oo @3,) § Joa 0 o] sladasein 4 by polie Gudizs cpl j0 lil b cdgus 51 ooliiwl
abaly ol 00,8 oo )18 aulre 0590 (VF) alal, olusl o 5l ool (galaase a4y (i, ) 0als 0,9 S g (o0, (29 O3
sl 0ud a5 a5 5 dals g S p, ] S g a3ls 51 mhan bl 5 039 S g g v 4

098 Jlosl calsl ;5 00k 03,51 By, &1 (ajge s (53 551 Aolae el g0 S g s slos drlins
. —E,
r:Aexp(RT j Y)

usw

My = Py Ay, Aap)
il 5150 o Billas .l 00l (558 0SS &g 4 dalr S gu (g Sl 0 elams sl (6551 Wolae 4555
() S3m o & olwla by, sabaly 4 ol slajls 51 86 JEsl o)l 355 50 b gl
33 (0o by w3 abaly & Jsl &)l > 5 (0,,,,) sl g (L 5) G5La)l5 gz s 9,90 )l
Sorm Olime p il &l JEl SIS YO] g e sloosls abs a5 ol grudgs a4y p3Y ol oo plowil Sl - gan
abuly 4y o)l JUSH1 650 ajlee jo e en ay g 005 52U plmlr by, a0l i Ol Blie o CS g
23,5 aalys 15 oolitul 090 (V0) abuly Bebo Egu o 50 (551 Ga3jl90 (nlpliy sl ond Jlas B y0 pinis

Nl JBa 3 ol ly b g ilasiine - F Jgox
Table 4- high density polyethylene properties[16]

Properties Pre Exponential factor(A) | Activation energy(E,)| Density(p) | Termal conductivity(k)
P [m/s] [i/kgmole] [kg/m’] [w/m — K]
Value 8750 130x10° 940 0.38
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Figure 5- applying energy equation to solid fuel in pyrolysis state
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Table 5- properties of HDPE in pyrolysis process[26].

Properties PerIySis late:nt heat(qpyro,lat) ) (CLO) ) (CLl) ) ) (CR[)) ) (CRl) ) (TtT)
[i/kgl li/g—C] | li/g—cC*]| [i/g—C] | [i/g—C?] [C]
Value (1138+138)x10° 1.4100 0.00896 1.76000 0.00508 134.0
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Table 6- properties of produced grid in case 2

Type of grid Number of cells Minimum orthogonality Maximum skewness
Coarse 58116 6.68486x107" 3.31514x107"
Mean 63696 8.97404x107" 1.02596x10™"
Fine 83906 8.97404x107! 1.02596x107"!
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! Pressure-implicit with splitting of operators (PISO)
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Figure 6- produced grid for case 2 in mean type
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Figure 7- schematic of inlet air adiabatic mixing chamber for inlet air and hot gas
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Table 7- provided result in reference [16] and calculated results from present numerical research for case 2.

Mean regression rate(i,ye) Deviation respect
Type of model|] Number of cells Calculation time[s] ave’l to reference[16]
[mm/s] [%]
Reference [16]|82746 and 104982 haven’t data 0.184157 0.000
Coarse mesh 58116 43865.544 0.12967 42.02
Mean mesh 63696 58291.217 0.20263 9.12
Fine mesh 83906 72346.119 0.20223 8.93
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Figure 8- comparing of local regression rate from numerical calculation in present research respect to result of reference [16].
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Table 8- calculated propulsion properties for different geometrical cases

Calculated propulsion properties Case 1 Case 2 Case 3 Case 4 Case 5

Averaged burning wall temperature(T,, ) [K] 896.83 889.29 880.06 889.22 888.54
Averaged burning rate(i-,y.) [m/s] 0.00023445 | 0.00020223 | 0.00016817 | 0.00020195 | 0.00019927

Combustion efficiency(1).,n) [%] 66.01 69.09 75.72 69.06 68.93

Fuel to air equivalent ratio( ¢b) 0317 0.309 0.293 0.308 0.304

Numerical specific velocity(C,,,) [m/s] 891.08 896.45 924.88 894.63 888.38

Thrust(F;) [N] 3831 41.71 58.16 40.16 33.68

Specific impulse(/p.) [s] 303.39 339.12 497.60 327.01 27791
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Figure 9- local regression rate for different geometrical cases at time of 1.5 second
4l /8 Hloy yo cwadr calio s LS lu Gl CS g (59 sy (Axo & 5 ,LS, -1 IS

STy £y g jlade Cewl ool B )5 L5 o al> e w3 (LaSTy S g5l GLT Gl Gl T g Billae
& jsbolen ul oad gl gl cwas Sglite gl ,lsle gl VY USE 5 V) S N JSS s s ge e sl
g slasls as 4l ) (ley 0 5 wbios (Rl jetes job ar oas o g0 5l STy 55 Gliee S s onmline
Ml ke Candg cnl a5 sedoe k(BB s 53 G g 4Bl 28l 0k oot b ogt e @b 3l 2ol S e
S gy o)l Kilo (o 4 2STy 5 okl o5 Ll Slass e aled 1) T Spme g @l s
b ggoge ol &5 Sl Voojlads (cwiin JUSlo @ bgryo (8Sly €5 (n fudn o5 09000 blitul )5S 3o sla JS5 5l 039
OB s STy £ Lgie ke aby elis)) Gl L 3gd oe onalive fpizmen o)l (SlsFee 3 A ez slassls
b ggoge cnl &5 oud Ghaio o2 p VL o LT 5V o)led cwnin sla)liBle ol 2Ty 25 Bk 5l b
Sl vz 50 e @liol saliizme Jobo aalS Sl g oolo &) j55 % Bl 90 (slp ab gl Gog ol 4 a2y
Lol aly el Jladie Bld 51 0 o)led cwain [bsle ax 51wl 25STy £5 ole » i Foo)lod cwiin
@alllas 8590 ke G yiien 4 (peed Gliol gabiize Job a8 o 4 (g cl B g Y ojled (pwsin lajlisle
ol a5 anl aal 1) STy sassl gz pY Cuoyd aliise S5 (3 bslie b ond ca j5Sie cwiin Sl
WS Oyge LASly 5 el 4z b jsbies Sl A Jgaz b Lkl 5o 58 a0 Slee Bl Sl g9b9e
el o Gaate ,S00S0 5 Loyi 55 0 5 ) oyled owiis slalisle STy £ polie



)15)'.3.::).; Qo> (Ao JN} ‘6‘-“5).:'. wl..el? ‘ksbl""" Lb)._\.:v

1.2 i
S —o—Case01 -+
= i —o—Case02 |
= 1 ey S ——Case03__|
gn r /g/*:_:——,——_"""'_ — —+—Case04
20 r Case05 |
ﬁ \

= L ]

2 &6 A
2 L ]
8 = =
o L i

7 0.6
g ]
= L ]
S 04
8 i \ :
& L ]
50 L ]
£ o2 &
o L ]
=X ]
: ]
0 0.25 0.5 0.75 1 1.25 1.5
Time [s]

Figure 10- variation of average rate of first step reaction respect to time changing for different geometrical structures
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Figure 11- variation of average rate of second step reaction respect to time changing for different geometrical structures.
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Figure 12- variation of average rate of third step reaction respect to time changing for different geometrical structures.
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Figure 13- temperature field in solid fuel ramjet for different geometrical cases at times of 0.0(a), 0.5(b), 1.0(c) and 1.5(d) second
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Table 9- average pressure in different positions of nozzle at variation time in bar unit.

Time[s] Position Case 1 Case 2 Case 3 Case 4 Case 5
Inlet 12.05073 12.13902 12.44247 12.10232 11.94288

0.5 Throat 7.186494 7.188024 8.069089 7.187919 7.148678
Exit 1.403598 1.407009 1.400474 1.408627 1.405269

Inlet 12.12593 12.22014 12.52652 12.18206 12.01776
1.0 Throat 7.234136 7.238761 8.125889 7.238683 7.197327
Exit 1.414414 1.418565 1.412069 1.420275 1.416446

Inlet 5.140152 5.175708 5.346162 5.147607 5.075865

1.5 Throat 3.055628 3.048476 3.438884 3.053795 3.04928
Exit 0.707317 0.7194075 0.6685473 0.7160008 0.7155636
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Figure 14- pressure field in solid fuel ramjet for different geometrical cases at times of 0.0(a), 0.5(b), 1.0(c) and 1.5(d) second
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Figure 15- Mach number field in solid fuel ramjet for different geometrical cases at times of 0.0(a), 0.5(b), 1.0(c) and 1.5(d) second.
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Figure 16- Distribution of CO; and H,O mass fraction for different geometrical cases in time 1.5 [s].
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Figure 17- specific impulse treatment with dimensionless of back step height variation(left), specific impulse treatment with
dimensionless length of aft-combustor variation(right).
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Numerical modeling and parametric analysis of the geometrical factors
of combustion chamber in a solid fuel ramjet motor
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In present research the combustion process of solid fuel ramjet (SFRJ) was modeled in numerical manner.
Five different geometrical cases were employed for parametric study of back step height and aft-combustor
length effects on propulsion properties. Results show less than 10 percentage error in compare with reference
data. The results also show decreasing burning rate increases combustion efficiency and thrust force due to
increasing the step height, also decreasing the aft-combustor length leads to decreasing in combustion
efficiency and thrust force. The results demonstrate that variation of the aft-combustor length has no sensible
effect on burning rate, and the optimum value for specific impulse occurs when dimensionless aft-combustor
length is equal to 0.95.

Keywords: solid fuel ramjet, combustion chamber, regression rate, step height, aft-combustor length.
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