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Figure 1- Different models for heat flux calculations [7]
(V] soded (5 )5 Sos 31 (b 51y HLis dumlxo (519 Jgloso (Lo oo —) S

5 et S STy 9)5e po Gl ClLiz b goanie oue 5 o5 byl b Sidl) Wld g 5SS )
WB3S )3 (iSly iz g (aSly e Bz (25T 5B (2515 508) S (S5 Sl il ol b
Gl Baa odlgliea sle Sl (S))lee Camd g (23) 051 i Lulid (55 p ol (nl )3 el oad ploxil
oy Sl & sy slagisesl 5o Gk dlsds ()l 9 ,Slas 5 Ceol ouds ol (glos S 2 slagssl )z
YU absizes Lid b slocST, 4 osdy ol 45 amo e i akid (oIS CKIE 3,50 40 g00e § o225 ol [) - —Alcud

losl LS il g s Y gl 4 LKl olad 4 o] Slld g5 b 5 aule i Fyi 5 el (Sloduamey a3
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Figure 2- Structured grid used in this study
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Table 1- Chemical composition at inlet from equilibrium assumption

Species Mole Fraction

Cco 0.13
COo2 0.037

H 0.02

H2 0.154
H20 0.331

N2 0.314

OH 0.016
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1. Reynolds Averaged Navier Stokes
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5. Discrete Phase Model
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Figure 5- “Wall Jet” Boundary Condition for the Discrete Phase [23]
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Table 2- Considered film cooling situations

Case ID Model type Percent of fuel used as coolant
1 Non-reactive gas 20%
2 Reactive gas 20%
3 Non-reactive liquid 20%
4 Reactive liquid 20%, 10%, 5%, no coolant
5 Reactive liquid + solid conduction 25%, 20%, 10%, 5%
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Figure 6- Analytical computation of the MMH vapour pressure at different temperatures
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1. Mass flow inlet
2. Discrete Phase Model (DPM)
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Figure 8- Temperature evolution and ignition delay time of the main and reduced mechanisms [26, 28]
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Table 3- Variables in the Bartz equation

Variable Description
A Heat flux
o Viscosity and density correction factor
I, Radius of curvature at throat (in )
¢ Characteristic velocity of the thrust chamber (ft/s )
D. Throat diameter (in )
A Cross section area (in?)
A Throat area (in?)
Po(= 9bar) Thrust chamber pressure ¢ psi )
1y Dynamic viscosity (Ibf-sec/ft?)
C, = 0.567 Heat capacity (BTU/Ib-R )
T (isentropic nozzle equation) Freestream temperature (R )
T, (Fig. 4 Profile) Wall temperature (R )
pr(=0.8) Prandtl number
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CFD, Radiation heat flux
—H— Bartz
—=©Oo—— CFD, Total heat flux
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Figure 9- Validation of the computed heat flux using Bartz [30] equation

19l Yoo (63359 bske (gl [¥e] 3l (o= (kod sl b ssamuslone (o, 5L dun e -4 JSCid

1.0E+06 |- N
0.0E+00 |-
< i
E =
;-1.0E+06—
< B
3 B
o B
— -2.0E+06 |~
© |
0] B
T B
- 59000 cells
-3.0E+06 |- — — — — 96000 cells
B —-—-—-— 151000 cells
f 202000 cells
-4.0E+06
I T I NI NI R |
0.01 0.02 0.03 0.04 0.05

Axial Distance (m)
Figure 10- Grid study for the reactive liquid coolant case
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Figure 11- Mach number distribution inside thrust chamber and nozzle
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Figure 12- Pressure distribution inside thrust chamber and nozzle
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Figurel3- Temperature distribution inside thrust chamber and nozzle
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Figure 14- Coolant injection and film formation on the wall of the chamber
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Figure 15- Variation of total wall heat flux with precent of used coolant
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Figure 16- Mass fraction of ch3nnh, showing regions of MMH dissociation
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Figure 17- Mass fraction of MMH, showing MMH consumption rate
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Figure 19- Effect of reaction modelling on wall total heat flux
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Figure 20- Discrete phase evaporation rate, showing the effect of evaporation on wall cooling
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Table 4- Wall cooling for different flow rates of the coolant
Coolant Heat flux in 10mm Heat flux change in Heat flux in Heat flux
Percentage distance from inlet 10mm distance from throat change in
(W/m?) inlet (W/m?) throat

0% 4.2e6 - 6.1e6 -

5% 3.2e6 -23.8% 5.8e6 -4.9%
10% 2.4e6 -42.8% 4.6e6 -24.6%
20% 1.2e6 -71.4% 3.2e6 -47.5%
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Table 5- Wall cooling for different models of the film

Percent of Heat flux in 10mm Heat flux change Heat flux in Heat flux
Model type coolant distance from inlet | in 10mm distance throat change in
used (W/m?) from inlet (W/m?) throat
Non-reactive gas 20% 1.8e6 -25.6% 4.6e6 -18.6%
Reactive gas 20% 1.5e6 -42.9% 3.7e6 -40.3%
Non-reactive liquid 20% 1.62e6 -58.9% 4.0e6 -31.0%
Reactive liquid 20% 1.2e6 -71.4% 3.2e6 -47.5%

dols 0,la90 9 35 p oSl WYl oo Jo
P eSS 80 ke ol Gl 0,8 by (025 @S 5D o)les (o8t (led Uidgn b3, b sl e
) LQ..) GMMLM )L.,.: ‘L)A.?UM ‘SsLob J....st.: s_i: 6‘1.: J“S(sn P (57)‘).> le.b)L.» d..M.)Ln.c é.:).‘a )‘ lacdl> LJ"‘
Oyl Jasl oVl plojen Jo 51 i pl Jo gl cauios ol jo cwl (28ls Lo Judg QT L blee o85S
WS oo duwlne Sl Job o |y cdle o a8lg gl (L g oo x5 aS Cel ol oolaiul (o,l90) el g Jlew o
J> eolb Jlew 5 0)lpo &)l il o¥oles OT P S e slp ) eles 5 g8 kw sles i VY IS
sboo alaxdo b8 WS (i go oS ol a8y (IS4 6,505 gl cdgu 5ITY e Sl cpl 5o a0 oo lid (gl o0
el 0ol o0ls LiS o)lgns Dygle jo Dlyhad (ST & je SaS LYY JSS jo a4 jeblas 0ed oo 35 5 sele o)l
A b anglis o g adlds 56 5,50 (65, p peliee Hobay Glosl dhase Job ded dg0> U b p5es
e 0 Gl L sS4 pd 5l Jelb 8 (S Ss Wld LS sl b8 s 5 Ses
J}b ‘LS‘QL‘“‘" us‘ o)‘.\.:‘ 6‘)10 s_:‘).bﬁ L: 6}5&0 6)L~JJ\.\A l) ol uaM as )#QLQ&: “39"‘“’&5" o ‘) wouul.:
el B 8y Bras (SS9l (05 b Ol a8 B8 pas a sl

PR [ [
£ 002} Temperature: 200 520 840 1160 1480 1800 2120 2440 2760
=
Q L
b=
o}
= B
k=
=) L
8
0_
Q
3 L
- -
@
o L
0.02 L L 1 L

0 0.02 0.04 0.06
Axial Coordinate {m)

Figure 21- Temperature distribution inside fluid and solid parts of the thruster (20% fuel used)
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Figure 22- Evaporation of the liquid coolant
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Figure 23- Temperature distribution of inner wall of the thruster for different flow rates of the coolant [21]
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Figure 24- Total heat flux to thruster wall for different heat transfer modellings (20% fuel used as coolant)
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In this work, film cooling of a 10N thrust chamber is investigated using different numerical models. The
thruster is modeled by feeding gas at a chemical equilibrium state from the inlet. Heat flux is computed for
different flow rates of the coolant and is compared to the analytical Bartz equation for the no coolant case. In
the second part, solid wall heat conduction is modeled, and the computed wall temperature profile is
compared to the available experimental data. Chemical dissociation of MMH in the coolant layer is modeled
by constructing a chemical mechanism for the reactions of Methyl Hydrazine with Nitrogen Tetroxide.
Chemical reactor modeling shows a close prediction to other available data for the combustion of MMH/NTO
system. To assess the effect of different cooling mechanisms in the coolant layer, different approaches for
heat transfer modeling with different levels of complexity are investigated in this paper. The considered
models include cold gas, reactive gas, cold droplets, and a reactive evaporating layer of droplets. For the most
sophisticated model considered (reactive evaporating layer of droplets), a 48% reduction of heat flux is
computed at the throat when 20% of the fuel is used as the coolant. Also, when solid wall heat conduction is
considered, the computed wall temperature profile is closest to the experimental data for the case of 20% of
the fuel as coolant.

Keywords: Film cooling, Thruster, Hypergolic, Two-phase flows
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Table 1- Reduced mechanism for modelling MMH-N204 reaction
k = AT® exp(-E / RT)

Reaction A b E
1 CH3NHNH2+NO2=CH3NNH2+HONO 2.20E+11 0 5900
2 CH3NNH2+NO2=CH3NNH+HONO 1.00E+08 2 0
3 CH3NNH+NO2=CH3NN+HONO 2.20E+11 0 5900
4 CH3NHNH2=CH3NNH+H2 3.16E+13 0 57000
5 HONO(+M)=OH+NO(+M) 1.20E+19 -1.2 49667
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Low pressure limit: 3.01E+30 -3.80E+00 5.03E+04
TROE centering: 3.70E-01 1.20E+01 1.00E+05
6 N204(+M)=2NO2(+M) 4.05E+18 -1.1 12840
Low pressure limit: 1.96E+28 -3.80E+00 1.28E+04
7 NO2(+M)=NO+0O(+M) 7.60E+18 -1.3 73245
Low pressure limit: 2.47E+28 -3.37E+00 7.48E+04
TROE centering: 1.00E-01 2.95E+02 9.73E+02
8 NO2+H=NO+OH 3.50E+14 0 1500
9 CH3NN=CH3+N2 3.00E+06 0 0
10 OH+H2=H+H20 2.16E+08 1.5 3441
11 CH3+0=CH20+H 8.43E+13 0 0
12 CH20+0=HCO+OH 3.50E+13 0 3513
13 CH3+NO=HCN+H20 4.90E+08 0.5 12392
14 HCN+M=H+CN+M 3.40E+35 -5.1 133000
15 CN+H2=HCN+H 3.60E+08 1.6 2999
16 NH2+H=NH+H2 6.92E+13 0 3648
17 NH+NO=N2+0OH 1.40E+17 -1.5 1311
18 O+H2=0H+H 3.87E+04 2.7 6262
19 OH+HCN=NH2+CO 7.83E-04 4 4000
20 CH3NHNH2=CH2NH+NH3 1.58E+13 0 54000
21 CH3NNH2+HO2=CH3NHNH2+02 1.00E+06 2 0
22 CH3N2+HO2=CH3NNH+02 1.00E+06 2 0
23 CH3NHNH2+0=CH3NNH+H20 9.60E+12 0 0
24 CH3NNH2+OH=CH3NNH+H20 1.00E+08 2 0
25 CH3NNH2+0O=CH3NNH+OH 1.00E+08 2 0
26 CH3NNH2+02=CH3NNH+HO?2 4.00E+12 0 0
27 CH3NHNH2+OH=CH3NNH2+H20 3.92E+13 0 0
28 CH3NNH+OH=CH3N2+H20 3.92E+13 0 0
29 CH3NHNH2+O=CH3NNH2+0OH 9.60E+12 0 0
30 CH3NNH+0O=CH3NN+OH 9.60E+12 0 0
31 CH2NH+0=CH20+NH 1.00E+07 2 2800
32 CH2NH+OH=CH20+NH?2 1.80E+05 2 14800
33 CH2NH+0O=H2CN+QOH 3.16E+08 2 6100
34 NCH2+HO2=CH2NH+02 7.87E+04 2 21700
35 CH2NH+OH=H2CN+H20 1.00E+07 2 4000
36 H2CN+OH=HCN+H20 1.00E+07 2 3700
37 H2CN+02=HCN+HO?2 2.70E+04 2 17300
38 H2CN+NO=HCN+HNO 1.00E+07 2 4400
39 CH3NHNH2+H=CH3NNH2+H2 1.30E+13 0 2500
40 CH3NNH2+M=CH3NNH+H+M 1.00E+17 0 35770
41 CH3NNH+NH2=NH3+CH3N2 4.60E+13 0 4850
42 CH3NHNH2+NH2=NH3+CH3NNH2 1.00E+11 0.5 1987
43 C2H6N2=CH3N2+CH3 6.92E+15 0 50875
44 C2H6N2=C2H6+N2 2.00E+11 0 33000
45 CH2NH+M=HCN+H2+M 1.00E+14 0 10000
46 2H+M=H2+M 6.52E+17 -1 0
47 2H+H2=2H2 9.20E+16 -0.6 0
48 NH+N=N2+H 3.00E+13 0 0
49 NH+H=N+H2 1.00E+13 0 0
50 NH3+H=NH2+H2 6.36E+05 2.4 10170
51 2NH=N2+2H 2.54E+13 0 0
52 NH2+N=N2+2H 7.20E+13 0 0
53 CH3+M=CH2T+H+M 1.00E+16 0 90607
54 CH3+H=CH2T+H2 9.00E+13 0 15101
55 2CH3=C2H5+H 3.01E+13 0 13512
56 2CH2T=C2H2+H2 1.20E+14 0 795
57 CH2T+CH3=C2H4+H 4.20E+13 0 0
58 CH2T+C2H6=CH3+C2H5 6.50E+12 0 7910
59 C2H6=C2H5+H 2.08E+38 -7.1 106507
60 C2H6+H=C2H5+H2 1.41E+09 1.5 7402
61 C2H5+H=C2H4+H?2 1.25E+14 0 8000
62 2C2H5=C2H4+C2H6 1.40E+12 0 0
63 C2H4+M=C2H2+H2+M 3.00E+17 0 79349
64 C2H4+H=C2H5 1.05E+14 -0.5 655
65 CH2T+N2=HCN+NH 1.00E+13 0 74000
66 H2CN+N=N2+CH2T 2.00E+13 0 0
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67 H2CN+M=HCN+H+M 3.00E+14 0 22000
68 CH2T+N=HCN+H 5.00E+13 0 0
69 CH3+N=H2CN+H 3.00E+13 0 0
70 2CH3(+M)=C2H6(+M) 3.61E+13 0 0
Low pressure limit: 1.26E+41 -7.00E+00 2.76E+03
TROE centering: 6.20E-01 7.30E+01 1.18E+03
71 H+O+M=0H+M 6.20E+16 -0.6 0
72 H+02=0H+0O 1.59E+17 -0.9 16873.8
73 20H=0+H20 2.10E+08 1.4 -396.8
74 20+M=02+M 1.00E+17 -1 0
H2 Enhanced by 2 9.00E-01
75 H+OH+M=H20+M 8.40E+21 -2 0
H2 Enhanced by 1 9.00E-01
76 H+02+M=HO2+M 7.00E+17 -0.8 0
77 HO2+H=20H 1.50E+14 0 1003.8
78 HO2+H=H2+02 2.50E+13 0 693.1
79 HO2+H=H20+0 5.00E+12 0 1410.1
80 HO2+0=02+0H 2.00E+13 0 0
81 HO2+OH=H20+02 6.02E+13 0 0
82 HCO+M=CO+H+M 1.86E+17 -1 16993.3
H2 Enhanced by 1 8.70E-01
83 CH2T+0=CO+2H 5.00E+13 0 0
84 CH2T+OH=CH20+H 2.50E+13 0 0
85 CH2T+02=CH20+0 5.00E+13 0 9010.5
86 CH2T+02=CO+0OH+H 8.60E+10 0 -501.9
87 CH2T+02=HCO+0OH 4.30E+10 0 -501.9
88 CH3+OH=CH20+H?2 8.00E+12 0 0
89 CH3+OH=CH2T+H20 1.13E+06 2.1 2437.8
90 CH3+02=CH20+0OH 5.20E+13 0 34894.8
91 HCO+H=H2+CO 7.23E+13 0 0
92 HCO+0=0H+CO 3.00E+13 0 0
93 HCO+OH=H20+CO 1.00E+14 0 0
94 HCO+02=HO2+CO 4.20E+12 0 0
95 2HCO=CH20+CO 2.00E+13 0 0
96 CH20+M=HCO+H+M 5.00E+16 0 76481.8
H2 Enhanced by 2 9.00E-01
97 CH20+02=HCO+HO2 1.00E+14 0 39914
98 CH20+H=HCO+H2 1.26E+08 1.6 2175
99 CH20+0OH=HCO+H20 3.62E+05 2.5 -980
100 CH20+M=CO+H2+M 8.20E+15 0 69550.7
H2 Enhanced by 2 9.00E-01
101 CH20H+M=CH20+H+M 1.54E+13 0 33054.5
H2 Enhanced by 6 9.00E-01
102 CH20H+H=CH3+0OH 9.64E+13 0 0
103 CH20H+H=CH20+H?2 3.00E+13 0 0
104 CH20H+0=CH20+0H 5.00E+12 0 0
105 CH20H+OH=CH20+H20 5.00E+12 0 0
106 CH20H+HCO=2CH20 1.80E+14 0 0
107 CH20H+02=CH20+HO2 1.80E+13 0 788.7
108 C2H2+0=CH2T+CO 7.81E+03 2.8 501.9
109 C2H2+0OH=CH3+CO 4.85E-04 4 -2007.6
110 C2H4+0=CH3+HCO 1.60E+08 1.4 525.8
111 CH3+CH20H=C2H5+0H 1.37E+14 -0.4 6596.6
112 C2H5+0=CH20+CH3 4.24E+13 0 0
113 C2H5+0=C2H4+0H 3.06E+13 0 0
114 C2H5+02=C2H4+HO2 2.00E+12 0 4995.2
115 C2H6+02=C2H5+HO?2 3.98E+13 0 50908.2
116 C2H6+0=C2H5+0OH 1.40E+00 4.3 2772.5
117 C2H6+0OH=C2H5+H20 2.20E+07 1.9 1123.3
118 NH3+M=NH2+H+M 1.40E+16 0.1 90600
H20 Enha 5.00E-01
119 NH3+OH=NH2+H20 2.04E+06 2 566
120 NH3+0=NH2+0OH 2.10E+13 0 9000
121 NH2+OH=NH+H20 9.00E+07 1.5 -457
122 NH2+O0=NH+OH 7.00E+12 0 0
123 NH2+O=HNO+H 9.90E+14 -0.5 0
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124 NH2+NO=N2+H20 3.00E+20 -2.6 924
125 NH+O=NO+H 7.00E+13 0 0
126 NH+OH=N+H20 2.00E+09 1.2 6
127 NH+OH=HNO+H 4.00E+13 0 0
128 NH+02=NO+0OH 1.00E+13 -0.2 4800
129 N+02=NO+0 6.40E+09 1 6279.9
130 N+OH=NO+H 3.80E+13 0 0
131 N+NO=N2+0 3.30E+12 0.3 0
132 NO+HO2=NO2+0H 2.11E+12 0 -479
133 NO2=NO+0 7.60E+18 -1.3 73290
134 NO2+0=N0O+02 3.90E+12 0 -238
135 2N0O2=2N0+02 1.62E+12 0 26124.3
136 N20+0=2NO 5.60E+14 0 28000
137 N20+0=N2+02 7.00E+14 0 28000
138 N20+M=N2+0+M 5.00E+13 0 60467.2
H20 Enhanced by 6 5.00E-01
139 N20+OH=N2+HO?2 2.00E+12 0 10000
140 HNO+M=H+NO+M 2.35E+16 0 48680
H20 Enhanced by 6 5.00E-01

141 HNO+H=H2+NO 5.00E+12 0 0
142 HNO+OH=H20+NO 7.20E+13 0 0
143 HNO+O=0H+NO 3.60E+13 0 0
144 2HNO=H20+N20 3.90E+12 0 50000
145 HNO+NH2=NH3+NO 2.00E+13 0 1000
146 HNO+NO=N20+0OH 2.00E+12 0 26000
147 NH2+02=HNO+OH 1.51E+12 -3.9 36100
148 NH+02=HNO+0O 4.61E+05 2 6500
149 HNO+NO2=HNO2+NO 6.02E+11 0 1987
150 HNO2=0H+NO 1.20E+19 -1.2 49697.2
151 HNO2+H=H2+NO?2 1.20E+13 0 5961.3
152 HNO2+OH=H20+NO?2 1.26E+10 1 135
153 HNO2+0=0H+NO2 1.20E+13 0 7352.3
154 NO2+0=NO3 1.32E+13 0 0
155 NO3+0=N02+02 6.03E+12 0 0
156 NO3+OH=NO2+HO?2 1.39E+13 0 0
157 NO3+H=NO2+0OH 6.62E+13 0 0
158 NO3+NO=2N0O2 9.64E+12 0 -298
159 HNO+02=NO+HO2 3.16E+12 0 3000
160 NH2+02=NH+HO2 1.00E+14 0 49997
161 NH2+HO2=NH3+02 4.52E+13 0 0
162 NH2+NO=N20+H2 5.00E+13 0 24481
163 NH+O=N+OH 7.00E+12 0 0
164 NH2+0O=NO+H?2 5.00E+12 0 0
165 NH+NO=N20+H 2.40E+15 -0.8 0
166 N20+H=N2+0OH 9.60E+13 0 15100
167 HCN+O=NCO+H 1.40E+04 2.6 4980
168 HCN+O=CN+OH 2.70E+09 1.6 29200
169 HCN+O=NH+CO 3.50E+03 2.6 4980
170 CN+H20=HCN+OH 8.00E+12 0 7450
171 HCN+OH=HOCN+H 5.90E+04 2.4 12500
172 CN+02=NCO+0 7.50E+12 0 -389
173 NCO+0=NO+CO 4.70E+13 0 0
174 NCO+NO=N20+CO 6.20E+17 -1.7 763
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