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1. Transcritical
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1. Mechanism

2. Atomization

3. Raman Scattering technique
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5. Cryogenic

6. Planar laser-induced fluorescence

7. Coherent anti-stokes raman scattering
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Table 1- Burke Mechanism

Num# Elementary reaction A n Ea
1 H+02 = 0+ OH 1.04E+14 0 1.53E+04
2 O+H2 = H+OH 3.82E+12 0 7.95E+03
3 H2 + OH = H20+H 2.16E+08 151 3.43E+03
4 OH+ OH = 0+ H20 3.34E+04 242 -1.93E+03
5a H2+M = H+H+M 4.58E+19 -1.4 1.04E+05
5b H2 +Ar=H+H+ Ar 5.84E+18 -1.1 1.04E+05
5c H2 + He =H + H + He 5.84E+18 -1.1 1.04E+05
6a 0+0+M=02+M 6.16E+15 -0.5 0.00E+00
6b 0+0+Ar=02+Ar 1.89E+13 0 -1.79E+03
6¢ 0+ 0+ He=02+He 1.89E+13 0 -1.79E+03
7 O+H+M = OH+M 4.71E+18 -1 0.00E+00
8a H20+M = H+OH+ M 6.06E+27 -3.32 1.21E+05
8b H20 + H20 = H+ OH + H20 1.01E+26 -2.44 1.20E+05
9 H+ 02 (+M) = HO2 4.65E+12 0.44 0.00E+00
10 HO2+H = H2+02 2.75E+06 2.9 -1.45E+03
11 HO2+H = OH+ OH 7.08E+13 0 2.95E+02
12 HO2+ 0 = 02+ OH 2.85E+10 1 -7.24E+02
13 HO2 + OH = H20+ 02 2.89E+13 0 -4.97E+02
14 HO2 + HO2 = H202 + 02 4.20E+14 0 1.20E+04
15 H202(+M) = OH + OH(+M) 2.00E+12 0.9 4.88E+04
16 H202 +H = H20 + OH 2.41E+13 0 3.97E+03
17 H202 +H = HO2 + H2 4.82E+13 0 7.95E+03
18 H202+ 0 = OH + HO2 9.55E+06 2 3.97E+03
19 H202 + OH = HO2 + H20 1.74E+12 0 3.18E+02

1. In-Situ Adaptive Tabulation
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Table 2- Different supercritical injection states

Injection env inj
State P, T, P T,
(a) >1 >1 >1 >1
(b) >1 >1 >1 <1
(c) <1 <1 >1 >1
(d) >1 <1 >1 <1

Pressure

Solid

v

Temperature
Figure 1- Supercritical fluid thermodynamic diagrams and different injection states
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1. Qubic Equation of states

2. Attractive van der waals parameter

3. Ridlick-Kwong Equation of States
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Table 3- Coefficients of the Real equation of state

Equation g & b a, a(T, w)
RT. 272
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8P 64 P
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1. Lee Kesler EOS

2. Benedict-Webb-Rubin EOS

3. Benedict-Webb-Rubin-Starling EOS
4. binary interaction coefficient

5. departure functions
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Figure 2- Schematic geometry of the RCMO01 chamber
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Table 4- Operating condition of case A and B

Case A Case B
Chamber Pressure (MPa) 3.97 5.98
Inlet Temperature (K) 126.9 128.7
Mass Flow rate (kg/s) 0.00995 0.01069
Reduced Pressure 1.167 1.759
Reduced Temperature 1.005 1.02

03978 Jlw Sl (olgs -0 Jgux
Table 5- Critical properties of N,

Critical temperature (K) 126.192
Critical pressure (MPa) 3.3958
Critical density (kg/m®) 313.300

Acentric factor 0.0372
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Figure 3- Computational domain, Boundary condition and computational Grid of RCMO01
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Table 5- RCMO03 (Mascotte A-60) Operation condition
Species Pressure [MPa] Mass flow rate [g/s] Temperature [K] Density [kg/m?] Velocity [m/s]
H, 6 70 287 5.51 236
O, 6 100 85 1177.8 4.35

Figure 4- Schematic geometry of the RCMO03
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Figure 5- Computational domain, Boundary condition and computational Grid of RCMO03
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Figure 6- Grid study of RCMO03 at two different computational grid, cold study
(Compare Temerature, Density and Mass Fraction of O,)
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Figure 7- Grid study of RCMO3 at three different computational grid, hot study
(Compare Temerature and Mass Fraction of species)
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Figure 8- Compare radial density profile at different turbulent models with Experimental data (in two section) for RCMO01
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Figure 9- Contour of the Receculation zone created with different turbulence models for RCM01
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[#YIRCMO1 & gosls b il sacdl dolre gl oclads sliwly jo S 2595 s lio -V &

RCMO03 aladxo gu Lo

SAAEE Jao a1 31 Jolo 1l
awslio slp OH" o)25 ools [gilS . cwl Sl jlows A-60 jisle;l (gjluwancs miwioms slp 09390 ()25 (slaosls
25 5 gl el iy b ol anlline o [P0lel sgzse (ilaant I Jols bt Gl slp &S
ST S5l 8 s )] olal 45T OH™ 2 eols ,gulS VY S ols plol (65 dilaie duslio g5 so 09250
Lasb ol ol s, OH Soisl &5 ol yeas Sgs o odalive glaxb NV Sy s oo plad 1) cslonds a0
gly o Oliee Ly 4l 5o o)l I8 5SSt (oS5l Gl ply cuie B s cogase jo a5 g oo ool ioles Ly
Lol axl pl o OH" jlade oy yiin o> (5 S o3l Jle 05d g0 00l (inled B L g ool (5 Sojlail Saisl
bl VY a8 05l o 00l iuled Ly b jse (59, »» OH aiiin jlode ool B = 4.4° o gl onbanlone jlade
so b plp i 4B OHT lade (a8 5 S L plp K5)50 58 426 OHT Jlade o dn STl oo aslons 93575l
Ly) s2p2 5 (L) Jsb (B OHT = 0.5 390550 39290 (225 )55l (59, 48,5590 (Sildn g 39 (52
3 oadzl Bl sleosls 4y azgi b o Jl> 05 oo dewlne (9155l a8 ol n VIV g VY L ol cos gay Sl acin

31 plonil (95 (o5 dmlie (g oo 09250 (225 918

XID
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Experiment 8 22 124 | 270 | 440
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Table 9- Erorr of measured parameters for turbulence models (RCMO03)

7L, 7L, YLy 7Ly, 4B | Error

k —eStandard | 35 22.7 25 22 | 427 | 130
k — £ RNG 50 | 441 | 347 | 93 | -65.7 | 200

k — £ Realizable | -225 | 42.7 | -242 | -0.7 | 84.8 | 20.1
k —w SST 212 | 45 | -169 24 | 432 | 113
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English Abstract

Numerical Modeling of Mixing and Combustion at Supercritical Conditions
for a Model Combustor

Ehsan Barani' and Amir Mardani’
1- Department of Aerospace Engineering, Sharif University of Technology, Tehran, Iran
2- Department of Aerospace Engineering, Sharif University of Technology, Tehran, Iran
(Received: 2016.8.12, Received in revised form: 2016.12.28, Accepted: 2017.2.28)

This paper discusses numerical modeling of the mixing and combustion at supercritical conditions for a
rocket model combustor. Fluid behavior is very complex at supercritical conditions. At these conditions, the
surface tension of the liquid is zero and the thermodynamic properties such as heat capacity and density are
dramatically changed. Therefore, two test cases of RCM01 and RCMO03 were selected for modeling using a
2D-Axi-RANS approach. In primary test cases (i.e. RCMO1), supercritical nitrogen jet at 59.8bar, and in the
second test cases (i.e. RCMO03), supercritical flow of gaseous hydrogen-liquid oxygen at a chamber pressure
of 60bar and above the critical pressure of hydrogen and oxygen, were investigated. For the nitrogen jet,
turbulence models have been studied and it was observed that the k — & Realizable predicts better results in
the area of the shear layer and outer recirculation zone, and thus provides better mixing when the equations
were discretized using a second order approach. Better predictions of the k — & Realizable model could be
due to better estimation of turbulent kinematic eddy viscosity term on the Boussinesq eddy viscosity
assumption. It has been observed that the spreading angle depends on the Outer Recirculation Zone (ORZ)
predicted by different turbulence models. As the estimated size of ORZ is larger, mixing at core occurs in
lower rates and density profile will be uniform posterior. Also, combustion of cryogenic propellants LO,/H,
at very high pressure were examined using the EDC turbulent combustion model and a detailed chemical
mechanism. Different turbulence models and equations of state were studied while an upwind first order
discretization method was used. The performance of the turbulence models in predicting the flame shape and
temperature distribution were investigated and it was found that the k¥ — w SST better estimates the flame
shape. Checking the ideal gas and real gas EOS revealed that ideal gas assumptions suffer from large errors in
estimating the shape and length of the flame. Different suggestions for the equations of real gas behavior
were studied in both experiments and the results showed that SRK EOS yields the closest results to the
experimental data.

Keywords: Combustion, Supercritical, Mixing, Real EOS, Turbulance models, Hydrogen-LOx
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