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1. Transcritical
2. Critical point
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1. Air Force Research Laboratory
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1. Mechanism

2. Atomization

3. Raman Scattering technique

4. Normalized density profiles .

5. Cryogenic

6. Planar laser-induced fluorescence

7. Coherent anti-stokes raman scattering

ay


http://scholar.google.com/scholar?q=coherent+anti-stokes+raman+scattering&hl=en&as_sdt=0&as_vis=1&oi=scholart&sa=X&ved=0ahUKEwj7lpzE9bfTAhXsJJoKHdaDAi0QgQMIIDAA
www.SID.ir

@‘é’o el g u;il)b Ol

0ainST by g a5 el Sboj 5l Sglite 5 ams o i | aleds JliSle 5 IS o sles 5l earnST g CSgu 38
asb asly glhow g sl
Jeozd ) oby sl anie 028 Ollllae (Gl 398 Gl )0 mee Glagall plos aslllas 5 (o Sl
ol @yl g M| 5 calisrs slo il )l 30 5 (S8 sauay ol s colil ol saliee (goue Olalllas A 0uS o
JLad Blasl e laylos e Lol a¥ s DNS is, & |y gooe clalllae ST 5 ol 0y &ygo o, Stnghy Lo
Golwands 4 0B 20934 DNS g, a5 50,5 Lo 5 20,5 s,y p | aiadl bYST 5 cdl> dolee 51 g wisls alol YL
2 DNS 5 LES g, a I, cldllas cpl Jhe g jiwgd [V V- VAlcwl (bMst 4Y 4l 0 pgasda o Sl 358 Jlow
o)) sl TS lagalie sl 1y b g, S g 90,8 aslllas YU Sl sl 535Sl 5 0 sl
oo 4l )0 (iS00 aad o lul 4ol aslllas 4 a5 Wog sol3l dol b g oddsl LYY YT W S
LS (S0 4o aled (L )i8 5 Slmusd LS cl s wis S samlis bl IV Flasls Sl 5 s e85l
aled o)k 59, 2 OieeSh ol Gl )dS llpn 5o (LB el o ) Glaee SeaF 4l SSb g SOl 0ed el
IYVE] 5,5 oy 5,5 E5 b bLoyl o oiaShoinied ) sdei alad [t yingy [Y0lws s adllas
olps Gl e 1y @liat Sy 08 adlllas ()90 ()8 5 sumgs Dygods Ty oSl win Jols alaione SlgSiae
Jas ae— 0 slazl oo RANS (g, b 1) o5eaShigpne alud isls (08ea 5 058 [YAl o8 o)
St o Sogorzle ' 3Uls St & J St ol 6t 5543 3 PR > aolas JFPV 3125
5 ool cilin (giloand cnl sl ksl BT 3K, o cllbie ol pli) s [VAlas S ) n T le
b9y CFX gl Jl8le 5 5l oolaitul b 538 9 pudsy ol 4Bl i plo b S (6 fomlio mls (J S
4 (RK'"PR) My 55 9 Jbw! 15 cdls doles CFX-RIF 8l 2| Jos & — & Standard  coliacel Joo Jlesl RANS

5 CFX 6,5 5800 5 b Slmuied bl s (o5luwandd gl Gom [¥Y-Y- Jaisls 5y oyinST 50,000 Gl 6 lodncds
(STasr NS Sagter o8l ) i 1y alel Job o] g (3 lulid gy 5 edly Sl aloles il
Seeliadge i ¢ Sl sladase | lides lacaS 59 asls (Sl 398 Lul b 5o oue aslllas 4 Y103 5 (g
Gl 1, PISO clls s al led slap o8l it slaJoe weS 5 L [YEYTIws S anylie wal 1) Seiii
wolzzgl Jow o cdens Slisl Jos JTSRK > ol 5l oolaiwl b A-B0 ool 40 oienSy5e,0un Gl
;S ols plas by T gl L¥VIwss S olo 1) o] oo 5l asecs o e g oyl ST § w8, o, ok — € Standard
Jsb Lol clalls 3 Jyuols (alidl 1) so0e 55l Olsioe Lid momad adl> 55 (Jso o8 Glojio,m b egons J>
slpping S dolrs gl snox (Soluoge i Jow o )Ben 5 Seib canl ool i (o225 eols 3 pauly aled
il sniolpiing b dales a5 Cenl ! o] Sl [YA]ws S 121 A-B0 slesT .o RANS i, L1, T 5 wis )8
g Wd,S (gilwdnd (gamdw Dhgod | Olule dwain LKen ¢ jgaiecy ol Sl gladlolee plu 4 Canid (6 g

1. Mixing layer
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1. National Institute of Standards and Technology
2. Eddy Dissipation Concept

3. Rocket Combustion Model

4. Aungier -Ridlick-Kwong

5. Eddy dissipation Concept
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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 +0OH = H20 + H 2.16E+08 151 3.43E+03
4 OH + OH = 0+ H20 3.34E+04 242 -1.93E+03
5a H2Z+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
6C 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

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

4. Principle of Corresponding States (PCS)
5. Acentric factor

6. Saturation Pressure
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Table 3- Coefficients of the Real equation of state

Equation g & b a, a(T, w)
RT. 2m2
VDW 0 0 c 27R7T¢ 1
8P 64 P
2725
RK 0 0 0.08664RT, | 0.4275R2T? 1
P P T05
SRK 0 0 0.08664RT. | 0.42747R°T¢ [1+ () (1~ TP
P P f, = 048 + 1.57w — 0.176w?
PR 1 0 0.07780RT, | 0.42747R:T¢ [1+ (f)(1 = TP
P, P¢ fu= 0.37464 + 154226 — 0.269920>
ARK o | ——Fle | 008664RT, | 0.42747R’T¢ 1
Pe + ch/0+b) +b-Vc B P T-[0.4986+1.1730+0.475w2]
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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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1. The 2nd International Workshop on Rocket Combustion Modeling (IWRCM)
2. Case
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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 RCM03
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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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Figure 10- Compare radial density profile at different equation of states with Experimental data (in two section) for RCM01
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Figure 11- Experimental contour of OH*[65], non-dimentional with diameter of oxygen injector for RCM03
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Table 8- measured parametersfor turbulence models (RCMO03)

Ly /Ly ILy | 7Ly 18
Experiment 8 22 124 | 270 | 440
K — & Standard 10.8 27 15.5 2.76 2.52
k — e RNG 12 31.7 16.7 2.45 151
k — & Realizable 6.2 31.4 9.4 2.68 8.13
k —wSST 6.3 21 103 | 3.35 6.3

(RCMO03) ‘sml».u.:‘ OYoleo (gl 9 0l g g o 310l ‘sl.{a).;i.nblg s -1 Jous
Table 9- Erorr of measured parameters for turbulence models (RCMO03)

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

k — & Standard 35 22.7 25 22 | -427 | 130
k — e RNG 50 441 | 347 93 | -65.7 | 200

k — £ Realizable | -22.5 | 427 | -242 | -0.7 | 84.8 | 20.1
k —w SST 212 | -45 | -169 24 432 | 113
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Figure 12- Compare axial Temperature variation for diffrent Turbulance models with Experimental data of RCMO03
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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 x — & 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 x — 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 vyields the closest results to the
experimental data.

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