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An efficient methodology for combustion flow simulations with large
detailed chemical kinetic mechanisms
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[ Backgrounds ]

* Understanding combustion flow fields of liquid rocket engines

- CFD (Fluid dynamics) simulations » Combustion-related problems
- Detailed chemical kinetics in developments

Combustion

Fluid mixing

High- diti
Cryogenic fluid injection 'gh-pressure conditions

Schematic for flow fields of a coaxial jet in liquid rocket engines

SSME injector damage
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( Issues on CFD with detailed chemistry )

9pYy)

+ V- (pY,u — pD,VY,) = @,

Spatial resolution sl :
Transport properties

I) Stiffness in the chemical reaction equations

» The Navier-Stokes equations ot
» Species-mass conservation equations /

- Alot of species : At=O(1)~O(-15) -- wide range of timescale

d¥; @; ODE
» Time step size is usually determined by the fastest timescale T
N .
- This issue is the case even with small reaction mechanisms d_T — _M
dr pc,

2) The number of chemical species

- The number of species to be advected; the cost proportional to the order of O(N)

. . . . N N
- The cost for calculating the transport properties for mixture with the order of O(N2) Z Z i
required in conventional mixture models — LT

¢ J

3) Spatial resolution

- The grid requirement may be severe due to the interaction between chemical species and fluids
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[ Computational costs of various terms ]

» Estimated from computational results of a combustion problem with n-C4H o, | 13 species

VODE » a standard implicit ODE solver usually used for detailed chemistry
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o
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Q
o s T / T
20 | Chemistry
| 3.7% Time integration and
/ 0.08% 0.88% flux
! ] ! diffusion
Chem Visc Tran Others
."ﬂ Comp. part ‘\\ Transport
viscous, heat, and diffusion terms flux, time integration for fluids and exchange part

Occupancy of CPU times of each computational part
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[ Explicit methods for stiff ODE

¢ Runge-Kutta method

137

(Kennedy and Carpenter, 2003) W0
| — VODE A
------- CHEMEQ2
N 000k MTS
° CHEMEQ2 E --—- Present method | e
= .
(Mott et al., 2000, Quresh and Prosser, 2007) g
=3
£ 2000 .
- Predictor-corrector method based on quasi-steady-state =
assumption (QSS) i
- Numerical instabilit 1 1 1 I I 1 1 1 1
4 robustness 1000 10 20 30 40 50
Time /s x1073

e MTS method
(Gou et al.,, 2010, Terashima et al.,2014)

0-D ignition problem for CH4/O, | atm, 1300 K

T T
e At

=1le-6s

10?

-l At=1e-7s

—O— At=1e-8s

- Chemical species grouped and integrated based on their characteristic

” times
2
> - Start-up cost for generating groups of chemical species required at
o L i . o .
z 10'E E each step: faster performance limited with O(1-2)
: ok E
¢] r ]
i ! faster with O(2-3)
10° E AA E
200 400 600 800
Number of species Speed-up factor by MTS compared to VODE
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*Extended Robust Explicit Numerical Algorithm (ERENA)

[ ERENA: fast and robust explicit integration method ]

Y. Morii, H. Terashima, M. Koshi, T. Shimizu, and
. ) E. Shima, Journal of Computational Physics, 2016.
Governing equations

Cs  :creation rate of species

dY; Wy % Cy d, dy  :destruction rate of species
dr B ? =45 T sty where  ps=—, 45 = pY. Ts  :characteristic time of species
5
uasi-steady-state assumption (QSSA

- If constant quasi-creation and destruction rates assumed, an analytical solution and the discretization
form is derived

Ar*

Y=Y+ ——7>-—
1+ o pi At

o 1-0a- €PN [(pAL)
B 1 — e piAr

(g = piYy)

where "
s

—> The form is almost unconditionally stable

- Deviation of mass conservation due to the QSSA

N . N At* . o
= ZYS +Zw(% -piry)

At*

N
= 1+ — " # 1
Zl+a§"p§"At* s
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Maintaining mass conservation property
An optimized problem formulated by the Lagrange multiplier method

I

n+1_y
z _|_)\ Zyn+1_1

i

: Predictor values from integration methods

A Lagrange multiplier

i=1
’ € :Auxiliary function
* N
1 Y; 1->"0"0  yF
— T ey | a2 R
Zi:1 Y; dim1 Vi
Deviation error of mass conservation
A< A" A >\ =1x10"% | User specified

To the next step

!

*
Recomputing ¥; with smaller time step sizes so that

the mass conservation is satisfied

» Possible instability caused by the deviation of mass conservation can be eliminated
» Simple formulation — Program written in approximately 50 lines

RRAF-JAXAL EEBE S VRY U4, 201801.22

[ Validation of ERENA )

- Validated by experimental data and VODE solutions

- Significant performance (robustness and comp. time) compared to an implicit ODE and explicit solvers

4000F T T T T a.
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Temperature, 10007T Comparison of computational time ERENA and other methods on several
Comparison of ignition delay times with an experiment 0-D ignition problems with pure oxygen (the time step size of |.e-8 s)

in case of n-heptane/air mixtures
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[ CPU time histories )

* Time history of CPU time per iteration to see superior performance of ERENA

CH4/O5, | atm, 1300 K,At = |.e-8 s

3500 T T 10°

N EET!

I  —— ERENA )
3000 O VODE .

T
i
Q
=)
o)

-
L
>
3
3
3
r
3
3
3

z 3 H
% L J qé 10 3 MTS E
£ 2s500f 4 2 : ]
2 I T < - CHEMEQ2 LAl .
E 2000 i E 104 1. [P BTV P TR 3
bl L ]
0 i [ ERENAl ]
N T 10-5 S T TR T S
Time / s Time /s
Temperature history CPU time history

RRAF-JAXAL EEBE S VRY U4, 201801.22
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[ Transport properties ]

0} %
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Species# w Vise  Tram  Others
Transport properties Comp. part

» Species bundling technique for diffusion coefficients

(Lu and Law, CNF2007)

- n-C7H\¢: 373 species bundled to 21| groups
- n-C4H 0: | |3 species bundled to 19 groups

57 times faster with 2| groups in n-C7H¢ ST
. Laminar flame speeds|
3 T T T,
10'F ' ' RN E
E 1 40F 4
3 .’ ] n-C7H¢ g ©
© CH, ,' @'D 1 T 8 g
’ .
N oL & n-C4Hy ¥ o | g 0k |
E 10" E & n-C;Hy4 = E 3 8
r [J 1
g A @
§ ,Dv ) ) 20 0 No bundling T
& 101 i Y 4 O Bundling, eps = 0.1 (10% error)
E 8 v Bundling, eps = 0.5 (50% error)
] 10k . . . . . d
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10° & e e+ v+ Equilivalence ratio
w0t 10t 107 10! 10" 10'

Threshold value Speedup factor as a function of threshold values
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[ Internal combustion engine: knocking

simulations ]

Terashima et al., CNF2015,2017

- ERENA/Species-bundling applied

*n-C7Hi6 (373 species, 1071 reactions) and n-C4H o (113 species, 426 reactions) reaction mechanisms are

directly considered (Terashima et al., CNF 201

Eng-gas region

Flame propagation

End-gas autoginition

|

Rapid heat release

|

Pressure wave generation

|

Knocking

Schematic of a knocking combustion problem

Pressure /atm

[ Rocket combustion ]
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|I. Kendrick et al, CNF, 1999.
2. Candel et al., CST, 2006
3. Lux and Haidn, AIAA JPP 2009.

B Effects of recessed length on combustion flow fields of rocket-typed injectors [1-3]

e

Face plate

:I\

—

| Non-recessed post injector

[~ Post

Recessed

— o o
Recessed length

j—

| Recessed post injector

p Limitation of optical access into recessed regions

mm
GOX internal diameter, d; 4
GCHy internal diameter, d» 5
GCHy external diameter, d3 6
GOX post wall thickness 0.5
I Recessed length 0,3,6,9,12 l
P rao referred as RO,R3, Ré, R9, R12

This document is provided by JAXA.



HRKFnT b « FEETT VT IRTN — (JAXA thedifi i E) oo mow L 141
~EEFOEEICIAFEEHBAR DB TOT L —I A —~ %l

RRARF-JAXA SEEEBE S VRY UL, 2018.01.22

[ Results: unsteady behaviors ) Chamber wall

B Near-injector flow fields with R9 case Face plate Recireulaton region

in the corner
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e Effects of recessed length on mean combustion flow fields
1600 K contour for flame shape

[ Mean temperature fields )
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( Mean temperature fields )
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( Mean velocity distributions )
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Increasing the recess length,

@ larger amount of combustion gas
produced in the recessed region

@ combustion gas accelerated and
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» Reducing a flame angle in the chamber
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[ Temperature in the recirculation region )
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» RI12 may have higher performance than R9; larger pressure loss and similar heat loss
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Conclusions

* An efficient method for reactive flow simulations with large detailed chemistry has been
originally developed under the collaboration between the University of Tokyo and JAXA

- ERENA for time integration method of chemical reaction equations and species bundling
technique for transport property calculations

* The present method has been successfully applied to various combustion problems

- Tani et al., PCI2014 for hypergolic fuel combustion in spacecraft thruster

- Terashima and Koshi, CNF2015 for knocking simulations of n-C7H16 and n-C4H10
- Morii et al, JLPPI2015 for high-pressure hydrogen spontaneous ignition

- Daimon et al,,AIAA2016 for 3-D N2H4/NTO combustion flows

- Matsugi and Terashima, CNF2017 for flame instability

- Terashima et al., CNF2017 for hot-spot in knocking combustion

- Tani et al., CST2018 for hypergolic spray combustion in spacecraft thruster
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