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Comparison of Time Integration Methods for Stiff Reaction Equations
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Abstract : Performance and accuracy of several time integration methods for chemical reaction equations are
comprehensively investigated, aiming at an efficient reacting flow simulation with large detailed chemical kinetics. In
this study, a modified CHEMEQ2, dynamic multi-timescale method (MTS), and two Runge-Kutta-based methods (R-K-
Chebyshev and R-K-Fehlberg) are considered as currently available and possible explicit time integration methods, while
VODE is used as a reference implicit time integration method. Ignition problems for three hydrocarbon systems (CHs,
n-C7Hjs, and n-CoHz2) and an internal combustion engine model with n-C7H;s are simulated. The results for both problems
show that the modified CHEMEQ?2 shows the best performance for all the conditions in not only the accuracy, but also the
robustness, while MTS gives less performance and the two Runge-Kutta-based methods cannot work even for the ignition
problems with hydrocarbon systems. It is also found that the two explicit time integration methods (CHEMEQ2 and MTS)
reduce nearly 20-100 times computational time compared to the reference implicit time integration method.
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Fig.1 Schematic of MTS method: time integration process.
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Table 2 Number of species and elementary reactions in chemical kinetics.

No. of Species No. of Reactions
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nC7His 373 1071
nCioH22 839 2126

B KFRIT, CFD fiffT & ol 2 e LNy v e
TOUIRNT %2 R L, W E oK 21T 72, BEt%
P2 7200, FRAAI0E Ar=1.0x107, 1.0x10% s Z 7=
fif T % Sh L 7.

3.1 CHEMEQ2 &% RiR CHEMEQ2 DEE

FIWDIZ, CHEMEQ2 & MM CHEMEQ2 O ik % 5%
ML 7=, FFELfE, BT 2L¥— - KE—E, T
71 Po=0.1,1 MPa, #IHIRE To = 1300 K D&MFT, LR
¢ =1 D nCiH6/Air D KIFEHT % FEHE L 72
Z 2T, CHEMEQ2 T, &l L 7 %I & 05 (At= 1.0
x107, 1.0x10% s) I2B T, WL — 7 Tfib i 2 K%
ARIEPNZI LS BN TECZTI—DPELEZLICERLL
WV, 2R, RV — 7 EBET B 720D T IL—F ik
25D0THD, INEAAVEITINTEHIETHUT 3
ENTEL, ZOFREF BB TR VD,
CHEMEQ2 2°d £ W R I Nz Wl -2t EZ 6h
%, —JiT, WK CHEMEQ2 Tl&, Z DREZzREIZTs4E
LTk, Thbb, WRR CHEMEQ2 I3 AlEHIC
% DIEFEER{T2 ) T, WIS/ E R Z A5 12 22
52 R, FOBREEEETVLS,

WIWIE ) Po=0.1,1 MPa, WERIZIAIE Ar=1.0x10" s D5
TRIZ B 25 KEHTOIREEERE £ nC/His, CO2, OH D€
VIR R 2 X 2 10”7

WITND 7R 7 7 A B WTYH, WRIK CHEMEQ2 &
CHEMEQ2 & T 2B EHSNTWVS, £z, 312
AIRIREO IR Z R L C\wb, 877 7 BEOBTFEIEFHHIR
fils]Z &R L Tw5, BRI CHEMEQ2 |¥ CHEMEQ2 IZ
AT 20 % BEOEBHRAEN S, DEDZ Ehs,
AT CHEMEQ2 2RI ¢35 2 L & L 7=,

3.2 EXE

W= L ¥ — - {&HE—E, #WIWIEJ) Po=0.1,1 MPa,
WIHREE To = 1300 K O5MET, MEH ¢ = | @ CHy/Air,
nC7H1¢/Air, nC1oHao/Air D KIENT % FZhii L 72, ABFFE T,
KIABEEAN SO % CFD T IcilaA T 2 &2 HIW &
LT3, 5dd, BOGHE CFD T 362 SO o il e 1k %
BEVT 2728, Wik EALE OB % L TR ORI T
b, ZzoBIZIZEREDY a CNIZERB R T v 7T
FHETANENH B, L i T, #H CHEMKIN 25 7% fifi >
TR KIRNT L %472 ), VODE % JHW 7@ TlE, BAF v
T2 T > TW B T EICHEBEWERE E v, R



160

3500
3000 |-

¥

2 2500 |-

2

22000 | — Original

E CHEMEQ2
1500 - = = Modified

CHEMEQ2
1000 Il Il L 1 ]
0 0.0002  0.0004  0.0006 0.0008  0.001
Time [s]
(a) Temperature at 0.1 MPa

1E+0 |
1E-1
1E-2

=

£ 1E3

2

£ 1E4

2 —— Original

g IES CHEMEQ2
16 - - - Modified
1E-7 CHEMEQ2
1E-8 L L L L )

0 0.0002  0.0004  0.0006 0.0008  0.001

Time [s]

(b) Mole fraction of nC7His, CO2, OH at 0.1 MPa

3500
3000 -
¥
2 2500
2
&
2.2000 —— Original
E CHEMEQ2
1500 - = = Modified
CHEMEQ2
1000 L L '
0 0.00005 0.0001 0.00015
Time [s]
(c) Temperature at 1 MPa
1E+0
nC;He
1E-1
1E-2
=]
S 1E3
2
& 1E4
2 ——Original
s 1B CHEMEQ2
1E-6 - - - Modified
1E-7 CHEMEQ2
1E-8 | — )
0 0.00005 0.0001 0.00015
Time [s]

(d) Mole fraction of nC7Hi6, CO2, OH at 1 MPa

Fig.2 Comparison of two CHEMEQ2s for nC7H6/Air.

(66)

HABE & 5556 %176 5 (2014 4E)

mOriginal CHEMEQ2, 1 atm O Original CHEMEQ?2, 10 atm
mModified CHEMEQ2, 1atm & Modified CHEMEQ?2, 10 atm

{ 100

le-8s :
85

| 85

1 10 100
CPU Time [s]

Fig.3 Computational time comparison on intel Xeon E3-1225: single
core.

BT CclBfEZ e itErR b HECH 2 L EZL NS
DL, HIWIHES Po=1 MPa, FEZIAIE Ar=1.0x10" s D
ZMETH B, HES Py =1 MPa, WRFEIZIAIE Ar = 1.0x%
107 s DEMICB T 2E KB 2 To R IREREL Z2h 2
NOBEY T, COs OH DE NGRS OENT %2 9406 L
72T RTC DL TOE JOGENIR] & AR DR R % X 4
-6 WY, B&TD At, Py DT, BRI CHEMEQ2
" MTS %\ 7cfGHi, VODE OfEH & X —F L Tw
2. LEDOFERD S, MTS KUERK CHEMEQ2 13, P
fRIETOMRMIDBHEETH 2 EHEZSNDIFMFITBLTY,
TR REE R R DDA CE D 2 Lo T,

B KBTI o TR 2 X 7 10R . #7771
DOFIEFIERRM[s1Z XA L Tw 3, R CHEMEQ2
" MTS % w7255 IE, VODE DfER & R 2 L JE
WK, RS, 800 {22 % W Z % nCioHx/Alr DFEHTT
IX, VODE % H\Wwicity, JEBIFEMNRIFNNIE L 7 553,
Bafidk T & 2 B CHEMEQ2 % HlvaulE, 2 MistEiisiE
B EEL I EDHEETH D, CFD T & DB DO ELS
THNTH 5.

33 AT ETFIVERWENR

FOBHRER & TRIANT & 28T 5 2 L 2MEL, Apf
T, IKHOoNZAMRT Y yETILI81Z VT,
BB EOFM 2 T2, 2OV VETIICEIT
ik, HRICAA 77—/ FEL - A b =27 ZHBRD
X9z, ZeI M 23, UGS X B EEDRAY
MEICHEL, vy ) Y —0EIC X DT
HOBUDBKIGICHEL L2 % L) fiT, BNk
ERIGDMRIEEEZ 515,

K8 lczyy v ETNVOMIGKZ RS, SCH[18]IC% 5
W, ) VY —NOEREDORRIZAL 1) 1%, DIT o
S &L

$=1+—C;1(R+1—COSH—M)
[

22T, Z2UT T VARE L,

(30)



3500

%)

e

g

Q

o

5

& ——VODE
- - -CHEMEQ2
......... MTS

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Time [s]

(a) Temperature

1E+0
1E-1
1E-2 T
= CH,
-% 1E-3
& 1E4 | C‘i‘z
o
g 1E-5
1E-6 | —— VODE
- - —=CHEMEQ2
1E-7 \ .........
OH MTS
1E_8 1 1 ]
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Time [s]
(b) Mole fraction of CH4, CO2, OH
BVODE, At=le-8s  OVODE, At=le-7s  BCHEMEQ2, At=le-84
BCHEMEQ2, At=1¢-7s BMTS, At=le-8s BMTS, At=1e-Ts
v,
» |
g
& g
0.1Mp.

2000 2250 2500 2750 3000 3250 3500
Temperature [K]

(c) Ignition Delay Time

BVODE, At=1e-8 s BEVODE, At=1e-7 s
BCHEMEQ?2, At=1¢-7 s BMTS, At=1e-8 s

B CHEMEQ?2, At=1e-8 §
BMTS, At=1e-7 s

1 MPa

0.1 MPa

Pressure

1E-3 1E-2 1E-1
Ignition Delay Time [s]

(d) Equilibrium Temperature

Fig.4 Comparison of three integration methods for CH4/Air.
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Fig.6 Comparison of three integration methods for nCioHz2/Air.
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Fig.8 Schematic of an engine cylinder.

Table 3 Computational parameters.
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