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Abstract: To reveal the pattern of influence of 03 on combustion instability for natural gas
engine, experiments are carried out under low load condition with different 0,,. The multi-fractal
and multiscale entropy methods are applied to analyze the experimental pi,, and Q time series,
and the Pcey of pine, are used to verify the results. The fractal characteristics of combustion
instability for the natural gas engine is qualitatively and quantitatively analyzed. Results show
that the combustion process for natural gas engine exhibits certain fractal characteristics. With 0y,
being advanced, the difference value of Hurst index and the width of singular spectrum increase
at first and then decrease; the Pccy decreases at first and then increases; the multiscale entropy
decreases as 7 increases. The fractal complexity and anti-persistence correlation of combustion
instability enhance at first and then weaken, indicating that there is an optimal 0, which makes

the combustion stability of natural gas engine reach its best. In addition, the analysis on the
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causes of 0, affecting the combustion instability provides a theoretical basis for improving the

lean-burn stability of natural gas engine.

Keywords: natural gas engine; combustion instability; spark ignition timing; multi-fractal analy-

sis; multi-scale entropy
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Table 1 Main parameters of the natural gas engine
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Fig. 1 The schematic diagram of the experimental bench
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Fig. 3 MF-DFA analysis of the pi,., time series under 10% load condition
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Fig. 4 MF-DFA analysis of the Q time series under 10% load condition
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Table 2 The related parameters of multi-fractal analysis under 10% load condition
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25 0.588 0 0.164 6 0.423 4 0.361 2 0.113 7 0.632 1 0.518 4
30 0.571 1 0.356 0 0.2151 0.448 2 0.317 7 0.615 4 0.297 7
Dimep 35 0.841 2 0.332 5 0.508 7 0.468 3 0.267 6 0.882 9 0.615 3
40 0.616 1 0.174 9 0.441 2 0.391 3 0.143 8 0. 665 6 0.521 8
45 0.691 8 0.271 0 0.420 8 0.481 6 0.234 1 0.742 5 0.508 4
25 0.857 0 0.330 5 0.526 5 0.449 5 0.272 9 0.891 0 0.618 1
30 0.905 6 0.298 6 0. 607 0 0.509 7 0.256 9 0.943 1 0.686 2
Q 35 1.123 0 0.279 0 0.844 0 0.5217 0.236 8 1. 148 0 0.911 2
40 0.808 8 0.234 5 0.574 3 0.397 3 0.196 7 0.850 8 0.654 1
45 0.853 2 0.346 2 0.507 0 0.489 6 0.301 0 0.9110 0.610 0
0.7 0.6
04=35"""
0.6F o
04=25° -° —ds?
- ' B 04 0.5 9sn.45
3 L7 03=40° - [ |
N - 5 u 04=35°
0.4 /’, esit=30°
o 0.4F o, ~40°
0.3 osit=30° |
esit:25°
0 2 L L L J 0.3 1 1 1 1 i
! 0.3 0.4 0.5 0.6 T s 05 06 o7
Aa
@ b @ P
1.0
0.61
0.9+ .
g esit=35°
0.8 e 045" W 9,,=30° it
s 0.5t = 0,:=35
4 e
0.7 W 0=30° & [ ]
.M 9,=40° 04;=25°
0.6 i@sit=25° 041 B g ;=40
b /asit=45
0.5 - 1 1 1 1 ]
0.4 0.5 0.6 0.7 0.8 0.9
Ah 03 1 1 1 1 1
0.5 0.6 0.7 " 0.8 0.9 1.0
(hQ “
B 6 10 % GTI pone, QI HI Y Hurst 15 5088 46 2% (i hQ
Ah FIZF R 5E Aa B0 2R 5 BT 10 GRS piney «Q I BN Ac Fll ao K FR
Fig. 6 Relationships between the Ak and Aa for the pin., and Fig. 7 Relationships between the Ax and ay for the pine
Q time series under 10% load condition and Q time series under 10% load condition

http: // zkxb. xjtu. edu. cn




%1z

TEL o 5 - KIR TR B LA BEAS T E T 23T 8 iE 43 B 29

HEOBRE R M. WK 7 iR, Acvao AW
BEYERR SRR 04 F a0 B 22 BIE /N S 3% Uk B 76
q=0 B B O B T B 0] 77 500 00 B85 11 AN 357 5 R g A
RN

T 5 UE HA TSR b i B 1 2 4 TR R AE A
AT [] B 1 28 b 4, &1 X6 25 96 B g T80 » 0. 43 1)
9 20°.30°.35°,40° 50° B [ piue, B BT BN 64T T £
TG A5 RANE 8. 9 ik, ME 8. 9 W LIF

1.01 101
- Gsit:ZOo

0.85

0.6

WL TE 25 Y ] T 00 = 35° 1) Aa. AR 355 B
KA ZESIE N X5 10% T pieg B
6] F 51 73 FE AR AE 9 A AL R AR — 2. TR RAR AR
PR ATE E T 2 | IR 45 R AT RAE . 5 T
Dimes B Pecy > 0K 10 AT, 10% .25 % 115 F Peey
VIR 0. 1Y BRI 5 Bl 5 HE R A O = 3571 3k £
e /ME S BRI E X — T00 F BB A FR E PEFE AR, 0.
<35°Wf Peev P REHEFHF-Z2, 100 04 >35"1 s Peey B TH

1.2t - 0;=20°
~ 6=30°

1.0 .~ 0 =35°
~ 0,;=40°

0.8 % 04;,=50°

- = 2
< Z-10r < 0.6
0.4t
2 0.4
20574
0.2t g i
\""-M,_ v
930 20 10 0 10 20 30 -30 20 -10 0 10 20 30 0 02 04 " 06 08 10
q q
(D ZHIE REFEEL (b) Z 438 Ji f 45 4L (o) ZHE B
&8  25% Fafar i pine, B[] 51 ) MF-DFA 43 #7
Fig. 8 MF-DFA analysis of the pi, time series under 25% load condition
0.8 L’ 70
_2n° P |
07+ 65"_3? W 0435 60 [ 55
’ gsit=40 s
50
0.6 /.asit:SO
3 e & 40
< /,’ z
0.5F L af 30
04F W g,-20° 2078
P 10 i
0_3 1 1 1 1 1 i ]
02 03 04 05 06 07 08 0 i : i :
Ah 25 30 35 40 45
() Hurst 3§ 50AE L 250 Ah FIAT 735 58 Aa Osit /()
(a)10 % 7 fif
0.8
esit:500
0.7 ] 201
03=40" | W 04i=35 [
0.6 u 161
o osit=3oo
3
0.5 N3 12
L 0sit=20° -\5
8
0.4 &8k
1 1 1 1 1 J L
0.3 04 05 06 07 08 09 4 ’_|
: 17
(b) A7 57 1% 58 Aa Fl ao %0 30 35 40 50
B9 25% OB pun, B ] FF 91 110 25 T 4 6 H6F 45 06 5 %sit /)
7~ i E (b)25 % 11 fif
Fig. 9 Relationships between the multi-fractal characteristic B 10 N [E GBS Pimep B ] FE 5 £ Pecy

parameters for the pi,, time series under 25% load

condition

http: // zkxb. xjtu. edu. cn

Fig. 10 Pcey of pime, time series under different load

conditions




30 [ 7 . ]

K%

&

1% 556 &

Wi JEE R T2 B IR R, O e /NI GG PR b 2k
ATETE ZE AT 6L N R T R B T — R
BT (9 s T3 T8 5 T O 2 RO s a5 KR 2 1Y)
ML P9 I3 R T B W A AT P A K KK e
SR R BER  HRBE o 35 2 3 BURBE A RRUE T
JEH

455 Z HOP B G AL B 70 M A B AE AN ) 0.
TR - KRR LR b i R AE A ] RUEE B 52 3
WA A B 7 TR HRAE . BB A TR EME 5 0 B Rtk 2
) 52 B 1 SO M . E 0 = 35 I AR T 2 4y
FEFFAE e o W 2 AH L B Peey S/ - B W AF 72— 4
BRAL 0 R R R DI AT E TS BT
HE— 2 BE 5T A 6] RO T I [8] 5 51 4 52 2% 1 R[] Bk
PSS pine «Q I 18] J3 51 HEAT 22 RO 23 BT » 03 75 KK
e ARG RE T 1Y P A 8 A8 AL

3 Z Rt

RIRIEDWIRE R G R E =AM R 5
BT iR RGN 42 M Richman 5897 2 7 —Fp
L5 1 RN BE AR (Ese ) s 8 4 B 18] e 510 K B8 4K
FPE /N BT RE T 58 AR A KA Bl — B kg . R
R A AN B — RUBE 4t 3 1 18] e 9 2 2k bk, R 5 &
RRKBHELZEE . A T HBUNF R T B Rk
R, o O Al A B ) P 81 52 24k Costay AP
e T2 REFAR (Evse) IS . 456 2 RER
FEART AL & s Evise 55 THDRLEE 3 72 Ll b X JE &
1P B R AT O 20k A 1 2 A BB BE B[]
751

y}”:i i ., 1<<j <N/t (14)

o S OB R 5 B A REURE A R[] 05 90 1) R 4
T N/o, 2 o= 1 i UKL AR I ] 370 B 5t 2 i T8
Fe oo RS MR AL ) B A AE AR L 15 2 A AR AR
W T 7R o ROBE TR 1 1Y pR KR
Evse(xstomsr) = Eg(yism,r) (15)
Evise 3 i AGER m AL 22 r FIRERH F ¢
3SR R ALER m 235 Wi I [R) 51 EE A4 )5 Y
{5 B o BOR A B O TH I ) B i i
A ELE B N B, Tl B K N
/2 10" ~30™ s FHBLAA 25 1Y DR /N 23 52 Wil A A 03 Xof
M 7 1) SR EORE S QSR - R /DS o U2 2R o IR 7 ) R
PRSI 3 K 25 % 2R ) 8] Jp S AR Z2 4015, — ik
I C0. 1~0.25)0 (o Sy R[] 57 1) 849 4 9 i 22D 5 R
JEH -« RSE T X SRR I ] 51 40 43 19 RUBE . AR 3

http: // zkxb. xjtu. edu. cn

FRMBZEE RN m=3.r=0.155,r=230,

it Bsf 8] 7 31 1E AT 22 ROBE 0 43 0T, 7T LR A [+
O UL T o M A SR A8 bt B A — B0, By e R
D« A8 i it ek 2> i 11 R . AE 04 = 40°,
45° c=1~5 B pine - Q M EHA —NE L FE T
BRI 25 24 04 = A5 I, FEREAS o B X 5. 4 {5 #B
W v A T X U B IR M5 S R AR B AR T
T UL R A R 2t A R B A A A )
IR, 5 Z AR JEE B 10 Ca) 1, 04 = 457 1Y
Peov IE B T HAL 0q T T AY Peov B/, HHE
T1Ch) AT 04 <<35°If o R (B 52 BUBE « 114 3 KT P AR
(R 3 0 = 35° B R {ELAE 0. 7~0. 8 Z [H] /)N g & i
31504, > 350 AR 25 LT TR . i
J 30 (10 o R B2 23 B A K TG LD R 6 s L E R T R
JE A AR A . /N Y B A% JC R0 0 7
B KRR B JCH AR B 45 /0N L 3% 5 2 8 0 TE 4
fiEF8 B0 A8 L A — B

2.0

\ - Bsitzzso
\.\ - 95“:30
= W 0635
¢ ‘l,\% .o } Gsit=40
o
= '/'\::Q the. == 65it=45
E 1.0 v » .
. MR
e Afe\;‘\%‘* s |
W e
0.5F R
1 | ¥ 1 1 1 1
0 5 10 15 20 25 30
T
(@) Pimep
2.0p .
+Bsit=25
* Gsit:30
1.5 0535
x . 05“:400
m . lz':" gt CE
w ¥, . by 8.4 .
S 1O 2o Ta Y A ta s . o
& PAIPEE N2 S s S Vs N NN
o VAN 1
A s/’:r'\"‘t;
0.5 i
1 1 1 1 1 |
0 5 10 15 20 25 30

T
(bQ
BI1L 106 A A [ O B pimer < Q I TH] ¥ 51 ) 22 RUBE A
Fig. 11 Euse of the pin, and Q time series with different
O under 10% load condition

R T 50 UE A TSR b i R AE AN ] RUBE T B[]
J7 51 1) 52 2% P R T) B A2 Ak A, B X 25 04
O 53 5120 20°.30°.35°,40° 50 ) pinne, I5F 18] 2 51) 20E
T RERH . 0E 12 Fras. AWE 12 iTRLE S .




%1z

TEL o 5 - KIR TR B LA BEAS T E T 23T 8 iE 43 B 81

FEANTA) O 00T+ 22 RUBE i 349 Bt RUJEE DL 1) 4 o g
W A 0y, =40°,45° e =1~5 BRI K G
TN P R B L 5 22 0 O ) R A B 10 (b)) o, Bl 25 17 fif
BaR s Peey fH BB/ B AL 35 10 % B far
—3.

2.0
- Gsit=20ﬂ
\3 - esit:30°
1.5F \;(E\, —— 6,=35°
i \.i\i\r\ + 0;=40°
LuE ('\'\:Y':\s’w —— @sit=50°
1ot S
; WAL .
B O3 v e
> DN ')
MEOL L
0.5 L . . . L .

0 5 10 15 20 25 30
T

B 12 25% GBI O BF pimep B 0] 51 1) 22 R B I

Fig. 12 Eyse of the pin., time series with different 6, under
25% load condition

4 % 8

TEANTR] 04 TOU T #EAT RAR A BB 55
MM X @R sh 2 HIr I 2 RER JHR A2 3h 7 Hr
SFITIERS Dines «Q SFHRBE I FE I 8] 3 51 347 53 Hr - 1%
AT 458

(DTEAIA O TBUT » BABE A G52 1 2 B 1]
STAE A i 2 & d B N T o S (165 B
ROE b HA KRB RN R R b 5 BRCRF 284 1k
e o e HARBE AN FE Pk 5 20 T8 Rk 2 [ 47 72
B Y R S

(2B 0 B FL R » Piney - Q I ) 52 51 1) 7 52 15 1Y)
& KL ST R WS s Peev S/ R 38 K. TE 040=
357 WAL » AT 579 1 SE LR TE » Pooy BN MR BRI FE R
B i 1) 0 B R AL i MR B AN AR E PR . SR
FAAE— DA O » BEAR R AR R SIBL IR BE A B2
PER S

(3) 22 RO S it JRUJSE DAL 194 58 00 T ik /) o (1]
B A AE AN TR RUBE b A AN TR) 9 52 2% 2 /I RUJE 9 ]
F8 AL I AR R RLJE I 1 TR B A+ 3K
IR I A ) 22 0 IR R AL R RO AL — 2

ZHEIE 2 R T B A E R HT ke
AT ENETT B A B WA . A SO AT E
PRI S 2530 1 S R PR b AT T RS D BIE T R AR Rk
PR S R 1Y 230 B R AE S At 1 8 2 A a0 S A
BB A B T4 0. 4% H SR s AL LR IR R
AL R AR B

http: // zkxb. xjtu. edu. cn

S d

(1] &84 6, ®BF, KEA, 55 el da: AMEameiEz

Hraed [J). KRBTk, 2016, 36(1): 1-10.
ZOU Caineng, ZHAO Qun, ZHANG Guosheng, et
al. Energy revolution: from a fossil energy era to a
new energy era [J]. Natural Gas Industry, 2016, 36
(1. 1-10.

(2] #80, &EE, &, & P ERARI LR
st [J] R T, 2020, 40(4): 133-142.

LI Jian, SHE Yuanqi, GAO Yang, et al. Natural gas
industry in China: development situation and prospect
[J]. Natural Gas Industry, 2020, 40(4): 133-142.

[3] HALL C, KASSA M. Advances in combustion control
for natural gas-diesel dual fuel compression ignition en-
gines in automotive applications: a review [J]. Re-
newable and Sustainable Energy Reviews, 2021, 148;
111291.

[4] AREFIN M A, NABI M N, AKRAM M W, etal. A
review on liquefied natural gas as fuels for dual fuel en-
gines: opportunities, challenges and responses [J].
Energies, 2020, 13(11): 6127.

[5] DENG Jiaojun, WANG Xiaochen, WEI Zhilong, et
al. A review of NO, and SO, emission reduction tech-
nologies for marine diesel engines and the potential
evaluation of liquefied natural gas fuelled vessels [J].
Science of the Total Environment, 2021, 766 144319.

[6] skui, wfhte, B, & KRR/ A IRBER LT
58 [J]. PIBRMLEA3R . 2006, 24(3): 200-205.
ZHANG Yong, HUANG Zuohua, LIAO Shiyong, et
al. Study on combustion characteristics of natural gas-
hydrogen-air mixtures [J]. Transactions of CSICE,
2006, 24(3): 200-205.

(7] 2R, BEE. KRR LR T 00 8RB 18 B A2

SRFERES LT]. MR SIPL, 2007(2): 26-29.
LI Guoxiu, YAO Baofeng. Study on characteristics of
cycle-to-cycle combustion variations in a natural gas
engine under lean burn operating conditions [ J]. Vehi-
cle Engine, 2007(2): 26-29.

(8] AU, Mg, X, G EmEAF CH, /N, i b
MR A AR & B HL B AU bt A5 MK S A ot (.
PLOK T2 247, 2014, 50(20); 107-112.
SHI Bin, GUO Linfu, LIU Jianhua. Experimental
study of load characteristics of direct-injection engine
fueled with various proportions of CH, and N,-hydro-
gen blends [J]. Journal of Mechanical Engineering,
2014, 50(20). 107-112.

[9] LITAK G, KAMINSKI T, CZARNIGOWSKI J, et

al. Combustion process in a spark ignition engine:




32

[ 7 . ]

K%

&

1% %56 &

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

analysis of cyclic peak pressure and peak pressure an-
gle oscillations [J]. Meccanica, 2009, 44(1); 1-11.
LITAK G, KAMINSKI T, CZARNIGOWSKI J, et
al. Cycle-to-cycle oscillations of heat release in a spark
ignition engine [J]. Meccanica, 2007, 42 (5);: 423-
433.

SEN A K, LITAK G, KAMINSKI T, et al. Multi-
fractal and statistical analyses of heat release fluctua-
tions in a spark ignition engine [J]. Chaos, 2008, 18
(3): 033115,

SEN A K, LITAK G, FINNEY C E A, et al. Analy-
sis of heat release dynamics in an internal combustion
engine using multifractals and wavelets [J]. Applied
Energy, 2010, 87(5): 1736-1743.

SEN A K, LITAK G, EDWARDS K D, et al. Char-
acteristics of cyclic heat release variability in the transi-
tion from spark ignition to HCCI in a gasoline engine
[JJ. Applied Energy, 2011, 88(5): 1649-1655.
KAUL B, WAGNER R, GREEN J. Analysis of cyclic
variability of heat release for high-EGR GDI engine op-
eration with observations on implications for effective
control [J]. SAE International Journal of Engines,
2013, 6(1). 132-141.

DAW C S, EDWARDS K D, WAGNER R M, et al.
Modeling cyclic variability in spark-assisted HCCI [J].
Journal of Engineering for Gas Turbines and Power,
2008, 130(5): 052801.

WAGNER R M, DRALLMEIER ] A, DAW C S.
Characterization of lean combustion instability in
premixed charge spark ignition engines [J]. Interna-
tional Journal of Engine Research, 2000, 1(4): 301-
320.

WL, B, XIS, S KRB RCKR SIPLIA TR
KA/ AR ABEL S EGR myMbesett [T1. W
HL2E4R ., 2010, 28(5): 399-406.
HU Erjiang, HUANG Zuohua, LIU Bing, et al.
Combustion characteristics of a spark-ignition engine
fuelled with natural gas-hydrogen blends combined
with EGR [J]. Transactions of CSICE, 2010, 28(5):
399-406.

B, BTV, AR, SR KIERKRRABEKR
PGS EGR WA IE S S A [T, PWRPLA 4R,
2011, 29(1). 16-22.

HUANG Bin, HU Erjiang, HUANG Zuohua, et al.

Cycle-by-cycle variations of a spark ignition engine

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

http: // zkxb. xjtu. edu. cn

fueled with natural gas-hydrogen blends combined with
EGR [J]. Transactions of CSICE, 2011, 29(1): 16-
22.

YANG Liping, SONG Enzhe, DING Shunliang, et al.
Analysis of the dynamic characteristics of combustion
instabilities in a pre-mixed lean-burn natural gas engine
[J]. Applied Energy, 2016, 183; 746-759.

LIU Jinjin, DING Sufen, DING Shunliang, et al.
Effects of gas injection timing on combustion instabili-
ty for a spark ignition natural gas engine under low
load conditions [J].
2022, 206 118144.
TUERL . B, X HEEE, A RARAR IR BEA
FaE P 2 ROBERRPE 0 B [T, 74 %42 38 K442 4R
2022, 56(1) . 31-40.

DING Shunliang. HE Shuaifeng, LIU Jinjin, et al.

Applied Thermal Engineering,

Multi-scale analysis of combustion instability in natural
gas engine [ J]. Journal of Xi’an Jiaotong University,
2022, 56(1). 31-40.

Phaswge ., A, 8RR AR R S ML BRI P14 3l 52
R [T, WAPL LR, 2007, 28(5): 23-27.
YAO Baofeng, LI Guoxiu. Study on influencing fac-
tors of cycle-to-cycle combustion variations in a lean
burn natural gas engine [J]. Chinese Internal Combus-
tion Engine Engineering, 2007, 28(5) . 23-27.

PENG C K, HAVLIN S, STANLEY H E, et al.
Quantification of scaling exponents and crossover phe-
nomena in nonstationary heartbeat time series [J].
Chaos, 1995, 5(1) . 82-87.

KANTELHARDT J W, ZSCHIEGNER S A, KO-
SCIELNY-BUNDE E, et al. Multifractal detrended
fluctuation analysis of nonstationary time series [J].
Statistical Mechanics and its Applications, 2002, 316
(1/4): 87-114.

RICHMAN ] S, MOORMAN ] R. Physiological time-
series analysis using approximate entropy and sample
entropy [J]. American Journal of Physiology: Heart
and Circulatory Physiology, 2000, 278 (6). H2039-
H2049.

COSTA M, GOLDBERGER A L, PENG C K. Multi-
scale entropy analysis of complex physiologic time se-
ries [J]. 2002, 89(6):
068102.

Physical Review Letters,

(g% A AFA)




