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Hydrogen slip inhibition and mixture homogeneity improvement of
low-speed two-stroke hydrogen engine
QU Wenjing, SUN Hongjie, GONG Zhen, FENG Liyan

School of Energy and Power, Dalian University of Technology, Dalian 116024, China

Abstract: The low-speed two-stroke hydrogen engine, fueled with hydrogen produced from renewable energy sources,
is the most realistic and feasible way to realize carbon-free power in ocean vessels, which provides strategically
significant support for shipping industry to achieve the targets of CO, emission reduction. However, hydrogen slip and
abnormal combustion impede the development and application of low-speed two-stroke marine hydrogen engines. To
solve these two problems, a 3D CFD numerical calculation model of a low-speed two-stroke hydrogen engine working
process is built up to study the effects of structure parameters of injection system and injectors arrangement on hydrogen
slip and the quality of mixture. By increasing the downward angles of hydrogen injectors, the hydrogen slipping at the
exhaust valve has been reduced, and the homogeneity of in-cylinder mixture has been improved. By doing so, the aims
of avoiding hydrogen slipping and reducing abnormal combustion tendency can be achieved.

Keywords: low-speed two-stroke hydrogen engine; hydrogen slip; fuel-air mixture; hydrogen injection; homogeneity;

arrangement of injectors; downward angle; abnormal combustion

MR IR BT, A R E R, AEMAND CO, L HEE S 2 ], 2030 45 Y B AT
2018 4F 4 F [ B i 55 20 £ (International Martime 3 i HE Bl 12 ZEFE 1L 40%, 2050 4FFEAK 70%. i
Orgaization, IMO) i P IER R RS0 12 Jm & SEIMAIL AT I8 o S ROR | Ay IR eI S T B R AR
Wi 3 T IMO 5 i % S & (greenhouse gas,  10% HJ CO, HEM; KR MLH R AR S F 253
GHG) 1 45 vk HE i w1, 4 B[ B itz GHG AaHE PP e S0 BL il BE A% Gt 5 [ 1% 21% 19 CO, ik
R R 3k W IF TF UG BR A%, B 2050 4F GHG R, XHERSUAHE HARAH 2 . AT WAL SR K
Hi il 2 A7 2008 4F LAl EFEAR 50%. L 2008 4F SIHLICIA A BT AL I CO, ik H A5
Wis B #3:2020-12-07. W4 H AR B #3: 2021-08-26. E’&ﬁﬁi”ﬁﬁiyﬁﬂ%}ﬂﬁﬁiﬁ%ﬁﬂiﬂﬁﬂ?ﬁ%
ESTE. % & 50 % %5 H (2019YFE0196100); [ % [ W] LS CO, A, AH I H AR JG H 2 I 7

ARBLF AR IUH (52071061); R i AR i3] ) — I e R A LB AN S & = R A

By . S ], e - — . o«
B o 70 36 80 COLWHE FLERHL00 T S om0 B
1a) IT : A, 20, k. o ” N " —
CRENUN €8S ML B mal R & TaE K

BE1EE D74, E-mail: fengli@dlut.edu.cn. HEK ’ij% , HAE AR #éﬁﬁﬁﬂ:ﬁ’fjﬁ TR


https://doi.org/10.11991/yykj.202012005
https://kns.cnki.net/kcms/detail/23.1191.U.20210825.1444.008.html

553

b SO, 45 AR eb R SR S L R Tk A ) SR U R <93 -

th, S H AT s S A AT B TR A A B T o

JUE AR CO, JLHE YK 38 78 8 B, s
AR KNI K SR 48, HAx.O b K gl )2 52 2
CSERRR IR R B . AR E R R S
FE/N P AR HL L TR B e S, A AR AL R o
I, A K SIILEDC 52 2 AR Z 6 55 WL Y E
Mo FEE T DA A RS LR R K2R
M K27 | 32 Argonne [E K 5256 = S0 58 ML
A S 1B 3R B =R A s HILTE 242 3 0 ik
AT P R I E S E S R A i ST I T8 i S o O
FEAE AR L HE M A B0 R O S B s AR
A& AZ T S50 ke r i 2, R S
A0 Bl I3 A ZE AL GEIR , 28 2016 AT IR 7 A
RN E B AH S 5818 SCREZE A i

HY TR SR SRR I T B 2, R
E SRS S DL A SABTR T 2T i AL H
AU SERFFE ST, X e s AL & S 4
PIRR T — MG R ME & e, R
WRAE SRR LA B, PR AR B e
IR 4 S0 T BEAE BT SR ORI 4 it B0 71
SRR R REUE A AR L)
Bl O H 2 s AR — np R S AR Bh L) & B
FHR B BT . DR, Ml S R R ) 02 s
FRGE — wp B & 3R S LI & T 1T I ) B 22 AT
%o KM BR T WG 1 K 5Ok -2
SPUREGRAL i BHAHC, HEA D AR
W5 i e AR - IR AL DR N TR .

1 AXHF A F RN A

1.1 S5FERENERLERZE

S BRI R ARG AR /N | B L A A
Jt 77 (brake mean effective pressure, P,.) { iY P w72
IR 400 70 e R R R A, (AR R AR K e
% P, &5 A FIBL B AR 5 e LA, A G
FERER . PR G | A SRR IR B A AR B
BB, S A 0] AR M fidf e, 52 BRI — o
P S B R AR A T8 1 M JRE AR 5 o

SR AR LG A ]k RO R R
3, XL SR AR ] M GG e AR AL
SR | A P I B QP v S W N /N e W 7 N
B SHLET T G Y FEZE M, T A
B ik & K RE AR, A A S RS
STEGT P8 31 5% A% 1 R BT 23 5 O T S 350k
WML b B O, RG]
K7 SE FER, BUARE S S HLE A ) 2R G

PN B Ok B [0 K o SR, T PN RS
TARHE oL S AR5 R b TR b
DL i SR FH W B2 /L AR L >4 i A R, FEGT 36 |
A B I 23 T I R 5 o3 A B 2] PR 22 A ) AL,
R IS 22 U By i R R =, TR LA
B RS BE AR U b R AL A 4 RE W= R A
AR b WU, 1000 2R UL EE A B R
[ UNES IR U N (B 7 e W= O A 1] (R
(1 L. D 20 £ LS 0 11 8 S5 s 1] 2 ) RKS &40 ) g
SHO7 L BB o AR A 2B T 2 AT R
N 22 RS 5 B 5 i LW ] AN RE i
AT NHE I R . AT DL, Sy 1 sk 4 [o]
K, AEARTE i R AL A5 AL ATz e i 1 R 2 A% 1
R A B4 SO S AT BT RO M B IS I [R]
2 5 B A S SRR N SR A T4

f

!h

EEFN

AT HY

Bl EI5E 40 B B R 45 15 &

SR FHE N B, 01K gl A LA B, (HL5%
AR T R LN TR A A SR & et R
PR R CHRART o R T AR R AN R R 1)
P, 5 2R P B R &1 BURE AL
W BRI RG WEABE T 5, OF R B RS <
PR, e R e o PR S U S ALIE A i
e 2 P 0008 0w — S P TR 9 1 S8 AR R[] o
B 5 H R BT X ek AN e AR AL AR
b i e AR SZ BRI AT T, IR TR & A
JEE o i R R A5 O AR i R S AR e ) A
HRAS T4

N T S SRS AR — o e R S LR R
T I F4) 680 2800 TR, A SC )W FH = 44 CFD B {EL 73 Bir K
7, BFFE T 0T A 1 T i) % R S B A
Jot e S S S S R R, R AR O I A



© 04 o

Ji il

Bt £ 55 48

168, DL E AR AR A 0 2 FE AR 0

Ny

12 HRIIR

PLFR E [ 0 89 6EX340EF UK i — i
A Se ML R SERE LAY, BT i R R R A
L. SEIMALIEHLEE A 45 F 2 B0/ 100% g T
FEMRSES HNE | F13 2 PR,

%<1 6EX340EF Limil AR EHSH

T3 LERHL 100% A TRTERME S SLIRE XL

i H SEHR{E BOUE X ERZE%
IZ kW 4887  4884.737 -0.05
A FER (g kWh ) 182.88 182.993 0.06
e MR K R 1 /MPa 184 181.774 -1.21
JE 4% 55 6 1 /MPa 163 163.505 0.31
AL SI/MPa 4246 4229 —0.40

i H 28
HLA2/mm 340
R /mm 1600
JE4E L 19.8
Y 3 /rpm 157

w2 O100% AT THEEMESH

ilE| 24U
W 4896
HH S X H)/°CA 110~275
FE/(gkWh ) 182.88
TR (g-cycle ) 15.81

53 3% H GT-Power 3% 4 F1 CONVERGE # {4
ST — YR S AR L = A T
SAF TN UR 5510 N O bR 28 I 1 — 4 1 A A
A, VAGRAIE = 4 o 3 Ui sl e af e o Rl
FE = AR A U B [ N R DXl A N 4% ok
W, I E AT A R 43T, B DR DA 1) 0 %5 5
WS T ) A B A RUSE R/ IV 5 3L 3 4 D] I A% A
JE RS 1 B AN ERG . B 2R FH B BT A e/
A RSF 24 28 2.5 mm, HEXE R A9 RT PR 5 R DA 4K
2180 T A4,

1.3 ISUESE MM BUER IR

i bR (R S BRI, 58 RSSO 2
ST [ B M R R B IE o T R R R A o 1
HLanE 2 Mk 3 Fis

—_

21— gl
18 | = = ekt

15+

BN RS /MPa

180 -120 —-60 0 60 120 180
Hi % F/°CA

B2 L5/ 100% $a T &1 /E fh 4k SCG (B SR IEXTEE

P Pl 2 ] 0, TP R B AR LA R S 56 (B )
B AU AR 2 55 R B e v B R TR I A7 AR S 1 25
A, H R 2 E L X E T 1.5%. A 3 HraT LA
F i, RGeS AL S B0 A5 T A i 32
PERES B ZE T AR, ;KM 2ZEHA 1.21%, it
INF T AR TR 5% FRAAE . 5¢ U AR 52, 16
I AR R LT B, 3 g R 25 R RA e S 8, ST
AR AL,
1.4 SRELZHBERE

HR A 6EX340EF A K i A2 1K 3 s FH 4% 7 4L
B 85 ), A T R R — P R R R S LIR =
e LRI & 3 o, G T HEARGE L HEARR
R IRE S W INE = W B e o 1
R T AR e R R R T, R 4 L H SRR Y 19.8 Jik
/NE 137, HER TR X [E] 2R 110~275° CA, &%
FHR KR AL ST, 2 KRR & shpLms o
W ) A0 A £ R 10°HRE, SR R Ak 35 40 e 4 1
LK S0 ST AR ) 0 Al A 18 R 10°, A L 3
filt 1, 2 — 20 0 SR I I A R AT R
b, FE R UE ST P9 S DOHE IR Ak 398 3% 1 7] B
AR N E BRI 2] AR TR &, WKl 4 B
71N, N W% S A s £ S SCR y (LA B AT 1]
S IE, B 6T P9 30 U S8 i 442 B i 1)), W4
) %) T i F 2 SLoA o FA Ry G 53T IRl 2 5 7K -4k
I )

E3



553

b SO, 45 AR eb R SR S L R Tk A ) SR U R <95

(b) ML fi A7)

(a) ME R0 i £
B4 SSBETERETE

2 By AA R A AL e B 5

[ 5E y f 0 100848, UM IX ] 228~

248 °CA, £ XF 4 Fhwt i T I A (o F1 8 0°, 10°,

20°H1 30°), X L A I sl AR & 08 BUS REFEAT T
AT, HAR T AL 4 fros o O 78 T =
ARG R IEAT PRGN 0 A7, BT AN 5 B s Y
W T =2 P o A o BT 1 0 SRS AL
M 5 ML T 7 7 15 BRI 3 0 TG ZE AT Bk
SR VA iR AU il NN TR v =41
2 R AT 1SR A 3 A ]S IR s A 4
AT A 2 i 7 1) R T 15 PO 5 O 2 BT
AT 4 19 75— P L

F4 AEAEEATRANEGSREE
T s £ 0/ ()

WA X ] /°CA W A0 £91 /()

0
10
20
30

228~248 10

c

SER

BE
E{E{=

K6 AT o /i 00T B30 R LAY
XL, SRR, SR 51 & T R by
B, AE R BEET S R 2 A, W B e B
FNHES ] S A B I BE S o A, 7R SRS AT,
ARl a A 0T BYED -S40 i e e 4 — 3, TR
AW G BHER TR Z R, o MR, SEHIR
TN ORI TT 5 (a=0°) K KT
M§ ST, 3 6T T8 ] 3 3L 32 Bl A i i SR e
F o MW R 5 28 (a=10°, 20°, 30°) FIEA K
ARSI BT N R B 1) 1 A — 2 P 3h
PEFH, PR 16 378 38 018 i o 34k 553

6.4 ¢
—0=0°

6.2 — —g=10°
| - - - a=20°

220 230 24‘10 250 260 2‘70
Wl 4 1/°CA
El6 WA 16 £ X 3 7% bE B9 B2

B 7 AARE o M T00 T IRA S8 it f
Xt E, BT (0=0°) H, TEME S 25 SR %1 (248 °CA),
W% 5 1R AR B B IR AT RE TR S R R RE AR T
AU PIAE R 9788, R TS T L RE A I LA
] 1B i AR T, IR A SR L EE ]
A R B PR T ) AT A e Ak
JEIRA AR FE A T EEE I, AR G X
B 53 A0 WA R /D ZEHESU 1A Z] (275 °CA),
BA AT LR m AR o8, BT RO R
s 78 46 J5 1 (320 °CA), IR& TS AR M 1
SV . BEE W T A o MRS, 7€ 248 °CA,
e BN Wi N == o (T VAN Tl N N N B
o WI¥E N A5 B8 2 iR A R E A ELR AR
e Ak, 33 B TS 2k B HE AT O AT B )
(275 °CA) FE 46 J5 1 (320 °CA), FL MBS “ |
B Fe” oy 2 I B . & 8 S T £
(o) XTI B FZ M, AL, ARG, BT
B R 3UT 198 090 B R AT O A R, R R
T X ok 459 A op e G BE AL L X EL TR ST 7 AT
TE A 45 R 21 (248 °CA) F 22 )i iy — Bt
[ A (258 °CA), il P 11 feg it i X U L-F A <y
R R B XS A, AR X 2 S, TP A R R
iz 8l o8 42 AW 5| & B s A A Bl

WA . Ak, AN Y o A 51 R I 4 A 22



© 96« VA H

Bt £ 548 &

S o N R o= e O =9 R DAl e

e, TN e U A Bl DXL ) LR R T 1)

o T RYIE R, SR Y DX ) UL R 7 AR ¥ -

o) 0 10

I 4 5 4

248 °CA
H, JFti 4K

0.030
0.023
0.015

0.008
0.000

275 °CA

320 °CA

al(®) 0 10
i) 4 5
S\

§

|
s

248 °CA
Velocity

4

258 °CA
Velocity

!

E8  REHE TS R A X R A7 B0 2 M

B9 IR o f T.00F A5 KR (358°CA) fil
PIRA BT . LA Y, Bl 1% 5 0 )
TR o G0, IR A AR 4 A S IR A
e A ) R 5 IR AL, IRA TR TR
DREBREERE., NBm 1.2/ 3 LF,

a= 10°0f & & KW X (4: 0.5~0.7) fl Fii X (-
0.1~0.3) MR e /I, 42 1) ¥ 50 B fe i, #1 o=0° %6
FH G, BROAR AT IO (TR A SR X 3l ok, fH
KW T AL O AL TR A R X, IRl A5 R
AR 5E A ;T 20 TR AR X 2 3 1) <



5% 53

B ST, 56 - AR AR ST S LR A ) R S R <97

DA, W T RAIR S A AN a=20°F1 o=
30°77 S i KRl TR AR R AR AR

al(°)

AL TGL PO B S, (R UG B J7 IR G
DR F e X L2 B T HR 0 A R X RS

el lelele)
ONNIO

.6
4
.3
.2
.1

&9 MR T ImAXT 358°CA RIS

10 K o XF 358°CA Bt ZI TR A S ] vk B IX
AR E 3 L 52 . a=10°J7 % 1 a=0°J7 & 4HH
L, o DX s/, TR A RO R Y L
(¢=0.417) B 3T [X 38K (42 0.4~0.5) 1Y (5 He 3, R &
SIS VEE 5 a=20°H01 30° )5 28 5 K b3 i 17k

Z%ﬂ%&ﬂ’ﬂﬁtb,%jﬁ@?)ﬁ"‘T?ﬁ WA
PR LR OO b R TR A A

Mo BEAb, 18 11 o2 WIS s i fi £ ] AR =0
YRR AT [, 457 SEAEHE T O P I 2 i
AHFRE R R R R 0.2%.

0.6
a=0°
05| e a=10°
0=20°
204} ——-0=30°
o
| =
0.3
202} i
T 1
al 7 |
: i l._._.l
i = |
0 0.1 0.2 03 04 05 06 0.7 08

RS Mt

E10 MR T mAXT 358°CA BFZIR & S A RIRE X g
AESLEF

isooe
9069
Q066
- O9®

SO

30

8.201 56E—4

20 0.165 11

ol(°)

0.081 01

10

0.184 86

0 0.1 0.2 0.3

SR L%
Bl mE T WA X S S ki b 689 R

ZE LT, MR A oad KAF (0=20°F1 30°),
BARE AR IR A B T s, HE KRS
SR EA TR AAZET oAb, ARF]F 35
HOR A SIE ; a=1000F, 1RSS5 M
U, AT I 2R A A TR A AR 5 v DX 31 4 A T
AN, i H ki =S 0.081 01%, FiF
Ph a=10°7] IAE Jy e & MDA 7 %6 -

3 ik

T G Rk I R R B 1 1
7 =4 CFD BEELAY 7 vE TR AN BT 5 1 W85 1



- 98 - I i

Bt £ 55 48

T i A KR A S G R RS, X T T A
Ak AR MG IR A2

AR YR, YT RMA ot KEF (@=20°F1
30°), IRA A REEEREMAE 0 ab, ASF
T4 B R B R IE B o=10°0F & AUk i i
D ORAR SIS, vTUAE RS, HL,
15 Z5 10 A — 2 Y P 1S 0w R e AR RE
AR S AR HER AL k%, MR IR AR
[ he, AFR N AR K & R BT IR A RS
A2, X ] S R B AN R

SE

[1] Marine Environment Protection Committee. Initial IMO
strategy on reduction of GHG emissions from ships[S].
2018.

ROTTENGRUBER H, BERCKMULLER M, EL-SASSER
G, et al. Direct-injection hydrogen SI-Engine-Operation
strategy and power density potentials[R]. SAE Paper 2004-
01-2927, Florida, USA: SAE, 2004.

[3] DANNER S, FUERST S. BMW hydrogen 7 series ~ a safe
way to a clean future[R]. SAE Paper 2006-05-0107,
Yokohama, Japan: FISITA World Automotive Congress,
2006.

WALLNER T, LOHSE-BUSCH H, GURSKI S, et al. Fuel

L

(2

(4

[

economy and emissions evaluation of BMW Hydrogen 7
Mono-Fuel demonstration vehicles[J]. International journal
of hydrogen energy, 2008, 33(24): 7607-7618.

[5] WIMMER A, WALLNER T, RINGLER J, et al. H2-direct

[l

injection—a highly promising combustion concept[R]. SAE
Technical Paper 2005-01-0108, Michigan, USA, 2005.
MATTHIAS N S, WALLNER T, SCARCELLI R. A

[l

(6
hydrogen direct injection engine concept that exceeds U.S.
DOE light-duty efficiency targets[J]. SAE international
journal of engines, 2012, 5(3): 838—849.

AR5 HE:

[7] WALLNER T, CIATTI S, BIHARI B. Investigation of
injection parameters in a hydrogen DI engine using an
endoscopic access to the combustion chamber[R]. SAE
Technical Paper 2007-01—-1464, Michigan, USA, 2007.

[8] PORTIN K, STEGAR J. Hydrogen as fuel for Wirtsild gas
engines[C]//Proceedings of the 28th CIMAC Congress.
Helsinki, Finland, 2016.

[9] SAPRA H, LINDEN Y, LINDEN Y, et al. Proceedings of
the 29th CIMAC World Congress. Vancouver, Canada,
2019.

[10] MATTHEEUWS L, BERCKMOES T. ABC’s dual-fuel
engines running on renewable fuels like methanol and
hydrogen[C]//Proceedings of the 29th CIMAC World
Congress. Vancouver, Canada, 2019.

[11] LAIMINGER S, URL M, PAYRHUBER K, et al.
Hydrogen as future fuel for gas engines[C]//Proceedings
of the 29th CIMAC World Congress. Vancouver, Canada,
2019.

[12] ZELENKA J, WERMUTH N, LACKNER M, et al. The
HyMethShip project. innovative emission free propulsion
for ships[C]//Proceedings of the 29th CIMAC World
Congress. Vancouver, Canada, 2019.

[13] VERHELST S, DEMUYNCK J, SIERENS R, et al.
Impact of variable valve timing on power, emissions and
backfire of a bi-fuel hydrogen/gasoline engine[J].
International journal of hydrogen energy, 2010, 35(9):
4399-4408.

[14] IWASAKI H, SHIRAKURA H, ITO A. A study on
suppressing abnormal combustion and improving the
output of hydrogen fueled internal combustion engines for
commercial vehicles[R]. SAE Technical Paper 2011-01—
0674, Michigan, USA, 2011.

[15] 4355 7. I — sh R AU B R R GEf AL [D]. Kk
REHT R, 2019.

IS, ANELZ, SRAR, S5 (IRl PR SR B HL R ] S IR SR G [9]. IR, 2021, 48(5): 92-98.
QU Wenjing, SUN Hongjie, GONG Zhen, et al. Hydrogen slip inhibition and mixture homogeneity improvement of low-speed two-

stroke hydrogen engine[J]. Applied science and technology, 2021, 48(5): 92-98.


http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.1016/j.ijhydene.2010.02.022
http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.1016/j.ijhydene.2010.02.022
http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.1016/j.ijhydene.2008.08.067
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.4271/2012-01-0653
http://dx.doi.org/10.1016/j.ijhydene.2010.02.022
http://dx.doi.org/10.1016/j.ijhydene.2010.02.022

