HaE HoM &l TR R Vol.41 No.9
2025 4E 5 H Transactions of the Chinese Society of Agricultural Engineering May 2025 55

ELR BRI & sl P RE A BAG H7 1E1 3
LEE, HEL, I &, 54, BHE

QU FE R KA R 5288 TR 2ERBE, 1 FH 471003)

W OE: AERFAG N EREUR SRR AR, 12T 7S LA DU b AR SR BN IE AT B, 430 T SR SpLI T e LA
st K2 SRR SIH LA BAF HE AR R IR . (REFTRTTTF, R IERCEEE 800 r/min F4% 443 2 500 t/min % T
DUN B AR s B I AT RE6 . RI0 45 R, TEEUR BN AN FE a2 S 3 I R shATL AR S 3 K
Jag/b, 7E 1500 v/min B RZNIHIHE B R TEREANIMEE TR, 1R RE SN 5.36 %, 2R TE
By BHEE s KGEI IE A3ERT, MABSRRELIID, BORRIGE IR, RGN, b FE BT e AR e, HGT
RBRIEECARIZL, R AR S8 R B e R AT, ST AR AR B, FRBERE R, K
SIHLEERABRIIE K. B TU 45 R L N B R shLIE R IR 5%

K RE A AN AT RS BRE; A KER

doi: 10.11975/j.issn.1002-6819.202411050
FE %S TK463 YRR : A

DER, fitE, I8, F AANEBRSLKINEEMRRSERED]. R TEFR, 2025, 41(9): 55-62. doi: 10.
11975/j.1ssn.1002-6819.202411050 http://www.tcsae.org

MA Zhihao, HU Shiji, WANG Xin, et al. Experimental investigation of performance and combustion characteristics in a direct
injection hydrogen engine[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions of the CSAE), 2025,

XEHS: 1002-6819(2025)-09-0055-08

41(9): 55-62. (in Chinese with English abstract)

0 31 5

B & T AL AN B L R BERE IR, A Bour REVR 1 7R
RKEAWIG . @A™ ERABGY, R R AT
fegibarelE B A, RIS MiEHREIR& %
BFFRN G RTEN . SRR S BRIIRRE, H5E
SRR AR, B BRSO B ERHEY,
P R i ROk, R HLEURT DUR A AT A R CRBH
BE~ URED & HLJE HUE /KA, BT DA SR Lt
A EREGUR S IREE ) ¥ AT S vy Rz — B, IR, &
SEAMRERES . TRMIRTE . fKREREAM
KIGAERR R FERAER 5T RSN R BRI RE
FE7E NO, sl 5 AR R R A gm0 Xy
AEFBURBIHLI & WL g FR bl fl, MENEE S T
RAAFIRE,

FEZ AT T, AU 53 3 o 6 A A A DL
T ARG E. LUO SV B 5T T k< i s
WA YRR R RIR, KILA RSP A K52
T RCKIR A S BIYIGRIREE, SN R A B R et
DHYANI 45U ZE G K AL s K R BIHL BB 5L T AN R 2
O ELR FIm . BT TOR DL, JEIR 5K E I A SE IR 157 2
TE IS AT DAG D (1] K B A A AT 5 R A el ok g ik <

Weks H#E: 2024-11-07  BITHH#E: 2025-03-25

HETH: BITLEEa R ZIRS (LMQYTSKT038) ;s %K HARA %
EETH (51906061); AEH E A& SHE LB H (232102320212)
EF i GBS, W, WA, O 707 RN ARl TR .

Email: mazhihao@haust.edu.cn

doi: 10.11975/5.issn.1002-6819.202411050

http://www.tcsae.org

s Gt R B, LN BB R IR L B IR &
PORRFNTE [) KOR A S a5, B A 7T N B eyl 1ol
MOHAMMADI %8 7 Ty BL8E R SIHL_ERE 7T T K A
ML FERSIHLAMERE . S5 8L, J5 46 sh R 1A (1)
SR EL R  AT DA R Lk Bk R A, I HoAT iR A
T R R RN K s TR . L1 ST SR A R
NGRS M AT 7RI 7T AR, FEE
R T B SRS L S R IR, a3 6 A (13
KAGHRAS 3 2 A . TSUIIMURA 25U R 31, #5406 1) s
RIS KR RE LR A, FEUREG S MALS,
M ke #2, I Bl TR &S PR RIR & A,
S NO, KIHCETFE . HUANG 25U i) F = 4E 05 &L AT
FT A R S IE i B AR SR A S R
BRERFE R, ERRW, £ EMmEEN T, b
HHTEERN IR, WER ALz, XS
TR FE P K. FU 2620 G i 7T 7 i B
AR K CE I R A IE B 7017 SR s LR e A
Hemk GE R M. R IMEBARFEE T, M iR& <
3 1 55 K8 I AT LR B AR . (HRR R E
WS R LT IR R R AL AT e . KAWAHARA 2521
W EE R EAUE R TR N E RS, AR
ARV A BT R R R SR A B AR . YANGE
JEIE CFD 20 #T 1 &R S LR B k2 v 1 738 R K A
P RE . HRIRIR A AR TR I I i AL 1%
Pesh 1 KM I R IR S, R T RIS AR R
HARERS . L1 ESEE S Espl, AR T AR
i LR R 45 L R T P BB SR SIHL IR R R R e


https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
http://www.tcsae.org
https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
https://doi.org/10.11975/j.issn.1002-6819.202411050
http://www.tcsae.org
mailto:mazhihao@haust.edu.cn

56 flk TR (http:/www.tcsae.org)

2025 4F

SEILRE, T R 40 I AR AR 0 R 2 B b R B
Ko LALZEPY DOF38 85 K SR R A A AR 2 PR 45
br, WFC T WEEUE A7 MR LA S K CE N S H O LA
HMEE R YR E I . GREW, B 5 e 1
AT, KACEAR A AR E =, oA B g,
BRBE S it (0 A, RBEIRE TR . LOU P R T &
ARG AN — Y07 B 7T TR ShHLER T o5 KO 2R R
WA RNPURRZ . R, RN EAR I E
FRAEBRZRATREMER R, M0 HLBERE K CE R R AT &
BIHUIEE M 5] S5 48 K5 98/ . MOHAMADREZA %5200 3t
TG EBE LS, 8 S ARG AT T R B
FRX B A K BT A K S EUR S S h i, PR
TARIHHIFRRIAER

78 LR Sclk A, W 70N B R R 6 AN X SR B
PLII R e Ve RE AN BR R AT T KW AL, I HRTE S5V
ML CEE IR mAL 13 at F RSN eos B+ 7 H
EMERNPL, HESPIFEER . TIEE %A 2%
AR RINEA AN HRE. Kk, ®ROFLET —
FCEE M AR EA RS, FHXF R MR
2K BRI S IE I 2 S 50 4T TR IL L. Hor,
KOER XA R SHL R A EE . Kk, A
AT T AMEME T O N BT AR SHLEERE, LA
TP K IS AR BIATLIRGE R 1 R4 R 5
1 RERESHE
1.1 RBRE

R AIET — & EHA VY EHETE B B SRS SE LT
RIEL N BB RS X BRI SIRE RSN
e KO TR e A AE CRAE FL R S ML R RT3, AR A
R I 45 S IR I R N ARG NO A B, 3l B SR et
BERABRTEER. HTFESAGEE ST B8R
AV B E AT TARAE,  RTE EHL A A et <8 SO
IR AE CnlE 1), RIET i B AN 2.5 Ik
NET L0 B, XAET DR R RSP R BUSR, B
i I R e = AN B AR AL DTS (i 2 o), (AR
KAE s KIS ZI T BRI SR AR, B — LAty
51, IR IR A RS KR 2E, X AR RELRIE IE
WK, MR T RE RN R A

1 2

1. e BE S 2. (iR <
1. Original helical intake port 2. Low-swirl intake port
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Fig.1 Intake port comparison model
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1. Exhaust valve 2. Hydrogen injection nozzle 3. Spark plug 4. Intake valve
5. Piston crown 6. Cylinder head

B2 AR KIEReRKE
Fig.2 Installation diagram for hydrogen injection nozzle and spark
plug
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Table 1 Main structural parameters of hydrogen internal

combustion engine

Z 4 Parameters 18 Values
> 7 1)
KRR FI4 6T UL A
ngine type
(= WiEN -
iy
Hydrogen supply method WL ELE
Vi 25
Hydrogen injection pressure/MPa
e 03
Cylinder bore/mm
AR )
Number of valves
fike
Stroke/mm 102
BEFFRE 152
Connecting rod length/mm
JE4ELE
C . . 10
ompression ratio
Hr iR 2.77
Displacement/L :
g Dy 36.8
Rated power/kW ’
e IR 2 i
Intake valve closing angle/ CA
HAIIF R 21 140

Exhaust valve opening angle/'C A
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1. Dynamometer 2. Throttle valve 3. Cylinder pressure sensor 4. Spark plug
5. Hydrogen injection nozzle 6. Oxygen sensor 7. Hydrogen rail 8. Hydrogen
flow meter 9. Hydrogen storage tank
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Fig.3 Schematic diagram of an engine test bench
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Table 2 Bench measurement and control system main instrument

models
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L3 T L
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Combustion analyzer
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Hydrogen flow meter
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Table 3 External characteristic test conditions

e A LR B R CE R
Speed/(rmin”") Torque/N-m Equivalence ratio MBT
800 123.9 0.80 -9.8
1200 1283 0.59 -12.8
1500 147.0 0.69 -1.5
1 800 146.0 0.67 -5.3
2200 140.7 0.60 -11.3
2500 140.6 0.61 -9.8
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Fig.4 Cylinder pressure curves of different speeds at wide-open
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Fig.5 Variation of exhaust gas temperature and specific hydrogen
consumption with engine speed at wide-open throttle
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Fig.6 Power and torque as a function of engine speed at
wide-open throttle
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Fig.7 Coefficients of variation(COV) of indicated mean effective
pressure of different engine speeds at wide-open throttle
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Fig.8 Cylinder pressure and heat release rate under different
ignition timings
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Fig.9 Pressure rise rate under different ignition timings
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Fig.10 Combustion center of gravity and combustion duration
under different ignition timings

HHWE 11 FR, B SCKE I PR P 5 e A
FEUR M 2 067 K 18 K 5] 2 106 K, Hoxf w7 il 4ih 4% £
19 21 F] 17.6 ‘CA. 1 1 800 K LA _E [R L P4 L BE P #5548
Y e S F1 AN 30.7 BE TN E) 33.1 CA, LA iR R B2 A
K, SHNOy AREM 11.51 BKF] T 12.03 g/(kW-h).

[ — 830CA
| -~ —757CA

—_ —_ (%] %3
W e —_ &
(=3 (=3 (=3 (=3
(=} (=] (=} (=}

1200

(IR Syt
In-cylinder average temperature/K
o
(=3
(=]

500 4030 2010 0 10 20 30 40 50

i %1% £f1 Crank angle/(‘CA)
B 11 RELE KN T 4 A F 28
Average in-cylinder temperature under different ignition

timings

B 12 g5t TR B A B K CGE I AR a3, AT
PAE H, BEAE S K B3R HT, COViver A 5.15% TH
BT 6.35%. XK YR KGER BERT, PR O B AR
Bk PRSI, AERPER FE TE I E AR
FALATAN A ERNE 2, BN S AR IR T
17 SR T v PR L P L E NS g 2 I BRRORE R R e ik
SEURBHRI ZURGE, TN Z AN F R PR R A R & SR A
BEE AN ZESR, SEAREHERREEAE, T
RN R SRR A E R

Fig.11

JE G AEF ZCOV e/ %o
S —~ N W A L o 9

TN

=)
H

T

-83 -75
£k 5E B Ignition timing/('CA)

B 12 RE) 5 KCER T 8T 4457 R HE 3R % 5 %
Fig.12 Coefficients of variation of indicated mean effective
pressure under different ignition timings
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Fig.13 Combustion parameters under different ignition timings
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Experimental investigation of performance and combustion characteristics
in a direct injection hydrogen engine

MA Zhihao , HU Shiji , WANG Xin , XI Zhideng , GAO Peixin
(College of Vehicle & Transportation Engineering, Henan University of Science and Technology, Luoyang 471003, China)

Abstract: This study aims to explore the performance and combustion characteristics of a direct-injection hydrogen engine. A
36.8 kW non-road China IV diesel engine was modified to alter its intake manifold and cylinder head. A four-stroke hydrogen
engine was then developed to investigate its performance under full-load conditions. A systematic investigation was also
implemented to explore the impact of ignition timing on its combustion characteristics and knocking tendency. The hydrogen
engine was operated stably to fully meet the requirements of the power output during testing. The throttles were also kept fully
open. The optimal ignition timing was selected for each full-load condition. While the engine speed was varied from the idle at
800 r/min to the rated speed at 2 500 r/min. The test results indicated that the torque initially increased and then decreased, as
the speed increased within the entire speed range of the hydrogen engine, thus reaching the maximum of 147 N-m at 1 500 r/min.
The maximum power of 36.8 kW was achieved at the rated speed of 2 500 r/min. The hydrogen consumption ranged between
90 and 95 g/(kW-h) under specific full-load conditions. The exhaust temperature also rose, as the speed and load increased. The
coefficient of variation of the mean indicated pressure (COVIMEP) was highest at the rated power, but still only 5.36%,
indicating stable engine operation. At the maximum torque operating point, the ignition timing was varied to analyze its impact
on the combustion characteristics of the hydrogen engine. Once the ignition timing was advanced from -7.5 to -8.3 °CA, the
combustion centroid was shifted earlier from 6.7 °CA after the top dead center (ATDC) to 6.1 °CA ATDC. The duration of the
full combustion decreased from 13.4 to 12.6 °CA, whereas, the peak heat release rate increased from 67.3 to 72.0 J/(°CA). The
process was more concentrated closer to the constant-volume combustion. The more intense in-cylinder combustion was then
obtained to rapidly increase the in-cylinder pressure and temperature. The fuel combustion rate was accelerated to cause
instability in the combustion process between cycles, which further increased the COVIMEP. Additionally, the ignition timing
increased the crank angle duration of the in-cylinder temperatures above 1 800 K from 30.7 °CA to 33.1 °CA. The longer
durations of the high in-cylinder temperatures were observed to increase the NOx emissions from 11.51 to 12.03 g/(kW-h). The
operating condition was selected with the average maximum amplitude of pressure oscillations (MAPO) under external
characteristic conditions (1 400 r/min, throttle fully open). The ignition timing was then varied to analyze the effect of the
ignition timing on the knock characteristics. The ignition timing increased the average MAPO of the hydrogen engine from
0.015 to 0.020 MPa, and the peak in-cylinder pressure from 5.99 to 6.16 MPa. The individual knocking cycles revealed that the
knocking depended mainly on the high in-cylinder temperatures, which induced the spontaneous ignition of unburned mixtures.
The ignition timing caused more fuel to combust and release heat before the top dead center. The increasing degree of the
constant-volume combustion raised the in-cylinder temperatures and pressures. The increasing tendency was found for the
spontaneous ignition of the unburned mixtures, thereby increasing the knocking tendency of the hydrogen engine.

Keywords: hydrogen engine; direct injection; combustion characteristics; combustion characteristics; ignition timing
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