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Background and Significance of Developing

HCNG and CNG Vehicles
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Environment protection, energy saving and the challenges of

development of China auto industry
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Background and Significance of Developing
HCNG and CNG Vehicles

® ERR[AKRFVBEHIMAGEENER (AES/RBBES, HR
“HCNG” ) , AILMERBESRRERE . § KBAKIR, TR E K SIPLH R

., ATRERH, X2 H ATE NS EFEDT 5T R R i R .
Taking hydrogen enriched compressed natural gas (HCNG) as a fuel in CNG

engine can increase the burning speed, widen the lean burn limit. For its
high efficiency and better emission, HCNG engine is being studied
worldwide.
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In recent years, some countries carried out the basic research on HCNG
engine actively, especially in the USA, Canada, EU and Japan.

With the supports of Department of Energy (DOE) etc., Colorado University
HCIl company (Hydrogen Components Inc.) ,Westport Inc. etc. started the
research on HCNG engine early, and got lots of achievements of research
and demonstration.
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Background and Significance of Developing

HCNG and CNG Vehicles

Cummins — Westport’s

HCNG Engine

HCNG buses demonstration in
Sunline Transit, California, USA

Cummins-Westport
B Gas plus

Engine 6 cylinders, inline,
Turbocharged and
intercooled
Bore, Stroke 102mm, 120mm
Compression 10.5: 1
Ratio
Displacement 59L
H2/HCNG by 20%
volume
Power 230 BHP (172 Kw)
@ 2800 RPM
Torque 677 Nm @ 1600
RPM
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The Development Path from CNG Vehicles to Hydrogen Vehicles
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HCNG and CNG engine’s Test Bench

\ \ 1 ‘ " —
Y, / 3 “‘ }‘ f .-
11 | |
) ' U 14 | i 1
| { £ ¥

¥ o .‘:ui ) \ |
RANS BIRRNTHHEE, FTRENERE
5447 .

The engine was coupled to an eddy-current

dynamometer for engine speed & load
measurement and control.




CNG and HCNG Engine’s Experimental Systems

»Three performance . emission experiment benches
»Reliability test base in Nanchong Dongfeng
»CVS total flow test equipment and transient test-bed

»catalyst test bench
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Engine’s In-cylinder Pressure Measurement System
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Engine

The test engine was an
In-line 6-cylinder, throttle

body Injection one
designed for city bus
application. It was

modified from a diesel
engine by replacing fuel
Injector with spark plug
and reshaping the piston
head to reduce
compression ratio.




Technical Approach of the Engine

> HLTFRHICNGHER B mis
Electronic control CNG injection in the engine’s manifold
> PRI — PR
Open — Close— loop control of Air-Fuel ratio
> HEERERK
High-energy ignition with electronic control
> PRI
Lean burn

> KA A%

water-cooled supercharger

> SRS

| )Oxidation catalyst




Engine's Structural Parameter and Performance

Type
Pattern

Cylinder diameter
Xstroke

Compression ration
Displacement
Fuel
Ignition
Combustion Form
Rated power
Maximum torque

Lowest full-load fuel
fwegonsumption rate

Emission

EQD180N-30

Four strokes. water-cooled. turbocharged
and intercooled. single-point electronic
control injection. ignition engine.
Oxidation catalyst

105mm X 120mm
10: 1
6.234L
CNG

high-energy free distributor electric control
Lean burn

132kW/2800r/min
540N.m/1400r/min

2259/kW.h

Europe III




Injected HCNG/CNG Supply System
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Schematic of the fuel supply system
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Principles of HCNG on-line mixing system

{ | At first the measured NG mass flow

‘ | 1] rate is converted to an analog voltage

signal which is then transferred to a
computer for further processing after

| lf'khﬁ\ Fge A/D converting. By using_the stocked

CEw |, T ) control software and the input value of

controller

F blending ratio as well as the received

NG mass flow
meter

‘n

1 Pressure

H2 mass flow

N signal of NG mass flow rate, the
Vv I computer then calculates out the
desired hydrogen mass flow rate.

This calculated value is used as an immediate input into the hydrogen
flow controller, which controls the flow rate according to the desired
value through varying the openness of the integrated valve. This resulted
hydrogen flow rate need to be re-checked by a high accuracy mass flow
meter located downstream the flow controller. If significant difference
between the measured hydrogen flow rate and previously calculated one
is found, a feedback control would become active to ensure control
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Effect of Hydrogen Addition on Lean Operation Limit
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Hydrogen enrichment could significantly extend the lean
operation limit, improve the engine’s lean burn ability.
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At a given lambda, combustion duration shortened as hydrogen
fraction increased. This illustrated that hydrogen addition could
indeed speed up flame propagation.
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Engine Thermal Efficiency and Emission Characteristics

n=1200rpm MAP=105kPa spark timing=30BTDC At fixed ignition timing
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More hydrogen added would result in more NOx emission at a given
lambda, this is thought to be caused by the elevated combustion
temperature due to hydrogen addition since high temperature was a
catalyst for the formation of NOx




h=1200rpm MAP=105kPa spark timing=30BTDC
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Reduced HC emission by hydrogen enrichment was observed in our
study which could be explained by the fact that hydrogen could speed up
flame propagation and reduce quenching distance, thus decreasing the
possibilities of incomplete combustion . Carbon concentration of the fuel




n=1200rpm MAP=105kPa spark timing=30BTDC

60 ~ —m— 0% H: CO
. o ‘ —o— 10% H,
E 50 | —A30% H,
= I —y— S0% H:
= "
5 40
m 3
@
= 30
m .-
o]
QO 20}
=2 i
o 10}
o
T I
=
m U
EI i i i i i i i " i §

0.8 1.0 1.2 14 16 1.8 2.0 2.2 24 2.6 2.8
Excess air ratio 1

ELEFSARYUMTLIHXE, BEEEXNTCOHMKEMAHE,
H—BEEEFSAFEIL7, BEEL, COfBEMK. XPITES
RIFHIRGEREE, Rl RERMEHIFRL T

In the region where lambda was less than 1.7, adding hydrogen or not
showed no significant difference on CO emission, but once lambda
exceeded 1.7, more hydrogen addition resulted in much less exhaust
CO. This was also attributed to hydrogen’s ability to strengthen
combustion, especially for lean fuel-air mixtures.
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when lambda was under 1.5, hydrogen addition was not beneficial to
engine’s efficiency improvement. Rather, the engine’s thermal
efficiency exhibited an obvious drop when fuelled by HCNG
containing 50% hydrogen compared to pure NG operation.
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Engine Thermal Efficiency and Emission Characteristics
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Hydrogen addition could improve thermal efficiency after spark
timing optimization and that the more hydrogen added the more
efficiency rise will be gained




A=1200rpm MAP=105kPa MBT spark timing
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At given ITE, NOx emission decreased as the increase of
hydrogen fraction and at given NOx emission, ITE increased as
more hydrogen is added.




n=1200rpm MAP=105kFa MBT spark timing
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The trade-off curve moves further to the left-bottom as more
hydrogen is added which meant that tradeoff between NOx and
HC emission was indeed alleviated by hydrogen addition.
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Combustion and Emission Characteristics of
a Port-Injection HCNG Engine
under Various Ignition Timings
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The Relationship between ITE and Ignition Timing at Various Hydrogen Fractions
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The MBT is retarded as the hydrogen blend ratio is raised; furthermore the
ITE at the MBT rises slightly. This is because retarding ignition timing can
reduce the compression minus work, increase the constant volume degree,
but the heat transfer can be raised by adding hydrogen to CHG due to the
igher cylinder temperature
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The MFB is advanced as hydrogen addition increases.
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Combustion Duration and Ignition Delay versus Hydrogen Fractions
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The rapid combustion duration is shortened by increasing the
hydrogen fraction which results in reducing in post-
combustion and an increase in the rate of fuel utilization.




RIF SRR T IO A BB EE AP,

The Maximum Cylinder Pressure P

versus Ignition Timings
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The Maximum in-cylinder Gas Temperature T_ ., versus Ignition Timings
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Pmax and Tmax rise with the increase of spark advance angle,
and also rise with raising the hydrogen fractions due to enhanced
burning velocity, and quickly elevated pressure
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Maximum rate of pressure rise of the fuel blends versus ignition timings
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NOx Concentration versus Ignition Timings

Bonn MAP=87kPa = CNG
: —+—10% H,
o000 - —A—20% H,
: —e—30% H,
4000 - —v—40% H2
- > 50% H,
2000
2000 -

1000 |

NOx concentration / ppm

4 16 18 20 22 24 268 28 30 32 34 36
Ignition timing/ CA BTDC

RKRETA MBS R A < EANOXHE R Frigin.

The NOx emission rises with the increase of spark advance angle,
as well as with the increase of hydrogen fractions.
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HC Emission versus Ignition Timing at Various Hydrogen Fractions
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HC emission falls by decreasing the spark advance angle, because
post-combustion becomes serious and the emission temperature
rises, which accelerates the combustion of the HC emission in the
expand stroke and the exhaust pipe.
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The calibrated air-fuel ratio and spark timing map were achieved based on the
goals of the emission ( especialy NOx ), specific fuel consumption and power
output of the HCNG engine.
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HCNG (20% H2) Engine Emission Data

PRIVERME | BRKVIR{E | EEVERME | SERE
Euro Euro V EEV Measured
data data data data
NOXx 3.5 2.0 2.0 1.18-1.60
(9/kW.h)
CO 4.0 4.0 3.0 0.26-0.80
(9/kW.h)
NMHC 0.55 0.55 0.40 ]0.09-0.20
(9/kW.h)
CH4 1.1 1.1 0.65 [0.40-0.50

(g/kW.h)




55%HCNG A BIHLR A HEBURF A

b

Combustion and Emission Characteristics of
a Port-Injection HCNG Engine fueled by
55% hydrogen volumetric ratio
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Combustion and Emission Characteristics versus excess air ratio
engine speed of 1200 rpm, Wide Open Throttle, MBT spark timing
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Combustion and Emission Characteristics versus excess air ratio
engine speed of 1200 rpm, Wide Open Throttle, MBT spark timing
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Combustion and Emission Characteristics versus excess air ratio
engine speed of 1200 rpm, Wide Open Throttle, MBT spark timing
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Combustion and Emission Characteristics versus excess air ratio
engine speed of 1200 rpm, Wide Open Throttle, MBT spark timing

n=1200rpm, Wide Open Throttle, MBT spark timing
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Combustion and Emission Characteristics versus excess air ratio
engine speed of 1200 rpm, Wide Open Throttle, MBT spark timing
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Combustion and Emission Characteristics versus excess air ratio
engine speed of 1200 rpm, Wide Open Throttle, MBT spark timing
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Idle Combustion and Emission Characteristics
idle speed=800rpm, spark timing=20BTDC

idling speed=800rpm, spark timing=20BTDC

—=—0% H,
—&— 30%H,
—A— 55%H,
—v— 75%H,

30 idling speed=800rpm, spark timing=20BTDC

NO,concentration /ppm
&
T

—=—0% H,
—e— 30%H,
—A— 5506H,

v 75%H,

25 -

20

1 1 1 1

0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 2.4 ©
(=)

Excess air ratio A 215 [
E

NO, emission versus excess air ratio

ol v v
0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 2.4 2.6

Excess air ratio A

cov versus excess air ratio

imep




CH, concentration /ppm

14000

12000

10000

8000

6000

4000

2000

Idle Combustion and Emission Characteristics
iIdle speed=800rpm, spark timing=20BTDC

idling speed=800rpm, spark timing=20BTDC

1 " 1 " 1 " 1 " 1 " 1

—=—0%H,
— 30%H,
—A— 55%H,

—v— 75%H,

0.8

1.0 12 1.4 1.6 1.8 2.0

Excess air ratio A

CH, emission versus excess air ratio

2.2

2.4 2.6

30

25

20

idling speed=800rpm, spark timing=20BTDC

—=—0% H,

—e— 30%H,

—A— 5506H,
i —¥— 75%H,
1 1 1 1 M 1 M 1 M 1 M 1 1 M ]
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Excess air ratio A
cov versus excess air ratio

imep




Idle Combustion and Emission Characteristics
idle speed=800rpm, spark timing=20BTDC
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Indicated thermal efficiency

Idle Combustion and Emission Characteristics,
idle speed=800rpm, spark timing=20BTDC
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Idle Combustion and Emission Characteristics, idling speed=800rpm, A=1.2
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Idle Combustion and Emission Characteristics, idling speed=800rpm, A=1.2
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Idle Combustion and Emission Characteristics, idling speed=800rpm, A=1.2
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HCNG bus performance
compared with CNG Bus

Power Fuel Economy
Performance

0~50km/ | Max Equivalent CNG
h spped |Speed |[consumption
time (s) |[(km/h) |(kg/100km)

CNG
Bus 17.9 84.1 38.97

HCNG
BUS 17.9 84.1 36.11




Some Projects

® MOST 863 Project “HCNG engine R & D”

® MOST 863 Project “HCNG Bus R/D and Hydrogen
Generation by Renewable Energy” , Cooperated with
DOE.

@® MOST 863 Project “Key Technologies Cooperation
Research on Hydrogen Utilization based on Hydrogen

Infrastructure”




Some Patents

® “Calibration method of HCNG Engine” .
China patent: 200710062635,

® “ HCNG fuel for optimized hydrogen fraction in
HCNG engine” . China patent: 200710062636.

® “Control and operation methods for

different hydrogen fraction in HCNG engine”
China patents: 200710175797.9




Some Papers

Combustion and emission characteristics of a port-injection HCNG engine under various
1 ignition timings, INTERNATIONAL JOURNAL OF HYDROGEN ENERGY, JAN
2008, 33(2):816-822

Effects of hydrogen addition on cycle-by-cycle variations in a lean burn natural gas spark-
2 ignition engines, INTERNATIONAL JOURNAL OF HYDROGEN ENERGY, JAN
2008, 33(2):823-831

Experimental study on thermal efficiency and emission characteristics of a lean burn
3 hydrogen enriched natural gas engine, INTERNATIONAL JOURNAL OF
HYDROGEN ENERGY, DEC 2007, 32(18):5067-5075

Study on the extension of lean operation limit through hydrogen enrichment in a natural
4 gas spark-ignition engine, INTERNATIONAL JOURNAL OF HYDROGEN
ENERGY, FEB 2008, 33(4):1416-1424

Influence of different volume percent hydrogen/natural gas mixtures on idle performance
of a CNG engine, ENERGY & FUELS, MAY-JUN 2008, 22(3):1880-1887




Development and validation of a quasi-dimensional combustion model for Sl engine

6 fuelled by HCNG with variable hydrogen fractions, INTERNATIONAL JOURNAL
OF HYDROGEN ENERGY, SEP 2008, 33(18):4863-4875
7 Effects of combustion phasing, combustion duration, and their cyclic variations on
Spark-Ignition (SI) engine efficiency, ENERGY & FUELS, AUG 2008, 22:3022-3028
Study on combustion behaviors and cycle-by-cycle variations in a turbocharged lean
8 burn natural gas S.I. engine with hydrogen enrichment, INTERNATIONAL
JOURNAL OF HYDROGEN
9 An investigation of optimum control of a spark ignition engine fueled by NG and
hydrogen mixtures, INTERNATIONAL JOURNAL OF HYDROGEN ENERGY
A Quasi-Dimensional Combustion Model for SI Engines Fuelled by Hydrogen Enriched
10 Compressed Natural Gas, SAE Paper No. 2008-01-1633, 2008
Development and Validation of an On-line Hydrogen-Natural Gas Mixing System for
11 Internal Combustion Engine Testing, SAE Paper No. 2008-01-1580, 2008




15 RAB[KIERKREWAEARZZN R 53757, ARHLTHE, 20084E58295 58 35: 41-46
16 SNRYLET AR, WL TR, 20084E529% 5 1H: 29-33
17 KR KRRBRESBEARSIVBRRBRRERE R, RVHRFER, 2008FE5E39HH7H: 9-13
18 ARBARRARS BRIV GHEBURR I, RAIMRER, 2008E5H3955E68H: 14
19 CAABBIH KSR 7t R Gttciuitt, MUMRGRE, 20074E3E29% 5835, 501-506
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A Quasi-Dimensional Combustion Model for Sl
21 Engines Fuelled by Hydrogen Enriched
Compressed Natural Gas, SAE Paper No. 2008-01-1633, 2008

Development and Validation of an On-line

22 Hydrogen-Natural Gas Mixing System for

Internal Combustion Engine Testing, SAE Paper No. 2008-01-1580, 2008
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Conclusions

e Lean burn is one of the effective approach for HCNG Engine,

and Spark timing optimization is necessary.

e 15~25% Hydrogen fraction in volume of HCNG is a good
range for the HCNG Engine. Primary Research results
Indicate that 55% Hydrogen fraction in volume of HCNG is

also another choice for the HCNG Engine.

e Fueled by 20% HCNG the engine’s emission can meet Euro
EEV (Enhanced Environmental Vehicle) power output, fuel
consumption can be kept almost unchanged compared with

CNG engine.




Proposals

e HCNG ENGINE IS ONE OF THE BEST TECH.
APPPROACH IN AUTO TO MEET MORE
STRICT EMMISSION AND ENERGY
REQUIREMNENTS.

e Suggest china national and domestic
government fund CNG/HCNG auto projects
(especially buses) scale and level.

e Suggest as soon as possible start china
national and domestic HCNG (including
producer gases) demo projects in order to
save energy and protect environment.
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