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Abstract：For a sequential port fuel injection natural gas engine, its combustion and 
emission characteristics at low loads are crucial to meet light‐duty vehicle emission 

regulations. Fuel injection timing is an important parameter related to the mixture 

formation in the cylinder. Its effect on the combustion and emission characteristics of a 

natural gas engine were investigated at 0.2 MPa brake mean effective pressure (BMEP) 

/2000 rpm and 0.26 MPa BMEP/1500 rpm. The results show that early fuel injection 

timing is beneficial to the reduction of the coefficient of variation (COV) of indicated 

mean effective pressure (IMEP) under lean burn conditions and to extending the lean 

burn limits at the given loads. When relative air/fuel ratio is over 1.3, fuel injection 

timing has a relatively large effect on engine‐out emissions. The levels of NOx 

emissions are more sensitive to the fuel injection timing at 0.26 MPa BMEP/1500 rpm. 

An early fuel injection timing under lean burn conditions can be used to control engine 

out NOx emissions.
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1. Introduction

Natural gas can be used as a reliable 

and safe alternative fuel of internal 

combustion engines mainly due to its 

abundance and indigenous availability at 

attractive prices. Thanks to the low H/C 

ratio of natural gas which is approximately 

in the range of 3.7 to 4.0
[1], the CO2 

emissions from a natural gas engine can be 

reduced by more than 20 percent compared 

to a gasoline engine at the equal power[2], 

and are even below those of diesel engines 

at the same air fuel ratio, while keeping 

almost the same thermal efficiency under 

very lean conditions[3]-[4]. On the other 

hand, natural gas has high research octane 

number. The antiknock properties of a lean 

burn natural gas engine are further 

improved. Therefore, a lean burn natural 

gas engine with high compression ratio can 

achieve high thermal efficiency, due to 

increased specific heat ratio, lower 

combustion temperature and reduced 

throttling loss[5]-[7]. By increasing the boost 

pressure levels, lean burn natural gas 

engines can produce higher power[8] and 

their full‐load thermal efficiencies can 
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even approach their diesel engine 

counterparts
[9].  

Therefore, the objective of this study is to 

investigate the effect of fuel injection timings 

during the intake stroke on the combustion and 

emission characteristics of a port fuel injection 

natural gas engine at part loads and find a way to 

achieve stable combustion and low engine 

emissions at steady state operating conditions. 

2. Experimental apparatus and test 

procedure

The engine used in this study was a 

modified four‐stroke four cylinder port fuel 
injection spark ignition natural gas engine 

with a bore of 78.7 mm, a stroke of 69 mm and a 

compression ratio of 9.3. 

A Horiba MEXA‐7100DEGR exhaust gas 
analyzer was used to measure total 

hydrocarbon (THC), CO and NOx emissions 

through a flame ionization detector (FID), a 

non‐dispersive infrared analyzer (NDIR) and 
a chemiluminescent detector (CLD), 

respectively. THC, CO and NOx emissions 

were the average values of the acquired 

data in 60 seconds at each steady state 

operating condition. Fig. 1 shows the 

schematic of the experimental setup.

Fig. 1 The schematic of the experimental setup

The natural gas used was composed of 

92.6% methane, 5.8% ethane, 1.2% carbon 

dioxide and 0.4% other components by 

volume.

3. Results and discussion

Based on the first law of thermodynamics, 

the rate of heat release can be calculated from the 

cylinder pressure. The ignition timing (CA10) is 

indicated by the crank angle at which 10 percent 

of the fuel is burned. The main combustion period 

(CA90) is defined as the 10‐90 percent mass 
fraction fuel burn duration. 
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Fig. 2 The MBT timings at different fuel injection 
timings

Fig.2 is found that fuel injection timing 

has a slight effect on the MBT timing. But 

the overall air fuel ratio in the cylinder 

affects the MBT timing much more at 

different loads. When lambda increases at 

a given load, the MBT timing advances 

since the time required for the initial 

flame development and the period for 

rapid flame development increases.

Fig. 3 shows the effect of fuel injection 

timing.  At 0.26 MPa BMEP/1500 rpm, 

CA10 has much more changes with fuel 

injection timing. 

Late CA10 at lambda=0.9 causes the 

main combustion duration to occur in the 

expansion stroke, hence, CA10 prolongs. 
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The similar trend of combustion duration 

with fuel injection timing is observed at 

0.26 MPa BMEP/1500 rpm.
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Fig. 3 The effect of fuel injection timing on CA10 
at the MBT timings
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Fig. 4 The effect of fuel injection timing on CA90 
at the MBT timings

It is also shown in Fig. 4 that the 

combustion duration changes slightly with 

fuel injection timing. Since the fuel 

injection width decreases with lambda at 

a given load, the time available to prepare 

mixture before spark discharge is 

increased when lambda is greater than 1.3 

and is shortened at lambda=0.9. This 

indicates that fuel injection timing 

influences the mixture formation in the 

cylinder, and it changes the occurrence of 

ignition and burning rate. Hence, 

combustion duration is prolonged at 

relatively rich or much leaner cases.
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Fig. 5 The effect of fuel injection timing on the 
COV of IMEP at the MBT timings

Fig. 5 illustrates the relationship 

between fuel injection timing and the COV 

of IMEP under different operating 

conditions.  When the engine load is 0.26 

MPa BMEP/1500 rpm, the COV of IMEP 

increases more with delayed fuel injection 

timing at a given lambda. Since a high 

engine speed increases the turbulence 

intensity in the cylinder, it is contributed 

to the reduction of the COV of IMEP at a 

high engine speed. In the meantime, the 

change of the COV of IMEP with fuel 

injection timing at 0.26 MPa BMEP/1500 

rpm is higher.  It means that the COV of 

IMEP is susceptible to the fuel injection 

timings at low engine speed.  Therefore, 

the COV of IMEP increases with delayed 

fuel injection timing. Independent of 

engine loads at a fuel injection timing, 

the amount of fuel in the cylinder 

decreases with increasing lambda, and the 

burning rate of the mixture decreases 

and, finally, the COV of IMEP increases. 

However, the COV of IMEP increases 

much more with a delay of fuel injection 

timing at lean burn conditions. Since the 

change in fuel injection timing may alter 

the direction or the intensity of the bulk 
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flow, late fuel injection timing indicates 

that there is insufficient time to mix air 

and natural gas in the cylinder, more 

heterogeneous mixture around the spark 

plug at the time of spark discharge may 

influence the flame development. Fig. 6 

shows the engine‐out THC emissions at 
different operating conditions. Independent 

of the engine loads, THC emissions 

decrease and then increase again when 

lambda increases at a fixed fuel injection 

timing.  The fuel injection timing has a 

slight effect on the THC emissions when 

lambda is in the range 1.0 to 1.3. The 

boundary layer quenching in the cylinder is 

decreased with fuel injection timing since 

fuel has less time to contact cylinder walls. 

0 20 40 60 80 100 120
1000

1500

2000

2500

3000

3500

4000

4500

5000 1500 rpm
BMEP=0.26MPa, MBT

TH
C

, p
pm

Fuel in jection tim ing, 0CA ATDC

 lam bda1.0
 lam bda1.2
 lam bda1.4
 lam bda1.5

Fig. 6 The effect of fuel injection timing on THC 
emissions at the MBT timings
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Fig. 7 The effect of fuel injection timing on CO 
emissions at the MBT timings

It is also shown that at 0.2 MPa 

BMEP/1500 rpm, the THC emissions 

increase with delayed fuel injection timing 

at lambda=0.9 and the THC emissions are 

higher than those when lambda is 

between 1.0 and 1.3 since there is less air 

in the cylinder in the former case. On the 

other hand, late fuel injection indicates 

that fuel has less time to mix, which is 

contributed to the increase of unburned 

hydrocarbon emissions. 

Fig. 7 shows the trend of engine‐out CO 
emissions with fuel injection timing under 

different operating conditions.  When 

lambda is higher than 1.0, CO emissions 

are controlled by the fuel/air equivalence 

ratio and lean mixture is attributed to the 

reduction of CO emissions. However, when 

lambda is over 1.3, the COV of IMEP 

increases, the mixture can not burn 

completely and CO emissions increase. 

The similar trend of CO emissions is 

found at 0.26 MPa BMEP/1500 rpm. 
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Fig. 8 The effect of fuel injection timing on NOx 
emissions at the MBT timings

Fig. 8 shows the effect of fuel injection 

timing on NOx emissions under different 

operating conditions. As expected, NOx 

emissions reach their peak values at 

about lambda=1.1, while NOx emissions 

sharply decrease when lambda further 

increases. Low combustion temperatures 
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at leaner conditions contribute to the 

reduction of engine‐out NOx emissions. 
It is also shown that fuel injection 

timing has a different effect on NOx 

emissions at various lambdas. When 

lambda is in the range 1.1 to 1.3, the 

lowest NOx emissions occur at 60º and 90º 

CA ATDC fuel injection timing at the two 

loads.  It means that fuel injection timing 

can be used to control NOx emissions in 

some cases. Furthermore, NOx emissions 

are much affected by fuel injection timing 

at 0.26 MPa BMEP/1500 rpm when 

lambda is in the range 1.0 to 1.2. Since 

fuel injection duration is longer at 1500 

rpm engine speed and turbulence 

intensity is relatively low, the mixture in 

the former is more heterogeneous, high 

NOx emissions yield in these regions 

where the mixture is close to the 

stroichiometry. 

4. Conclusions

The combustion and emission 

characteristics of a natural gas engine 

under various operating conditions were 

investigated and the main conclusions are 

drawn as follows:

MBT has relationship to lambda and 

fuel injection timing. The MBT timing is 

early under lean conditions. But fuel 

injection timing has a slight effect on the 

MBT timing.

CA10 is affected by lambda, fuel 

injection timing and engine load. CA10 

advances with fuel injection timing at rich 

mixture conditions. But it changes little 

at high engine speed and lean burn 

conditions, while CA10 occurs late with 

delaying fuel injection timing at low 

engine speed. Moreover, the main 

combustion duration at low engine speed 

is much more influenced by the fuel injection 

timing. Fuel injection timing has a slight effect on 

engine‐out THC and CO emissions in most cases. 
But its effect on engine‐out NOx emissions 
is much higher at low engine speed.
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