


that, the issue of the pre-existing or legacy two-stroke cycle 

vehicles remain unsolved by these measures. These old two-

stroke tricycles will continue to deteriorate the air quality in 

urban and rural communities for at least the next eight years 

[2]. Fig. 1 is a common dirty street scene made up of small 

two-stroke vehicles. The visible smoke is due to fuel short-

circuiting emitted during scavenging process.  

 

 
Fig. 1 Air pollution in Manila from small two-stroke powered vehicles [3] 

 

Direct in-cylinder fuel injection (DI) is a fairly mature 

technology that has shown the ability to greatly reduce 

emissions from two-stroke engines [4]. Research in recent 

years has introduced a wide range of Gasoline Direct Injection 

(GDI) retrofit technologies for small two-stroke engines, 

including high and low pressure direct injection, air-assisted 

direct injection and compression pressurized direct injection. 

Although all the above techniques have been proven to 

successfully address the high exhaust emission and poor fuel 

economy issue, market acceptance of commercial available 

retrofit kits has been slow due to the relatively high price of 

the conversion kits. One option promising the improvements 

of GDI as well as lower conversion cost is the gaseous fuel 

direct injection system. Gaseous fuels such as Liquefied 

Petroleum Gases (LPG) is held in a pressurized fuel tank 

(LPG is typically stored at pressures of 400-1500kPa). These 

pressurized fuels can be injected into the cylinder without 

need for a fuel pump. In addition, air compressor and separate 

liquid fuel injector can also be eliminated with a gaseous fuel 

system. Elimination of the major components like air 

compressor, fuel pump as well as a separate liquid fuel 

injector will reduce the conversion cost by about 52% [5].  

 

Retrofitting the gasoline engine to use LPG is an appealing 

possibility [6]-[8]. Many countries have programs for 

converting popular two-stroke vehicles to LPG owing to its 

low fuel price in comparison with gasoline [9]. Typically 

these conversions consist of simple gaseous carburettors, 

premixing the fuel with the incoming air [10]. Engines thus 

converted to premixed LPG are popularly believed to be much 

cleaner than the original gasoline engine due to a significant 

reduction in visible smoke produced. They do nothing, 

however, to address the fuel short-circuiting, and subsequently 

suffer from both poor fuel efficiency and high hydrocarbon 

emissions, albeit in the form of a gaseous fuel which is less 

likely to condense and form visible “smoke”. Fig. 2 shows the 

difference in visible smoke emissions when running on 

gasoline (top) and LPG premixed (bottom). LPG is a cleaner 

burning fuel as it generally will reduce the emissions of CO 

and many others of the higher molecular weight hazardous air 

pollutants as LPG is fully vaporized before combustion and 

consist exclusively of lower molecular weight hydrocarbons.  

 

  

 

 

 

 

 

 

 
Fig. 2 Exhaust smoke from premixed gasoline (left) and premixed LPG (right). 

The gasoline powered version has noticeably more exhaust smoke than the 

LPG fuelled version [11] 

 

Premixed gaseous fuel systems generally have lower power 

than premixed gasoline systems due to the fuel displacement 

effect [12]. The research worked by Maxwell et al. measured a 

total of 10-20 % power loss when injecting a gas into the inlet 

port [13]. One way to compensate for this phenomenon is to 

implement direct in-cylinder fuel injection. In addition, LPG 

fuelled engines generally suffer from slow burning rate as 

compare to gasoline engines, resulting in an increase in the 

overall combustion duration, which in turn leads to increased 

heat transfer losses through cylinder walls and a decrease in 

the overall thermal efficiency [14]. M.U. Aslam et al. have 

reported that the maximum brake-torque (MBT) spark timing 

advance of 2 to 10°crank angle is required for gaseous fuelled 

engine to operate at air-fuel ratios close to stoichiometric [6].  

 

This paper presents the investigation of the direct injection 

of LPG in terms of lean combustion operation, and focuses on 

analysis of in cylinder combustion pressure, fuel mass fraction 

burned, engine performance and exhaust emissions. 

II. METHODOLOGY 

 

ENGINE 

 

The motorcycle used for these studies is the Modenas 

Dinamik motorcycle, a carburetted crankcase scavenged two-

stroke single cylinder with 118cm
3
 of displacement. Some of 

the basic engine parameters are shown in Table 1.  

TABLE 1 

TECHNICAL SPECIFICATION OF THE MODENAS DINAMIK ENGINE AND YAMAHA 

RX 100 [15] 

 

For the field run testing of LPG DI system, the Yamaha RX 

100, commonly used tricycle taxis in the Philippines was used. 

The technical specifications of the vehicle are presented in 

Table 1. To operate the engine with direct injection (DI), a DI 

Parameter Modenas Dinamik  Yamaha RX 100  

Engine type 
Single cylinder,  
2 Stroke 

Single cylinder,  
2 Stroke 

Engine cooling Air cooled Air Cooled 

Compression ratio 6.98:1 6.8 :1 

Bore 54mm 52.0 mm 

Stroke 51.8mm 45.6 mm 

Displacement 118 cm3 97 cm3 

Exhaust port open 

(EPO) 
81 ° ATDC 

N/A 

Transfer port open 

(XPO) 
110 ° ATDC 

N/A 

Max. Power 12.5 kW @ 9,000rpm 5.3 kW @ 6,000rpm 

Max. Torque 14.1 Nm @ 8,000rpm 8.5 Nm @ 5,500rpm 

Gasoline LPG 
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head with Synerject Strata 1 air injector was used and 

mounted on top of the head near the spark plug.  

 

DYNAMOMETER 

 

A schematic diagram of the engine test cell is shown in Fig. 

3. The output sprocket of the engine was coupled to a 20kW 

eddy current type dynamometer to control the engine speed 

and load.  

 

 
Fig. 3 System overview 

IGNITION AND FUEL CONTROL 

 

The fuel injection controller used for this testing is a 

custom built dedicated 2-Stroke gaseous fuel Direct Injection 

ECU by Focus Applied Technologies (FAT). The ECU offer 

both the option of phasing the end of injection (EOI) timing 

and ignition timing as a function of engine speed and throttle 

position. This allows for ignition timing advancement as the 

system runs on LPG which burns slower than gasoline. The 

gasoline ignition schedule and the LPG ignition schedule for 

Modenas Dinamik engine are shown in Fig. 4. Note that the 

ignition timing has been advanced 5 ° from the gasoline 

schedule for operation with LPG. 

 
Fig. 4 Ignition timing versus engine speed 

 

Mapping of fuel injection timing is indeed crucial in direct 

injection system as the degree of air-gaseous fuel mixing is 

directly related to the engine speed and throttle position. In 

addition, mixture burning rate is strongly influenced by engine 

speed, hence mapping of ignition timing as a function of 

speed is required to attain best engine performance and 

exhaust emissions [16]. The effect of engine speed on burning 

rate from a typical spark ignition engine is shown in Fig. 5. 

The map of end of injection (EOI) timing (a 4 by 8 matrix) 

and ignition timing (1 by 8 matrix) are both presented in Table 

2. 

 
Fig. 5 Effect of engine speed on flame-development angle [16] 

 

TABLE 2 

THE MAP OF END OF INJECTION (EOI) TIMING AND IGNITION TIMING

 

INSTRUMENTATION 

 

The cylinder pressure was measured using a Kistler 6052C 

pressure probe mounted in the combustion chamber. The Data 

Acquisition Unit (DAQ) is capable of recording up to 500k 

samples of data per second. To measure the air mass flow rate 

to the engine, a Bosch G70 hot wire air flow meter was 

installed. The LPG used for this study had a tank pressure of 

900kPa with the main constituent being Propane (96%) and 

the balanced Butane (4%). Fuel pressure was regulated to 

650kPa before injection. Fuel consumption was measured 

gravimetrically. To accomplish this, the engine is supplied 

with fuel from a small LPG tank resting on a digital weighing 

scale. The entire fuel flow monitoring system can be seen in 

Fig. 6. To analyse the exhaust gasses, a commercial 5-gas 

analyser was used. Values calculated by the gas analyser do 

not reflect the trapped air fuel ratio (AFR) due to the fact that 

the short circuiting of air happens during the scavenging 

process. The overall AFR of the engine was calculated from 

the measured air and fuel mass flow rate. Because of short-

circuiting of scavenging air the measured overall AFR is 

significantly leaner than the trapped AFR in the cylinder. 

 

 

 

 

 

 

 

 

 

 
Fig. 6 Schematic overview of the fuel and air supply 
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TEST PROCEDURE 

 

The initial fuel injection timings were developed using 

Ricardo’s WAVE engine modelling software. The model was 

tuned to give good performance and resulting fuel flow rates 

were then translated into fuel injection timing maps. Finally 

the fuel maps were refined based on actual engine 

performance. 

 

A series of tests were conducted throughout the experiment. 

In order to run the engine at a slightly lean trapped AFR, the 

injection duration was held fix at a pulse width (PW) of 

1.372ms or equivalent to 24.7° of crank angle at constant 

engine speed of 3000rpm. Note that the injector PW of 

1.372ms is denote as medium injection run as it represent 

slightly lean trapped AFR. 

 

Once the injection duration was held fix, the Start of 

Injection (SOI) timing was scanned from near BDC (early) to 

after exhaust port closed at 81° BTDC (late) as shown in Fig. 

7. Throughout the scanning process, exhaust emission, engine 

torque, air mass flow rate, fuel flow rate and combustion 

pressure were recorded for further analysis. All measurements 

were repeated three times at each test setting. 

 

 
Fig 7 Medium (slightly lean) injection duration under various SOI timing 

 

For leaner of AFR comparison, the injection duration was 

reduced by 10% from the medium injection PW of 1.372ms, 

which has results in 1.235ms of injector PW or equivalent to 

22.2° of crank angle at constant engine speed of 3000rpm. 

Note that this leaner injector PW is denote as shorter injection 

run as it represent leaner trapped AFR. For richer of AFR 

comparison, the injection duration was increased by 10% from 

the medium injection PW of 1.372ms, which has results in 

1.509ms of injector PW or equivalent to 27.2° of crank angle 

at constant engine speed of 3000rpm. Note that this injector 

PW is denote as longer injection run as it represent richer 

trapped AFR.  

III. RESULTS 

 

Start of injection (SOI) timing was varied to investigate the 

capability of LPG as a direct injection fuel in Modenas 

Dinamik engine. The resulting torque and hydrocarbon (HC) 

emissions (hexane) are shown in Fig. 8 for the medium 

injection duration of 1.372ms, which is equivalent to 24.7° of 

crank angle rotation at constant engine speed of 3000rpm.  

 
Fig. 8 Torque and HC emissions versus Start of Injection timing for various 

injection durations 

 

For comparison a 10% longer duration (27.2°) and 10% 

shorter duration (22.2°) were also measured. The overall trend 

is for torque to drop off sharply with SOI after about 100° 

BTDC. HC emissions are minimized at SOI of 100°-120° 

BTDC, just before the drop in torque. However, there are a lot 

of subtle details in the data, which will be examined presently. 

With SOI timing near BDC much of the fuel escapes out at the 

exhaust port resulting in poor trapping of fuel and high HC 

emissions for all runs. For the longer injection durations more 

fuel will be delivered while the exhaust port and transfer ports 

are open, displacing greater amounts of air. This fuel 

displacement effect can be seen in the slight drop in air flow 

for SOI at 180° BTDC in Fig. 9. This also accounts for the 

lower torque for the longer injection durations at SOI of 180° 

BTDC as can be seen in Fig. 8. 

 
Fig. 9 Fuel and air flow rate versus SOI timing for various injection durations 

 

As SOI is retarded, HC emissions drop for all cases as can 

be seen in Fig. 8. At SOI after 140° BTDC the short injection 

duration experiences a large drop in torque and increasing HC 

emissions as the e.ngine begins running rough with 

intermittent misfiring. At this point, the engine has exceeded 

the lean limit and further enleanment will only result in worse 

emissions and performance.  

With SOI of 130° BTDC and later the performance of the 

long and medium injection durations are very similar, with 

continued decreases in HC emissions to approximately 325 

ppm at SOI of 100° to 110° BTDC. At this point torque has 

dropped from its maximum value by about 10%. Torque for 

the longer and medium injection durations begins to decrease 

sharply after about SOI timing of 100° BTDC, as HC 

emissions increase again. The similar levels of HC emissions 

for the long and medium injection durations are due to the fact 
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that a similar amount of fuel is being delivered, as can be seen 

in Fig. 9 after SOI timing of 140° BTDC. 

Later SOI gives a sharp decrease in torque and increasing 

HC emissions as less mixing time is being provided for the 

fuel and air to form of combustible mixture. The relative 

decrease (refer to SOI timing at 180° BTDC) in torque and 

fuel flow rate with SOI timing for the medium injection 

duration is shown in Fig. 10. Initially, the torque decreases at 

a slower rate than the decrease in fuel delivered as SOI timing 

is retarded. However, torque drops off quickly as SOI timing 

is shifted from 103° BTDC to 93.5° BTDC with the decreases 

of approximately 27% in torque for a 7% drop in fuel flow 

rate. This indicates insufficient time for the fuel and air to mix 

well as will be further explain in the discussion part.     

  
Fig. 10 Percent reduction of torque and fuel flow versus SOI timing for 

medium injection duration 

 

By referring back to Fig. 8 again, at SOI timings after the 

exhaust port closed at 81° BTDC, the torque drops off sharply 

and the engine begins to misfire aggressively while the fuel 

delivered into cylinder also decreases, forcing the engine to 

operate very lean. Eventually HC emissions drop as fuel 

delivered decreases further. 

 

A plot of the power and torque produced of the Yamaha 

RX 100 baseline carburetted gasoline and LPG DI engine are 

shown in Fig. 11. The peak power is just over 5.3 kW at 6000 

rpm, and the peak torque is approximately 8.5 N.m at 5500 

rpm for the carburetted gasoline engine. The results are 

consistent with the technical specification given in Table 1. 

Besides, the LPG DI produced a peak power of 5.2 kW at 

6000 rpm, and a peak torque of 8.3 N.m at 6000 rpm. Note 

that LPG DI produced about 100W lower power than the 

carburetted gasoline engine at 6000 rpm. The LPG DI system 

gave a flatter torque curve in the range of 3000 to 4000 rpm 

than the carburetted gasoline engine. This higher torque at the 

low end gives more low-end acceleration improving 

drivability.  

 
Fig. 11 Carburetted gasoline and LPG DI engine power and torque as a 

function of engine speed, wide open throttle (WOT) 

 

To quantify the improvements in emissions the LPG DI 

was tested for emissions and compared to the baseline 

carburetted gasoline engine. Fig. 12 shows the emissions of 

the two systems at various engine speeds at WOT. Obviously 

the carburetted system has high HC emissions (Fig. 12a) 

across the board as it suffers from fuel short-circuiting. The 

LPG DI’s hydrocarbon emissions are about half of the 

carburetted system at engine speeds of 4500 rpm and above, 

but is comparable at lower engine speed. This is due to the 

fuel short-circuiting at lower engine speed as there is 

sufficient time for the fuel to travel across the cylinder and 

escape via the exhaust port. Also notice that at engine speed of 

3500 to 4000 rpm, while both of the systems have the same 

exhaust air to fuel ratio (AFR) (Fig. 12d), the LPG DI gives 

lower HC emissions than the carburetted gasoline. This again 

shows improved trapping of fuel in LPG DI system.  

 

 

 

 

 

 

 
        

 

  

  

 

   
 
 

 

 
Fig. 12 Emissions of the carburetted and LPG DI systems at various engine 

speeds, WOT: (a) HC; (b) CO; (c) NOx & (d) AFR 

 

Carbon Monoxide (CO) emissions (Fig. 12b) were high for 

the LPG DI techniques as it is run slightly rich to protect the 

engine from damage. This can be seen from the listed AFR 

data (Fig. 12d). The engine will suffer from heavy knocking 

(pre-ignition) if it is operated in lean mode at high loads. 

Besides, at engine speeds of 3500 to 4000 rpm, while both of 

the systems have the same exhaust AFR, the LPG DI has 

higher CO emissions than the carburetted gasoline. This is due 

to poor mixing between fuel and air in LPG DI system, hence 

caused incomplete combustion as a result of higher degree of 

stratification. Finally the LPG DI techniques had lower 

Nitrogen Oxides (NOx) emissions (Fig. 12c) compare to the 

67.46

94.36

7.38

11.93

39.05

0.00 0.87 2.39

28.30

19.63

0.00

33.62

40.58
45.67

74.24

13.52

0

10

20

30

40

50

60

70

80

90

100

6080100120140160180200
SOI (° BTDC)

P
er

ce
n

t 
R

ed
u

ct
io

n
 (

%
)

Relative Torque Reduction

Relative Fuel Flow Reduction

0

1

2

3

4

5

6

2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

Engine Speed (rpm)

P
o
w

er
 (

k
W

)

0

1

2

3

4

5

6

7

8

9

T
o

rq
u

e 
(N

.m
)

Carbureted Power

LPG DI Power

Carbureted Torque

LPG DI Torque

0

500

1000

1500

2000

2500

3000

3500

4000

3000 3500 4000 4500 5000 5500 6000
Engine Speed (rpm)

H
C

 (
p

p
m

 C
6

)

Carbureted

LPG DI

0

1

2

3

4

5

6

3000 3500 4000 4500 5000 5500 6000

Engine Speed (rpm)

C
O

 (
%

)

Carbureted

LPG DI

(a) (b) 

0

200

400

600

800

1000

1200

1400

1600

3000 3500 4000 4500 5000 5500 6000
Engine Speed (rpm)

N
o

x
 (

p
p

m
)

Carbureted

LPG DI

0

5

10

15

20

25

3000 3500 4000 4500 5000 5500 6000
Engine Speed (rpm)

A
F

R

Carbureted

LPG DI

(c) (d) 

538



carburetted engine. This again is associated with the relatively 

rich tuning of the LPG DI engine. 

IV.  DISCUSSIONS 

 

 As mentioned previously, the HC emissions are minimized 

with SOI timings significantly earlier than exhaust port close 

timing at 81° BTDC. Several factors affect this. For one the 

injector has a latency (delay between the electrical injection 

signal and the actual fuel flow) of approximately 0.6ms or 

about 10° of crank angle at 3000rpm [17]-[18]. Additionally 

there is a propagation delay before the injected gas can reach 

the exhaust port. Given the 10° of latency in the injector and 

another 10° of gas transport delay, this will result in total of 

20° shifting in injection timing before short circuiting can 

occur [19]. To achieve maximum fuel trapping, SOI should 

thus be set to 81° + 20° or about 101° BTDC. This is 

consistent with our observation of minimum HC emissions 

occurring significantly before EPC. 

  

From the data acquired, the HC and CO emissions vary as 

SOI timing is retarded. Throughout the scan of SOI timing 

from very early near BDC to after EPC, the trapped air to fuel 

ratio varies significantly. Numerous factors affect the trapped 

AFR, torque and emissions namely fuel short-circuiting 

enleanment, compression pressure enleanment and late mixing. 

Fig. 13 shows a graphical description of short-circuiting 

enleanment as a function of SOI timing and injection duration. 

The curve indicates the combustion chamber pressure which 

increases with compression after EPC. EPC is at 81° BTDC, 

but due to injector latency and propagation delay from the 

injector to the exhaust port, the effective exhaust port close 

timing (EEPC) is moved to 101° BTDC. Fuel injected prior to 

this is subject to short circuiting while after EEPC fuel is 

effectively trapped in the combustion chamber.  At the early 

injection timing of SOI=112° BTDC, the amount of trapped 

fuel after 101° BTDC is much less than in later injection 

timing of SOI=103° BTDC. Unburned HC emissions levels 

are expected to be much worse for the early injection 

compared to later injection cases. This phenomenon is 

consistent with our observation of HC emissions decrease as 

SOI is retarded. 

 

 
Fig. 13 Illustration of fuel short circuiting enleanment at two SOI timings 

 

Another significant effect occurring when SOI timing is 

moved very late is the enleanment cause by compression 

pressure. The amount of fuel deliver into the combustion 

chamber is proportional to the difference in pressure between 

the injection pressure (650kPa) and the combustion chamber 

pressure. Combustion chamber pressure increases after EPC 

due to compression of the gases trapped in the combustion 

chamber. This will reduce the pressure different across the 

injector and subsequently reduce the fuel flow rate. Fig. 14 

shows various duration injection events for late SOI timing of 

93.5° BTDC. The bold curve represents the normal 

combustion chamber pressure. The finer curve is the 

combustion chamber pressure shifted 10° to reflect the 

injector latency. Three different injections durations are 

illustrated at the same SOI timing of 93.5° BTDC. In each 

case, the fuel flow is reduced as combustion chamber pressure 

builds. The shaded area indicates fuel delivery while the 

lighter portion of the fuel injection envelope represents 

enleanment due to compression encroachment. In the case 

shown both the medium (M) injection and the long injection 

duration (L) will have similar actual fuel delivery quantities. 

Fuel from the additional injector duration of the long injection 

is obviated by the increased compression pressure. This 

should lead to a reduction of fuel flow as SOI is retarded. As 

fuel delivery is reduced a drop in torque will be expected as 

well. The rapid drop in fuel flow of Fig. 9 after SOI of about 

90° BTDC is only partially responsible for the sharp drop in 

torque of Fig. 8. It can be seen that torque begins dropping at 

around 100° BTDC, i.e. before the major reduction of fuel 

flow. 

 

 
Fig. 14 Graphical explanation of the effect of compression pressure 

enleanment for various injection durations 

 

The air/fuel mixing effect only begins to reveal it’s self at 

late SOI timings. Fuel injected early will have enough time to 

mix and distribute itself about the combustion chamber more 

or less homogenously. As injection timing is retarded, less 

time is available for mixing, resulting in a higher degree of 

stratification with more incombustible lean and rich pockets. 

This non-homogenous mixture will have a hard time igniting, 

exhibit lower flame speeds and the torque, and higher HC 

emissions as fuel rich pockets are left partially unburned. 

Although it will have a gradual onset in practice, we can 

envision this effect as a timing limit before which the air/fuel 

mixture is primarily homogenous, and after which it is more 

stratified. For fuel delivered before it mixing limit, we would 

expect good mixing, and thus reasonably good torque and low 

emissions. This situation is illustrated in Fig. 15.  
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Fig. 15 Illustration of mixing limit on charge homogeneity 

 

The early injection is well mixed but the later injection, 

though it delivers a similar amount of fuel, will be at least 

partially poorly mixed and thus have a slower flame speed, 

lower torque and higher emissions. For very late injections 

this may also result in misfiring as well. 

 

Mass Fraction Burned (MBF) curves, Fig. 16, were 

calculated from the combustion pressure data. The slope of the 

curve is directly related with the flame speed. The more 

homogenous (early) mixture burns more rapidly resulting in a 

higher peak pressure occurring earlier. And onset of the rapid 

burn section is delayed as well. The later injection has a much 

slower flame speed, indicating poorer mixing. This indicates 

that for the operational point investigated, the mixing limit lies 

in the area of 100° BTDC. This is the major reason for the 

drop of torque in Fig. 8 around SOI of 100° BTDC. 

 

 
Fig. 16 Mass fraction burned (xb) as a function of crank angle for early and 

late SOI timing. Ignition timing is 20° BTDC, 30% throttle, 3000 rpm 

V. CONCLUSIONS 

 

The carburetted, crankcase scavenged two-stroke engine 

has been successfully converted to LPG direct fuel injection. 

The lean operation via fully stratified combustion was not 

achieved due to misfiring and poor mixing of air and fuel with 

late injection timing. Subsequently, the overall best SOI 

timing for optimum fuel consumption and exhaust emission is 

approximately 103° BTDC for operational at 3000rpm and 

1.5kW. Finally, Direct Injection of propane can reduce HC 

emissions to approximately 325 ppm  
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