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Abstract 

A feasibility study was conducted on reducing total 
hydro carbon (THC) emission for diesel dual fuel (DDF) 
engine by using gas to liquids (GTL) diesel fuel from 
combustion design perspective. Natural gas is expected 
as the fuel reducing carbon dioxide (CO2), and 
furthermore Shale gas is expected to supply more 
inexpensively [1]. However, natural gas engines 
generally use Otto cycle, therefore thermal efficiency is 
lower than the diesel engine, and then the brake specific 
fuel consumption (BSFC) becomes worse. Thus, DDF 
engine using a Diesel cycle is invented in order to 
improve the BSFC of natural gas engine. However, DDF 
engine still has THC emission issue. The other hand, 
GTL is expected as possible alternative fuels produced 
from variety raw materials. GTL is known as high 
ignitability. Consequently, this study was made on 
improving ignition and reducing THC emission of DDF 
engine by using GTL. The test engine was fabricated by 
a modified conventional diesel engine. The gas mixer 
was set on the intake pipe of general diesel engine in 
order to suck natural gas from the intake manifold. The 
engine can suck premixed gas of air and natural gas. This 
premixed gas is ignited by the fuel injection after 
compression. Test engine is investigated that it can 
operate stable operation successful DDF combustion of 
GTL diesel fuel. Although BSFC get worse at low load, 
BSFC of high load is found to be better than the diesel 
combustion. In Addition, nitrogen oxides (NOX) 
emission increases at the highest load. However, the area 
satisfying both low NOX and low BSFC is confirmed. 
Moreover, particulate matter (PM) in the exhaust gas is 
confirmed to be reduced dramatically. 
Keywords: gas to liquids, natural gas engine, diesel dual 
fuel engine, combustion design 
 

1 Introduction 
The natural gas is expected as feasibility alternative 

fuel, since it can reduce carbon dioxide (CO2) in the 
exhaust gas. In addition, Shale gas is anticipated stability 
of supply because it reserves abundance. From this 
reason, natural gas will be more important for 
environmental problem in the future. 

However, natural gas engines generally use Otto cycle 

which is ignited by the spark plug because natural gas 
has low self-ignitability. Therefore, thermal efficiency is 
lower than the diesel engine. Besides, the brake specific 
fuel consumption (BSFC) becomes worse. Thus, Diesel 
Dual Fuel (DDF) engine which using a Diesel cycle is 
invented in order to improve the BSFC of natural gas 
engine. DDF engine sucks mixture of air and natural gas. 
Then this mixture is ignited by the fuel injection after 
compression. Therefore, DDF engine can be operated 
with a Diesel cycle, and then it can make high efficiency. 
Consequently, DDF engine is anticipated as an engine 
that can improve the fuel consumption of the natural gas 
engine [1], and furthermore it can reduce CO2 emission. 

On the other hand, Gas to Liquids (GTL) fuel is 
expected as possible alternative fuel produced from 
variety raw materials. For example, it can be produced 
from biomass, coal and natural gas. Particularly, it is told 
that GTL which is produced from natural gas has good 
ignitability [2]. Therefore, GTL is focused on ignition 
fuel for DDF engine. Consequently, this study was made 
on improving ignition and reducing total hydro carbon 
(THC) emission of DDF engine by using GTL from 
combustion design perspective. This paper describes the 
influence of combustion design for DDF engine. 

 
2 Properties of test fuels 

In this study, the properties of test fuels were 
investigated before the engine performance test in order 
to confirm the difference of characteristics. Therefore, 
gas oil (JIS #2) was measured for the reference.  

Figure 1 gives the measured density and kinematic 
viscosity of test fuels. Density was measured by the float 
test, and viscosity was measured by using the viscometer 
(A&D; VM-10A-L). Besides, Table 1 shows difference 
of the properties comparing GTL and gas oil. 

From this figure, density and kinematic viscosity of 
GTL were confirmed to be the same with gas oil. If 
density and kinematic viscosity are different the fuel 
spray characteristics will be change. If the density or 
kinematic viscosity is higher, fuel spray will run long 
distance. Then fuel spray hits the cylinder wall, and the 
fuel cannot burn because of cool wall. In other words, 
time to vaporization is longer. Therefore, the ignition 
delay period becomes longer, it affects the exhaust 

The power output, Wg, does not account for 
mechanical loss Wmech or generator loss and is 
measured using a wattmeter. A power output Wg of 
389W is obtained with this engine (a gross thermal 
efficiency ηs of 20%) and is of a sufficient level for 
practical use from a performance perspective. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Qinput Total energy heat input We Expansion space input 
Qfuel Fuel heat input Wc Compression space loss 
Qpre Preheated air input Wi Indicated horsepower  
Qh Heat input  Wd Windy loss 
Qexh Exhaust gas heat loss  Wmech Mechanical loss 
Qub Burner heat loss Wg Power output 
Qr Heat exchanger loss ηh Heater efficiency. 
Qcd Heat conduction loss. ηi Heat cycle efficiency  
ηs Gross thermal efficiency 
 

Fig. 11 Energy balance of engine 
 

5 Conclusion 
In this study we designed a ceramic heater suitable 

for a Stirling engine and obtained the following 
findings. 
1) By using silicon carbide material as the material for a 
Stirling engine heater we realized a heat converter 
capable of withstanding high-temperature combustion 
temperature conditions that cause difficulties for metal 
heaters.  
2) We set the design stress as the principal stress at 0.1% 
failure probability, 108MPa, which we obtained from 
the basic test results on silicon carbide strength.  
3) For this test we conducted a heating test on a heater 
for evaluation and verified that there were no issues, 
such as cracks or fractures, under heating 
high-temperature conditions of 950°C.  
4) We found that, unlike with metal heaters, particular 
care is required as regards fastening methods when 
using ceramic heaters.  
5) We were able to produce a detailed design, which 
included the heater shape, using thermal fluid analysis 
of the heater and peripheral components.  
6) In trials on an actual machine using a ceramic heater 
we obtained favorable results; a heater efficiency of 
63%, an indicated efficiency of 32% and a power output 
of 389W, which highlighted the commercial viability. 
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DDF operation was set six step loads for over load 
because DDF can operate with less PM. DDF operation 
and diesel operation have same drive conditions such as 
same fuel injection timing or same fuel injection pressure. 
There is only difference on the suction air which contains 
the natural gas or only air.  

The pressure and temperature also the amount of 
intake air, cylinder pressure and crank angle, exhaust   
gas temperature, they were measured and recorded with 
the data logger. Exhaust gas was sampled directly from 
the exhaust pipe in order to measure the particulate 
matter (PM) precisely by the opacity meter (HORIBA; 
MEXA-600SW). Also, exhaust emissions such as 
oxygen (O2), carbon monoxide (CO), CO2, THC and 
nitrogen oxides (NOx) were precisely measured from 
directly sampled exhaust gas by using the exhaust gas 
analyzer (HORIBA; MEXA-9100D). In addition, engine 
performance such as BSFC was investigated. Finally, 
combustion of each fuels were analyzed from recorded 
cylinder pressure and crank angle. 
3.2 Results and discussions 

Figure 3 gives the engine performance test results of 
each fuel. The shaft horse power is set on horizontal axis, 
exhaust emissions and BSFC are on vertical axes in this 
figure. In addition, the cylinder pressure and heat release 
rate at the highest load are shown in Fig. 4. 

 

 

Fig. 3 Engine performance test results 
 
From Fig. 3, PM emissions of both DDF can be 

confirmed to be reduced significantly from diesel 
combustion. This is considered that reduction of 
diffusion combustion period by two-stage premixed 
combustion of natural gas and liquid fuel. From Fig. 4, it 
can be found that both DDF is reduced the diffusion 
combustion period of near 15 ~ 25 [° CA]. This is 
considered that the diffusion combustion period of the 
liquid fuel is reduced by increasing premixed combustion 
of natural gas [4]. Therefore, PM emission is reduced by 
increasing premixed combustion. Furthermore, PM 
emission of DDF is slightly reduced by GTL [5]. This is 
considered due to the high cetane number of GTL. Also, 
natural gas is difficult to form a PM. Consequently, PM 
is reduced significantly by DDF combustion [6].  

Nitrogen oxides (NOx) emissions of both DDF are 
increased in the higher load. This is considered 
multi-point simultaneous ignition has occurred before the 
flame propagation from liquid fuel. Then, the 
combustion temperature is increased, and then NOX 
emission is increased. Also, from Figure 4, it can be seen 
that cylinder pressure of both DDF is rising. This is 
considered due to the influence of high cetane number of 
GTL. However, NOx emission is reduced lower than 
diesel operation at low and medium loads. This area is 
supplied a small amount of liquid fuel. Therefore, NOX 
reduction can be considered that the combustion 
temperature is restrained lower, since    premixture is 
homogenized. 

Carbon dioxide (CO2) was expected lower because the 
main component of natural gas is methane which has low 
C/H ratio. However, both DDF operation emits CO2 
same amount that of diesel operation. This cause is 

 

Fig. 4 Cylinder pressure and heat release rate at the 
highest load  
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emissions and cylinder pressure. On the contrary, if the 
density or kinematic viscosity is lower, fuel spray will 
stay near the injector; this means fuel spray will stay 
center of combustion chamber. Then, fuel leads to 
incomplete combustion. Furthermore, diesel engines are 
needed the enough lubrication with the fuels for the fuel 
pump and injector. This similar kinematic viscosity 
makes good lubrication inside of them, and it will not be 
broken them with respect to kinematic viscosity. 

 

 
Fig. 1 Density and kinematic viscosity 

 
Table 1 Properties of gas oil and GTL 

 
Gas Oil  
(JIS#2) GTL 

Density 
[kg/m³(@303K)] 806 765 

Kinematic Viscosity 
[mm²/s(@303K)] 2.1 1.9 

Flash Point [K] 340.2 369.5 

Lower Calorific Value 
[KJ/kg] 43000 43500 

Pour Point [K] 255.7 270.5 

C[%] 87.2 84.9 

H[%] 12.8 15.1 

Cetane Number 59.9 78.4 

Cloud Point [K] - 272 

HFRR [μm] 440 410 

 
Table 1 presents properties comparing GTL and gas 

oil. There are some differences, in particular the cetane 
number of GTL is higher than gas oil. Therefore, it can 

improve the ignitability of natural gas by using GTL [3]. 
In addition, CO2 emission of GTL will be lower than gas 
oil because C/H ratio is lower than that of gas oil. 
Moreover, GTL has good HFRR. Consequently, GTL can 
be considered make good engine performance. 

 
3 Engine performance test 

3.1 Experimental apparatus and method 
The engine performance test was carried out in order 

to declare the influence of GTL for DDF combustion and 
exhaust emission characteristics. Figure 2 presents the 
engine performance test apparatus. The engine used in 
this study was produced by improving conventional 
water-cooled single cylinder direct injection diesel 
engine. A gas mixer was set on the intake pipe in order to 
charge natural gas. This engine can suck mixture of air 
and natural gas. Then this mixture is ignited by the fuel 
injection after compression. GTL is used this fuel 
injection. The base engine specifications are shown in 
Table 2. Then, the experiment was performed under the 
following conditions: 

 

 
Fig. 2 Experimental apparatus 

 
Table 2 Engine specifications 

Model  YANMAR NF19-E 

Displacement Volume [cc] 1007 

Bore × Stroke [mm] 110×106 

Compression Ratio 16.3 

Maximum Output 
[kW/rpm] 14/2400 

Rated Output [kW/rpm] 12/2200 

Injection Pressure [MPa] 19.6 

Fuel Injection Timing BTDC19°±1° 

Combustion Chamber Direct Injection 

 
Diesel operation was set five step loads by the 

dynamometer.  These loads were selected up to the 
continuous horse power of the test engine. In addition, 
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DDF operation was set six step loads for over load 
because DDF can operate with less PM. DDF operation 
and diesel operation have same drive conditions such as 
same fuel injection timing or same fuel injection pressure. 
There is only difference on the suction air which contains 
the natural gas or only air.  

The pressure and temperature also the amount of 
intake air, cylinder pressure and crank angle, exhaust   
gas temperature, they were measured and recorded with 
the data logger. Exhaust gas was sampled directly from 
the exhaust pipe in order to measure the particulate 
matter (PM) precisely by the opacity meter (HORIBA; 
MEXA-600SW). Also, exhaust emissions such as 
oxygen (O2), carbon monoxide (CO), CO2, THC and 
nitrogen oxides (NOx) were precisely measured from 
directly sampled exhaust gas by using the exhaust gas 
analyzer (HORIBA; MEXA-9100D). In addition, engine 
performance such as BSFC was investigated. Finally, 
combustion of each fuels were analyzed from recorded 
cylinder pressure and crank angle. 
3.2 Results and discussions 

Figure 3 gives the engine performance test results of 
each fuel. The shaft horse power is set on horizontal axis, 
exhaust emissions and BSFC are on vertical axes in this 
figure. In addition, the cylinder pressure and heat release 
rate at the highest load are shown in Fig. 4. 

 

 

Fig. 3 Engine performance test results 
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increased in the higher load. This is considered 
multi-point simultaneous ignition has occurred before the 
flame propagation from liquid fuel. Then, the 
combustion temperature is increased, and then NOX 
emission is increased. Also, from Figure 4, it can be seen 
that cylinder pressure of both DDF is rising. This is 
considered due to the influence of high cetane number of 
GTL. However, NOx emission is reduced lower than 
diesel operation at low and medium loads. This area is 
supplied a small amount of liquid fuel. Therefore, NOX 
reduction can be considered that the combustion 
temperature is restrained lower, since    premixture is 
homogenized. 

Carbon dioxide (CO2) was expected lower because the 
main component of natural gas is methane which has low 
C/H ratio. However, both DDF operation emits CO2 
same amount that of diesel operation. This cause is 
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emissions and cylinder pressure. On the contrary, if the 
density or kinematic viscosity is lower, fuel spray will 
stay near the injector; this means fuel spray will stay 
center of combustion chamber. Then, fuel leads to 
incomplete combustion. Furthermore, diesel engines are 
needed the enough lubrication with the fuels for the fuel 
pump and injector. This similar kinematic viscosity 
makes good lubrication inside of them, and it will not be 
broken them with respect to kinematic viscosity. 

 

 
Fig. 1 Density and kinematic viscosity 
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oil. There are some differences, in particular the cetane 
number of GTL is higher than gas oil. Therefore, it can 

improve the ignitability of natural gas by using GTL [3]. 
In addition, CO2 emission of GTL will be lower than gas 
oil because C/H ratio is lower than that of gas oil. 
Moreover, GTL has good HFRR. Consequently, GTL can 
be considered make good engine performance. 

 
3 Engine performance test 

3.1 Experimental apparatus and method 
The engine performance test was carried out in order 

to declare the influence of GTL for DDF combustion and 
exhaust emission characteristics. Figure 2 presents the 
engine performance test apparatus. The engine used in 
this study was produced by improving conventional 
water-cooled single cylinder direct injection diesel 
engine. A gas mixer was set on the intake pipe in order to 
charge natural gas. This engine can suck mixture of air 
and natural gas. Then this mixture is ignited by the fuel 
injection after compression. GTL is used this fuel 
injection. The base engine specifications are shown in 
Table 2. Then, the experiment was performed under the 
following conditions: 

 

 
Fig. 2 Experimental apparatus 

 
Table 2 Engine specifications 
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Injection Pressure [MPa] 19.6 
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Abstract 

A feasibility study was conducted on improving 
combustion and exhaust emission of waste plastic 
decomposition oil (WPDO) by applying diesel dual fuel 
(DDF) engine from combustion design perspective. In 
Japan, about 10 million tons plastic is discarded every 
year, and it is increasing. Since the energy efficiency of 
material recycling is not high, thermal recycling is 
recommended in Japan. However, incineration power 
plant needs more energy and transportation costs. On 
the other hand, the Japanese packaging company began 
to pilot use WPDO in their factory because it has 
possibility of high efficiency. However, they use WPDO 
mixing with heavy oil 50%. Mixing with heavy oil 
causes much exhaust emission, especially carbon 
dioxide (CO2) emission. In addition, natural gas is 
expected to reduce the amount of CO2 emission. 
Moreover, it is expected from the advantage of large 
supply quantity at low cost by the Shale gas. 
Furthermore, DDF engine which using a Diesel cycle 
with natural gas attracts expectation for high efficiency 
natural gas engine, it is anticipated as an engine that can 
improve the fuel consumption of the natural gas engine. 
Therefore, the CO2 emission can reduce by using DDF 
engine. Consequently, the experimental study was 
conducted on applying WPDO to DDF engine. The test 
engine was produced by improving conventional diesel 
engine. A gas mixer was set on the intake pipe in order 
to charge natural gas. This engine can suck mixture of 
air and natural gas. Then this mixture is ignited by the 
fuel injection after compression. WPDO is used this fuel 
injection. DDF combustion using WPDO is investigate 
that it can get the stable operation. Moreover, particulate 
matter (PM) can get significant reduction. In addition, it 
can be confirmed that CO2 and nitrogen oxides (NOx) 
are reduced. 
Keywords: waste plastic decomposition oil, diesel dual 
fuel engine, cetane number, natural gas, CO2 

 

1 Introduction 
Plastic is used many products around the world, then 

it is necessary for current life. About 10 million tons 

plastic is discarded every year in Japan, and it is 
continue to increase. Thermal recycling of the waste 
plastic is recommended in Japan, since the energy 
efficiency of material recycling is not high. However, 
thermal recycling with incineration power plant needs 
more energy and transportation costs. On the other hand, 
using waste plastic decomposition oil (WPDO) to the 
diesel engine generator in the factory discarding the 
plastic has possibility of high efficiency. Therfore, the 
Japanese packaging company began to pilot use WPDO 
in their factory. However, they use WPDO mixing with 
heavy oil 50%. Mixing with heavy oil causes much 
exhaust emission, especially carbon dioxide (CO2) 
emission.  

The natural gas is anticipated to reduce the amount of 
CO2 emission. Furthermore, it is expected from the 
advantage of large supply quantity at low cost by the 
Shale gas [1]. Moreover, diesel dual fuel (DDF) engine 
which using a Diesel cycle with natural gas attracts 
expectation for high efficiency natural gas engine [2]. 
DDF engine sucks mixture of air and natural gas. Then 
this mixture is ignited by the fuel injection after 
compression. Therefore, DDF engine can be operated 
with a Diesel cycle, and then it can make high efficiency. 
Consequently, DDF engine is anticipated as an engine 
that can improve the fuel consumption of the natural gas 
engine, and furthermore it can reduce CO2 emission [3], 
[5]. Accordingly, the experimental study was conducted 
on applying WPDO to DDF engine. This study was 
made on improving combustion and exhaust emission of 
WPDO by applying DDF engine from combustion 
design perspective. This paper describes the influence of 
combustion design for waste plastic decomposition oil. 

 
2 Properties of test fuels 

In this study, the properties of test fuels were 
investigated before the engine performance test in order 
to confirm the characteristics of WPDO. Therefore, gas 
oil (JIS #2) was measured for the reference. 

Figure 1 gives the measured density and kinematic 
viscosity of test fuels. Density was measured by the  

consider the difference between the engine our and the 
tail pipe out. This CO2 is the value of the engine out. The 
tail pipe out CO2 will be increased because exhaust gas is 
oxidized by the Diesel Particulate Filter (DPF) and 
catalyst. However, both DDF operations reduces PM 
emission significantly, according to this reduced PM will 
make little CO2 emission with DDF operation, in reverse 
PM of diesel operation will make much CO2 because 
diesel operation emits much PM. Consequently, it can be 
said that DDF combustion reduces CO2 emission. 

THC of both DDF operations is quite higher than that 
of diesel operation at low load. This can be consider that 
natural gas is not burned at low load, since injected 
liquid fuel is little. However, DDF is improved lower by 
using GTL. It can be said that high cetane GTL can 
improve THC issue of DDF engine; this is to say that 
GTL has possibility for DDF engine. 

BSFC of both DDF operations is found to be superior 
to diesel operation in the high load area. NOX is also 
increased in the high-load. However, it is found the area 
that can achieve both low BSFC and low NOX. If this 
DDF engine is used for a generator, it can be operated 
only at specific load. The DDF engine is possibility to be 
used as the generator. 

Thus, combustion design using high ignitability GTL 
can change DDF combustion and emissions. It can be 
said that combustion design based on ignitability can 
reduce THC. Furthermore, DDF GTL has possibility of 
CO2 reduction. 

 
4 Conclusions 

In this paper, the experimental study was made on 
improving exhaust emissions and combustion by using 
the GTL from the point of view of combustion design. 
The fuel properties were measured before the engine 
performance test. Then, natural gas and GTL were 
burned in a DDF engine in order to declare the influence 
of them. The main conclusions can be summarized as 

follows:  
1) GTL has similar fuel properties with gas oil, though 

cetane number is higher than gas oil. 
2) PM emissions of DDF is confirmed to be reduced 

significantly from diesel combustion.  
3) NOX emissions of DDF is increased in high load, but 

low-medium load is slightly lower than diesel 
operation by lean combustion of natural gas. 

4) CO2 emission of DDF is equivalent to diesel operation. 
However, CO2 emission of tail pipe out can be 
considered significantly reduced. 

5) THC emissions showed a high value in both DDF. 
However, DDFGTL is confirmed reduction effect 
due to the high cetane number of GTL. 

6) BSFC of DDF engine can be improved by using GTL 
from the combustion design viewpoint. 

 
References 

[1] R, Yoshida, Element technology trend of clean diesel 
development, NTS, (2008), pp.425-435. 

[2] Japan Institute of Energy, All of the natural gas, 
Corona Publishing, (2008), pp.5-14. 

[3] H, Kataoka, Natural gas may be seen, Corona 
Publishing, (1999), pp.135-136. 

[4] New Energy and Industrial Technology Development 
Organization. Press Release, URL: 
http://www.nedo.go.jp/content/100500171.pdf, 
access on 04/09/2013 

[5] Hiroyasu, H, The internal combustion engine to 
understand, Nissin publisher, (2008), pp.165-167. 

[6] Y, Ozawa, Study on improvement of combustion of 
natural gas dual fuel engine of two-stage injection of 
diesel fuel, Transactions of the Japan Society of 
Mechanical Engineers No.114-1, (2011), pp.2-21. 

 
Received on December 28, 2013 
Accepted on January 29, 2014

 

– 69 – 

The 3rd International Conference on Design Engineering and Science, ICDES 2014
Pilsen, Czech Republic, August 31 – September 3, 2014

– 68 – 


