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Abstract 

Alternative fuels for internal combustion engines, such as fuel gases, are a transition solution that 

could be beneficial in reducing current engine emissions before the electric vehicle becomes 

widespread. This thesis aimed to define the engine concept for converting an existing diesel 

engine (Sisudiesel 420 DWRIE) in the Novia University of Applied Science (Vaasa, Finland) 

laboratory, to a dedicated fuel gas engine, which will be used for academic and research purposes. 

The thesis reviewed a range of available fuel gases and explored the possibilities for converting 

the diesel engine to operate on the selected fuel gas, defining a feasible engine concept. The 

resulting engine was simulated with GT-Power software to check its operation and performance. 

As a result, it was found that Compressed Natural Gas was the most appropriate fuel for being 

implemented, according to engine conversion feasibility, fuel availability, and storage ease. 

Regarding the gas engine concept, it was determined to adopt a spark-ignition engine with a 

Venturi air-gas mixer and a reduced compression ratio compared to the original engine. The 

simulation results showed a consistent engine although there was a decrease in performance 

compared to the diesel engine. The findings of the thesis can provide a basis for future research 

in terms of engine optimization and engine concept physical implementation.  
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1. Introduction 

Internal combustion (IC) engines powered by liquid fuels are currently the main propulsion 

system in road transport (Serrano, et al., 2019) being responsible for about 10% of the world’s 

greenhouse gas emissions (GHG). Moreover, they emit NOx and particulate matter which causes 

bad air quality in cities. Thus, in the last years, it has been a goal for researchers to mitigate the 

environmental impact of road transport, by reducing fuel consumption and emissions of the IC 

engines (Reitz, et al., 2020). Besides, the reputation of IC engines, and particularly diesel engines, 

has been compromised by emission scandals (Baumgärtner & Letmathe, 2020). For these reasons, 

several EU countries presented legislation plans to prohibit IC engines in their markets, and 

advocate for a transition to full electric mobility by 2040 (Wappelhorst, 2020). Likewise, some car 

companies such as Ford, Volvo, or Jaguar have already announced their intentions to only sell 

electric vehicles by 2030 in Europe (Frangoul, 2021). 

Future trends in the transport sector are evidently inclined to electric mobility, but some 

challenges need still to be faced, such as battery technology or the recharging infrastructure 

(Chala, et al., 2018; Ghosh, 2020). And at this moment, the IC engine seems the more convenient 

option not only for road transport but also for a range of applications such as industrial usages 

(Reitz, et al., 2020). So, it is difficult to have a rapid transition from the traditional diesel and 

gasoline IC engines to fully electric mobility.  

This evidences the need for a transition technology before the total implementation of electric 

mobility. A technology that can satisfy the applications for which IC engines are currently used 

and at the same time contributes to reducing GHG, NOx and particulate matter emissions. In this 

line, the use of alternatives fuels for powering IC engines can play a major role. For instance, 

natural gas is the fossil fuel that produces the lowest GHG emissions and the minimum level of 

suspended particles (Chala, et al., 2018). So, the implementation of these fuels in the current IC 

engines will provide a technology that enables extending the existing engines’ life and avoids 

them being dismissed because of their emissions. Consequently, it is highly convenient to study 

and develop feasible, simple, and economical procedures to convert the existing engines to 

operate with these alternative fuels.  
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This thesis focuses on the case of implementing alternatives gaseous fuels, also known as fuel 

gases. Novia University of Applied Sciences, based in Vaasa (Finland), currently has a diesel engine 

(Sisudiesel 420 DWRIE) in the laboratory. It is used for simulation and analysis purposes. Then, if 

it had an engine powered by gas it would be possible to conduct investigations with this fuel. So, 

given the research and investigation interest in alternative fuels, it is desired to convert this 

existing diesel engine to operate with alternative fuel gas.  

Therefore, this thesis aims to explore the possibilities of converting the laboratory diesel engine 

to a gas engine. The thesis defines a feasible engine concept so that the laboratory engine can 

fully operate on the previously selected appropriate gaseous fuel. It also models and simulates in 

GT-Power software the proposed gas engine. 
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2. Aims and objectives 

The aim of this thesis is to evaluate which is the optimum solution when implementing a 

dedicated fuel gas engine in Novia UAS’ laboratory - it is relevant to note that it is requested a 

gaseous type of fuel. The lab currently has a Sisudiesel engine, and it will be debated which is the 

best option to modify it to operate on fuel gas. 

 To achieve the aim of this thesis, the following objectives are defined: 

• Analyse the existing engine in the laboratory and define how could be restructured to 

work with fuel gas. 

• Research the available fuel gases that can be used in an internal combustion engine to 

decide which one fits better. 

• Explore and compare diverse engine concepts and modifying strategies to adapt the lab 

engine to a dedicated fuel gas engine. 

• Simulate the selected concept with the software GT-power simulation tool and evaluate 

how different parameters influence the engine performance. 
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3. Review of literature 

3.1. Sisudiesel 420 DWRIE engine 

The available laboratory engine in Novia UAS’ laboratory to be converted to work on gas is a 

Sisudiesel engine. Specifically, the engine is called Sisudiesel 420 DWRIE and it is located in the 

Energy Technology and Automotive Technology laboratory in the basements of the 

Technobothnia building in the Finnish city of Vaasa. In section 3.1.2 is undertaken an analysis of 

this engine to know its designations and specifications. 

 

3.1.1. AGCO Power Inc. 

Sisu Diesel Inc. was the name of the company currently called AGCO Power Inc. from 1994 to 2009 

(Porssitieto, 2021). This company have had different names since its first establishment in Siuro, 

Nokia, Finland, in 1942. Back then, the company goal was to repair and manufacture some aircraft 

parts and engines – it was the second-largest Finnish aircraft engine factory.  

After the end of World War II, the company shifted its aircraft objectives towards developing, 

designing, and producing diesel engines, which is still the company aim. Nowadays the current 

company name is AGCO Power Inc., and it mainly develops diesel engines, highlighting three, four, 

six and seven-cylinder diesel engines for tractors, diesel marine engines and diesel power 

generation solutions (Agco Power, 2020).  

According to Statista (2020), a distinguished German company specialized in the market and 

consumer data, Argo Power Inc. employed more than 21,000 people and had a financial turnover 

of 7,54 million euros by the end of 2020 – the latest year with available data. The company exports 

worldwide having 3,250 dealers around the world. Their current portfolio includes the 

manufacturing of tractors, combine harvesters, smart farming, and grain storage, among others 

(Agco Power, 2020). 

The diesel engine from Novia UAS’ laboratory to be converted to fuel gas was manufactured by 

Sisu Diesel Oy company. 
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3.1.2. Sisudiesel 420 DWRIE specifications  

According to the plate in the Sisudiesel engine from Novia UAS’ laboratory, the name of the 

engine model to be evaluated and studied is Sisudiesel 420 DWRIE (Figure 1). This type of engine 

is used mainly to supply tractors. The engine designation indicates the main characteristics of the 

engine, and they are summarized in Table 1. The engine specifications are indicated in Table 2. 

 

Table 1 Engine type designation breakdown (Sisu Diesel Inc., 2002) 

4 4 cylinders 
20D Basic type (not ECU) 
W Turbocharged engine equipped with bypass turbo 
R Rotary fuel injection pump  
I Equipped with intercooler air to water 
E Emission tested engine (certified) for off-road 

From Table 1, it has to be highlighted that the engine does not equip an ECU (Electronic Control 

Unit) and that it is designed and certified for off-road applications. 

 

 

Figure 1 Drawing of Sisudiesel 420 DWRIE (Sisu Diesel Inc., 2002) 
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Table 2 Sisudiesel 420 DWRIE engine specifications (Sisu Diesel Inc., 2002) 

Manufacturer SISU Diesel Inc. (FINLAND) 
Type Sisudiesel 420 DWRIE 
Power 95 kW at 2200 rpm 
Serial nº J18570 
Displacement (dm3) 4.4 
Cylinder bore (mm) 108 
Stroke (mm) 120 
Compression ratio 16.5 
Combustion Direct injection 
Firing order 1-2-4-3 
Compression pressure (bar)1 24 
Weight (kg)2 345 

Direction of rotation from the engine front clockwise 
1) Minimum value at operating temperature and starting revs. Max permitted difference between cylinders 3,0 bar. 
2) Without flywheel and electrical equipment. 

 

This diesel engine was initially designed as a tractor engine and subsequently assembled in the 

laboratory for academic purposes. It has direct injection (DI) without a common rail. And 

according to the engine plate, it has an output of 95 kW (approx. 130 hp) at 2200 rpm. 

Figure 2 shows the set-up of the lab Sisudiesel 420 DWRIE engine in the Energy Technology and 

Automotive Technology laboratory of Novia UAS.  

  

Figure 2 Different views of lab Sisudiesel 420 DWRIE 
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Notice the plentiful space both on the sides and above the engine that potentially could allow 

assembling all the possible necessary parts to convert the Sisudiesel engine to a dedicated fuel 

gas engine. 

 

3.1.3. Diesel  

Diesel – also known as gasoil or diesel oil – is the typical fuel used in diesel engines and, therefore, 

used in the Sisudiesel 420 DWRIE. It is obtained through crude oil distillation, it boils in the range 

of 175-345⁰C and consists basely of hydrocarbons in the liquid state with ignition values of 

approximately 350 ⁰C (Schobert, 2014). 

According to Bosch (2014), high-quality types of diesel have the following peculiarities and 

attributes taking into account their service life and that the fuel-injection systems work in a 

constant function: high cetane number; moderately low final boiling point; low sulphur content; 

narrow density and viscosity spread; low aromatic compounds content; good lubricity; absence 

of free water; and restricted pollution with particulate. 

Table 3 specifies the most relevant automotive diesel fuel requirements according to the 

European Committee for Standardization (2009). 

Table 3 Diesel fuel requirements (European Committee for Standardization, 2009) 

Standard Unit Parameter 

Cetane number - ≥ 51 
Cetane index - ≥ 46 
Density at 15°C kg/m3 820-845  
PAH1) % by mass ≤ 11 
Sulphur content mg/kg ≤ 102)  
Flash point °C ≥ 55 
Total contamination mg/kg ≤ 24  
FAME content3) % by volume ≤ 7  
Lubricity µm ≤ 460  
Viscosity at 40°C mm2/s 2-4,5  

 

1) Polycyclic aromatic hydrocarbons which are defined as the total aromatic hydrocarbon content less the mono-
aromatic hydrocarbon content. 
2) EU proposal to have what is considered sulphur-free from 2009. 
3) Fatty Acid Methyl Ester content. 
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3.2. Review of available fuel gases 

According to the scope of this thesis – see aims and objectives in section 2 –, from Novia UAS’ 

laboratory it is solicited to implement in the engine a gaseous type of fuel, which will be called 

fuel gas from now on.  

As a fuel gas, it is understood a propellant that enters the engine in the gaseous phase although 

may be stored as a liquid to facilitate its storage. Therefore, CNG (Compressed Natural Gas) would 

enter the thesis’ scope but for instance, biodiesel or alcohols do not. That is an important fact 

because a big delimitation of the fuels to be studied is made beforehand. Accordingly, it has been 

agreed that it will be studied the following fuel gas alternatives: biogas, natural gas (or 

biomethane) with its different storage forms, and liquified petroleum gas. 

In order to achieve a good selection concerning the fuel gas that will be implemented in the 

laboratory engine, it will be broadly taken into account the supply and availability adequacy of 

the fuel gas; its ease of transport and safety of storage; the modifications needed in the engine; 

the engine efficiency; and the fuel gas compatibility with the engine (power, emissions, ease of 

use and durability of the engine). All these criteria based on Kumar (2018) and Ramadhas (2011) 

will be considered in the following subchapters. 

 

3.2.1. Main characteristics of fuel gases 

From the considered fuel gases, their main characteristics are discussed to see whether they are 

suitable for their implementation on the engine object of study. 
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3.2.1.1. Biogas 

Biogas is a gas mainly composed of methane (40-75%) and carbon dioxide (15-60%). It can also 

contain traces of water vapour, N2, O2, H2, H2S (Ryckebosch, et al., 2011). It is obtained from the 

anaerobic digestion of biomass. 

The gas quality requirements for an engine are strict. For example, high water or H2S content 

imply corrosion (Wellinger & Lindberg, 2005) or high content of CO2 can imply a lower calorific 

value (Ryckebosch, et al., 2011). So, it is not recommended to use raw biogas as an engine fuel. 

Instead, as suggested by Wayan Surata, et al. (2014) it must be improved before upgraded.  

Nevertheless, the company Scania (2018) tested using raw biogas – without refining or upgrading 

– in their engines, but this is at a very experimental stage.  

 

3.2.1.2. Natural gas and biomethane 

Natural gas (NG) is a complex mixture of hydrocarbons in a gaseous state. It is primarily formed 

by methane (80-98%), but usually, it also includes ethane, propane, higher hydrocarbons, and 

other non-combustible gases (nitrogen, carbon dioxide) (Finnish Standards Association, 2017b). 

Regarding biomethane, according to Ryckebosch, et al. (2011) it is a gas composed principally of 

methane (95-97% CH4 and 1-3% CO2). It differs from natural gas because of its source. 

Biomethane can be obtained from the upgrade of biogas or methanation of bio-syngas (Finnish 

Standards Association, 2017a). 

Natural gas and biomethane differ only on their source. As stated by IEA (2020), biomethane is 

indistinguishable from natural gas and compatible with natural gas vehicles (Chandra, et al., 

2011). So, from now on, natural gas and biomethane will be named indistinctly.  

Natural gas can be used as engine fuel for IC engines. However, according to the literature, lower 

engine performance is expected. Chandra, et al. (2011) observed, in comparison with diesel, a 

31.8% power loss in the modified IC natural gas engine. Semin, et al. (2009b) concluded that a 
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modified gas engine implied a reduction in torque performance and Bari & Hossain (2018) also 

reported engine performance reduction. Moreover, a dedicated natural gas engine needs to have 

an ignition system such as spark ignition (SI) (Ramadhas, 2011; Chala, et al., 2018). 

Due to natural gas low density, it is usually stored as CNG (Compressed Natural Gas) or LNG 

(Liquified Natural Gas) (Reif, 2015). 

Compressed Natural Gas (CNG) 

Natural gas can be stored in gaseous form at ambient temperature under high pressure 

(Ramadhas, 2011). It is compressed up to 200 - 248 bar (Imran Khan, et al., 2015) to obtain CNG 

– or compressed biomethane. Before handling it to the engine, it is converted to atmospheric 

pressure. 

Liquified Natural Gas (LNG) 

Natural gas and biomethane can also be stored in liquid form and atmospheric pressure. Liquified 

natural gas and liquified biomethane are obtained when they are cooled at cryogenic 

temperatures, about -161°C, and stored at atmospheric pressure (Ramadhas, 2011). LNG has a 

higher energy content per unit volume than CNG, but it presents more difficulties in storage. 

Although LNG tanks are well insulated, heat leaks into the tank and LNG start to evaporate. For 

this reason, LNG cannot be permanently stored (Go With Natural Gas, 2014). Furthermore, LNG 

has a higher cost of production and storage (Semin, et al., 2009a). 

 

3.2.1.3. Liquefied Petroleum Gas 

Liquefied petroleum gas (LPG) can be obtained from different sources such as natural gas 

purification, oil fields or as a by-product of petroleum refining. It consists of condensed butane 

(C3H8) and propane (C4H10) gases, with configurations for automotive fuel about 70% of butane 

and 30% of propane however, it depends on the composition stipulated in each country 

(Ramadhas, 2011).  
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Characteristics that make LPG a fuel suitable for internal combustion engines are its high-octane 

number – good for spark-ignited engines –, the possibility of transport and storage in the liquid 

state, lower cost per energy than gasoline, and fewer GHGs emissions. 

Regarding LPG use in vehicles, according to Ramadhas (2011), it can be used both in spark ignition 

and compression ignition (CI) engines. In the case of SI engines, there is the possibility to convert 

them to dedicated LPG fuelled engine since LPG behaves very similarly to gasoline when injected 

into cylinders. On the other hand, in the case of CI engines, the solution is to perform in a dual 

fuel mode operation, where it is injected a mixture of LPG and air and a small amount of diesel 

called pilot that allows the auto-ignition (Ashok, et al., 2015). 

 

3.2.2. Fuel availability 

From the viable fuel gases to implement in the engine, it is discussed their availability. 

Finland has a developed industry of biogas production (Gasum, 2021b; Bioenergia, 2021) with 63 

biogas production plants and an annual production greater than 100 hm3 in the year 2017 

(Winquist, et al., 2019).  

Natural Gas in Finland is imported – mainly from Russia – or produced by improving biogas 

(Gasgrid, 2021). There are numerous CNG stations as can be seen in Figure 3. For instance, 

Stormossen is a company based in the Vaasa region that produces CNG by improving biogas. 

BIG-BIOGAS is the company that sells Stormossen gas and has two CNG filling stations within 10 

km of Vaasa city centre (STORMOSSEN, 2021). 
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Figure 3 Map of CNG stations in Finland (Gasum, 2021b) 

 

Figure 4 Map of LNG stations in Finland - yellow 

highlighted (Gasum, 2021a) 

Some LNG stations can be found in Finland, as shown in Figure 4. But there are not so many 

stations as in the case of CNG. Moreover, the nearest station from Vaasa is about 80 km far. 

Regarding LPG, it is not such an implemented fuel as natural gas in Finland (Salles, et al., 2019). 

Thus, there is not a developed LPG station network. However, it has been found that the company 

Teboil (2020) supplies LPG in little gas bottles, cylinders or tanks for companies or households. 

 

3.2.3. Fuel gas selection 

Biogas contains many impurities (Ryckebosch, et al., 2011) that can have bad consequences for 

gas infrastructure and the engine. Thus, it is not recommended to use untreated biogas in 

engines. For this reason, it is discarded as a possible fuel for being implemented in the engine 

object of study. 
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Although LPG is a fuel widely used for its properties and its possibilities of transport (Ramadhas, 

2011), its uncommon supply in Finland – see section 3.2.2 – makes it not preferential for the 

chosen gaseous fuel.  

In the case of LNG, it presents some difficulties in storing it permanently. The use of the engine, 

as a lab test engine, means that LNG would not be regularly consumed. So, for this reason, this 

fuel is dismissed as a suitable fuel for the lab engine. 

So, for the arguments considered in sections 3.2.1 and 3.2.2, it is concluded that CNG is the more 

suitable fuel for implementing in the engine object of study of the present thesis, both for its 

characteristics and availability. It is suitable for the engine specifications and also widely available 

and locally produced in Finland. 

 

3.2.4. Compressed Natural Gas 

Compressed Natural Gas is natural gas that has been compressed to facilitate its storage. When 

stored it has a gaseous state, with pressures between 100 and 250 bar and temperatures between 

-40 to 30 °C (Chala, et al., 2018).  

Natural gas 

Natural gas is a gaseous mixture mainly composed of methane (CH4), but it also contains certain 

amounts of ethane, propane, nitrogen, helium, carbon dioxide, hydrogen sulphide and water 

vapour. Natural gas varies in composition by location, season or even through the transmission 

network (Semin, et al., 2009c). However, a typical composition can be attributed to natural gas 

as seen in Table 4. 
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Table 4 Natural gas typical composition (Speight, 2015) 

Constituent Formula Typical values (% v/v) 

Methane CH4 70–90 
Ethane C2H6 0–5 
Propane C3H8 0–5 
Butane C4H10 0–5 
Pentane C5H12 0–5 
Hexane (and higher) ≥C6H14 Trace–5 
Benzene (and higher) ≥C6H6 Trace 
Carbon dioxide CO2 0–8 
Oxygen O2 0–0.2 
Nitrogen N2 0–5 
Hydrogen sulphide H2S 0–5 
Rare gases He, Ne, A, Kr, Xe Trace 
Water H2O Trace–5 

 

Table 4 shows that despite methane being the main component of natural gas, it can take a wide 

range of values of percentage by volume (from 70 to 90). 

Natural gas properties  

Natural gas properties play an important role in the different processes involved in the IC engine 

as mixture formation, ignition, and combustion. Table 5 shows a range of properties of CNG 

compared to traditional liquid fossil fuels Diesel and Gasoline.  

 



15 
 

 

Table 5 Properties of CNG, diesel and gasoline (Chala, et al., 2018) 

Properties CNG  Diesel  Gasoline  

Chemical formula  
CH4 (83–99%)  
C2H5 (1–13%) 

C3 to C25  C4 to C12  

Composition by weight [%] 
Carbon 75  87  85–88  
Hydrogen 25  30  12–15  

Molecular weight [g/mol] 16.04  200  100–105  
Density @15.5 °C [kg/m3] 128  848  719–779  

Stoichiometric air-fuel ratio 
Molar Basis 9.7 50.03 59.5 
Mass Basis 17.2 14.7 14.7 

Auto ignition temperature [K] 813.15  588.7  530.37 

Octane number 
Research octane number (R) >127 N/A 90-100  
Motor octane number (M) 122 N/A 81-90 
Mean (R+M)/2 >120  N/A 86–94  

Cetane number N/A 40-55 5-20 
Boiling temperature @atmospheric pressure [°C] −164 to −88  180–340  27–225  
Flammability of fuel - gas mixture [%]  5.3–15.0  1.0–6.0  1.4–7.6  
Lower calorific value [MJ/kg] 47.13  42.78  43.44  

 

The stoichiometric Air-Fuel Ratio (AFR) indicates the minimum amount of air needed for the 

complete combustion of the fuel (Çengel & Boles, 2014). Mass stoichiometric AFR for natural gas 

is 17.2, higher than in the case of diesel and gasoline. 

Calorific value is the amount of energy released when a unit of mass of fuel reacts with oxygen in 

a combustion process (Mohamad, 2006). The calorific value of natural gas is higher than the value 

for gasoline and diesel. 

Natural gas has a higher-octane number (127) when comparing it to gasoline (90-100). This means 

that natural gas is more resistant to the knocking phenomenon (Semin, et al., 2009c).  

Flammability indicates the capacity of a fuel-air mixture to produce a flame that can propagate 

through the unburned mixture (Gardiner, et al., 2008). Flammability limits are the fuel 

concentration limits within the mixture is flammable. As seen in Table 5, these limits are higher 

for natural gas, which means it is less flammable than diesel or gasoline. In this line, Mohamad 
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(2006) suggests that, in IC engines, the ignition must be advanced earlier to ensure complete NG 

combustion. 

Compared with Diesel, the higher autoignition temperature and the much lower cetane number 

indicate that natural gas requires higher ignition energy.  

As stated, natural gas can vary in composition. Thus, two parameters allow defining and 

characterizing each specific natural gas. They indicate gas interchangeability and compatibility. 

These are the Wobbe Index (WI) and Methane Number (MN). The WI represents the heating value 

of the natural gas and it is determined by its composition. The MN is a measure used for the knock 

rating of gaseous fuels (Malenshek & Olsen, 2009). The European Standard EN 16723-2:2017 

establish limit values for these two parameters as automotive gaseous fuel specifications. They 

are listed in Table 6. 

 

Table 6 Limit values for Wobbe Index and Methan Number – adapted from Finnish Standards Association (2017a) 

Parameter 
Required values Recommended values 

Minimum Maximum Minimum Maximum 

Wobbe Index (MJ/Sm3) inferior - - 41.9 49 
Methane Number 65 - 70 - 
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3.3. Engine modifications to operate on natural gas 

In this section, it will be studied which modifications require a diesel engine to work on natural 

gas, according to the gas properties analysed in section 3.2.4, and how can they be implemented. 

 

3.3.1. Natural gas engine requirements 

According to the literature, there has been identified a set of modifications that need to be made 

to a diesel engine to operate with natural gas. These are: 

1) Installation of an ignition system 

2) Reducing the compression ratio 

3) Installation of fuel supply and mixing system  

Firstly, regarding natural gas properties exposed in section 3.2.4, it is necessary to have an ignition 

system (Chala, et al., 2018). This is due to the natural gas high autoignition temperature, which 

implies that it gas cannot be ignited by compression, as it is done in a diesel engine (Reif, 2014). 

Knocking is a phenomenon that must be avoided in engines. Having low compression ratios (CR) 

tends to avoid this phenomenon, but at the same time, low CR reduces engine performance and 

efficiency (Aina, et al., 2012; Gnanamoorthia & Devaradjaneb, 2015). Natural gas does not require 

so low a compression ratio as gasoline (Reif, 2015) because it is more resistant to knocking (see 

3.2.4). Nevertheless, the pressures reached in the diesel engine will be too high for operating on 

natural gas. So, according to Siripornakarachai & Sucharitakul (2007), to ensure proper 

combustion and avoid knocking, the pressure in the cylinder chamber needs to be reduced. In 

this line, von Mitzlaff (1988) suggested the reduction of compression ratio to 12 or less while 

Ramadhas (2011) stated that the compression ratio needs to have a value between 10 and 13, 

and Kumar (2018) opted to maintain the compression ratio within 9 and 13. Moreover, another 

modification to avoid knocking could be reducing the turbocharger pressure. 
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It is also necessary to replace the diesel injection system, with a supply system suitable for CNG. 

This system must be able to obtain an accurate air/gas mixture and supply it to the combustion 

chamber (von Mitzlaff, 1988). 

 

3.3.2. Possible diesel engine modifications to operate on natural gas 

This section explores the possible modifications that can be applied to the engine object of study 

to meet the requirements of a gas engine, exposed in section 3.3.1. 

 

3.3.2.1. Ignition system 

As stated, a natural gas engine requires an ignition system (Reif, 2015). Many authors such as 

Kumar (2018) or von Mitzlaff (1988) suggest implementing spark plugs to ignite the mixture, a 

system very similar to those found in gasoline engines. As the engine has four cylinders, it will be 

necessary to implement an ignition distributor system connected to the camshaft or the gear 

drive. Besides, with spark ignition, the air-fuel mixture must be close to stoichiometric (Stone, 

2012). 

Some authors also propose using another fuel to ignite the air-gas mixture, a system which is 

known as pilot injection (Prasad, et al., 2019; Xiang, et al., 2020). This concept would require using 

an air gas lean mixture. Besides, it would imply having to fuel systems – natural gas and diesel –, 

increasing the engine complexity. 

 

3.3.2.2. Compression ratio reduction 

Different methods can be applied to reduce the compression ratio. They essentially focus on 

increasing the cylinder clearance volume. 
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Piston modification 

One method is to machine off material from the piston. By milling the piston head, a bowl shape 

can be created. Apart from increasing the volume, this resulting geometry helps to obtain a 

proper natural gas and air mixture (Shinde, 2012). Even that, this process could alter the dynamic 

balance in the engine. Moreover, the machining must be accurate for the cylinder head not to 

become so thin (von Mitzlaff, 1988). 

Connecting rod modification 

Another possibility is to modify the length of the connecting rod. By reducing its length, the 

cylinder volume will increase, resulting in a lower compression ratio. Nevertheless, according to 

Kumar (2018), this method can be very costly. And an imprecise design can cause vibration and 

thermal stress to the piston. 

Cylinder head gasket 

The literature also suggests replacing the cylinder head gasket with a thicker one (Krishna, 2018; 

Kumar, 2018). This would enlarge the combustion chamber. An equivalent option suggested by 

Siripornakarachai & Sucharitakul (2007) is to add a plate known as a head spacer, similar to having 

two head gaskets. Both options do the same function but having a gasket plus a spacer may 

increase the risk of leakage. Anyway, these solutions rely on the availability of these parts or the 

feasibility of manufacturing them. 

Cylinder head exchange 

Von Mitzlaff (1988) also proposes to exchange the cylinder head for one that offers a higher 

combustion chamber volume, as an optimal method. However, it is subject to the availability of 

this part. 
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3.3.2.3. Fuel supply and mixing system 

For the gas supplying system, two different concepts are considered according to the literature. 

One option is to install gas injectors in the cylinder head, supplied by a gas rail. The other option 

is to implement a carburettor or an equivalent mixing device. 

Gas injectors 

The gas injectors concept is proposed by Kumar (2018). In this case, the gas is directed to the 

common rail which supplies the injectors, and there is one injector for each cylinder (Reif, 2015). 

Then, the mixture is formed in the intake manifold – indirect injection (IDI) – or in the combustion 

chamber – direct injection (DI) – (Mohamad, 2010). This option requires fitting both the gas 

injector and the ignition device in each cylinder. This means that the installation of injectors may 

require a new cylinder head which could be bought, if available, or manufactured, with its 

complex design. 

To solve the problem of fitting both the injector and the spark plug one alternative solution is the 

Spark Plug Fuel Injector (SPFI). This is a device that integrates both the injector and the spark plug, 

as seen in Figure 5. It was developed as part of a Ph.D. Thesis (Mohamad, 2010), but it is at an 

experimental stage, not being commercially developed.  

 

Figure 5 Spark Plug Fuel Injector design (Mohamad, 2010) 
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Mixing device 

With the mixing device option, there is no need to install injectors. The air-gas mixture is formed 

in the mixing device before the intake port. So, no modifications would need to be done to the 

cylinder head. But it must be verified if it is physically possible in terms of available space to install 

this mixing device on the existing engine set-up. Besides, there are different options regarding 

the mixing device.  

A simple mixing chamber such as a T-junction could be used to mix natural gas and air (Kok & van 

der Wal, 1996), in case the engine operates in steady conditions (von Mitzlaff, 1988). This means 

at constant speed and load. But the laboratory engine may be run at different speeds. 

Another option is a Venturi mixer, as suggested by many authors such as von Mitzlaff (1988), 

Siripornakarachai & Sucharitakul (2007), Rodriguez Cussó (2013) or Sandfirden Technics (n.d.). 

The Venturi mixer uses the same principle as the carburettor. 

 

3.4. SGI-4 industrial gas engine – a case study 

Industrial gas engine SGI-4 is an engine concept developed by the Dutch company Sandfirden 

Technics. According to the personal correspondence with the company (12.4.2021), this new 

engine is manufactured based on the existing Sisudiesel DWRIE 420 engine. 

The company designs and manufactures new cylinders heads with the necessary modifications to 

performance in natural gas. Moreover, some modifications are undertaken inside the pistons to 

get the desired compression ratios. Figure 6 shared by the company, illustrates the Sandifirden 

Technics engine which is quite similar to the lab Sisudiesel 420 DWRIE engine, however, an 

influential alteration has been carried out.  
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Figure 6 Different views of Sandfirden Technics modified engine (personal correspondence with the company, 

12.4.2021) 

The main modifications in the cylinder head are based on helping the engine to achieve a lower 

compression ratio and assembling a completely different injection system. As can be proved in 

Figure 6, no more direct injection is undertaken, and diesel injectors have been replaced by spark 

plugs since natural gas needs a spark to ignite. Instead, according to Sandfirden Technics (n.d.), a 

mixer type called Motortech VariFuel is used to blend the air and the natural gas in a manner 

analogous to the use of a carburettor in some liquid-fuelled engines. 

Therefore, Sandfirden Technics has successfully achieved to modify existing Sisudiesel engines to 

work in fuel gas which can be considered a good inspiration for the present thesis. 
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4. Natural gas engine concept 

4.1. Proposed strategies and concepts 

In section 3.3.2, the required modifications for obtaining a gas engine are presented and different 

options to implement these modifications are discussed. These modifications need to be 

considered as a whole. Thus, three different possible engine concepts and modification strategies 

are proposed: 

1) CNG SI engine with DI and the existing cylinder head 

2) CNG SI engine with DI and a replaced cylinder head 

3) CNG SI engine with air-mixing device 

 

Figure 7 gives a picture of the available possibilities for converting the Sisudiesel engine to a 

dedicated fuel gas engine according to the reflections of section 3.3.2. 

 

Figure 7 Decision diagram for engine modifying strategies and concepts 

Throughout the current section, Figure 7 contents will be developed and discussed to achieve an 

optimal concept of dedicated fuel gas engines.  

POSSIBLE MODIFYING 
STRATEGIES AND 

ENGINE CONCEPTS

CONCEPT 1

Take advantage of the 
existing holes in the 

cylinder head to set spark 
plugs and gas injectors

Potential space 
problems to fit 

everything

CONCEPT 2

Replace the cylinder head 
for one that can fit the 

spark plugs and gas 
injectors

Benchmark the 
market alternatives -
get a cylinder head of 

the same size

Develope a new 
design

CONCEPT 3

Assemble a mixing device 
and replace the existing 

injectors with spark plugs

Remove the direct 
injection system
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4.1.1. Concept 1. SI engine with DI and the existing cylinder head 

Regarding the engine concept, the first strategy implies an SI engine equipped with a natural gas 

injection system with a common rail.  

In the proposed strategy, the cylinder head is not replaced. Therefore, a head spacer should be 

installed to enlarge the combustion chamber and reduce the compression ratio. The thickness of 

this head spacer or gasket should be estimated and a market analysis carried out to obtain if it is 

manufactured. Otherwise, it would be possible to design and manufacture in detail a brand-new 

gasket in the university implying a high complexity level and demand which is out of the scope of 

this thesis. 

The whole diesel injection system should be substituted for a gas injection system with common 

rail therefore the diesel injectors should be removed. As the cylinder head is not replaced, it 

should be managed to accommodate the new gas injectors and the spark plugs with the space 

left. And this is the point that would represent the greatest challenge. 

Figure 8 shows the section of the Sisudiesel engine with the diesel injector. 

 

Figure 8 Section of the Sisudiesel engine with the injector yellow highlighted (Sisu Diesel Inc., 2002) 
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As seen in Figure 8, the injector highlighted in yellow is the one that requires replacement for 

both a spark plug and a gas injector. However, the existing injector holder body diameter is 21 

mm (see Figure 9).  

 

 

Figure 9 Sisudiesel 420 DWRIE injector holder body diameter – adapted from Stanadyne (2007) 

Therefore, is evident that it is no viable to fit a spark plug and a gas injector in the existing diesel 

injector diameter. To demonstrate it, Figure 10 shows graphically the three diameters 

superimpose. The spark plug diameter corresponds to the model CNG/LPG Laser Line 

commercialized by the dealer NGK (2019) with a diameter of 14 mm. The gas injector is the Fuel 

Injector High Impedance Gas Petrol Methanol from the dealer Bosch (Bsuplemen, 2021) with a 

body diameter of 16 mm. Notice that thorough market research for the most feasible gas injector 

and spark plug has not been carried out since the objective is only to figure out the physical 

problem of space availability.  
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Figure 10 Impossibility to fit the spark plug and the gas injector in the existing diesel injector hole 

 

Therefore, according to Figure 10, it is clear that there is no chance to fit the gas injector and the 

spark plug in the existing hole.  

An alternative option could be the SPFI, which integrates both the spark plugs and injectors in a 

device (see section 3.3.2.3). But this part is at an experimental stage and it is not available in the 

market. 

Finally, there are other points to focus on as well for instance the assembly of the gas common 

rail or the supply pump however, since it is a lab engine there would not be space problems to 

piecing together all that components.  

Consequently, it is deemed this strategy to be not feasible to implement in the lab engine mainly 

for the impracticability to take advantage of the existing cylinder head for fitting both the spark 

plugs and gas injectors.  

 

4.1.2. Concept 2. SI engine with DI and replaced cylinder head 

In this case, the engine concept is the same as in the previous strategy. It is a SI engine with a 

natural gas injection system with a common rail. 
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The existing cylinder head is to be replaced. An appropriate new cylinder head could satisfy 

multiple requirements needed for the engine operation on gas. Firstly, it would allow having a 

larger combustion chamber, to obtain the desired compression ratio. Thus, there would be no 

need to add a head spacer. Secondly, the cylinder head could be designed to accommodate at 

the same time the spark plugs and the gas injectors. Moreover, the combustion chamber shape 

could be optimised to facilitate the air-gas mixture combustion. 

This strategy requires having an appropriate cylinder head, which could be bought or designed 

and manufactured. Regarding the first option, it has been found that the company Sandfirden 

Technics (2020) has got modified cylinder heads for the Sisudiesel engine. These cylinder heads 

are specifically designed for engine operation on gas, but with a different engine concept (see 

section 3.4). Consequently, these cylinder heads are not adapted to lodge gas injectors. 

Furthermore, it has not been possible to verify its availability on the market.  

This leads to the second option, to design and manufacture a new cylinder head. Designing such 

a complex part would imply a complex process, which is out of the scope of the present thesis. 

So, for the unavailability of market supply of an adequate cylinder head, and the complexity of 

designing and manufacturing one, it is considered that this strategy is not effective for modifying 

the engine to operate on natural gas. 

 

4.1.3. Concept 3. SI engine with mixing device 

This strategy envisages an engine concept consisting of an SI engine with a Venturi mixer – gas 

mixer – as the natural gas supplying system. Thus, the obstacle of assembly of both the spark plug 

and gas injector in the existing diesel injector hole is dismissed.  

In this case, the cylinder head is not replaced. Therefore, a head spacer should be installed to 

enlarge the combustion chamber and reduce the compression ratio. A gas mixer would be 

installed and since the air-gas mixture would be carried out there, all the current injection system 

should be disassembled. Thus, the existing diesel injectors would be removed, and the space left 
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would be utilised to install the sparks plugs since there would be no need to install injectors in 

the cylinder head. 

This strategy requires replacing the cylinder head gasket with a thicker one or installing a cylinder 

head spacer. Any of these parts must be bought if available or manufactured. But in any case, 

designing and manufacturing them is much simpler than designing a whole cylinder head, as in 

the case of the second strategy proposed.  

It has also been taken into consideration the characteristics of the engine – see section 3.1.2 –, 

such as that it does not equip an ECU.  

In consequence, roughly, the use of a gas mixer, a gasket or cylinder head spacer, and spark plugs 

to convert the lab engine into a dedicated gas-fuelled engine seems to be an optimal and logical 

solution. Thus, this strategy is considered the most feasible according to the scope of this thesis 

and in section 4.2 it will be developed further.  
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4.2. Selected engine concept 

According to section 4.1, the selected engine concept and modifying strategy is the third one. As 

stated previously, this strategy is to assemble a mixing device, replace the existing injectors with 

spark plugs and use a thicker head spacer to reduce the compression ratio. Specifically, the mixing 

device would be a Venturi mixer. Figure 11 shows the basics of the gas engine according to the 

selected strategy.  

 

Figure 11 Gas engine diagram of the selected strategy 

 

The resulting engine will have the specifications listed in Table 7. During this section, a detailed 

explanation of this strategy is to be undertaken. 
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Table 7 Main gas engine characteristics compared to the original Sisudiesel engine 

Engine parameter Sisudiesel 420 DWRIE Gas engine 

Bore (mm) 108 108 
Stroke (mm) 120 120 
Displacement volume (dm3) 4.4 4.4 
Compression ratio 16.5 10.13 
Ignition type Compression Spark 
Fuelling system Direct Injection Venturi mixer 
Fuel Diesel CNG 

 

 

4.2.1. Ignition system 

The ignition system has the purpose of igniting the air-gas mixture in the combustion chamber. It 

must create a strong spark to ensure proper combustion of the mixture and fire this spark at the 

right time. 

As the Sisudiesel 420 DWRIE engine does not equip an ECU, a fully mechanical system is chosen. 

So, the adopted solution is the installation of a battery ignition system, equipped with spark plugs 

and a distributor, known as conventional coil ignition (Reif, 2015). This system is mechanically 

connected to the engine. 

It mainly consists of a battery that supplies a low voltage to the ignition coil. The coil steps up to 

higher voltage which is distributed to each spark plug by the distributor. Figure 12 shows a 

diagram of this ignition system.  
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Figure 12 Conventional coil-ignition system (Reif, 2015) 

The ignition system could be designed from zero, but also adapted from one used in another 

engine (Siripornakarachai & Sucharitakul, 2007). 

 

4.2.2. Compression ratio reduction 

To reduce the compression ratio, the cylinder head gasket will be replaced with a thicker one. 

This operation implies disassembling the cylinder head cover and the cylinder head. Then, the 

cylinder head gasket can be replaced. 
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Figure 13 Cylinder head gasket (yellow highlighted) disassembling – adapted from Sisu Diesel Inc. (2002) 

As stated in section 3.3.1 the value for the compression ratio should be between 10 and 13. But 

the exact value will depend on the new cylinder gasket thickness. It is considered that the cylinder 

gaskets can be obtained with a thickness precision of 0,5 mm. Therefore, Table 8 shows a range 

of gasket thickness values and the compression ratio that is obtained if installing them. 

 
Table 8 Values of compression ratio according to the thickness of the installed gasket 

New gasket thickness (mm) 𝒓𝑪 obtained 

3 13.45 
3.5 12.83 
4 12.28 

4.5 11.77 
5 11.31 

5.5 10.89 
6 10.49 

6.5 10.13 

7 9.80 

7.5 9.49 

8 9.20 

8.5 8.93 

9 8.67 

9.5 8.44 

10 8.21 

10.5 8.00 

 

Cylinder head cover 

Cylinder head 

Cylinder head gasket 

to replace 
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Compression ratio values from Table 8 are obtained according to the calculation methodology 

detailed in Appendix I, and assuming that the original Sisudiesel engine has a cylinder head gasket 

with a 1,1 mm thickness (Sparex, 2021). 

Initially, a compression ratio value of 10.13 is chosen for the modified gas engine, as it is an 

enough low value that could guarantee margin against knocking, according to section 3.3.1. This 

compression ratio corresponds to a gasket thickness of 6.5 mm. So, the resulting values are listed 

in Table 9. 

 

Table 9 Main gas engine parameters related to compression ratio reduction (see Appendix I). 

Parameter Value 

Cylinder head gasket thickness 6.5 mm 
Clearance height 13.155 mm 
Compression ratio 10.13 mm 

 

4.2.3. Fuel supply and mixing system 

Regarding the fuel supply and mixing system, the solution selected is the installation of a Venturi 

mixer – also known as a gas mixer, or Venturi jet mixer, or gas carburettor – fundamentally 

because of the space availability, its simplicity and reliability since it is a device used for many 

years.  

The existing supply and injection system must be disassembled. This means removing the 

injectors, the supply pumps, the various filters, and the pipes. Then the Venturi mixer will be 

installed. This device is to be installed between the air filter and the turbocharger to provide the 

air/gas mixture firstly to the intercooler and then to the intake manifold, as suggested in the 

research performed by Siripornakarachai & Sucharitakul (2007) and by the manufacturer 

Motortech (2018). 

The gas mixer to be assembled is driven by almost the same physical principle as conventional 

carburettors. According to Grzywacz (2017), the gas mixer operates because of the fluid-mechanic 
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effect based on Bernoulli’s principle of static pressure. As shown in Figure 14, the design of the 

converging part through which air (as the main fluid) passes makes an increase of the airflow 

velocity that causes a decrease in the air static pressure between the Venturi inlet (section 1) and 

the channel throat (section 2). That motives the suction effect of the passive fluid (CNG) which is 

aspirated in the mixing chamber in the required proportion and outputs on the diverging part 

with the proper air-fuel ratio.  

 

  

Figure 14 Schematic design of a Venturi mixer – adapted from Fox Venturi Products (2020) 

The most typical gas Venturi mixers have multiple side orifices in the mixing chamber through the 

passive fluid can be suctioned. Figure 15 shows an outline of the Venturi principle. 

 

 

Figure 15 Venturi principle (Grzywacz, 2017) 

High air mass 
flow inlet

High air 
velocity

Low static 
pressure in 
the throat

High air/CNG 
static pressure 

difference

Plenty CNG 
flows through 
the openings

Low air mass 
flow inlet

Low air 
velocity

High static 
pressure in 
the throat

Low air/CNG 
static pressure 

difference

Limited CNG 
flows through 
the openings



35 
 

 

Therefore, as explained in Figure 15, the Venturi mixer is considered a reasonable fuel supply 

solution since theoretically is capable to control by itself the gas amount to be injected. 

Siripornakarachai & Sucharitakul (2007) stated in their project to convert a diesel bus engine to 

work with natural gas that an optimal gas mixer for a natural gas engine should have a converging 

part of 40 mm of initial radius – section 1 of Figure 14 – and gradually narrowed with a cone angle 

of 10⁰. Moreover, they stated as well that the air speed should be in a range of values between 

100 and 150 m/s in the throat therefore, knowing the desired engine speed scope and the engine 

displacement volume, an approximation of the throat diameter – section 2 of Figure 14 – could 

be carried out to have an optimal gas mixer. 

Finally, Figure 16 is roughly outlined how the installation of the gas mixer should be performed.  

 

Figure 16 Integration of gas mixer in the engine 

 

Initially, when simulating the modified gas engine an AFR ratio of 17.2 is to be established because 

according to Shimatsu (2017), close to it is where the CNG has the most stable combustion since 

this value is the stoichiometric air-fuel ratio. Thus, all the oxygen and all the fuel should be 

consumed during combustion.  
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5. Engine modelling 

5.1. GT-Power software 

GT-Power Engine Simulation Software has been selected to model the Sisudiesel 420 DWRIE 

engine and the different modifications to work on fuel gas because of its versatility, flexibility, 

and manageable graphic user interface. GT-Power is an internal combustion simulation tool 

developed by Gamma Technologies and matches perfectly with this thesis requirements since has 

a detailed cylinder model and a precise combustion analysis with both steady-state and transient 

simulation options.  

According to Gamma Technologies (2021), GT-Power software is used by the vast majority of 

engine manufactures because it is able to model with a high level of detail all type of engines. It 

can predict accurately engines performance in terms of power, torque, fuel consumption, 

turbocharger performance, among others after asking for the introduction of plenty of precise 

data to adjust the results as much as possible to reality. 

Finally, highlight the great capacity and adaptability of the software to display results in many 

different ways, always standing out clarity and visuality without losing efficiency and pragmatism. 

GT-Power, as part of GT-Suite, has a huge object library that offers a large number of modelling 

possibilities. 

The software is based on modifying and completing existing templates from the Template Library 

to create objects that will be used in the model by dragging and dropping them in the interface’s 

map zone. These objects – now parts – have to be linked with connection objects and the 

necessary properties for each component have to be defined. Before running the simulation, the 

user may determine the required output information and specify the run options. 
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5.2. Sisudiesel 420 DWRIE modelling 

Modelling the Sisudiesel 420 DWRIE engine means not only to set into the software the engine 

specifications detailed in section 3.1.2 but also some other requirements which have to be 

measured from the environment – such as ambient temperature and pressure – or from the 

engine itself – such as some diameters and lengths. Furthermore, there has been personal 

correspondence with some companies from the engine manufacture sector to get some essential 

extra data.  

In sections 5.2.1, 5.2.2, 5.2.3 and 5.2.4 are explained special components of this 4-stroke engine 

which are the injection, the turbocharger, the intercooler and intake and exhaust manifold. 

Moreover, in Appendix II it can be found a table with the basic simulation parameters while 

through Appendix IV is possible to acquire the GT-Power simulation files.  

 

5.2.1. Diesel injection 

Accurate knowledge of the amount of diesel delivered by the injectors into the cylinders is 

essential to obtain a reliable and realistic simulation. In the Sisudiesel 420 DWRIE engine, the 

quantity of diesel injected mass is 90 mg and in Appendix I all the calculations that support this 

value can be checked. 

 

5.2.2. Turbocharger 

Engine Sisudiesel 420 DWRIE is equipped with a turbocharger. As stated by Reif (2014), 

turbocharger forces under pressure the aspirated air into de cylinders in order to increase the air 

mass and, consequently, boost the fuel mass which entails a greater engine efficiency and engine 

performance both in terms of power and torque. A turbocharger takes advantage of the hot and 

pressured exhaust gases to drive a turbine at high speed and, through a shaft, the rotation 

generated is brought to the compressor which compresses the intake air.  
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As shown in Figure 17, the turbocharger is modelled in the GT-Power software basely linking the 

components compressor-shaft-turbine taking into consideration the compressor inlet 

environment conditions and turbine outlet environment conditions. Moreover, both inlet and 

outlet pipes of the compressor and turbine are set in order to let the flow pass through them. 

 

Figure 17 Turbocharger modelling 

In Table 10, there is a simplistic explanation of all the items shown in Figure 17. 

 

Table 10 Turbocharger modelling parts 

Parts Explanation 

comp-inlet-1 Environment of the inlet air 
comp-in-1 Pipe which brings the inlet air towards the compressor 
compressor-1 Compressor 
pipe-to-int-1 Pipe which drives the outlet compressor air to the intercooler  
shaft-1 Turbocharger shaft 
Turbine-in -1 Pipe that transports the exhaust gases towards the turbine 
turbine-1 Turbine 
turbine-out-1 Pipe which brings the outlet turbine air towards the outlet environment  
turbine-outlet-1 Environment where outlet turbine gases are realised  
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Although the lab Sisudiesel engine is equipped with the turbocharger S1BG it has been possible 

to acquire neither the turbine and the compressor data map required by GT-Power nor shaft 

initial speed nor shaft moment of inertia. Some personal correspondence has been carried out 

with manufacturing companies of turbochargers such as Sandfirden Technics or Valmet but no 

success in terms of data obtaining was carried out. This is why the data maps of a turbocharger 

provided by GT-Power itself have been used – they can be checked in Appendix II. Emphasise that 

this turbocharger is manufactured for a 6-cylinders DI diesel engine which may disrupt the 

simulation results with the actual ones. Realize that this fact will have no effect on the conclusions 

reached in the thesis since both the modelling of the current engine and the modified engine will 

run with the same turbocharger. 

 

5.2.3. Intercooler 

Back to section 3.1.2, it has been detailed by the specifications of Sisudiesel 420 DWRIE engine 

manufacture that it has an intercooler air to water. Reif (2014) expounds on the need for the 

intercooler after the turbocharger compressor since in the compression process air is heated up 

– up to 180 ⁰C. Sisudiesel engine intercooler cools down the compressed air with a separate water 

circuit before entering the cylinder in order to have denser air to increase the cylinder charge. 

Therefore, more oxygen is available for the combustion reason why greater power is obtained at 

a given engine speed.  

GT-Power does not have an intercooler template by itself, that is why the intercooler is modelled 

treating it as a black box. As exposed in Figure 18, the modelling of the intercooler is based on the 

linking of several pipes which, adjusting their wall temperature and some reference objects, 

behave as a heat exchanger. The object IC-Eff comes from a template designed to impose cooler 

effectiveness with respect to the air mass flow at a given coolant temperature.  
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Figure 18 Intercooler modeling 

 

In Table 11 it is a brief description of the main parts of the intercooler modelling according to 

Figure 18.  

 

Table 11 Intercooler modelling parts 

Parts Explanation 

pipe-to-int-1 Pipe which brings the air from the compressor towards the intercooler 

cooler-in-1 

Pipes and flow splits of the intercooler modelling 
cooler-fsplit-1 
cooler-1 
cooler-fsplit-2 
cooler-in-2 

pipe-to-man-1 Pipe which leads the outlet air of the intercooler to the intake manifold 

IC-Eff-1 Object to impose cooler effectiveness 
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5.2.4. Intake and exhaust manifold 

Both intake and exhaust manifolds have to be discretised to achieve a good implementation in 

the GT-Power Software. The discretization process means dividing the physical volume of the 

manifolds into smaller sub-volumes by setting a series of general flow splits and pipes (Gamma 

Technologies, 2020). A general manifold can be conceived as shown in Figure 19.  

 

Figure 19 General manifold - adapted from Gamma Technologies (2020) 

So, as exposed in Figure 19 four bores connect the manifold toward the cylinders and a big bore 

connects the manifold either to the intake system or exhaust system. That big bore is always 

located on the opposite surface from where the cylinder bores are placed since the flow enters 

through one side of the manifold and leaves through the other side. 

For both the intake manifold and exhaust manifold it has been measured the total length, the 

diameter of the bore to cylinders, the diameter of the intake or exhaust bore and an 

approximation of the manifold diameter that is taken as a square to do the discretization – see 

the lateral parts of Figure 19. 

In Figure 20 and Figure 21 it can be seen both the modelling of the intake manifold and its 

discretization. Notice the colour code that correlates the different parts between the figures. A 

brief explanation of how the discretisation has been done follows. 

The yellow parts correspond to the main flow splits (intman-fs) that collect air from the intake 

manifold and distribute it to the cylinders. They have a volume of 480,000 mm3 according to their 

dimensions 100x100x48 mm. The blue pipes (intman-pipe) connect the main flow splits, and the 

length of 86 mm is obtained through geometrical relation between the measurements.  
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Figure 20 Intake manifold 

modelling in GT-Power 

 
 

Figure 21 Discretization of the intake manifold - adapted from Gamma 

Technologies (2020) 

 

Finally, the central part of Figure 21 is the volume where the inlet air from the intercooler enters 

– cyan section – and is flowed towards both sides – purple sections. The cyan volume (intmancool-

fs) is a flow split of 700,000 mm3 volume based on its dimensions 100x100x70 mm. The length of 

8 mm of each of the two purple pipes (intmancool-pipe) is determined by geometrical relations 

between the lab measurements. The green circles of Figure 20 are EndFlowCap which are two 

objects that cap the third unnecessary port of the flow splits of the sides.  

In reference to Figure 22 and Figure 23, in this case, they represent the modelling of the exhaust 

manifold and its discretisation, again notice of the colour code that links the parts of both figures.  
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Figure 22 Exhaust manifold 

modelling in GT-Power 

 
 

Figure 23 Discretization of exhaust manifold - adapted from Gamma 

Technologies (2020) 

 

The discretization is completely analogous to the one undertaken in the intake manifold. The main 

difference between the intake manifold and exhaust manifold discretization is the direction in 

which the air flows. Figure 21 and Figure 23 have additional information concerning the 

orientation of the three ports of the flow splits which is essential for the modelling in GT-Power 

software. 

 

5.2.5. Sisudiesel 420 DWRIE engine model  

In Figure 24 it can be appreciated the definitive engine model of the original 4-cylinders Sisudiesel 

420 DWRIE engine.  
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Figure 24 Sisudiesel 420 DWRIE engine modelling in GT-Power software 
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5.3. Modified engine modelling 

The modified gas engine is to be simulated from the GT-Power model of the Sisudiesel 420 DWRIE 

engine carried out in section 5.2. The simulation of the Sisudiesel done will undertake some 

changes to run with CNG, the most significant ones will be described in the current chapter. 

Moreover, in Appendix II it can be found a table with the basic simulation parameters while 

through Appendix IV is possible to acquire the GT-Power simulation files. Notice that most of the 

modifications do not have a visual effect on the model since after all, the engine parts are almost 

the same. 

 

5.3.1. Cylinders and engine 

As stated in section 4.2, CNG demands spark plugs to ignite and perform proper combustion, so 

the combustion is changed from a CI to a SI designing a new combustion object in the cylinders 

called gas_Comb. Moreover, the compression ratio is required to be reduced, thus according to 

section 4.2.2, it is set to a value of 10.13 although is subject to further changes when simulating. 

To achieve it, modifications are undertaken in the Cylinder Geometry Object setting the desired 

compression ratio and a TDC Clearance Height of 13.155 mm according to the calculations carried 

out in Appendix I. 

 

5.3.2. CNG 

A CNG reference is created with the data of Table 12 and with the composition detailed in Table 

13, according to the specifications of section 3.2.4. 
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Table 12 CNG reference object 

Template FluidMixtureCombined 
Object Name Natural_gas 

 

Table 13 CNG composition inputted in the model 

Fluid object Mass or volume fraction Molar fraction 

Methane 0.88 0.943 
Ethane 0.06 0.034 
Propane 0.06 0.023 

 

The CNG object (Table 12) is set in the inlet environment of the fuel supply, modelling the gas 

that would come from a tank. Moreover, all parts downstream of the Venturi mixer until the 

cylinders have an initial condition inside them of a mix of air (96.3%) and CNG (3.7%). That initial 

condition FluidInitialState is set as a reference object that describes the initial conditions inside 

that parts to start the simulation. 

Based on its composition (Table 13) the CNG Methane Number (MN) is 81.9. This value is 

calculated using the online tool from Cummins Westport (2018), which outputs the MN from the 

molar fraction values. The MN value is within the limits, according to standards (see section 3.2.4). 

 

5.3.3. Fuel supply 

The Venturi mixer is modelled through a template called FlowSplitTRight which is basically a 

T-junction called Venturi. As can be checked in Figure 25, the atmosphere air inlet is through port 

1, the CNG inlet is via port 3 and the outlet mixture is across port 2. To simulate in the gas mixer 

the appropriate Venturi effect, a Controller (AFRController) and a Throttle (AFRthrottle) are 

assembled between the CNG source (Natural-gas-env-1) and the Venturi mixer. The 

stoichiometric AFR target of 17.2 (see section 4.2.3) is set in the object StoichFuelFlowTarget 

although is subject to further changes when simulating. 
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Figure 25 Simulation in GT-Power of the fuel supply system 

According to Figure 25, the device works in such a way that the StoichFuelFlowTarget obtains the 

engine air inlet flow information from the bellmouth-5 orifice and acts on the controller to change 

the throttle angle in order to provide the necessary gas flow to the Venturi mixer to maintain the 

desired AFR. 

 

5.3.4. Knocking phenomenon monitoring 

To control the knocking phenomenon in the engine, a reference object is created which will be 

called during the combustion simulation. This object uses the Knock Model 

Kinetics-Fits-Natural-Gas, which is suitable for natural gas engines. Table 14 details the 

specifications of this reference object. 
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Table 14 Knocking monitoring object 

Template EngCylKnock 
Object name Knocking 
Knock model Kinetics-Fits-Natural-Gas 
Fuel methane number 81.9 

 

This reference object is configured to only monitor knocking and output it. But it does not affect 

the simulation or varies other parameters in case of noticing the knocking phenomenon. 

  

5.3.5. Sisudiesel 420 DWRIE gas engine model 

In Figure 26 the definitive 4-cylinders Sisudiesel 420 DWRIE gas engine model can be seen.  
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Figure 26 Gas engine modelling in GT-Power software
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6. Engine simulation 

6.1. Sisudiesel 420 DWRIE simulation 

The Sisudiesel modelled engine has been simulated running at different speeds from 1000 to 2600 

rpm (with a 200-rpm increment). Figure 27 and Figure 28 respectively show the power and torque 

curves obtained in the simulation – red lines – compared to those provided by the manufacturer 

(see Appendix III) – blue lines. 

 

Figure 27 Sisudiesel 420 DWRIE Brake Power curves from the simulated data – red – and the manufacturer data – 

blue 

 

Figure 28 Sisudiesel 420 DWRIE Brake Torque curves from the simulated data – red – and the manufacturer data – 

blue 
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According to Figure 27 and Figure 28, it can be stated that both simulated curves have high 

similarity with the ones from the manufacture, with almost the same shape. However, a little 

anomaly in the simulation curves between 1000-1400 rpm can be appreciated in both figures fact 

that is blamed for a simulation error since the irregularity is slight.  

Notice that both power and torque simulation data are about 15% lower than those provided by 

the manufacture – comparison data is taken at 1800 rpm. That little difference is attributed 

mainly to the fact that the turbocharger simulated is not the same as in reality. As mentioned in 

section 5.2.2 it has not been possible to get data from the real turbocharger. Therefore, it has 

been implemented a 6-cylinder turbocharger acquired from the GT-Power itself. Nevertheless, 

the thesis aim is not affected by this fact since the discussion of the gas engine setup will be 

always with the same turbocharger. Moreover, the impossibility to physically measure some parts 

of the engine is another element that may have its degree of responsibility in the results. The 

solution carried out has been to get that data from that parts from GT-Power tutorials and 

likewise that in the turbocharger case, it will not have any effect in the thesis aim since gas engine 

setup will always have the same physical data.  

Therefore, it can be stated that the result of the Sisudiesel 420 DWRIE simulation is very close to 

reality. It can be considered a great and valid reference to set as a starting point to modify, in 

order to simulate a gas engine. 
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6.2. Modified engine simulation 

The engine initial configuration is the one stated in section 4.2. This configuration is to be 

simulated to compare with the Sisudiesel engine simulation results (see section 6.1). 

Further on, the current section is to undertake variations to decide the most optimal gas engine 

setup. The simulation is to be focused on two variables: the compression ratio (CR) and the air-

fuel ratio (AFR). It will be used the ceteris paribus method to get results. Therefore, in the first 

simulation profiles, all variables are to be insulated except the compression ratio that is to vary 

within the literature proposed range (see subsection 6.2.2). In the second simulation profile, the 

variable to modify is the air-fuel ratio also within the literature suggested span (see subsection 

6.2.3).  

 

6.2.1. Modified engine performance 

The gas engine is simulated to check its performance and compare it with that of the original 

Sisudiesel engine. To conduct this study, power – Figure 29 – and torque – Figure 30 – curves from 

both engines are to be plotted. 

 

Figure 29 Power curves comparison from the original Sisudiesel 420 DWRIE and the gas engine 
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Figure 29 shows that both power curves have a similar shape and tendency. The power increases 

with speed in both cases. However, the modified engine has less power compared to the 

Sisudiesel. This is valid for nearly the whole range of engine speeds that the simulation has been 

conducted. But, while at low speeds (around 1000 rpm) the engines power outputs are very 

similar, the differences become more evident at higher speed. 

It is noticed that, in the case of the modified engine power output (yellow curve in Figure 29), the 

results show an anomaly starting from the engine speed of 2000 rpm. This curve reaches a sudden 

value higher than 80 kW, coming from an output lower than 60 kW at about 1900 rpm, which is 

an unrealistic increase. 

If dismissing this value, it is obtained that the modified engine has a power output ranging 

approximately from 33 to 50 kW, while the diesel engine goes from 37 to 78 kW. This means that 

the modified gas engine has between 10-35% less power than the Sisudiesel engine –depending 

on the engine speed point at which the data is compared.  

 

 

Figure 30 Torque curves comparison from the original Sisudiesel 420 DWRIE and the gas engine 

In Figure 30 it can be seen that similar to what happens with power, the modified gas engine has 

less torque. In this case, some differences can be appreciated in the curve shapes and tendencies. 
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Whereas the diesel engine has the higher torque at about 1400 rpm and then it starts to decrease, 

the modified engine has its maximum torque at 1000 rpm and constantly decreases for the whole 

simulation until it reaches a speed of 1900 rpm. 

It is from this point of 1900 rpm that the same anomaly as in the case of the power graph (Figure 

29) can be found. Torque also shows a sudden increase, which may not be realistic. If data from 

this value are dismissed, the modified engine has a torque output ranging approximately from 

314 and 248 Nm, while the diesel engine goes from 411 to 356. Therefore, the modified gas 

engine has between 12-33% lower torque performance than the Sisudiesel engine – depending 

on the engine speed point at which the data is compared.  

According to the data exposed in Figure 29 and Figure 30, simulation results for engine speeds 

higher than about 1900 or 2000 rpm, are unrealistic. For this reason, in the following simulations, 

the range of speeds will be limited between 1000 and 1900 rpm, and the results out of this range 

are dismissed. 

Therefore, in accordance with all that has been discussed in this section, the data from the 

modified gas engine is considered coherent and valid. According to the literature, a lower 

modified gas engine performance with respect to the diesel engine was expected. Thus, gas 

engine data obtained in the current section is to be used as a basis for the simulations in sections 

6.2.2 and 6.2.3. 
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6.2.2. Compression ratio values sweep 

Different values of compression ratio are considered, to analyse their influence on the gas engine 

performance and to check if they can cause knocking. 

 

6.2.2.1. Parameter values justification 

The range of different compression ratio values to be simulated is presented in Table 15, based 

on those considered in section 4.2.2. 

 

Table 15 Range of compression values to be simulated 

 

 

Values from Table 15 are selected to cover the range from 10.13 (the initially selected value – see 

sections 4.2.2 and 5.3.1) and 13 (the maximum recommended by the literature), in order to 

investigate the possibilities of a compression ratio increase. Additionally, it is simulated a much 

lower compression value (CR=8) than the initially selected. 

 

6.2.2.2. Output data 

Figure 31 shows the knocking probability for the whole range of simulated speeds and each value 

of the studied compression ratios. As seen, it is not expected to suffer knocking phenomenon for 

the initially selected CR value of 10.13. Besides, when increasing the CR value, the engine is still 

resistant to knocking for the range of simulated speeds. Also, when lowering this value to CR=8 

knocking phenomenon does not occur as expected for lower compression ratios. 

𝒓𝑪 to simulate New gasket thickness (mm) Clearance height (mm) 

10.13 6.5 13.15 
10.89 5.5 12.15 

11.77 4.5 11.15 

12.83 3.5 10.15 
8.00 10.5 17.15 
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Figure 31 Knocking Probability for different compression ratios of the gas engine 

 

Focusing on Figure 32 and Figure 33, it is analysed the effect of varying the compression ratio on 

engine performance. 

 

 

Figure 32 Effect of the compression ratio on the Brake Power curve of the gas engine 
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Figure 33 Effect of the compression ratio on the Brake Torque curves of the gas engine 

 

Results show that rising the compression ratio derivates, in general lines, in better engine 

performance, as both power (Figure 32) and torque (Figure 33) increase. And this increase is more 

pronounced at mid speeds. If comparing the initially selected value for compression ratio 

(CR=10.13) and the highest simulated value (CR=12.83) it is appreciated an increase of 4.6% for 

both power and torque at 1400 rpm while at 1800 rpm this increase is only 2%. 

Finally, in Figure 34 the effect of variating the CR on the Brake Specific Fuel Consumption (BSFC) 

is presented.  

 

Figure 34 Effect of the compression ratio on the fuel consumption of the gas engine 
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The results from Figure 34 show that the BSFC is higher with lower compression ratio values. So, 

an increase from the initially selected CR (CR=10.13) to the maximum CR (CR=12.83), would imply 

a 4.5% decrease in the BSFC at 1800 rpm. At the same time, it shows that reducing the 

compression ratio to a low value such as 8 would result in a significant BSFC increase.  

Therefore, these results reflect the possibility to optimise the engine performance by increasing 

the compression ratio to a value near 13 as suggested by the literature (section 3.3.1). The highest 

simulated value (RC=12.83) has shown better engine performance as well as lower BSFC while 

being resistant to knocking. 

 

6.2.3. A/F ratio values sweep 

The 17.2 initial CNG stoichiometric AFR value will undertake some variations to examine its 

influence on the gas engine performance and consumption. As stated in section 6.2.1, it will be 

swept the engine speed from 1000 to 1900 rpm. 

 

6.2.3.1. Parameter values justification 

From the stoichiometric CNG AFR, it will be taken two values above and two values below within 

a maximum range of about 10% difference since according to the literature (see section 4.2.3) the 

stoichiometric ratio should be the most appropriate. Table 16 are presented the AFR values to be 

simulated. 

 

Table 16 Range of AFR values and their percentage difference to the stoichiometric value to be simulated 

AFR  Percentage difference 

19 + 10.5 % 
18 + 4.7 % 

17.2* - 
16 - 7 % 
15 - 12.8 % 

* Stoichiometric value used in the main simulation  
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6.2.3.2. Output data 

As can be appreciated in Figure 35, all fuel ratios imposed when simulating are fulfilled which is a 

great indication to believe that the simulation has succeeded.  

 

Figure 35 AFR of each case simulated of the gas engine 

Figure 36 shows the effect of each AFR on the power curve while Figure 37 shows the effect of 

the AFR on the torque curve. Both charts demonstrate that the AFR above the stoichiometric – 

which is 17.2 – has a lower engine performance in terms of both power and torque than the 

stoichiometric one. For instance, the maximum percentage decrease between the AFR curve of 

19 and the stoichiometric one is 13.7% both in terms of power and torque.  

 

Figure 36 Effect of the AFR on the Brake Power curves of the gas engine 
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Figure 37 Effect of the AFR on the torque curves of the modified gas engine 

However, according to Figure 36 and Figure 37 and focusing on AFR of 15 and 16 which are below 

the stoichiometric one, the engine performance is quite similar to the stoichiometric. Especially 

notice that the curves of the value 16 AFR have almost the same shape as the stoichiometric AFR 

curves. Therefore, it can be stated that within the range of AFR between 16-17.2 the engine 

performance can be considered identical so, theoretically, either value can be chosen arbitrarily 

when implementing the gas engine. 

Finally, a comparison of engine consumption is to be undertaken. Figure 38 illustrates the Fuel 

Energy Entering Cylinder, Figure 39 shows the Throttle Angle, Figure 40 points out the Brake 

Specific Fuel Consumption (BSFC).  
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Figure 38 Effect of the AFR on the Fuel Energy Entering Cylinder curves of the gas engine 

 

Figure 39 Effect of the AFR on the Throttle Angle curves of the gas engine 

 

Figure 40 Effect of the AFR on the Brake Specific Fuel Consumption curves of the gas engine 
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About the Fuel Energy Entering Cylinder chart (Figure 38), it can be stated that the higher the AFR, 

the less energy enters the cylinder. This fact is logical since at a high AFR the mixture has a low 

proportion of CNG which means lower energy. As can be proved in Appendix IV, the real Sisudiesel 

engine has always 3870 J of fuel energy entering the cylinder since as stated in section 5.2.1, 90 

mg of diesel is injected in every cycle. Therefore, according to the Figure 38 chart, setting an AFR 

close to the stoichiometric the fuel entering the cylinder is always lower in the CNG engine than 

in the real Sisudiesel engine.  

Focusing on the Throttle Angle chart (Figure 39), the results can be considered consistent since at 

a lower AFR more fuel needs to be used so the throttle angle is to be higher. Finally, concentrating 

on the BSFC chart (Figure 40), AFR below the stoichiometric has a much higher brake specific fuel 

consumption than the stoichiometric and those above it. There is a maximum increase of 21% 

between the BSFC of the stoichiometric AFR and the AFR of 15. However, the AFRs above the 

stoichiometric one has a fuel consumption that can be considered almost identical to the 

stoichiometric. Notice that the gas engine BSFC range is between 210-275 g/kWh while according 

to Appendix IV the simulated Sisudiesel engine has a BSFC range between 250-330 g/kWh. 

Therefore, it can be stated that the gas engine is to be more efficient than the Sisudiesel engine. 

Therefore, it can be concluded that the gas engine performance less power and torque and has 

lower fuel consumption than the actual Sisudiesel engine. The best AFR to be fixed in the gas 

engine is the stoichiometric one because the above AFRs have less engine performance and the 

below AFRs have higher consumption. That fact matches with the literature that suggests 

establishing a stoichiometric AFR. 
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7. Results and discussion 

Initial aims and objectives 

The first objective of the current thesis was to study the laboratory diesel engine described in 

section 3.1.2 and explore how can it be restructured to work on fuel gas. The engine has been 

analysed and well defined by consulting its manuals and by carrying out technical visits to the lab. 

The following objective aimed to decide which was the most viable fuel gas to implement on the 

engine. This objective was met in section 3.2, conducting a literature review of the available 

gaseous fuels which includes diverse aspects such as their properties or their compatibility with 

the engine object of the study. 

The third objective was to define the engine concept to be adapted for operating on fuel gas. 

Once the fuel gas was defined, Chapter 4 has proposed different engine modifying strategies 

supported by the previous literature review. The objective has been met by defining, in section 

4.2, the strategy to be implemented based on the prior conducted study of the laboratory engine. 

The last objective was intended to model and simulate the defined gas engine concept. This 

simulation has been successfully conducted using GT-Power software, allowing to check engine 

operation, performance, and consumption.  

Other published work 

Compared to other related work, this research had to deal with the fact that the Sisudiesel engine 

object of study is an old engine, which does not equip an electronic control unit (ECU). This has 

conditioned the adopted solutions for converting the engine to work on gas. In that respect, other 

authors opted for more contemporary solutions, for instance using gas fuel injectors 

electronically controlled (Kumar, 2018; Krishna, 2018) instead of the Venturi mixer. Besides, this 

investigation proposes to use of a fully mechanical ignition system, which since the end of the 

1990s is not frequently used as stated by Reif (2015). But this does not make these adopted 

solutions less valid as they are simple and well-proven technology. 
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Regarding the performance decrease found when operating the engine on gas this investigation 

coincides with other authors. Simulation in section 6.2.1 showed a maximum 35% power 

decrease, similar to the 31.8% decrease observed by Chandra, et al. (2011). Also, less torque has 

been observed as in the case of Semin, et al. (2009b). 

Limitations 

There have been found some limitations to exactly reproduce the existing Sisudiesel engine in the 

modelling software. The model requires numerous detailed parameters, and it was possible to 

obtain some of them neither from the manufacturer data nor from laboratory measurements. 

This includes, for instance, some pipe dimensions in the intake manifold or a detailed intercooler. 

Thus, these values had to be estimated based mainly on the GT-Power bank of data.  

Another example of this is the difficulties in modelling the engine turbocharger. The turbocharger 

of the Sisudiesel simulation is from a 6-cylinder engine. As explained in section 5.2.2 it was the 

only available turbocharger map data to implement. In comparison with the real Sisudiesel 

turbocharger, the 6-cylinder one has less speed but more mass flow rate and pressure ratio 

(according to compressor data from BorgWarner (n.d.)). It is one of the main reasons why the 

simulation output is not exactly the same as the Sisudiesel data. Attempts have been made to 

contact manufactures to get the data without success. Nevertheless, after all, it does not affect 

the aim of the work since the same turbocharger is implemented in the real Sisudiesel and the 

modified one so a sensitivity analysis can be performed with no problems.  

Consistencies and inconsistences  

The investigation has achieved a valid gas engine concept and a simple modifying strategy, 

suitable for the Sisudiesel considering its characteristics. The engine simulation shows logical 

results in the engine range of speeds between 1000 and about 2000 rpm. But it is from this speed 

that the simulations results are inconsistent. This might be attributed, on one hand, to the 

described modelling limitations and on the other hand, to the fact that the original diesel engine 
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is designed to operate at low speeds. A speed exceed would imply inertial problems since 

according to the engine dimensions is to run at a maximum of 2200 rpm (see Appendix III).   



66 
 

 

8. Conclusion  

Alternatives fuels such as fuel gases are a mid-term alternative for IC engines to reduce their 

emissions. Thus, it is worthwhile for the Novia UAS engine laboratory to have a gas engine. 

Research has been conducted to decide the most appropriate fuel gas to implement and the most 

feasible strategy to adapt the engine. In that respect, it has been found that there are multiple 

valid options to adapt the diesel engine, with its benefits and drawbacks. Moreover, an adequate 

fuel gas has been chosen and an engine concept presented in agreement with the project scope. 

It has been determined that CNG is the most appropriate fuel gas to implement in the engine. 

Principally because of the engine implementation feasibility but also according to its availability 

and ease of storage. Then, it has been presented the chosen engine concept to operate on CNG, 

which consist of a spark-ignition engine with a Venturi mixer as the main part of the fuel system 

and a reduced compression ratio regarding the initial diesel engine to avoid the knocking 

phenomenon. 

The modelling and simulation of the defined engine concept have allowed checking the 

appropriate engine operation and its performance. According to the simulation results, the 

modified engine has an adequate operation at low engine speeds (1000 to 2000 rpm). But at 

higher speeds, it has not been possible to obtain consistent simulation results. Besides, in the 

range of the consistent results, it has been found that the gas engine has a lower performance 

compared to that of the original diesel engine. Specifically, the gas engine has 10-35% less power 

and 12-33% less torque than the Sisudiesel which is in line with the literature.  

The simulation has also taken the first approach to optimize the CR value. It has shown that by 

increasing CR from the lowest values suggested by the literature (8-10) to values around 13, the 

engine performance and efficiency slightly improve while maintaining it within the knocking 

limits. Regarding the optimization of the CNG AFR, it has been possible to demonstrate through 

the simulation that, as stated in the literature, the best option is to keep the stoichiometric ratio, 

which is exactly 17.2. Maintaining the stoichiometric ratio improves engine performance as well 

as enhances CNG consumption. 
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Therefore, it can be concluded that the thesis has been successfully developed and that all the 

proposed objectives within the scope of the research have been achieved. 

With regards to recommendations and suggestions for future research, this thesis can be 

considered the first step in the aim of having a gas engine in the lab for academic applications. It 

has been undertaken theoretical research about the best fuel gas and the optimal strategy to 

carry out the engine modifications, all supported by simulations in the GT-Power. Thus, plenty of 

future research could benefit from this thesis’ conclusions which can be divided into two parts. 

On the one hand, improving the GT-Power simulations considering additional data. On the other 

hand, carrying out the physical implementation of the engine in the lab. 

Below, the most important insights for future research are presented. 

GT-Power simulations 

• Disassemble the existing lab engine to be able to measure in detail all the engine parts 

and input that data into GT-Power to obtain a simulation even closer to reality – especially 

measure the pipes of the intake and exhaust manifold. 

• Collect lab data from the real Sisudiesel turbocharger and implement it in GT-Power – 

including the by-pass to have a simulation closer to reality.  

• Research a gas turbocharger map to implement and improve the gas engine performance.  

PHYSICAL IMPLEMENTATION 

• Design and manufacture the head spacer 

• Design the ignition system or adapt an existing one 

• Benchmark catalogues from manufactures to acquire the proper parts to work in a gas 

engine such as the gas mixer, spark plugs… taking into account both economic aspects and 

optimum engine performance  

• Design the exhaust gas treatment system 

• Implement physically the engine gas in the lab 
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Appendix I. Calculations 

1. Compression ratio and gasket thickness  

The compression ratio (𝑟𝐶) is defined as: 

 𝑟𝐶 =
𝑉𝐷 + 𝑉𝐶

𝑉𝐶
 (1) 

Where: 

 𝑉𝐷 Displacement volume 
 𝑉𝐶 Clearance volume 

And clearance volume (𝑉𝐶) is defined as: 

 𝑉𝐶 = 𝜋
𝐷2

4
· ℎ𝐶  (2) 

Where: 

 𝐷 Cylinder bore 
 ℎ𝐶  TDC Clearance Height 

 

Generic cylinder drawing, with the TDC Clearance Height parameter represented – adapted from Gamma 

Technologies (2021) 
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1.1. Original engine clearance height 

From the Sisudiesel 420 DWRIE engine manual (Sisu Diesel Inc., 2002), the following data is 

obtained.  

 Compression ratio 𝑟𝐶 = 16.5 
 Cylinder bore (mm) 𝐷 = 108 
 Cylinder displacement volume (mm3) 𝑉𝐷 = 1,1 

From this data and using formulas (1) and (2), the original engine ℎ𝐶  is obtained: 

 ℎ𝐶 =
4 · 𝑉𝐷

𝜋 · 𝐷2 · (𝑟𝐶 − 1)
= 7,75 mm  

 

1.2. Modified clearance height and compression ratio 

The replacement of the cylinder head gasket modifies the original clearance height (ℎ𝐶). Be 𝑑1 the 

thickness of the existing cylinder head gasket, and 𝑑2 the thickness of the new cylinder head 

gasket. Then, and according to formulas (1) and (2), the new clearance height (ℎ𝐶 ′) is defined as: 

 ℎ𝐶 ′ = ℎ𝐶 + 𝑑2 − 𝑑1 (3) 

 

Thus, the new compression ratio (𝑟𝐶′) is defined: 

 𝑟𝐶′ =
4 · 𝑉𝐷

𝜋 · 𝐷2 · ℎ𝐶 ′
+ 1 (4) 
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2. Injected mass 

The Sisudiesel 420 DWRIE engine manual (Sisu Diesel Inc., 2002, pp. 14-5) gives the data of the 

pumped fuel per stroke: 

 𝑉𝑓 = 107 mm3/stroke   

From this value, it can be calculated the total fuel injected mass (𝑚𝑓,𝑡𝑜𝑡𝑎𝑙) in one engine cycle: 

 𝑚𝑓,𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑓 · 4 strokes · 𝜌𝑓𝑢𝑒𝑙 (5) 

Where: 

 𝑉𝑓 Fuel volume per stroke 

 𝜌𝑓𝑢𝑒𝑙 Fuel density 

 

So, the total fuel injected mass (𝑚𝑓,𝑡𝑜𝑡𝑎𝑙) in one engine cycle is: 

 𝑚𝑓,𝑡𝑜𝑡𝑎𝑙 = 107 
mm3

stroke
· 4 strokes · 848 · 10−3

mg

mm3
= 362.94 mg  

 

As there are four injectors, the injected mass (𝑚𝑓) on each one is: 

 𝑚𝑓 =
362.94

4
≈ 90 mg  
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Appendix II. GT-Power simulation data 

This appendix summarizes a set of data that has been inputted in GT-Power simulation 

software. 

Basic simulation parameters 

The following table shows the parameters that have been introduced to GT-Power simulation 

software. In the column called Modified gas engine model, only those items that differ between 

the Sisudiesel engine model and the modified engine model are specified. The blank cells indicate 

that there are no changes in the modified gas engine model compared to the diesel engine model. 
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Simulation reference objects 
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Turbocharger data  

Compressor Map  Turbine Map 

 RPM kg/s  fraction   
RPM/K

^0,5 

(kg/s)-
K^0,5/

kPa 
 Fraction 

1 55984 0.15 1.75 0.67  1 1821.9 0.027 1.22 0.68 

2 55984 0.2113 1.703 0.737  2 1821.9 0.03 1.26 0.76 

3 55984 0.2769 1.669 0.763  3 1821.9 0.032 1.30 0.79 

4 55984 0.3333 1.608 0.735  4 1821.9 0.0349 1.35 0.806 

5 55984 0.3948 1.494 0.639  5 1821.9 0.0352 1.38 0.785 

6 73974 0.23 2.42 0.68  6 2225.1 0.035 1.42 0.74 

7 73974 0.3119 2.382 0.74  7 2225.1 0.037 1.47 0.76 

8 73974 0.3871 2.348 0.771  8 2225.1 0.038 1.52 0.776 

9 73974 0.4586 2.225 0.745  9 2225.1 0.04 1.57 0.784 

10 73974 0.5286 1.969 0.639  10 2225.1 0.041 1.62 0.778 

11 88485 0.36 3.21 0.69  11 2567.4 0.0405 1.66 0.74 

12 88485 0.4388 3.191 0.746  12 2567.4 0.041 1.71 0.76 

13 88485 0.4869 3.152 0.758  13 2567.4 0.042 1.76 0.774 

14 88485 0.5468 2.963 0.731  14 2567.4 0.043 1.81 0.78 

15 88485 0.5975 2.536 0.635  15 2567.4 0.044 1.85 0.77 

16 102000 0.44 4.022 0.7  16 2863.6 0.0425 1.90 0.74 

17 102000 0.52 4.018 0.709  17 2863.6 0.043 1.95 0.76 

18 102000 0.5455 3.967 0.712  18 2863.6 0.0435 2.00 0.775 

19 102000 0.58 3.785 0.7  19 2863.6 0.044 2.06 0.781 

20 102000 0.63145 3.223 0.631  20 2863.6 0.0445 2.10 0.77 

      21 3133.6 0.0445 2.17 0.745 

      22 3133.6 0.045 2.26 0.76 

      23 3133.6 0.0452 2.35 0.776 

      24 3133.6 0.0454 2.44 0.782 

      25 3133.6 0.0456 2.52 0.77 

 

Other data  
Shaft initial speed 96000 RPM 
Shaft moment of inertia 0.0005 kg-m^2 

All the turbocharger data are those used in Gamma Technologies (2020) Tutorial 7. 
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GT-Power angle management 

This section is a quick walkthrough about how GT-Power deals with 

valves openings according to crankshaft angles.  

Template: ValveCamConn 
Parts: intvalve and exhvalve 

 

 

Cam Timing Angle* 
Crank angle value at which the valve opening 
is maximal 

Crank Angle 
It means that when the piston is at TDC 
Firing, the crank angle is set to 0. 

Theta = 0 
At the tab Lift, at the column called Angle 
array the angle is set to 0 when the valve 
opening is maximal (Lift array).  

Valve lash 
Actuation space when the cam does not 
activate the valve – see figure below. 

* see the last part of the section to know how to calculate that value 

 

Adapted from ScooterFocus 

 Manufacture GT-Power 

Intvalve 
Valve open 

(TDC) 
Valve close 

(BDC) 
Valve open 

(TDC F) 
Valve close 

(TDC F) 
0⁰ 16⁰ (after) 360⁰ 556⁰ 

Exhvalve 
Valve open 

(BDC) 
Valve close 

(DC) 
Valve open 

(TDC F) 
Valve close 

(TDC F) 
39⁰ (before) 1⁰ (after) 141⁰ 361⁰ 

 

Adapted from 123RF 

Calculation of Cam Timing Angle: mid-point between the valve open 

and the valve close. 

Intvalve 
556 + 360

2
= 458⁰ 

At these crank angle values, the 
valve is maximum opened (Lift 
Array) and the Angle Array must 
be 0  

Exhvalve 
361 + 141

2
= 251⁰ 

Valve 

lash 

http://www.scooterfocus.com/scooter_valve_clearance.html
https://www.123rf.com/photo_87963536_stock-vector-engine-four-stroke-cycle-infographic-diagram-including-stages-of-intake-compression-power-and-exhaus.html
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Appendix III. Sisudiesel 420 DWRIE performance 
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From the performance curves supplied by the manufacturer, some data points are obtained 

which are collected in the following table. 

 

Engine speed (rpm) Torque (Nm) Power (kW) 

1000 495 52 

1100 499 57 

1200 501 63 

1300 501 68 

1400 500 73 

1500 492 77 

1600 483 81 

1700 471 84 

1800 461 87 

1900 451 90 

2000 440 92 

2100 423 94 

2200 411 94.5 
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Appendix IV. GT-Power shared folder 

A shared folder with all files used during the thesis is available at Novia University of Applied 

Sciences. There can be found all GT-Power files as well as Excel files with all the basic simulation 

parameters and extra calculations. 

 


