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Abstract 

In the GasDrive project, a solid oxide fuel cell and a reciprocating gas engine are used to provide 

electrical and mechanical power for a ship. One of the goals of the GasDrive project is to broaden 

the limits between knock and misfire for the gas engine. Extending the operating limit could be 

achieved by addition of anode-off gas. Before anode-off gas can be used in combustion together 

with  natural gas in the GasDrive project, the combustion characteristics of anode-off gas must be 

known. In this thesis, a literature review is conducted in order to explore similar gasses. One such 

gas is producer gas, on which both experimental and numerical studies have been conducted by 

other researchers. To investigate the performance of anode-off gas, an altered in-cylinder model 

was used. The model is verified using producer gas as a fuel, with the experimental data from 

producer gas combustion in an IC engine. The model functions properly and is used to investigate 

anode-off gas combustion.  

 

In modelling the combustion of anode-off gas, multiple parameters are kept constant and similar 

to that of producer gas. These parameters include the Vibe parameters, engine geometry, air excess 

ratio, T1, p1, and stoichiometric gas mass fraction from the previous cycle. The combustion duration 

relative to producer gas is modelled based on the ratio of turbulent flame speeds. This turbulent 

flame speed is a combination of laminar flame speed and turbulence intensity. At first the SOC is 

kept constant as well, only altering the EOC for different combustion durations. The maximum 

power output is 79 kWe for anode-off gas with a 50% fuel utilization rate. The maximum efficiency 

is 20%. The peak pressure is 104 bar, which is higher than for producer gas, but falls within the 

limits of what the engine can handle. The peak temperature is 2847 K, which is more than 700 K 

higher than producer gas. The engine, it is believed, can not handle this temperature. The lowest 

peak temperature is reached for anode-off gas with a 85% fuel utilization rate and is 2652 K. This 

is still outside normal engine operating temperatures. Combustion of anode-off gas under 

stoichiometric conditions in an IC engine is therefore not feasible. Increasing the air excess ratio 

could resolve this issue, but can not be done in the current model without having experimental data 

on anode-off gas. The fuel consumption is 6-18 times higher than conventional fuels, also showing 

that anode-off gas combustion would not be an advantage over conventional fuels. More power at 

lower temperatures can be reached when retarding start of combustion, achieving MBT timing. 

Peak power is achieved using anode-off gas with a 50% fuel utilization rate and is 82 kWe. The 

corresponding peak temperature is 2822 K, which is also outside normal operating conditions of 

IC engines. Based on the modelling results, it can be said that combustion of anode-off gas is 

possible in a IC engine, but power outputs will be lower than conventional fuels and fuel 

consumption will be higher.  
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Nomenclature 

Symbol Name Unit 

   

a Constant in Vibe function - 

afr Air/fuel ratio - 

AOG Anode-off gas - 

ATDC After top dead center - 

bsfc Brake specific fuel consumption - 

BTDC Before top dead center - 

CI Compression ignition - 

cm Piston velocity  m/s 

CR Compression ratio - 

Db Bore diameter m 

E Energy kJ 

IC Internal Combustion - 

k Conductive heat transfer coefficient J/m2K 

LCV Lower calorific value kJ/kg 

LHV Lower heating value kj/kg 

Ls Stroke length m 

m mass kg 

�̇�  Mass flow kg/s 

M Molecular weight Kg/kmol 

MBT Maximum brake torque - 

NG Natural gas - 

p pressure kPa or bar 

PG Producer gas - 

�̇�  Heat flow per unit of mass kW/kg 

Q Heat kJ 

�̇�  Heat flow kW 

sfc Specific fuel consumption g/kWh 

SI Spark Ignition - 

T Absolute temperature K 

 

Symbol Name Unit 

   

α Heat transfer coefficient J/m2K 

δ Flame thickness M 

Z Non dimensional rate of combustion - 

ƞ efficiency - 
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λ Air excess ratio - 

λ Heat conduction coefficient J/m2K 

n Kinematic viscosity cSt 

z Reaction rate Kg/s 

r density Kg/m3 

σ Stoichiometric air/fuel ratio - 

χ Non-dimensional combustion progress - 
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1 Introduction 

1.1  Motivation 

 

Most seagoing ships are still powered by diesel engines. But the growing concerns about 

environmental pollution, combined with stricter regulations on emissions for ships, have intensified 

the research into alternative fuels for internal combustion engines. One very effective way of 

reducing the diesel engine emissions is using gaseous fuels instead of diesel. The combustion of 

gaseous fuels results in almost no sulphur oxides (SOx), relatively small amounts of nitrogen oxides 

(NOx) and a substantial reduction in carbon dioxide (CO2) compared to diesel engines. One of the 

studies into using gaseous fuels instead of conventional fossil diesel is the GasDrive project. 

 

In the GasDrive project, a solid oxide fuel cell and a reciprocating gas engine are used to provide 

electrical and mechanical power for a ship. Usually gas engines are only used for generator 

applications due to their narrow window between knock and misfire. This narrow window restricts 

these types of engines from being used for direct propulsion of a ship, since they will not be able 

to cope with the transient loads. One way to broaden the limits between knock and misfire for the 

gas engine is adding hydrogen to the natural gas, which is currently being researched at the Delft 

University. Another way is to add anode-off gas. Even the use of anode-off gas as a sole fuel for 

power generation is a possibility.  

 

Before adding anode-off gas to the gas engine, it is important to know what exactly the effect would 

be of adding anode-off gas. One of the ways to gain more knowledge about combusting anode-off 

gas is studying the combustion of anode-off gas by itself. A previous study determined that 

combusting the anode-off gas in an internal combustion engine is the most efficient use of the 

anode-off gas. The combustion of anode-off gas in an IC engine is, in broad terms, what will be 

researched in this thesis.  

 

1.2  Problem statement 

 

Anode-off gas combustion has not been studied before. There is no experimental data available, 

nor an engine model has been researched to predict powers, temperatures, pressures and more, for 

combustion of anode-off gas. The behaviour of anode-off gas combustion is therefore unknown. 

There are engine models available, and even one at the disposal of the author. However, this is a 

Diesel engine model, which is a compression ignition engine rather than a spark ignition engine. 

The latter is needed for combustion of anode-off gas. Also the addition of anode-off gas to natural 

gas in a regular gas engine model would not be feasible, because of the very different 

thermophysical properties of the two gasses.  

 



12 

 

The combustion characteristics of anode-off gas must be known before it can be used in combustion 

with natural gas. Therefore, this thesis aims to research the performance of an IC engine on 

different compositions of anode-off gas.  

 

1.3  Goal and objectives 

 

The goal of this Thesis can be stated as follows: 

 

The goal of this Thesis is to research the performance of an IC engine on different 

compositions of anode-off gas, and if it can be used for power generation onboard of ships. 

 

Given the nature of this research, the goal is divided into two more specific objectives: 

 

1. Adjust an engine model which can be used for combustion of anode-off gas. 

2. Investigate the performance of anode-off gas combustion. 

 

Several sub questions follow from the goal and objectives and will be answered throughout this 

thesis: 

 

• What is the composition of anode-off gas in comparison to similar gases? 

 

• What do current studies say about gases with similar compositions in terms of  

efficiencies, flow rates, power derating, temperatures and emissions? 

  

• What is the state-of-the-art for engines working with such gases? 

  

• Which type of engine (SI or CI (Dual-fuel)) is the best choice?  

 

• Which engine adjustments are needed to combust anode-off gas? 

 

• Which input parameters are needed for the engine model? 

 

• What type of engine modelling method would be suitable for this research? 

 

• What are the in-cylinder pressures, temperatures, heat release rates, engine power, 

efficiency and specific fuel consumption for an engine on anode-off gas? 

 

1.4  Methodology  

 

The methodology used in this thesis will now shortly be described. First of all, before adjusting an 

engine model and investigating the performance of an engine running on anode-off gas, more needs 

to be known about the gas. The specific properties of anode-off gas will be analysed in more detail 
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to get a better understanding of what might be needed. This includes the different constituents and 

their volume percentages, lower heating values and more.  

 

The gas will then be compared to other gasses with similar properties, to develop an even better 

understanding of what could occur when combusting anode-off gas. This will be done through a 

literature study of several papers, books and other literature. Both experimental and numerical 

studies of similar gases to anode-off gas will be used to better understand the combustion of such 

a gas.  

 

After more research into anode-off gas and similar gases, an existing engine model will be adjusted. 

The development of an engine model is a tedious task that takes a significant amount of time. 

Instead of building a completely new engine model, the Diesel-C model from Delft University of 

Technology will be used as a base model. This model will be converted to a gas engine by changing 

several parts of the model. Once this model is build, the model will be tested with available 

experimental data from other literature, using similar gases, to verify if the new model works 

correctly.  

 

After the model has been verified, it will be used to investigate the performance of an engine 

running on anode-off gas. An engine from the literature study will be chosen as a base engine. 

From this engine, all data will be available, both on the engine as well as the gas used and the 

needed input parameters for the model. This will for example include the specific inlet conditions 

at the moment the inlet valve closes. The same engine will then be run in the model with anode-off 

gas. However, one important input parameter for the engine model is the combustion duration. 

Before anything valuable can be said about the combustion of anode-off gas, the combustion 

duration will have to be known. Since there is no straight forward way of determining this 

combustion duration, the combustion duration will be related to the flame speed of the gas. Both 

the flame speed and combustion durations of similar gases are known. The flame speed of anode-

off gas can be calculated. Thus a link can be sought between the flame speed and combustion 

duration, with which the combustion duration for anode-off gas can be calculated.  

 

The final step will be to run simulations of the model using anode-off gas. The in-cylinder 

pressures, temperatures, heat release rates, engine power, efficiency and specific fuel consumption 

will be compared to the same engine using another gas. With these results, the main question can 

be answered. 

 

1.5  Thesis outline  

 

The complete research is divided into seven different chapters. The first chapter introduces the 

motivation for this research, the problem statement and the goals which the author is trying to  

achieve. The second chapter looks more into anode-off gas, as well as comparable gasses and their 

properties, to get a better understanding of the behaviour of the gas as well as what has been done 

already in this field. Also, the engine type that is modelled, and the method to model this engine is 

chosen. The third chapter discusses the modifications needed to the Diesel-C model, before it can 

be used for anode-off gas combustion. In the fourth chapter the modified Diesel C model is matched 

with different experimental results from different studies. These studies use producer gas as fuel, 
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which is similar to anode-off gas. Matching of these experimental results would prove the model 

to work correctly. After verifying the model chapter five gives a more detailed picture of the 

behaviour of anode-off gas. The main difference between anode-off gas and producer gas is the H2 

content, which will have implications for the flame speed and combustion duration. Therefore, a 

way to predict the flame speed and combustion duration is investigated. Chapter six presents 

detailed results from the modelling of anode-off gas combustion. The conclusions and 

recommendations from this work can be found in chapter seven.  
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2 Literature Review 

In the present study, the combustion of anode-off gas in an internal combustion engine will be 

simulated. The main components of anode-off gas are H2, CO, CO2 and H2O. First more 

information on this gas will be given in this chapter. However, no study has been found where 

anode-off gas has been used in an IC engine. Therefore this literature review will further look into 

the combustion of synthesis gasses, also known as syngas or producer gas. This type of gas is an 

end product of gasification and consists mostly of the same components as anode-off gas. The 

properties of this gas will be researched and the studies and experiments done with this gas will be 

analysed. A comparison between anode-off gas and a similar gas will be made. In addition to 

analysing the combustion of synthesis gas and its challenges, this chapter will also investigate 

different modelling techniques to model the combustion of such a gas in order to predict the 

performance of an engine running on synthesis gas. A modelling technique as well as engine type 

to model will be chosen for the remaining part of this thesis. Emissions are not a main point of 

interest for this thesis, but will shortly be discussed in the light of the more strict regulations 

nowadays.  

 

2-1 Properties of anode-off gas 

 

The composition of anode-off gas is given in Table 1 for different fuel utilization rates. This anode-

off gas comes from a solid oxide fuel cell as used in the GasDrive project.  

 
Table 1: Composition of anode-off gas at different fuel utilization rates (volume percentages) 

  85% fuel util. 75% fuel util. 60% fuel util. 50% fuel util. 

H2 14.8 24.3 37.95 46.63 

CO 5.2 9.03 15.38 20.04 

CO2 28.13 24.3 17.95 13.29 

H2O 51.8 42.37 28.71 20.04 

 

Before anode-off gas will go into an IC engine, the water will be taken out of the composition. This 

will change the volume percentages of the different constituents. This has been done, and also the 

lower calorific value of the different compositions has been calculated using the values from Table 

1. An overview of this is given in Fout! Verwijzingsbron niet gevonden.  
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Table 2: Anode-off gas composition without H2O 

    85% fuel util. 75% fuel util. 60% fuel util. 50% fuel util. 

 H2 30.75 42.17 53.24 58.32 

 CO 10.80 15.67 21.58 25.06 

 CO2 58.45 42.17 25.18 16.62 

LCV MJ/kg   38.31 52.62 66.62 73.12 

LCV MJ/Nm3   4.69 6.54 8.49 9.48 

 

In most of the compositions of anode-off gas a relatively large amount of CO2 is present. This inert 

gas brings the calorific value down. When looking at the LCV given in MJ/Nm3, we see it is 

roughly between 4-9 MJ/Nm3. This is the range of the lower calorific synthesis gas called producer 

gas. Also the volume percentages of combustible constituents is similar to producer gas (around 

40-55 percent). However, the H2 volume percentage is high compared to other experiments which 

will be discussed later on. This could change combustion properties and result in  higher flame 

speeds and higher in-cylinder temperatures.  

 

2-2 Properties of synthesis gas 

 

Synthesis gas is an end product of gasification, a process in which carbonaceous materials are 

converted into H2, CO and CO2. It can be produced from different feedstock like coal, liquid 

hydrocarbons, biomass, and other waste products. The main gasifying agents used in the process 

are air, steam and oxygen. When the synthesis gas is produced using steam or oxygen, it is called 

medium calorific syngas, or simply syngas. When air is used, it is called lower calorific value gas, 

also known as producer gas (PG) [1]. The main constituents of synthesis gas are CO and H2, with 

lesser amounts of CO2 and CH4. When air is the gasifying agent, around 50% of the composition 

is N2. The combustible gasses are CO, H2 and CH4 and the non-combustible gasses are N2 and CO2. 

Varying proportions of these gasses can be present. The presence of nitrogen results in a lower 

calorific value, around 4-7 MJ/Nm3, in which case the gas is called producer gas. When oxygen or 

steam is used in the process, the concentration of combustible components is significantly increased 

with lower calorific values up to 28 MJ/Nm3, in which case it is called syngas [1].  The calorific 

value can be defined as the amount of heat that is released during combustion of one kg of fuel. 

However, the calorific value, or lower heating value, does not say it all as will be explained by the 

data from Table 3. 

 
Table 3: Comparison of fuel properties, after [2], [3] and [4] 

Fuel LCV, 

MJ/kg 

(MJ/Nm3) 

Air/Fuel 

at φ=1, 

mass 

(mole) 

Mixture, 

MJ/kg 

(MJ/Nm3) 

Flame 

speed SL 

at φ=1, 

cm/s 

Peak flame 

temperature, 

K 

Product/reactant 

mole ratio 

H2 121 (10.8) 34.4 (3.2) 3.41 (3.2) 270 2400 0.67 

CO 10.2 (12.7) 2.46 (2.38) 2.92 (3.8) 45 2400 0.67 

CH4 50.2 (35.8) 17.2 (9.52) 2.76 (3.4) 35 2210 1 

Diesel (C12H26) 42  14.92 (2.82) 30 2290  

NG 45 18 (3) 35 2210 1 

PG 5 (5.6) 1.35 (1.12) 2.12 (2.6) 50 1800 0.87 
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From the fuel properties in Table 3 several observations can be made. First of all, the lower calorific 

value from PG is more than eight times lower than diesel or natural gas. This means that the heat 

released per kg of fuel is also eight times lower, resulting in severe power derating of the engine. 

However, the air/fuel ratio`s from these fuels are also very different, resulting in mixture calorific 

values which do not differ much from each other. Based on only the mixture calorific value, 

derating of around 8% (compared to diesel) to 13% (compared to NG) can be expected when 

running an IC engine on this specific producer gas. Other critical properties that will influence the 

engine`s performance relating to the combustion process in the cylinder are the flame speed and 

product to reactant mole ratio. The flame speed is significantly higher for producer gas than for 

natural gas or diesel. This is mainly due to the presence of H2, which has a flame velocity of 2.7 

m/s. A higher flame velocity can, when the ignition timing is not adjusted, lead to knock or misfire. 

Also, the product to reactant mole ratio is lower for producer gas, which results in lower cylinder 

pressures, and thus less power output [5].  

 

The composition of synthesis gas can vary a lot, as well as the composition of anode-off gas. To 

be able to predict the performance of an engine, it is important to understand how such a gaseous 

fuel behaves when combusted in an IC engine. Table 1 shows that changes in composition can 

change the peak flame temperature, flame speed, calorific value and thus the performance of an 

engine. First however, a comparison between anode-off gas and current studies with similar 

compositions will be made. 

 

2-3 Current studies with similar compositions 

 

For looking at similar compositions, it needs to be chosen with which composition of anode-off 

gas a comparison should be made. The composition of anode-off gas is given for different fuel 

utilization rates. A utilization rate of 50 or 60 % is relatively low. In reality, 75 or 85% should be 

obtainable so the current studies will be compared to these compositions.  

 

For these compositions, a relatively high content of H2 is present compared to synthesis gas studies. 

Also quite a substantial amount of CO2 is present which none of the studies mentioned in Chapter 

2 have. A close comparison can therefore not be made. However, when looking at the volume 

percentage of combustible species, it can be seen that the anode-off gas consist of roughly 40-60% 

of combustible products. This is the same for almost all the studies that use any kind of synthesis 

gas, apart from the studies that use combinations of pure H2 and CO. Still, the percentage of 

combustible gasses does not say it all either, since different components have different properties.  

 

It seems that making a comparison with existing studies can not be done because of the different 

composition of the gas. However, there are some trends that can be used. For example when looking 

at the power derating. In general synthesis powered engines provide roughly 60-70% of the power 

compared to diesel engines, and roughly 75-85% of the power compared to gas engines. The peak 

flame temperature of anode-off gas will be similar to that of producer gas, since both CO and H2 

have the same peak flame temperature, and therefore can be compared to the studies in [14], [15] 

and [16]. Also the amount of combustible gas is similar. Therefore similar deratings can be 

expected for anode-off gas, taking into account that proper tuning of the ignition timing and TC 

matching is carried out.  
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The relative high flame speed of H2 in combination with the large amount of it present in anode-

off gas will have an effect on the combustion process. In the dual-fuel mode it was shown that H2 

addition increased the overall efficiency. However, the attainment of the peak pressure lagged 8-

15°. In general it was shown that the overall efficiency can be close to the same values as for 

conventional fuels. However, due to the lower calorific mixture value, a larger flow rate is 

necessary to reach acceptable performance levels. With the amount of CO and CO2 present, 

relatively large amounts of CO2 emissions can be expected. 

 

Based on the composition of anode-off gas and comparing it to previous studies, it is expected that 

anode-off gas can be combusted in an IC engine. Adjustments will have to be made to support good 

combustion, like the flow to the engine. Also derating of the engine should be expected. Depending 

on the composition, it could be possible that either a compression ignition (CI) engine or a spark 

ignition (SI) engine will work better. To better understand this, it is important to know how 

synthesis gasses behave in different types of engines. 

 

2-4 Synthesis gas in a CI engine 

 

More strict regulations concerning the emissions of diesel engines has engine manufacturers 

looking for alternatives. One viable alternative for both the future scarcity of fossil fuels and 

emission regulations is the use of synthesis gas in diesel engines. It could reduce costs, reduce 

emissions (mainly NOx and particulate matters) and increase engine performance. The only 

drawback is that synthesis gas has a high self-ignition temperature (above 500 ֯ C) and thus can not 

be ignited by compression ignition. It would need a pilot fuel like diesel to ignite [6]. As reported 

in earlier work by Boehman et al.[7], the use of H2 and CO mixtures works better in lean burn 

conditions where combustion temperatures are moderated by air excess like in CI diesel engines.  

 

Multiple studies have been done on dual fuel engines using syngas. In 2011 a study was performed 

by Sahoo et al. [8] on the second law analysis of a single cylinder DI CI engine fuelled with syngas 

under dual fuel mode and using diesel as a pilot fuel. They studied the effect of the H2:CO ratio on 

the engine performance of a 5.2 kW diesel engine at different load levels. They reported that at 

higher loads, the syngas dual fuel operations are advantageous from the second law perspective 

compared to diesel fuel. With increasing load, the destroyed availability decreases due to higher 

combustion temperatures and pressure, and therefor the exergy efficiency increases.  

 

In another study [9], the same authors did further research on the effect of the H2:CO ratio in 

syngas, using the same 5.2 kW engine. They looked at brake thermal efficiency, pressure profile, 

maximum cylinder pressure, diesel substitution, exhaust temperature and emissions. The dual fuel 

engine with a H2:CO ratio of 100:0 showed the highest brake thermal efficiency of 19.75% at 80% 

load as can be seen in Figure 1. This is lower than the 20.92% efficiency achieved using only diesel 

as fuel. At this ratio and load, they also found the maximum diesel replacement rate at 72.3%. At 

lower loads there is hardly any difference in the efficiencies of the different syngas compositions. 

At these loads, a small amount of pilot diesel fuel leads to poor ignition and combustion of lean 

air-gas mixture, which means that the H2 content has a minor influence on increasing the thermal 
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efficiency. At higher loads, better combustion occurs, and an increase in H2 content also increases 

the thermal efficiency due to a faster combustion rate [9].  

 

 
Figure 1: Variation of brake thermal efficiency with engine load, after Sahoo et al., 2011 

The variation of the diesel replacement rate can be seen in Figure 2. Dual fuel 1 has the highest H2 

content, after which it decreases to 75%, 50% and 0%. Even with 100% CO, the diesel replacement 

rate is still 58.4%, occurring at 100% load, since CO has better combustion at higher temperatures. 

This shows that CO is a suitable gas as an alternative fuel in diesel engines.  

 

 
Figure 2: Variation of diesel replacement rate, after [4] 

To produce the same power output as the diesel case, the low energy density syngas fuel needs 

more fuelling compared to using only diesel as fuel.  

 

The attainment of the peak pressure is not the same for dual fuel operations as for diesel only 

operation. In dual fuel operation the peak lags 8 to 15 degrees of crank angle with the same ignition 

timing. In general, the peak cylinder pressure is lower for dual fuel operations. This is because of 

the shorter combustion duration and increased ignition delay for syngas dual fuel operations, which 

shift the overall combustion to the expansion stroke, resulting in a reduction of cylinder pressure. 
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However, as can be seen in Figure 3, the peak pressure for 100% H2 is higher than for diesel mode. 

This is the result of the higher energy content of 100% H2 and a more pronounced premixed 

combustion. Also at this ratio the highest in-cylinder temperatures are recorded. As a result, the 

exhaust gas temperatures and NOx emissions are higher than for the other tested ratio`s including 

diesel only [4].  

 

The fact that the performance of the engine is poor in part load conditions using syngas dual fuel, 

shows that the use of syngas is better for generator applications than for marine propulsion 

applications.  

 

 
Figure 3: Variation of cylinder pressure with crank angle at 80% engine load, after [4] 

In a study performed by Speath [10], a dual fuel mode of a CI engine was researched using both 

syngas and methane as the main fuel source. The composition of the syngas was 10% H2, 25% CO, 

4% CH4, 12% CO and 49% N2. It was found that for the same equivalence ratio (the actual fuel/air 

ratio to the stoichiometric fuel/air ratio), the brake torque and brake power produced by syngas is 

less than that for methane, and the energy input is less for methane than it is for syngas. Also, 

syngas operation produces lower thermal efficiencies and higher brake specific fuel consumption 

(bsfc) values for corresponding equivalence ratios in comparison to methane operation. Overall, 

methane shows better performance in dual fuel mode than syngas.  

 

A complete replacement of diesel with syngas in CI engines is not possible because of the high 

self-ignition temperatures of syngas. It can however be used, and depending on the composition, it 

could reduce emissions as well as costs.  

 

2-5 Synthesis gas in a SI engine 

 

One of the major advantages of using synthesis gas in a SI engine is that the engine can run on 

100% synthesis gas, since no pilot fuel is needed to ignite the mixture. A drawback of using a SI 

engine is the lower compression ratio (CR) compared to CI engines. A lower CR reduces the 

thermal efficiency, which means that less energy can be extracted from the same amount of air/fuel 

mixture. This will result in power derating of the engine compared to higher compression ratios. 
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Generally a lower CR is necessary to prevent engine knock when using a SI engine. This was 

thought to be the case as well with a SI engine running on synthesis gas. However, research by 

Sridhar et al. [11] shows that a compression ratio of 17:1 is possible without knocking when 

running an engine on producer gas. The presence of CO2 and N2 helps, since these inert gasses 

have a high anti-knock behaviour because they suppress the pre-flame reactions that are responsible 

for knocking.  

 

Multiple studies and experiments have been done on running SI engines on synthesis gas. In 2010, 

a study was performed by Shah et al. [12] on the performance and emissions of a 5.5 kW spark-

ignited engine driven generator on biomass based syngas. The composition of the syngas they used 

was 16.2-24.2% CO, 13-19.4% H2, 1.2-6.4% CH4, 9.3-13.8% CO2 and the remaining N2. They 

found that the efficiency of the engine was almost the same when running it on syngas (19.1%) 

compared to running it on gasoline (19.3%). The maximum electrical power output was lower for 

syngas (1392W) compared to gasoline (2451 W) due to the lower calorific value of the syngas. 

Emissions of NOx and CO were significantly lower for syngas. However, the CO2 emissions were 

much higher due to the presence of  CO2 in the syngas.  

 

A study on a 6 cylinder 55 kW NG engine fuelled with producer gas was done by Shivapuji et al. 

[13]. They showed that parameters that are to be optimized for operating the engine on producer 

gas are the ignition timing for maximum brake torque (MBT) and the carburetion system. The 

ignition timing needs to be adjusted because of the higher flame speeds and the intake needs to be 

adjusted to accommodate the high fuel flow rates, since air and fuel are supplied in almost the same 

proportions. The average producer gas composition they used contained 16.04% CO, 16.92% H2, 

10.5% CO2, 1.22% CH4 and balance N2. They found that with this composition the ignition timing 

needed to be advanced by 2 degrees from the original setting of 22 degrees before top dead center. 

With this setting, a peak load of 29 kW at 1500 rpm was found with a brake thermal efficiency of 

23%. 

 

The performance of a producer gas engine coupled with a 75 kWe generator was studied by Raman 

et al. [14]. The performance is compared with diesel and natural gas engines. The composition of 

the producer gas is 23% of H2, 21% of CO, 0.9% of CH4, 9% of CO2 and 46% of N2. According to 

the authors, the non-combustible gasses affect the engine’s efficiency in two ways. First of all they 

reduce the energy density of the producer gas. Secondly, most of the heat generated during the 

combustion phase is absorbed by these non-combustible components and thus the adiabatic flame 

temperature is reduced. This results in a low expansion ratio of the fuel mixture, which reduced the 

efficiency of the engine. In the same study, the compression ratio of the engine is varied between 

7:1 and 12:1. The highest efficiency (21%) was achieved at the highest compression ratio at 85% 

load. At this point, the efficiency is 12.5% lower than the same engine on natural gas.  

 

The importance of the CR is becomes clearer when comparing the previous experiment of Raman 

et al.  with the experiment of Gobbato et al. [15]. In their experiment, they run a 250 kW NG engine 

on producer gas, without increasing the CR. The ignition timing is advanced from 16° BTDC to 

28° BTDC, and stoichiometric air/fuel ratios are used. The composition of the producer gas is 18% 

H2, 20% CO, 1% CH4, 12% CO2, 49% N2. The engine power derating exceeds 50% due to the 

significant reduction of the volumetric efficiency, which almost half of that for NG. The volumetric 

efficiency drops because PG takes up more volume than NG for the same energy content. It shows 
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that NG engines can run on producer gas, but adjustments need to be made in order to minimize 

power and efficiency losses.  

 

The effect of right adjustments has been shown by Shivapuji et al. [16]. In their study they use 3 

engines, originally designed as diesel engines, which are converted to NG engines and then run on 

producer gas. The nominal diesel ratings in kWe are 500, 250 and 90. The CR is reduced by 3.1, 

5.5 and 6 units to make sure no engine knock occurs. In previous work by Dasappa [17] it was 

established that a unit change in the CR can reduce the engine peak power between 1-3%. This 

means that a thermodynamic derating of respectively 46.5, 41.2 and 16.2 kWe can be expected for 

the three engines because of a CR reduction. Also they calculated the expected derating due to the 

lower calorific value and then could calculate the expected power from the engines. During 

experiments however, they found that the power output from the engines was much less than the 

theoretical value, meaning there was another derating component, which was the highest of all. 

The only plausible reason for this is the constraint of the mass flow to the engine, which was 

verified by gas mass flow measurements on each engine. It showed that the extra derating 

component was due to the turbocharger mismatch under the new operating conditions. The pressure 

ratio over the compressor of the turbocharger is 1.5 for the 500 and 250 kW engines and 1.2 for the 

90 kW engine, compared to 2.4 for the same engines using diesel as fuel. They identified that the 

power derating due to the turbocharger mismatch and the low mixture calorific value were non-

thermodynamic in nature and thus had a potential for recovery. An overview of this is given in 

Figure 4. 

 
Figure 4: Power derating distribution comparison for three engines, after [16] 

 

The recovery can be achieved in theory by increasing the gas mass flow to the engine. This would 

be possible by turbocharging matching. A more detailed study was done on the 90 kW engine. A 

zero-dimensional Vibe function-based model with knock prediction capabilities was used for 

engine simulation, predicting a knock limited peak load of 76 kWe, which is close to the 73.8 kWe 

prediction when full recovery is reached from the non-thermodynamic losses. Different 

turbochargers were investigated, of which the compressor maps are shown in Figure 5. Looking at 

the compressor map for TC-1, it can be seen that around 65% of the PG peak load, the operating 
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points are outside the operating range of the turbocharger. At 85% of the peak load the surge line 

of the turbocharger is crossed. It shows a clear mismatch. Turbocharger 4 has a much better match, 

which results in a peak load of 72.8 kWe, which is more than a 98% recovery rate of the non-

thermodynamic losses.  

 

Besides the turbocharger matching, they also looked at the nature of combustion at various inlet 

temperatures. It was found that knock started at inlet temperatures above 55 ֯ C, and knock was 

established at temperatures between 58 and 65 ֯ C. After this, heavy knock occurred. It shows that 

an aftercooler becomes an essential part of the engine when optimizing an engine for producer gas.  

 

 
Figure 5: (a) Compressor map TC-1. (b) Compressor map TC-2. (c) Compressor map TC-3 and TC-4. After [16] 

 

2-6 Engine power derating 

 

Engine power derating has been briefly discussed in the previous chapter. Since it is important to 

know what to expect in terms of power derating when using anode-off gas, an overview will be 

given on different experiments with their corresponding gas composition and engine power 

derating. This overview is presented in Table 4. All experiment were done at stoichiometric 

conditions, or just on the lean side of this. Derating of the engine is given as a percentage of the 

original nominal power. 
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Table 4: Comparison of engine power derating 

Authors Fuel 

(Vol. %) 

LCV 

mixture 

(MJ/kg) 

 Engine type Derating 

[18] CO 52% 

H2 44% 

N2 4 % 

 

15.3  Ricardo E6 single cylinder SI 30% compared to 

gasoline, 23% 

compared to NG 

[12] CO 16.2-

24.2% 

H2 13-19.4% 

CH4 1.2-6.4% 

CO2 9.3-

13.8% 

N2 remaining 

% 

 

5.79  5.5 kW SI, NA single cylinder 

generator 

43% compared to 

gasoline 

[13] CO 16.4% 

H2 16.92% 

CO2 10.5% 

CH4 1.22% 

N2 remaining 

% 

 

4.2 MJ/m3  Cummins, 55 kW SI, NA 6 

cylinder  

37% compared to NG 

[3] CO 21% 

H2 23% 

CO2 9% 

CH4 0.9% 

N2 46 % 

 

5.6 MJ/m3  6 cylinder 85 kW SI 12.4% compared to 

NG 

[16] CO 19% 

H2 19% 

CO2 9% 

CH4 1.8% 

N2 remaining 

% 

 

5  6 cylinder, 5.9 L, 90 kWe 

(using diesel), 70 kWe (using 

NG), TA 

60% compared to 

diesel without TC 

matching 

19% compared to 

diesel with TC 

matching 

[19] Dual fuel 

diesel/PG 

CO 29% 

H2 19% 

CO2 8% 

CH4 6% 

N2 38 % 

 

7.4  Diesel, single cylinder 4 kW 

NA 

15% compared to 

diesel at 74% diesel 

replacement 

[15] CO 20% 

H2 18% 

CO2 12% 

CH4 1% 

N2 49 % 

4.3  12 cylinder NG, SI, TC 250 

kW 

54% compared to NG 

 

From Table 4 it is clear that engine power derating varies a lot, depending on different factors. First 

of all the composition of the gas determines how much energy is available for energy conversion. 

Secondly, the type of engine is important. A dual fuel diesel engine might have less power derating 
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compared to a 100% synthesis gas fuelled SI engine. Also, there seems to be a difference in 

naturally aspirating engines and turbocharged engines. Turbocharged engines can have a large 

power derating when fuelled with synthesis gas, but correct turbocharger matching can recover a 

lot of power. Besides this, ignition timing adjustments and CR changes can be done to further 

improve the performance of an engine running on synthesis gas. 

 

2-7 Emissions 

 

Even though emissions is not a main point of interest in this thesis, the general trend of emissions 

when using a synthesis gas will be provided here as found in the literature. The type and amount 

of emissions will depend on different factors, but one of the main factors is the type of fuel. For 

example, when there is no sulphur present in the fuel, there will be no formation of sulphur oxides.  

 

In 2006, Mustafi et al. [18] found that their Ricardo E6 single cylinder SI engine produced very 

low THC emissions while running on a synthesis gas (0-20) compared to gasoline (90-225) and 

natural gas (20-106). Their synthesis gas consisted of 52% CO, 44% H2 and 4%N2. However, the 

CO2 concentration was the highest for the synthesis gas, which is caused by the high amount of CO 

in the gas. NOx emissions were found to be much higher compared to the other fuels, which was 

said to be due to the higher combustion temperatures and relatively short combustion.  

 

In a study by Shah et al. [12] the increase of CO2 emissions, when running on syngas compared to 

gasoline, was said to be because of the presence of CO2 in the syngas, and the conversion of CO to 

CO2 upon combustion. This agrees with the former study of Mustafi et al. However, the NOx 

emissions were found to be 54-84% for syngas compared to gasoline. This does not agree with the 

previous findings. This difference can be explained when looking at the composition. The syngas 

compositions used by Shah et al. was 16.2-24.2% CO, 13-19.4% H2, 1.2-6.4% CH4, 9.3-13.8% 

CO2 and the remaining N2. The high content of N2 causes the composition to have a lower calorific 

value than the composition as used by Mustafi et al. Due to the lower calorific value, the peak 

temperature in the cylinder will be lower. NOx are formed from the oxygen and nitrogen at high 

temperatures in a reaction separate from combustion by Zeldovich mechanism [20]. Thus the 

higher N2 content in the syngas results in a lower calorific value, which results in a lower peak 

temperature, which results in less NOx emissions. This already shows the big influence of 

composition on the emissions.  
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Figure 6: Left: variation of carbon monoxide with load. Right: variation of hydrocarbon with load. After [9]. 

 
Figure 7: Variation of nitrogen oxides with load. After [9]. 

A similar result as was found by Mustafi et al. was also found by Sahoo [4] as mentioned in chapter 

2.2, where it was shown that the higher content of H2 resulted in higher temperatures, and therefore 

higher NOx emissions, as can be seen in Figure 7. They also showed that the increase in CO content 

in the syngas results in an increase in CO and HC emissions in the exhaust, as can be seen in Figure 

6. At the same time, a similar result to that of Shah et al. was found by Gobbato et al. [15], who 

also saw a decrease of NOx emissions, this time compared to NG.  

 

It can be concluded that the composition of synthesis gas has a big influence on the emissions. 

Emission reduction can definitely be achieved by using synthesis gas over a conventional fuel. 

Even addition of synthesis gas to a conventional fuel can already reduce emissions. However, a 

trade-off might have to be made between emissions and engine performance.  

 

2-8 Modelling combustion 

 

Computer models can be used to provide information on the performance of an engine. With the 

use of models, different configurations of an engine can be analysed without having to physically 

build different engines. When using engine models to assess the performance of an engine, it is 

important to know how close to reality (or how far off) the model predicts the performance. There 



27 

 

are different methods that can be used to model an engine, and in particular combustion. The main 

methods as described by [20], [21] and [22] are the following: 

 

- CFD 

- Phenomenological/multizone 

- Filling and emptying 

- Mean value modelling 

- Transfer function 

 

The Computational Fluid Dynamic (CFD) models provide very detailed information on the 

processes in the cylinder of an engine. The volume of the cylinder is divided in many different 

volumes or elements. For every timestep the basic equations between such volumes or elements 

are then solved. Different studies on synthesis gas using CFD have been done. Costa et al. [22] use 

a 3D CFD model to analyse the dual-fuel operation of a CI engine fuelled with diesel fuel and 

increasing amounts of syngas. Gamino et al. [23] use a 2D CFD model to simulate the syngas 

combustion process in a multi-spark engine. The same kind of model was used by Zang et al. [24], 

who studied partially premixed conditions. CFD models can give accurate results but can require 

high computational time [20], [25], [27]. 

 

In the phenomenological or multizone models, the combustion chamber is divided into a smaller 

number of control volumes, reducing the computational time. The main difference with CFD is 

that the multizone models do without an explicit solution of the turbulent three dimensional flow 

field [28].  

 

In the Filling and Emptying (FE) method, the control volumes are various subsystems of the engine, 

for example the combustion chamber, intake and exhaust pipes, and the compressor. The laws of 

conservation of mass and energy are considered, but not the law of conservation of impulse. Since 

no flow fields are considered, this type of model is sometimes also called a 0-D thermodynamic 

model. Time steps are taken in the order of magnitude of a crank angle, therefore the model can 

also be referred to as crank angle model [20], [28], [29].  

 

Mean Value (MV) models have the same origin as the filling and emptying method. The difference 

is that the time step is in the order of one revolution instead of one crank angle. Because of this, 

the discrete in-cylinder processes that take place within one revolution, have to be replaced by 

mean values [20]. This makes the mean value models simpler and faster than the filling and 

emptying method, but at the cost of accuracy. They are good models when only the overall engine 

parameters such as maximum cylinder pressure, manifold temperatures and pressures and 

turbocharger speed are of interest. This could be the case if the engine is to be incorporated in a 

larger system, for example when the complete drive chain of a ship has to be modelled [30], [31]. 

 

Examples of a filling and emptying model and a mean value model are the Diesel B (MV) and the 

Diesel C (FE) models, developed at the Delft University of Technology [23], [33]. The Diesel B 

model is a mean value first principal model which uses a revolution timescale instead of the crank 

angle timescale. This reduces the computational time, but it means that analytical models have to 

be developed which are solutions to the original differential equations of the crank angle model 

under certain specific conditions. A block diagram of the MVFP Diesel model is given in Figure 

8. The primary input are fuel flow and engine speed, the secondary input is the ambient conditions. 
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The gas exchange model is fed by the air intake system, shown in blue. The air cover (AC), inlet 

receiver (IR) and outlet receiver (OR) are control volume elements. In here, the instantaneous mass 

is calculated by integrating the net mass flow while integrating the net energy flow associated with 

the net mass flow results in the instantaneous temperature. With these two, and using the gas law, 

the instantaneous pressure can be calculated. The control volumes are connected via resistances. In 

such an element, the mass flow is calculated as a function of pressure difference using the 

momentum equation. The processes in the cylinder are divided into discrete processes, with the 

combustion processes based on the Seiliger cycle [22], [27] and [34]. This can be seen in Figure 9.  

 

 
 

Figure 8: Block diagram of MVFP Diesel engine model. After [22] 

 

 
 

Figure 9: Conceptual model cylinder process 4-stroke turbocharged Diesel engine. After [22]. 
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The Diesel C model simulates the in-cylinder processes from the moment the inlet closes (IC) until 

the moment the exhaust valve opens (EO). A block diagram of this in-cylinder model is given in 

Figure 10. The output of the model is the Temperature, which results from integrating the first law 

of thermodynamics. The volume is calculated using the crank angle and the cylinder geometry. The 

in-cylinder pressure is calculated using the gas law. In this model, the heat loss to the wall is 

modelled using Woschni`s model [35]. The heat release model uses a double Vibe function to make 

the model more suitable for real combustion processes and to make a distinction between the 

premix and the diffusive combustion stages.  

 

 
Figure 10: Block diagram of in-cylinder process model. After [23]. 

A distinction can be made on how the cylinder volume is treated. When the cylinder volume is 

treated as one zone, it is called a single zone model. In this case, parameters are spatial averages 

which represent the state within the cylinder. There is no difference made between liquid fuel, 

unburned mixture and incompletely oxidized fuel. This approach simplifies the model, but may not 

be sufficient when liquid fuel is present or when formation of for example NOx need to be studied.  

 

A two-zone model has been well described by Merker et al. [36]. They divide the cylinder volume 

in an unburned mixture zone and an incompletely oxidized fuel zone. The zones are separated by 

a flame front, which has no mass and is infinitesimal thin. A similar model was used by Linden 

[37] in an attempt to model the NO-emissions in a diesel engine. In another study performed by 

Lopez [38], the in-cylinder process for diesel engines was modelled using a three-zone model. 

Here, also the liquid fuel was separately modelled. However, since the evaporation rate followed 

closely the injection rate, it was proposed to continue with a two-zone model where no liquid fuel 

exists.  

 

Most models that use more than 1 zone for the cylinder volume seem to be focussed on diesel 

engines, and in particular the formation of NOx. Since in this thesis the performance of an engine 

using anode-off gas will be investigated, which will enter the system in a premixed condition, it 

seems that a single zone model should be sufficient.  
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Transfer function models can be used if only engine output is needed. In this case the engine is 

modelled as a simple second or higher order system with some basic dynamical aspects [20].  

 

2-9 Modelling an engine on synthesis gas 

 

The crank angle models and the mean value models are probably the most common modelling 

types used in engine performance analysis. Most of the studies in the maritime sector using these 

models are focussed on the performance of Diesel engines [39], [40], [28], [27]. The increase in 

the use of gas engines, due to more strict emission regulations and the future scarcity of petroleum 

fuels, has led to more research into gas engine modelling as well. For example, Georgescu [34] 

used both the Diesel B and the Diesel C model, and made modifications to investigate the transient 

behaviour of gas engines of the dual fuel type.  

 

When looking more into the field of synthesis powered engines, modelling has also been done. In 

2006, Sridhar et al. [41] used a zero-dimensional, two-zone model to predict the performance of a 

gas engine running on producer gas. The model used a wrinkled flame theory for the flame 

propagation. The model was validated using experimentally acquired p-α curves for a range of CRs 

and ignition timing. Turbulence parameters were extracted from a previously conducted CFD study 

and used as model input. The model was then used for a predictive performance evaluation. It 

proved to make reasonably accurate predictions at advanced ignition settings (above 17° BTC). At 

less ignition settings the model proved not yet very accurate. Another zero-dimensional model was 

built by Rakopoulos and Michos [42]. However, they used a multizone cylinder model. This was 

done to accurately predict the in-cylinder NO emissions at various engine loads for a syngas 

fuelled, SI gas engine. The model performed better in terms of NO emission prediction than a single 

zone model, but there is still an overprediction of around 50%.  

 

Shivapuji and Dasappa [43] use a zero-dimensional model to predict the performance of a 6-

cylinder gas engine under naturally aspirating and turbocharged conditions, fuelled with producer 

gas. Experimental heat release profiles are used to estimate the Vibe parameters used in the model. 

They saw from experiments that the heat release profile was significantly different for producer 

gas compared to gasoline. An overview of this is shown in Figure 11.  

. 

 
 

Figure 11: Heat release profiles at various ignition angles compared to gasoline. After [43]. 
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The figure shows that for the MBT timing at 24°, the PG heat release pattern follows the gasoline 

heat release pattern in the first part, but is significantly different in the second part. The same pattern 

is seen for different percentages of the peak load, both for NA and TC modes. It seems that the 

combustion of producer gas is sluggish in the second half of the combustion, leading to an overall 

increase in the combustion duration. Also, at advanced ignition settings, the heat release pattern 

does not follow the typical S shape. This slow and extended combustion duration resulted in a 

significant power drop, 44% for 4° advanced ignition timing from MBT. This shows the importance 

of finding the right MBT timing with respect to engine performance. The enhancement of the 

combustion duration was finally attributed to the cooling of the mixture near the wall, leading to 

flame de-speeding, and increased combustion duration. This big difference is also seen in Figure 

12, when looking at the pressure trace from their experiments, compared with the simulation 

results, where they first use standard Vibe coefficients (a=2, m=5) for the heat release model. This 

big difference shows the need for fuel specific Vibe coefficients for producer gas.   

 

 
Figure 12: Comparing 0-D simulation with experimental pressure trace using standard Vibe coefficients. After [43]. 

The Vibe efficiency factor a is estimated using detailed measurements on the engine exhaust 

composition and temperature. Based on the exhaust gas temperature and the mass fraction of CO 

in the exhaust gasses, the combustion inefficiencies are estimated using: 

 
Equation 2-1 

1 − 𝜂𝑐 =
∑ 𝑋𝑖𝑄𝐻𝑉𝑖𝑖

𝐹
𝐴 𝑄𝐻𝑉𝑓

 

 

The value for a was found to be 2.4. The shape factor was determined using the least square method 

and is estimated at 0.7 for both NA and TC operations.  

 

The fuel specific Vibe coefficients were used in a new simulation and now the results showed a 

near complete match with the experimental data. However, it is easy to make a simulation fit the 

experimental data, but it does not mean yet that these fuel specific Vibe coefficients are correct. 
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They also performed a test with a 3-cylinder diesel engine converted to SI operation, running on 

producer gas. The results for the pressure trace for both the experimental data and the simulation 

are shown in Figure 13, for 2 compression ratios. The simulated data seems to have a good fit with 

the experimental data for a CR of 11.5. However, for a CR of 13.5, the position of the peak pressure 

is slightly advanced and the magnitude is slightly lower. A reason for this could be that a higher 

compression ratio increases the in-cylinder temperatures, which influences the flame speed and 

thus combustion duration. Adjusting the end of combustion angle results in a near complete fit.  

 

 
Figure 13: Comparison of experimental and simulated pressure traces. After [43]. 

The same authors used the same model in 2014 [16], but now they included knock prediction 

capabilities. They developed a chemical kinetics module composed of 53 species in a reaction 

mechanism involving 325 reactions, and integrated this with the Vibe function-based module to 

enable knock prediction. The idea is that at each crank angle, the change in enthalpy, pressure, and 

temperature of the mixture due to the change in specie concentration, is evaluated by solving for 

all the specie concentration change rate equations. Incorporation of chemical reaction kinetics 

ensures sudden release of all the energy associated with the un-burned mixture, representing knock, 

if the mixture thermodynamic conditions are such that the induction time (time for auto-ignition) 

at any particular time is lower than the corresponding burnout time [44].  

 

2-10 Choosing the engine type and modelling method 

 

Now that more is known from literature on different gases and modelling methods, several sub 

questions as phrased in the introduction can be answered. In the current chapter it has already been 

seen how anode-off gas compares to similar gases, and what current studies have been done into 

similar gases. Also power deratings and efficiencies have been briefly discussed as well as 

emissions. More on derating and efficiency will follow in later chapters. First the engine type and 

modelling method will be chosen.  
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2-10-1 SI versus CI 

In Chapter 2 combustion of synthesis gas in both CI and SI engines has been discussed. In both 

cases the engine could run on synthesis gas, although the CI engine has to operate in dual fuel mode 

because of the high auto-ignition temperatures of synthesis gas. In that case, a maximum diesel 

replacement of around 73% can be reached. This is however with a 100% H2, which is not available 

as anode-off gas. That means that a lower diesel replacement ratio would be achieved. The engine 

should in this case run on high loads because of the poor combustion characteristics at low loads.  

 

When using synthesis gas in SI engines, the engine can run on 100% synthesis fuel. There can be 

quite a significant drop in engine performance, definitely when it is a naturally aspirating engine. 

When a turbocharger is properly matched, almost all lost power due to the non-thermodynamic 

losses (lower LCV and CR) can be regained. Ignition timing and carburetion system adjustments 

can further improve the performance of the engine.  

 

Depending on the fuel utilization, the composition of the anode-off gas changes quite drastically. 

It is therefor not possible to select a certain type of engine based on the composition of the anode-

off gas.  

 

CI engines have a higher compression ratio than SI engines. It has been shown in Chapter 2 that a 

CR of 17:1 was possible when running an engine on producer gas, without knock occurrence. A 

higher compression ratio is favourable in terms of efficiency and power, due to the higher 

volumetric efficiency. This is in favour of CI engines.  

 

However, in the GasDrive project, natural gas is used for power generation. When using a dual fuel 

engine to combust the anode-off gas with the given H2 volume percentages, less than 70% of the 

diesel can be replaced. This means that still quite a sufficient amount of diesel needs to be taken 

onboard. In the search for less emissions and alternative fuels, this does not fit in. Also, technology 

is available to combust gas compositions like the anode-off gas in SI engines, and engine 

adjustments have proven to further improve the performance of such engines running on these type 

of gasses. Next to that, most research done on synthesis gas engines have been done using SI 

engines, so most available literature is on SI engines. Because of these reasons, an SI engine will 

be chosen to continue the research into the combustion of anode-off gas.  

 

2-10-2 Engine adjustments 

 

From previous studies mentioned in Chapter 2, it is clear engine adjustments need to be made. 

When modelling, it is easy to adjust certain components. However, when a real engine is being 

used, this is more difficult. From the literature it seems that the following needs to be done: 

 

- Convert a CI engine to SI operation, to be able to obtain a higher compression ratio. Most 

favourable is if the CR is adjustable 

- Ignition timing needs to be adjusted, due to higher flame speeds and different combustion 

duration 

- Flow toward the engine needs to be increased, to compensate for the lower calorific value 
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2-10-3 Engine modelling method 

To be able to choose a good modelling method, it needs to be clear what exactly needs to be 

investigated. In this case, the performance of an IC combustion engine running on different 

compositions of anode-off gas is being researched. The goal is to determine if it can be used for 

power generation onboard a vessel. This will only be done theoretically and not experimentally.  

 

Since no experiments will be done, there will be no experimental data to validate a model. Since 

the model does need to be verified, it will first be used on experimental data from Shivapuji et al. 

[44], [43], [16] and [13]. Many experimental data sets are available for different engines, of which 

the most data is available for a 70 kWe NG engine. The model will be built with the input from the 

experiments on this engine, after which it will be verified for the same composition of synthesis 

gas in a different engine. Once the model is verified, it will be used to analyse the combustion of 

anode-off gas.  

 

Differences in composition can have a big impact on the combustion profile in the cylinder, and 

therefore how the engine performs. As seen before, finetuning of different engine parameters is 

needed to get an acceptable performance. Therefore the in-cylinder zero-dimensional model 

(Diesel C model) will be used, with fuel-specific Vibe parameters for the heat release model. Also 

in all the literature found on modelling combustion of synthesis gas, a zero-dimensional model has 

been used, showing it is the obvious choice. Since emissions are out of the scope of this thesis, a 

single zone model will be used. CFD models will be to computational expensive and do not give 

the wanted performance parameters. A mean value model would not give the wanted level of 

accuracy.  

 

2-10-4 Input parameters for engine model 

The Diesel C model which will be used, returns the in-cylinder temperature as output after 

integration of the first law of thermodynamics, which is then used again as input. The simulation 

runs from the moment the inlet valve closes, until the moment the exhaust valve opens. Different 

input parameters are needed, which include the trapped pressure and temperature, type of fuel with 

its properties, type and size of the engine, a heat release model and a heat loss model. All of these 

inputs individually can change the outcome of the simulation and care needs to be taken that the 

right input parameters are used. Because of the significant differences between synthesis gasses 

compared to conventional fuels, some of these input parameters need to be changed. More on the 

input parameters and how they change when switching to a synthesis gas, will be explained in 

Chapter 3. 

 

2-11 Summary 

 

The main components of the anode-off gas are H2, CO, CO2 and H2O. A similar gas to anode-off 

gas is synthesis gas, which has been used in both CI engines and in SI engines. CI engines cannot 

run on 100% synthesis fuel because of the high auto-ignition temperatures of the gas. Therefor a 

pilot fuel, mostly diesel, will be used and the engine will run as a dual fuel engine. The composition 

of the gas determines the calorific value, which says something about the amount of energy 

available for energy conversion. In dual fuel mode in a CI engine, the best performance is achieved 

when more H2 is present in the gas. The pressure peak, ignition timing and ignition delay will 
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change, mostly resulting in loss of power and efficiency. Poor engine performance occurs in dual 

fuel mode at low loads because of poor combustion properties. In SI engines, synthesis gas can be 

used as the only fuel. The lower CR of SI engines compared to CI engines is a drawback concerning 

the engine performance on synthesis gas, since the gas has a low calorific value. However, higher 

CR’s have proven to be possible, resulting in higher performances. For even better performances, 

the ignition timing and carburetion system should be adjusted, and in case of turbocharging, the 

turbocharger should be matched to the new operating conditions when running on synthesis gas. 

 

Depending on the wanted simulation time and accuracy, different engine simulation models can be 

chosen. These are in order of decreasing complexity and accuracy: 

 

- CFD 

- Phenomenological/multizone 

- Filling and emptying 

- Mean value modelling 

- Transfer function 

 

Mostly used for engine performance analysis are the Filling and Emptying models and the Mean 

Value models. In research into combustion of synthesis gas in SI engines, most studies use a zero-

dimensional model. Depending on the interest of research, a single, double or multizone cylinder 

volume is chosen.  

 

For this research, an SI engine will be modelled because then no diesel is needed and most research 

that can be found, has been done on SI engines. When modeling the engine, ignition timing and 

fuel flow to the cylinder will for sure have to be altered compared to CI simulation. To model the 

combustion, an in-cylinder model will be used. 

 

Before continuing the research part of this thesis, the research methodology will be further 

discussed and the modeling of the used engine will be further elaborated upon in the next chapter. 

After that, the model is matched to data from literature. Before being able to simulate anode-off 

gas using the model, more needs to be known on how anode-off gas combustion will behave 

compared to the gas used to match the model, which is first researched. Lastly the model is used to 

simulate anode-off gas combustion.   
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3 Research methodology and 

engine modeling 

In the previous chapter a literature study was conducted. The properties of anode-off gas turned 

out to be similar to the properties of syngas and therefore more information has been given on 

different studies with syngases. Also more information has been given on different modeling 

methods. As it seems, an in-cylinder model is the best modeling method to use in the current study, 

and is therefore adopted. To be completely independent of fossil fuels, an SI engine model is used.  

The global methodology of this research has shortly been discussed in chapter 1. For more 

clarification throughout the next chapters, the research methodology is explained in more detail in 

this chapter. After this explanation, more information is given on the engine model and how this 

model has been changed in order to use it for the combustion of anode-off gas.  

 

3-1 Research methodology 

 

The goal of this thesis is to research the performance of an IC engine on different compositions of 

anode-off gas, and to see if it can be used for power generation onboard ships. The idea is to build 

an engine model with which the combustion of anode-off gas can be simulated. Because no 

research has been done into the combustion of anode-off gas, first a literature study has been 

conducted to get more insight into what can be expected when combusting anode-off gas, and what 

the best way of modelling is for this study. The following has become clear from the literature 

study: 

 

• A similar gas to anode-off gas is syngas, for which several experimental and numerical 

studies have been done by different researchers. 

• Syngas needs a pilot fuel when used in a CI engine. Anode-off gas is, due to similar 

properties, expected to need the same. To be able to use anode-off gas as a sole fuel, a SI 

engine should be modelled.  

• To research the combustion of anode-off gas and say more about the engine performance, 

in-cylinder changes during one revolution need to be known. Therefore an in-cylinder 

model will be used. 

 

With the above points clear, the next steps are taken. First of all an engine model needs to be further 

developed. An engine model is available at the Delft University. However, this engine model is 

based on a diesel engine while this thesis will use a SI engine. Building an entire new model takes 

a lot of time. Therefore the existing engine model will be modified to work as a SI engine in which 

anode-off gas combustion can be simulated. The necessary steps in changing the engine model will 

be further discussed later in this chapter.  



37 

 

With the engine model modified, it still needs to be verified. Data from literature will be used for 

this. Several studies have been found on combustion of syngas, which is similar to anode-off gas. 

In some of these studies, experimental results are given. These results will be used to verify the 

engine model. Most information is available from a study conducted by Annand Shivapuji [43]. 

Detailed pressure-crank angle curves, as well as other data from his study will be compared with 

the output from the engine model, using the same input as in his experiments, like trapped 

temperature, pressure, and composition of fuel. Using the same input, the output should also be 

similar.  

 

When the engine model is working properly, the base model to start looking at anode-off gas 

combustion is ready. However, combustion of anode-off gas will not be entirely similar to syngas. 

One of the main differences between anode-off gas and syngas is the hydrogen content, which is 

higher for anode-off gas. Since hydrogen has a high flame speed, the increase in hydrogen is 

expected to increase the flame speed as well. A higher flame speed would mean that the fuel burns 

faster, which evidently can shorten the combustion duration. Since combustion duration is one of 

the inputs for the engine model, it needs to be known how the combustion duration will change 

with changing the composition. This is further researched in chapter 5. In this chapter, a relation is 

sought between the flame speed and the combustion duration. As will be shown, it is very difficult 

to find a clear link between the flame speed and combustion duration. However, a method is found 

which does link these two. More on this is explained in chapter 5.  

 

With the combustion duration for anode-off gas as input for the engine model, the model can be 

used for simulating the combustion of anode-off gas. To be able to compare this to other data, the 

same engine and conditions at the moment of inlet valve closing are chosen as used by A. Shivapuji 

in his experiments. This way, the results can be compared to existing results. These results will be 

further analysed and conclusions and recommendations will be given.    

 

3-2 Introduction to the Diesel C model 

 

The Diesel C model has been briefly discussed in chapter 2-8. For the purpose of better 

understanding, the model will be described more comprehensively. The main workings and ideas 

behind the model will be explained further, like the thermodynamics of the model and the way the 

heat release profile is modelled. Also the heat loss will be shortly discussed. Once this is more 

clear, the changes needed to simulate anode-off gas combustion will be explained in chapter 3-3.  
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Figure 14: Block diagram of in-cylinder process model. After [23]. 

3-2-1 1st law thermodynamics 

Since energy cannot be created or destroyed, but is rather transferred, the first law of 

thermodynamics is used in the engine model. Figure 14 shows a block diagram of the in-cylinder 

process model. This model simulates the in-cylinder processes from the moment the inlet valve 

closes until the moment the exhaust valve opens. One of the outputs of the model is the in-cylinder 

temperature which follows from integration of the first law of thermodynamics:  

 
Equation 3-1  

𝑑𝑇

𝑑𝑡
=

�̇�𝑐𝑜𝑚𝑏 − �̇�𝑙𝑜𝑠𝑠 − 𝑝 ∙
𝑑𝑉
𝑑𝑡

+ �̇�𝑓

𝑚 ∙ 𝑐𝑣
 

 

In which: 

 

�̇�𝑐𝑜𝑚𝑏  = heat release of the combustion 

�̇�𝑙𝑜𝑠𝑠  = heat loss 

𝑝 ∙
𝑑𝑉

𝑑𝑡
  = (when integrated) work of the system 

�̇�𝑓  = energy of fuel 
 

This temperature is fed back into the model to calculate for example the pressure and work. The 

volume of the cylinder is calculated using the geometry of the engine and the crank angle. The 

volume is needed in the gas law, together with the temperature and the mass, to calculate the 

pressure. The volume and pressure together can then be used to calculate the work done by the 

engine.  
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3-2-2 Heat of combustion 

The heat of combustion is calculated using the Combustion Reaction Rate (CRR or z) and the 

effective heat value for the closed system 𝑢𝑐𝑜𝑚𝑏. During combustion of the mixture in the cylinder, 

the composition will change and therefore the properties of the mixture will change. These are 

calculated in the properties library using the air mass fraction of the mixture and then used to 

calculate the heat of combustion: 

 
Equation 3-2 

�̇�𝑐𝑜𝑚𝑏 = 𝐶𝑅𝑅 ∙ 𝑢𝑐𝑜𝑚𝑏 

 

 

The way the air mass fraction is calculated will be different from the conventional Diesel model as 

will be explained later. 

 

3-2-3 Vibe coefficients 

To describe the heat release profile, the Russian scientist Wiebe proposed a correlation for the 

cumulative heat release profile. This correlation is also known as the Wiebe or Vibe function. It 

provides a curve fit for the cumulative heat release profile in the form of: 

 

 
Equation 3-3 

𝑋 = 1 − 𝑒−𝑎∙𝜏𝑚+1
 

 

in which X stands for the normalized combustion progression. The coefficient a is related to the 

fuel conversion efficiency according to: 

 

 
Equation 3-4 

𝜂𝑐 =
𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝑄𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
= 1 − 𝑒−𝑎 

 

The coefficient m is the shape factor, which allows for tuning the S profile of the cumulative heat 

release, to minimize the difference with the experimentally derived heat release profile. The 

influence of changing m can be seen in Figure 15. With changing this parameter, almost any shape 

of the heat release can be modelled.  

 

When a non-dimensional rate of combustion is introduced according to: 

 
Equation 3-5 

𝑍 =
𝑑𝑋

𝑑𝑡
 

 

In which: 
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t = non-dimensional time, defined as: 

 
Equation 3-6 

t= 
𝑡−𝑡0

∆𝑡𝑐𝑜𝑚𝑏
 

 

in which: 

 

t-t0   = time since beginning combustion 

∆𝑡𝑐𝑜𝑚𝑏  = total combustion time  

 

Then a link with the reaction rate can be made according to: 

 
Equation 3-7 

z= 𝑍 ∙
𝑚𝑓,0

𝑐𝑜𝑚𝑏

∆𝑡𝑐𝑜𝑚𝑏
  

 

 
Figure 15: Influence of shape factor m, after [44] 

 

 

3-2-4 Heat loss 

The heat loss (�̇�𝑙𝑜𝑠𝑠) occurs due to the temperature difference between the hot gas and the cooler 

cylinder wall, cover and crown. This heat loss should be taken into consideration. The heat loss is 

calculated using: 

 
Equation 3-8 

�̇�𝑙𝑜𝑠𝑠 = ∑{𝛼𝑔→𝑤 ∙ (𝑇 − 𝑇𝑤𝑎𝑙𝑙,𝑖) ∙ 𝐴𝑤𝑎𝑙𝑙,𝑖}

3

𝑖=1
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In which: 

 

i=1, cylinder wall 

i=2, cylinder cover 

i=3, piston crown  

α=heat transfer coefficient 

Awall= Area cylinder wall 

 

The heat transfer coefficient is usually determined with the Woschni method. As will become 

clear in chapter 3-3, this is not always the best option to calculate the heat transfer coefficient.  

 

The final output of the model is the temperature. This temperature however is used again to 

calculate several other parameters. This means that the model needs to start from somewhere, and 

initial conditions need to be given. These initial conditions are the conditions when the inlet valve 

closes. 

 

3-3 Modifying the model  

 

Before using a synthesis gas as fuel in the model, the model needs to be modified. Not only will a 

synthesis gas be used instead of Diesel, but also a SI engine will be modelled instead of a CI engine. 

This causes several changes which will be discussed below. 

 

3-3-1 Mass balance 

The mass balance is different from the Diesel mass balance since the trapped mass is the total mass 

because air and synthesis gas come into the cylinder in a premixed condition. This means that there 

is no fuel injection later on.  

 

The total mass trapped in the cylinder at the moment the inlet valve closes is calculated using the 

gas law 

 
Equation 3-9 

𝑚𝑡 =
𝑝1𝑉1

𝑅1𝑇1
 

 

in which the mass is the only unknown and can therefore be calculated The other parameters are 

given or calculated based on fuel composition or engine geometry. The mass consists of 

stoichiometric gas from the previous cycle (msg), air (ma) and fuel (mf). A mass fraction of 

stoichiometric gas from the previous cycle is assumed (xsg). This means that trapped air mass 

fraction and trapped fuel mass fraction can be calculated through 

 

 
Equation 3-10 

𝑥𝑎 = (1 − 𝑥𝑠𝑔) − 𝑥𝑓 
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in which the mass fractions are defined as: 

 

 
Equation 3-11 

𝑥𝑎 =
𝑚𝑎

𝑚𝑡
,      𝑥𝑠𝑔 =

𝑚𝑠𝑔

𝑚𝑡
,      𝑥𝑓 =

𝑚𝑓

𝑚𝑡
 

 

The stoichiometric air/fuel ratio is defined as the minimum amount of air required divided by the 

amount of fuel, and can be calculated for the specific gas: 

 

 
Equation 3-12 

𝜎 =
𝑚𝑎,𝑚𝑖𝑛

𝑚𝑓
 

 

The air excess ratio is defined as the mass of air divided by the minimum amount of air required 

and is also known: 

 

 
Equation 3-13 

𝜆 =
𝑚𝑎

𝑚𝑎,𝑚𝑖𝑛
 

 

The mass fraction balance can now be written as: 

 

 
Equation 3-14 

𝑚𝑎

𝑚𝑡
= (1 −

𝑚𝑠𝑔

𝑚𝑡
) −

𝑚𝑓

𝑚𝑡
 

 

Since (1 −
𝑚𝑠𝑔

𝑚𝑡
) is known, it will be written as B for simplification.  

 

The mass of air and the mass of fuel can be written in terms of the stoichiometric ratio and the air 

excess ratio in the following way: 

 

 
Equation 3-15 

𝜎 ∙ 𝜆 =
𝑚𝑎,𝑚𝑖𝑛

𝑚𝑓
∙

𝑚𝑎

𝑚𝑎,𝑚𝑖𝑛
=

𝑚𝑎

𝑚𝑓
 

 

Now both sides of the mass fraction equation can be multiplied with the above: 
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Equation 3-16 

𝑚𝑎

𝑚𝑡
∙

𝑚𝑎

𝑚𝑓
= 𝐵 ∙

𝑚𝑎

𝑚𝑓
−

𝑚𝑓

𝑚𝑡
∙

𝑚𝑎

𝑚𝑓
 

 

Which, when written in terms of the air mass fraction, stoichiometric ratio, and air excess ratio 

simplifies to: 

 

 
Equation 3-17 

𝑥𝑎 ∙ 𝜎 ∙ 𝜆 = 𝐵 ∙ 𝜎 ∙ 𝜆 − 𝑥𝑎 

 

When the air mass fraction is singled out, and B is written again as (1 −
𝑚𝑠𝑔

𝑚𝑡
), the final equation 

for determining the air mass fraction becomes: 

 

 
Equation 3-18 

𝑥𝑎 =
(1 − 𝑥𝑠𝑔) ∙ 𝜆 ∙ 𝜎

(𝜆 ∙ 𝜎) + 1
 

 

This air mass fraction is used in the mass balance, as well as in the “properties library” to calculate 

several properties of the gas in the cylinder.  

 

3-3-2 Fuel specifications 

The fuel specifications of the synthesis gas will depend on the mass fractions of the different 

constituents. The mass fractions of the different species will be the input for the model. With these 

mass fractions, the total molar weight of the gas can be calculated. One of the main differences 

with Diesel is the way the lower heating value is calculated. For the gas, the following equation is 

used: 

 
Equation 3-19 

𝐿𝐻𝑉 = ∑
𝑛𝑖

𝑛𝑚
𝑖

𝐿𝐻𝑉𝑖 

 

In which the subscript ‘i’ refers to the individual species. This is different from Diesel since the 

LHV for Diesel is almost completely determined by the C/H ratio. 

 

3-3-3 Heat transfer between gas and wall 

The original Diesel model uses Woschni to calculate the heat transfer coefficient. Typically, the 

three heat transfer modes (conduction, convection and radiation) are all present in the combustion 

process. The conductive heat transfer is normally simplified by using a constant cylinder wall 

temperature, which is a good approximation [45]. Also, because of the lack of soot particles in case 
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of SI engines, the radiation part can be neglected [35], [45]. The only part left is the convective 

heat transfer part. 

 

The convective heat flux can be described by the following equation: 

 

 
Equation 3-20 

�̇� = 𝛼 ∙ ∆𝑇 

 

In which ΔT is the temperature difference between the working fluid and the cylinder wall and α 

is the convective heat transfer coefficient (W/m2-K). For the convective heat transfer coefficient, 

Woschni`s method is used in the original Diesel C model. However, it can be argued that for 

combustion of synthesis gas this is not the best method to use, but Annand is better. 

 

The convective heat transfer coefficient is derived based on the relationship between the Nusselt 

(Nu), Reynolds (Re) and Prandtl (Pr) number according to: 

 

 
Equation 3-21 

𝑁𝑢 = 𝑎 ∙ 𝑅𝑒𝑏 ∙ 𝑃𝑟𝑛 = 𝑎 ∙ 𝑅𝑒𝑏 

 

In which the superscripts are constants to be chosen. 

 

The above formulation has been adjusted and tuned based on various experimental data for 

conventional hydrocarbon based fuels. Annand has come with the following formulation for the 

convective heat transfer coefficient: 

 

 
Equation 3-22 

𝛼 = 𝑎 ∙
𝑘

𝐷𝑏
∙ 𝑅𝑒0.7 

 

In which  

 

 
Equation 3-23 

𝑅𝑒 =
𝑝 ∙ 𝑐𝑚 ∙ 𝐷𝑏

𝑅 ∙ 𝑇 ∙ 𝜂
 

 

Here cm is the mean piston speed and η is the dynamic viscosity. k is the conductive heat coefficient 

of the material. It is clear that the transport properties like thermal conductivity and viscosity are 

very much present in the formulation. This means that when the mixture changes, the transport 

properties change and thus the heat transfer coefficient will change.  
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Woschni has given the following formulation for the heat transfer coefficient, as also derived by 

Stapersma [44]: 

 

 
Equation 3-24 

𝛼 = 130 ∙
1

𝐷𝑏
0.214 ∙

𝑝0.786

𝑇0.525
∙ (𝐶3 ∙ 𝑐𝑚 + 𝐶4 ∙

𝑝 − 𝑝0

𝑝1
∙

𝑉𝑠

𝑉1
∙ 𝑇1)0.786 

 

It can be seen that the transport properties in Woschni`s formulation have been incorporated in the 

tuneable coefficients. Since this formulation is tuned for conventional fuels which use a high 

air/fuel ratio, the heat transfer coefficient would not be correct anymore for synthesis gas like 

producer gas, which have an air/fuel ratio of almost 1. Since this research is looking into the 

influence of the thermophysical properties of producer gas on the engine performance, the 

formulation as given by Annand is preferred over Woschni. Annands formulation is therefore 

incorporated in the Diesel C model.  

 

The difference in heat transfer coefficient between air and producer gas is clear from Figure 16. It 

shows that the heat transfer coefficient for producer gas is much higher than for air, which means 

that the heat transfer coefficient for the mixture of PG and air, with an air/fuel ratio of almost 1, 

will for sure be higher than conventional fuels with a large air/fuel ratio. Therefore also Shivapuji 

uses Annand`s formulation instead of Woschni`s [43].  

 

 
Figure 16: Variation of convective heat transfer coefficient with crank angle for air, PG and H2. After [44] 

 

3-3-4 Thermal conductivity and viscosity 

Since Annands formulation is used for the convective heat transfer coefficient, the thermal 

conductivity and viscosity need to be calculated. When components in a mixture have nearly the 

same molecular weight, the viscosity of a mixture can be calculated by summing the products of 
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the viscosities of the individual components and their mole fractions [46]. When this is not the 

case, mixture viscosities can be quite different. Wilke [47] proposed another formulation, derived 

by basic kinetic theory, and requires a coefficient φij for each pair of components in the mixture: 

 
Equation 3-25 

 
 

In which: 

μi,j = specie viscosity 

Mi,j = molecular weight 

 

The mixture viscosity can then be calculated using: 

 

 
Equation 3-26 

 
 

The mixture thermal conductivity is calculated using: 

 

 
Equation 3-27 

 
 

For the individual species viscosity and thermal conductivity, NASA [48] has made curve fit 

coefficients available. The general formulation for the specie transport properties is the following: 

 

 
Equation 3-28 

ln(𝑘) = 𝐴𝑘 ln(𝑇) +
𝐵𝑘

𝑇
+

𝐶𝑘

𝑇2
+ 𝐷𝑘 
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Equation 3-29 

ln(𝜇) = 𝐴𝜇 ln(𝑇) +
𝐵𝜇

𝑇
+

𝐶𝜇

𝑇2
+ 𝐷𝜇 

 

Since the NASA coefficients are also available for the specific heat at constant pressure, these 

coefficients are also adopted for calculating the individual specie specific heat according to: 

 
 

Equation 3-30 

𝐶𝑝𝑖

𝑅𝑢
= 𝑎1𝑇 + 𝑎2𝑇 + 𝑎3𝑇2 + 𝑎4𝑇3 + 𝑎5𝑇4 

 

The mixture specific heat is calculated according to: 

 
 

Equation 3-31 

𝐶𝑝𝑚𝑖𝑥
= ∑ 𝑥𝑖𝐶𝑝𝑖

𝑖=1

𝑖=1

 

 

Using the above formulations, the thermophysical properties of the mixtures are very much specie 

dependent, which should give more accurate results than using conventional methods based on 

conventional fuels. The properties are calculated based on the molar fractions of the species in an 

excel file, after which a polynomial function is calculated in Matlab. Annand is then added to the 

Simulink model instead of Woschni, as can be seen in Figure 17.  

 

 
Figure 17: Annand in Simulink 

With the model being changed to a SI engine and further changed to simulate syngas type gases, 

the model can now be verified with data from found literature.  
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4 Matching the model with 

literature data 

In this Chapter the modified Diesel C model will be matched with different experimental results 

from different studies. This is done to verify if the model is correct. Once the model is correct, it 

can then be further used for the simulation of anode-off gas combustion. The first study is 

conducted by dr. Annand Shivapuji [43]. His study used producer gas as fuel, which is similar to 

anode-off gas as previously explained. First the data will be given which comes from his 

experiments. After this, the simulation results with this data as input will be compared to the 

experimental results. The differences will then be discussed, and it will be assessed if the model is 

correct. Then the results from a second study, also conducted by Shivapuji but on a different engine, 

will be compared to the simulation results. 

 

4-1 Experimental data from literature 

 

Most data is available on a turbo charged, after cooled, 6 cylinder engine (E6). It is originally a 

diesel engine, which has been converted to SI operation. The basic geometric specifications are 

given in Table 5. 
 

Table 5: Geometric specifications of engine E6 used in experiments 

Geometric specifications Model input 

 units   

Number of cylinders - 6 Yes 

Bore mm 102.0 Yes 

Stroke mm 120.0 Yes 

Displaced Volume L 5.9 No 

Connecting Rod mm 192.0 Yes 

Piston bowl type - Cylindrical No 

Bowl depth mm 19.0 No 

Bowl top diameter mm 72.0 No 

Bowl base diameter mm 72.0 No 

SI mode specifications  

Engine speed RPM 1500 Yes 

Compression ratio - 10.5 Yes 

 

The above data has been used as input in the geometric data part in the driver.m file in the Matlab 

model. Since it is a 4-stroke engine, k=2. Other than the geometric data, the following information 

was provided on the engine and the experiments: 



49 

 

Table 6: General data on engine E6 experimental conditions 

General data on engine E6 experimental conditions Model Input 

 units   

EVC ° 33 after TDC Yes 

EVO ° 115 after TDC Yes 

IVC ° 218 after TDC Yes 

IVO ° 13 before TDC Yes 

P1 bar 2.05 +/- 0.1 Yes 

T1 K 325 +/- 3 Yes 

SOC ° 9 +/- 1.5 BTDC Yes 

EOC ° 32 +/- 2 ATDC Yes 

A/F ratio - 1.3 +/- 0.05 Yes 

Air excess ratio - 1 +/- 0.075 Yes 

Stoichiometric gas fraction - 0.037 Yes 

m1 kg 0.0020044 Yes 

R1 J/kg-K 310.23 Yes 

BSFC Kg/kWeh 2.5 +/- 0.13 No 

Vibe parameter a - 2.3 Yes 

Vibe parameter m - 0.7 Yes 

 

Besides the above data, also a pressure-crank angle curve, mass burn fraction curve and heat release 

fraction curve are available from the experiments. These curves have been extracted and loaded 

into Matlab. The simulation is run with the above parameters, and the mentioned curves are 

compared to the curves of the experiments. The results can be seen in the next section. These 

simulation results have been achieved with the above parameters, although some have been 

changed within the deviations given by Shivapuji:  

Table 7: Input parameters simulation 

Input parameters simulation 

 units  

P1 bar 1.95 

T1 K 328  

SOC ° 7.5 BTDC 

EOC ° 33.5 ATDC 

A/F ratio - 1.35  

Air excess ratio - 0.94 

 

4-2 Simulation results engine E6 turbocharged 

4-2-1 Pressure trace 

All the changes made to the parameters are within the deviations given by Shivapuji. The pressure-

crank angle curve from the simulation is a close match with the experimental results. In the 

compression stroke, the simulated pressure seems to go up faster than the experimental pressure 

curve. A reason for this could be that the heat loss during the experiment is higher compared to the 

simulation, resulting in a higher simulated pressure. The experimental and simulated pressure trace 

can be seen in Figure 18. 
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Figure 18: pressure trace simulation and experiment E6 TA: 

The simulated peak pressure occurs 1 degree crank angle earlier than the experimental peak 

pressure. This could be explained by the inaccuracy during the extraction of the experimental 

pressure curve, since this was done using extraction software which requires you to click on a point 

on the curve. The simulated peak pressure is 76.26 bar and the experimental peak pressure is 76.23 

bar. The peak pressure only deviates less than 0.01% between the two pressure curves. 

To get a better idea of the difference between simulation and experimental results, the pressure 

difference is plotted in Figure 19. The biggest difference in bar occurs right after TDC, where the 

difference is almost 2 bar. This is logical since the pressure rise rate at this point is the highest, 

which means that a small difference between the 2 graphs will cause a relatively large difference 

in absolute pressure. The underprediction in the expansion stroke can be explained with the 

normalized fuel burnt, which is shown in Figure 20.  
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Figure 19: Pressure difference between simulation and experimental results 

 

4-2-2 Normalised fuel burnt 

Since the fuel efficiency parameter “a” was given as 2.3, the fuel efficiency comes to 90% as can 

be seen below. However, the data shows that in the experiment there is still fuel burned, up to 98% 

efficiency. This would mean that if more fuel is still burned, the pressure will stay higher. Another 

thing to note is that the fuel burning rate seems to be slightly faster for the experimental data than 

for the simulation, and the start of combustion seems to be closer to 9 degrees BTDC. However, 

with this is input, the simulation seems to go further away from the experimental data, and therefore 

it is chosen to work within the allowed deviations as given to get the model as close as possible. 

 

Figure 20: normalized fuel burnt 
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4-2-3 Convective heat transfer coefficient 

The convective heat transfer coefficient can be seen in Figure 21. It is showing both the condition 

where no fuel is burned and when the mixture is combusted. As can be expected, the heat transfer 

coefficient is higher when there is combustion. Also, the peak shifts to the right, since the peak 

temperature is positioned after the TDC as can be seen in Figure 22. What stands out is that the 

peak of the heat transfer coefficient is more than 20 degrees of crank angle earlier than the peak of 

the temperature. This makes sense when looking at equation 3-22 and 3-23 which show how the 

heat transfer coefficient is calculated. All parameters change over time, but the parameter which 

changes the most is pressure. Therefore the heat transfer coefficient is mainly driven by pressure, 

and thus follows a similar trend as the pressure and not for example the temperature. The fact that 

the peak temperature follows after the peak pressure can be explained with a derivation from the 

basic energy equations. This is not done here since it is not a main point of interest, but it can be 

found in the study by Stapersma [44].  

 

Figure 21: Heat transfer coefficient simulation PG 
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Figure 22:Temperature simulation PG 

The change in the mass balance compared to the Diesel mode operation becomes clear with Figure 

23. The mcyl is the total mass in the cylinder. As can be seen, the total mass does not change, since 

the air and gas come into the cylinder in the mixed condition. In a Diesel engine, the fuel would be 

added later, which would then change the mass in the cylinder after the inlet valve closed. Also 

note that the ma-cyl, the mass of air in the cylinder, is close to half of the total mass in the cylinder. 

From the moment of combustion, the mass of air starts to become less, and the stoichiometric gas 

in the cylinder starts to increase. This trend shows that the new mass balance is working. 

 

Figure 23: Mass balance simulation PG 
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4-2-4 Heat release fraction 

The model uses the fuel specific Wiebe coefficients as matched by Shivapuji [44]. The 

experimental heat release fraction and the simulated heat release fraction are shown in Figure 24. 

It shows there is a very good match between the experimental and simulated results.  

 

4-2-5 Specific fuel consumption 

Another check to see if the model is working properly, is to compare the specific fuel consumption 

of the simulation to the experiments. The fuel consumption from the simulation is given in kg/h. It 

needs to be noted that this is for one cylinder only. The fuel consumption of the experiments is 

given in kg/kWeh, which means the total fuel consumption from the simulation needs to be divided 

by the total power, taking into account the conversion efficiencies.  

 

The specific fuel consumption from the simulation is 2.48 kg/kWeh, which falls within the given 

value of 2.5 kg/kWeh +/- 0.13.  

 

 
Figure 24: Experimental and simulated heat release fraction 

4-2-6 Efficiency 

The gas to electricity conversion efficiency for the experiments is given as 29 +/- 1.4 %. The 

simulated indicated efficiency is 29.8%. This efficiency however does not take into mechanical 

losses and conversion efficiencies. If a total conversion efficiency of 93% is assumed (95% 

mechanical, 98% conversion), the total simulated efficiency would be around 27.8%, which falls 

in the given range.  

 

An overview of the different parameters to compare the experimental results with the simulation 

results is given in Table 8. 
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Table 8: Experimental and simulation values E6 TC 

Experimental and simulation values 

 units Experiment Simulation 

m1 kg 0.0020 0.0020 

P1 bar 2.05 +/- 0.1 1.95 

T1 K 325 +/- 3 325 

R1 J/kg-K 310.23 304.6 

BSFC kg/kWh 2.5 +/- 0.13 2.48 

Peak pressure bar 76.23 76.26 

Peak pressure crank angle ° 13.2 ATDC 12.5 ATDC 

η gas→electricity % 29 +/- 1.4 28.3 

A/F ratio - 1.3 +/- 0.05 1.35 

Air excess ratio - 1 +/- 0.075 0.94 

Peak Temperature K Not measured 2111 

Peak Load kWe 73.8 74.5 

 

 

4-3 Simulation results engine E4 naturally aspirated 

 

To further verify the model, experimental results from another engine are compared to simulation 

results. This engine has also been use by Shivapuji in [43]. The engine is a naturally aspirated, 4 

cylinder engine adapted for generator application. The CR is 11.2, compared to the 10.5 from the 

E6 engine. Again, the same type of producer gas is used in this engine. The main data from the 

engine and input for the model are shown in Table 9. The valve timings are the same as engine E6. 

The simulated and experimental pressure trace are shown in Figure 25. The pressure difference 

between the experimental and simulation values are shown in  Figure 26.  

 
Table 9: Experimental values engine E4 

General data on engine E6 experimental conditions Model Input 

 units   

P1 bar 0.919 +/- 0.1 Yes 

T1 K 312 +/- 3 Yes 

SOC ° 5 +/- 1.5 BTDC Yes 

EOC ° 39 +/- 2 ATDC Yes 

A/F ratio - 1.35 +/- 0.05 Yes 

Air excess ratio - 1 +/- 0.075 Yes 

Stoichiometric gas fraction - 0.037 Yes 

R1 J/kg-K 310.23 Yes 

Vibe parameter a - 2.46 Yes 

Vibe parameter m - 0.72 Yes 
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Figure 25:Experimental and simulation pressure trace E4 NA 

 

The simulated pressure trace stays within 1 bar of the experimental pressure trace, except for the 

region where combustion starts. It seems that the experimental combustion starts earlier than the 

values given, and here the pressure difference shortly increases to almost 2 bar. To stay within the 

deviations given, the start of combustion crank angle has not been changed to an earlier crank 

angle. The experimental and simulation values for engine E4 under naturally aspirated condition 

are shown in Table 10.  

 
Table 10: Experimental and simulation values for engine E4, NA 

Experimental and simulation values 

 units Experiment Simulation 

P1 bar 0.919 +/- 0.1 0.82 

T1 K 312 +/- 3 310 

Peak pressure bar 32.9 32.9 

Peak pressure crank angle ° 11.5 ATDC 12.5 ATDC 

η gas→electricity % Not given 26.7 

A/F ratio - 1.35 +/- 0.05 1.4 

Air excess ratio - 1 +/- 0.075 1 

Peak Temperature K Not measured 2070 

BSFC kg/kWh Not given 2.59 

Peak Load kWe 14.5 15.4 
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Figure 26: Experimental and simulation pressure difference E4 NA 

The difference in the start of combustion becomes more clear when looking at the mass burn 

fraction in Figure 27. It clearly shows that the fuel starts burning earlier in the experiments, 

confirming the start of combustion is further before top dead centre than currently is the case.  

 

 
Figure 27: Experimental and simulation mass burn fraction engine E4, NA 
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4-4 Summary 

 

In this chapter, the developed model has been used to simulate experiments on different engines, 

conducted by dr. Anand Shivapuji. Only from the engines E6 (turbocharged and naturally 

aspirating) and E4 (naturally aspirating) enough data was available to verify the model. The model 

was able to predict the pressure trace for both engines within an acceptable accuracy of 6%. For 

both the engines E6 TA and E4, the estimated peak load is only 2% and 8% off. There is always 

an overestimation of the peak load, which can be caused by conversion losses which have not been 

taken into account. A 95% conversion efficiency from mechanical→electrical has been used, which 

seems to be too low for these engines. Based on the above results, the model is found to work 

sufficient and further investigation into anode-off gas will be done with the current model.  

  



59 

 

5 Determining combustion 

duration for anode-off gas 

In chapter 3 and 4 the engine model has been discussed and verified for syngas, a similar gas as 

anode-off gas. The idea is to use this adjusted engine model for the simulation of anode-off gas. 

By using the same engine (E6) as been used by Shivapuji, the output can be compared, and more 

can be said about the combustion of anode-off gas. However, as discussed in chapter 3, there are 

still differences between the gases. One of the main differences, which is needed as input for the 

engine model, is the combustion duration. The change in composition will influence the speed at 

which the flame will propagate through the cylinder, and thus how fast the fuel will be burned. It 

is therefore necessary to know what the flame speed of the gas will be.  

In this chapter, first more information will be given on the different parts of the combustion to 

understand better what is happening in the cylinder. After this more details on the influence of H2 

on combustion will be given, since one of the main differences between syngas and anode-off gas 

is the percentage of H2. It will be shown that one of the main changes will be found in the speed at 

which the flame will propagate through the cylinder. Because this seems as a main parameter for 

the combustion duration, more research is done into the flame speed, and both laminar and turbulent 

flame speed will be discussed. Both the laminar and turbulent flame speed will be determined for 

anode-off gas. The link between these flame speeds and the combustion duration will be further 

elaborated, after which the combustion duration for anode-off gas will be estimated based on flame 

speed. To come to this combustion duration, several assumptions have been done, which will 

become more clear throughout this chapter. 

 
5-1 Combustion phases 

 

To understand better what happens inside the cylinder, first the different phases of combustion will 

be discussed. Typically three combustion phases can be distinguished: The initial development 

phase (±10% of mass burn fraction), the fast burn phase (±10%-90% of mass burn fraction) and 

the terminal phase (±90%-98% of mass burn fraction) [45].  

5-1-1 Initial development phase 

In this phase, a spark is introduced and the flame will start to develop. This development period is 

called the ignition delay. It is normally taken as the time until 1% of mass is burned [48]. After the 

initial flame kernel development, the kernel will grow with the laminar flame velocity, until a 

certain point where it becomes turbulent.  
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The flame kernel development time depends on the minimum ignition energy required for the fuel 

(𝐸𝑚𝑖𝑛). The spark will always provide the same amount of energy, but different fuel types will 

have different ignition energies. A lower required ignition energy will cause an excess of energy 

available, which will lead to a larger flame kernel with a higher temperature, transitioning faster 

into a turbulent flame [49]. For anode-off gas, with a higher H2 content than producer gas, it can 

thus be expected that the initial development phase will be shorter than producer gas. The reduction 

in minimum ignition energy is related to higher mixture reactivity and hence flame speed, which 

has been shown by [50]: 

 
Equation 5-1 

𝐸𝑚𝑖𝑛 ∝ 𝜌𝐶𝑝𝑇 (
𝛼

𝑆𝐿
)

3

 

In which: 

SL = the laminar flame speed 

α  = Thermal diffusivity 

𝜌 = Density 

𝑇 = Temperature 

 

5-1-2 Fast burn phase 

In the fast burn phase, different turbulent combustion regimes can occur. The type of combustion 

regime depends on the relative size of the turbulent length scales to the laminar flame thickness 

[51]. When the laminar flame thickness is smaller than the smallest of the turbulence length scales, 

the influence of turbulence is only to wrinkle the flame surface. On the other hand, when the 

laminar flame thickness is larger than the largest turbulence length scale, the flame will get 

stretched so much that pockets will break off, also known as the distributed reaction regime. A 

mixture between these regimes is also possible. The combustion regime in combustion engines is 

typically in the wrinkled laminar flame regime, where the mixture consumption rate is driven by 

the turbulent flame speed. Because of the turbulence, the consumption of fuel is the highest, which 

explains why this is called the fast burn phase. More on the laminar and turbulent flame speeds 

will follow later in this chapter.  

5-1-3 Terminal phase 

In the terminal phase there is a reduction of the rate of heat release, until complete termination of 

the heat release. After the terminal phase no more fuel is burned and the combustion is over. The 

influence of fuel composition on the terminal phase will become more clear in the next section. 

 

5-2 Influence of H2 on combustion phases 

 

Because one the main differences between anode-off gas and syngas is the hydrogen content, more 

information on the influence of hydrogen on the combustion will be given. A study on the influence 

of the hydrogen fraction has been done by [44]. Here it was shown that for increasing the amount 

of hydrogen, both the initial development phase and the fast burn phase are shortened, but the 

terminal phase takes longer. An overview of the results for different fractions of hydrogen is shown 

in Figure 28, where SG stands for syngas. SG1 contains 7.1% of hydrogen (in stoichiometric 
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mixture with air), SG4 contains 14.2% of hydrogen. The initial development phase and fast burn 

phase are both shortened for higher amounts of hydrogen because of an increase in the laminar 

flame speed due to the extra hydrogen. However, a higher flame speed also causes enhanced 

convective losses. At the same time, the flame will reach the much cooler cylinder wall sooner. 

These factors contribute to a greater part of the fuel to run cooler after the moment of peak pressure, 

contributing to an increase in the terminal phase combustion duration [43].  

 

Based on the above observations it can be concluded that a similar trend can occur when 

combusting anode-off gas, since the hydrogen content is higher than for producer gas. A big factor 

seems to be the flame speed. Therefore the different flame speeds, laminar and turbulent, will now 

be further discussed to better understand how the combustion duration of anode-off gas can be 

determined.  

 

 
Figure 28: Influence of syngas hydrogen fraction on combustion duration, after [44] 

 

5-3 Laminar premixed flames 

 

The laminar flame speed is defined as the velocity of the unburned gases through the flame front 

in the direction normal to the flame surface [52]. From the previous sections it is clear that the 

laminar flame speed has a large contribution on the combustion phases. Ideally there would be a 

clear relation between the laminar flame speed and the reaction rate, which would say something 

about how fast the reactions takes place. As will be shown later in this chapter, this is not so straight 

forward. First a closer look will be given on what happens in the flame. After that, a derivation for 

the flame speed and the reaction rate will be given. Information in this section has been retrieved 

through lectures of Prof. S.R. Chakravarthy from IIT, Madras [52]. Figure 29 shows a 2-zone 

laminar premixed flame, developed by Mallard and Le Chatelier. According to them, the laminar 

flame propagation is described by the laminar flame speed. The first zone is the preheat region 

(also convective/diffusive zone) and the second zone is the burning zone (reactive/diffusive zone). 

The burning zone has a thickness δ, the laminar flame thickness.   
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Figure 29: Flame zone regions, after [54] 

 

The flame is moving by the conduction of heat from the burning zone to the preheat zone. The heat 

conducted raises the temperature of the unburned mixture to the flame temperature. The following 

equations apply: 

 
Equation 5-2 

𝜌0𝑆𝐿𝐶𝑝(𝑇𝑓 − 𝑇0) ≈ 𝑘
(𝑇𝑓 − 𝑇0)

𝛿
= 𝜔𝑄𝛿 

 

In which: 

k = thermal conductivity 

ω = mass of reactants/unit volume/unit time (reaction rate) 

Q = heat value of the reaction 

𝑇𝑓 = flame temperature 

𝑇0 = unburned gas temperature 

 

This formulation states that the change in enthalpy (left side of equation) is equal to the heat 

conduction (middle part of equation), which has to balance the heat released due to the chemical 

reactions (right side of the equation).  

 

Now the global energy balance is: 

 
Equation 5-3 

𝐶𝑝(𝑇𝑓 − 𝑇0) = 𝑄 

 

Combining the above equations gives a formulation for the laminar flame speed as a function of 

the reaction rate: 
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Equation 5-4 

𝑆𝐿 =
1

𝜌0
√

𝜔𝑘

𝐶𝑝
 

 

This shows that the laminar flame speed is directly proportional to the square root of the reaction 

rate.  

 

5.4  Turbulent premixed flames 

 

Besides laminar flames, also turbulent flames are found in the cylinder. These will be discussed 

further in this section. The air-fuel enters the cylinder under a higher than ambient pressure, 

inducing a turbulent flow. This, in combination with the piston moving up and down and therefor 

causing swirl, creates complicated turbulence in the cylinder. This turbulence interacts with the 

laminar flame, modifying the flame front and changing the laminar flame into a turbulent one. 

When the turbulence causes the flame surface to wrinkle, rapid fluctuations will occur on this flame 

front. The propagation of this mean turbulent flame front is described by the turbulent flame speed 

ST [53]. The first person to define the turbulent flame speed was Damköhler who used a mass 

continuity approach [56]. In Figure 30 an illustration of his approach is given. The mass continuity 

in this approach is the following: 

 
Equation 5-5 

�̇� = 𝜌0𝐴0𝑢0 = 𝜌𝐴𝑇𝑆𝐿 = �̅�𝐴𝑆𝑇 

 

When the density is assumed constant, the following is true: 

 
Equation 5-6 

𝑆𝑇

𝑆𝐿
=

𝐴𝑇

𝐴
;     

𝐴

𝐴0
=

𝑢0

𝑆𝑇
 

 

According to Damköhler, the turbulence effect in the small scale turbulent regime is reduced to 

wrinkling the flame front. This led to a simplified expression for the turbulent flame speed: 

 
Equation 5-7 

𝑆𝑇

𝑆𝐿
= 1 + 𝐶 (

𝑢′

𝑆𝐿
)

𝑛

 

 

in which 𝑢′ is the turbulence intensity and n is a constant to be chosen. Since the combustion of 

producer gas is mainly in the small scale turbulent combustion region, and is assumed that this will 

be the same for anode-off gas, the above formulation will be used to determine the turbulent flame 

speed of anode-off gas. 
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Figure 30: Propagation of the mean and instantaneous turbulent flame front, after [53] 

 

5-5 Laminar flame speed of anode-off gas 

 

Because in the different combustion phases both the laminar flame speed and the turbulent flame 

speed seem to play a role, both of these will be determined for anode-off gas, after which a link 

will be tried to make between these flame speeds and the combustion duration. In this section the 

determination of the laminar flame speed of anode-off gas will be discussed. One way to determine 

the laminar flame speed is by a 1D approach, which involves detailed chemical kinetics models in 

which mass, species and energy conservation equations coupled with the chemical reactions are 

solved. This is an iterative approach where it starts out as a transient problem and is solved until 

the steady state is reached. This approach is very time consuming and computationally extensive, 

and therefore out of the scope of this research. Mostly used are the curve fit correlations based on 

experimental data. This data is based on spherical combustion bomb experiments for various fuels 

[49], [53] and is generally a function of dimensionless pressure and temperature, as shown below. 

 

 
Equation 5-8 

𝑆𝐿 = 𝑆𝐿0
(

𝑇𝑢

𝑇0
)

𝛼

(
𝑃𝑢

𝑃0
)

𝛽

 

 

This correlation has been further generalized by Keck to incorporate variations in air/fuel ratios 

[49]. A correlation like this is easy to use, but has certain drawbacks. It is based on experimental 

data, which means a correlation is not available for every type of fuel and every pressure and 

temperature. This means that for anode-off gas, such a correlation does not exist.  

 

However, a study with quite similar compositions as anode-off gas has been done by [54]. They 

have studied the influence of CO2, CH4 and initial temperature on the laminar flame speed of a 

H2/CO mixture. They varied the volume fractions of H2/CO (1:3, 1:1, and 3:1 by volume), the CO2 

dilution (0%-40%) and the methane fraction (0%-40%). It was found that laminar flame speed 

increases with increasing H2/CO ratio, while CO2 dilution or CH4 addition decreased it. A 

correlation for the laminar flame speed was developed based on the experimental data. When 
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looking at the composition of anode-off gas, it turns out that the laminar flame speed for most of 

the compositions at different utilization rates can be determined with this correlation. The 

correlation is the following: 

 
Equation 5-9 

𝑆𝑢 = 𝑆𝐿,𝑟𝑒𝑓(1 − 𝑐𝜒𝐶𝑂2
) (

𝑇

300
)

𝑎

 

 

Where: 

 
Equation 5-10 

𝑆𝐿,𝑟𝑒𝑓 = 𝑆𝐿,𝑚𝑎𝑥 − 𝐵(𝜑 − 𝜑𝑀)2 

 

In which: 

- 𝜑𝑀  = the equivalence ratio at which SL reaches its maximum 

- B  = rate of decrease of SL from its maximum 

 

𝑆𝐿,𝑚𝑎𝑥, B, and 𝜑𝑀 are functions of the volumetric concentration (χ) of CH4 and of the normalized 

H2/CO ratio of the syngas defined as: 

 
Equation 5-11 

𝑅 =
𝜒𝐻2

(𝜒𝐻2
+ 𝜒𝐶𝑂)

 

 

The different parameters are determined with the following formulas: 

 

 
Equation 5-12 

𝑆𝐿,𝑚𝑎𝑥 = 2.1 exp(−5.9𝜒𝐶𝐻4
) (𝑅 − 0.5) + 1.4 exp(−3.97𝜒𝐶𝐻4

) + 0.4 

 
Equation 5-13 

𝜑𝑀  = −0.905 exp(−13.4𝜒𝐶𝐻4
) (𝑅 − 0.5) + 1.05 exp(−7𝜒𝐶𝐻4

) + 1.07 

 
Equation 5-14 

𝐵 = [−10.5(𝜒𝐶𝐻4
− 0.2)

2
+ 1.5] 𝑅 + 3.1𝜒𝐶𝐻4

+ 0.035 

 
Equation 5-15 

𝑎 = (1.28 + 0.24𝜒𝐶𝐻4
) + 0.54(𝜑 − (1.85 − 3.45𝜒𝐶𝐻4

))2 

 
Equation 5-16 

𝑐 = 0.028 𝑒𝑥𝑝 [(2.5𝜒2
𝐶𝐻4

+ 1) 𝜑 + 0.5] + 1.23 
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With the above formulations, the flame speed of anode-off gas for different utilization rates can be 

calculated for composition 1. The laminar flame speeds at 300 K can be found in Table 11. Care 

should be taken with the laminar flame speed for the 85% fuel utilization rate, since the composition 

falls just outside of the range of the laminar flame speed correlation.   

 
Table 11: Laminar flame speeds at 300 K for anode-off gas 

Laminar flame speeds at 300 K for anode-off gas composition 1 at stoichiometry (m/s) 

Fuel utilization rate 85% 75% 60% 50% 

Laminar flame speed  0.34 0.68 1.02 1.91 

 

 

5-6 Turbulent flame speed for anode-off gas 

 

As seen before in this chapter, the turbulent flame speed depends on the laminar flame speed as 

well as the turbulent intensity and some constants according to the formula by Damköhler. To be 

able to say something about the combustion duration for anode off gas, especially during the fast 

burn phase, the turbulent flame speed needs to be known. Therefore the turbulence intensity needs 

to be known. In the study conducted by Shivapuji the ratio of ST/SL is given as a function of the 

turbulence intensity over the laminar flame speed for the turbocharged E6 engine [44]. From the 

experimental data it becomes clear that both constants are equal to one, and the formula is reduced 

to: 

 
Equation 5-17 

𝑆𝑇

𝑆𝐿
= 1 +

𝑢′

𝑆𝐿
 

 

which further simplifies to: 

 
Equation 5-18 

𝑆𝑇 = 𝑆𝐿 + 𝑢′ 

 

For the E6 turbocharged engine ST/SL is given. It varies slightly with crank angle between 8.5 and 

9.5. For the ease of using a simple relation in the simulation, the ratio is averaged over crank angle 

and is taken as 9. The laminar flame speed at ambient conditions for producer gas is also known 

(0.5 m/s) thus the turbulence intensity can be calculated, which in this case is 4 m/s. For the 

simulation of anode-off gas, the same engine will be used. Therefor it is assumed that the turbulence 

intensity will stay constant, and can be used for the simulation of anode off gas. A few remarks 

need to be taken into account with adopting this method: 

 

5-6-1 Turbulence intensity 

The value for the turbulence intensity is assumed to stay constant. In reality this will not be entirely 

true, since it depends on many factors. However, with the engine speed staying the same, and the 

inlet pressure and valve timing staying the same, the in-cylinder turbulence due to geometry will 



67 

 

stay the same. Also, the influence of the difference in gas composition on the turbulence intensity, 

is only minor when the combustion takes place close to stoichiometry [51]. Since the engine will 

be running at the same speed, and anode-off gas will combust at close to stoichiometric conditions, 

it is a valid assumption to see the turbulent intensity as a constant.  

 

5-6-2 Laminar flame speed at ambient condition 

Another remark needs to be made about which laminar flame speed to use. First of all, the aim is 

to find to combustion duration of anode-off gas, relative to the combustion duration of producer 

gas. This way the results can be compared to a set of known results. The laminar flame speed can 

depend on both temperature and pressure. With a higher temperature than ambient conditions, 

which will for sure occur at the start of combustion, the laminar flame speed will be higher as well. 

The important thing is to take the laminar flame speed for anode-off gas and producer gas both at 

the same temperature and pressure. This way, the change in ratio of ST,PG/ST,AOG will stay the same. 

Secondly a point can be made that different compositions will act differently when the temperature 

or pressure is changed. In other words, one gas might go up 50% in laminar flame speed where 

another gas might go up 100% in laminar flame speed, with the same increase in temperature. The 

main difference between anode-off gas and producer gas is the higher H2 content in anode-off gas, 

and CO2 instead of N2. Since both N2 and CO2 are considered inert gasses, the influence of 

interchanging these two gasses is assumed to be negligible. The higher H2 content could however 

make a difference.  

 

In Table 12 the laminar flame speeds of the four different syngasses as discussed in Chapter 6-2 

are shown for ambient conditions (300 K and 1 bar) and engine like conditions (700K and 25 bar). 

Also the ratio`s between the laminar flame speeds have been calculated and are shown in Table 13. 

It can be seen that the ratios are hardly different between ambient and engine like conditions. The 

correlation formula for the laminar flame speed used for anode-off gas is not valid for higher 

temperatures and pressures. It is therefore chosen to use the laminar flame speed at ambient 

conditions in the calculations.  

 
Table 12: Laminar flame speeds at ambient and engine like conditions, after [44] 

 SL at 300K, 1 bar SL at 700K, 25 bar 

SG1  14.7 27.5 

SG2 27.1 49.8 

SG3 37.7 65.5 

SG4 54.4 94.2 

  
Table 13: Ratios of laminar flame speeds 

 

 

 
 

 

Now that the turbulent flame speed can be calculated, it can be compared to the turbulent flame 

speed of producer gas in the same engine. The flame speed is directly related to how fast the gas is 

consumed, and therefore the combustion duration. With the ratio of turbulent flame speed, the ratio 

 300K, 1 bar 700K, 25 bar 

SG2/SG1 1.84 1.81 

SG3/SG2 1.39 1.32 

SG4/SG3 1.44 1.44 
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of combustion duration between anode-off gas and producer gas is now also known, thus the 

combustion duration for the fast burn phase of anode-off gas is known.  

 

5-7 Laminar vs turbulent combustion phases 

 

The original idea was to assume the initial development phase as a laminar burning phase, after 

which the fast burn phase could be treated as turbulent combustion. The terminal phase can be 

disregarded, when the combustion efficiency is assumed to be similar to producer gas (90%). The 

combustion duration for the fast burn phase will then be related to the change in turbulent flame 

speed. The combustion duration of the first 10% of mass burned can be related to the change in 

reaction rate (RR), which can be calculated through the laminar flame speed using the formula 

from chapter 6-3.  

 

The above idea has been used to check the combustion duration results for the 4 different syngasses. 

In Table 14 the results are shown, with the first phase calculated through the reaction rate, and the 

second phase through the turbulent flame speed. 

 
Table 14: Calculated combustion duration for different syngasses 

 

From Table 14 it is clear that the adopted method for the fast combustion phase gives similar results 

as the experimental values, with only 1 degree crank angle difference. The adopted method for the 

first combustion phase does not seem valid. There can be multiple reasons for this. First of all the 

fact that the reaction rate is 10 times as fast, does not mean that the actual combustion will also 

happen 10 times as fast. This combustion is limited by how fast the heat can be transferred, and 

thus by the thermophysical properties of the gas [51]. Another reason is that the assumption that 

the first phase is fully laminar might not hold. There is no change at 10% mass burn fraction, and 

reaching turbulent combustion could be much sooner. Also, there is still turbulence in the cylinder 

due to the piston moving and the air-fuel mixture entering the cylinder.  

 

In Figure 31 the normalized fuel burnt from the experiments is shown. The graph is close to linear 

between 10-90%, again confirming the assumption that the turbulent flame speed can be used, and 

can be averaged over this combustion period. The graph continues with the same inclination below 

the 10% line, until about 3-4%. This shows that turbulent combustion occurs much earlier.  

 

The same method used for calculating the 10-90% burn phase has also been tried for the 0-10% 

burn phase. Results are shown in Table 15. The results are much closer to the experimental value 

than the previous adopted method, with only 1 degree crank angle as maximum difference. 

Therefore, the ratios between the turbulent flame speeds will be used over the entire range from 0-

90% for the calculation of the combustion duration of anode-off gas.  

 SL (m/s) ST (m/s) ST,x/ST,1 RRx/RR1 CD 0-10% 

experiment 

CD 0-10% 

calculated 

CD 10-90% 

experiment 

CD 10-90% 

calculated 

SG1  0.15 1.03 1.00 1.0 7 7.0 28 28 

SG2 0.27 1.15 1.12 3.4 5 1.5 26 25 

SG3 0.38 1.26 1.22 4.9 4 0.8 24 23 

SG4 0.54 1.43 1.39 10.0 4 0.4 20 20 
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Figure 31: normalized fuel burnt, experimental E6 TA 

 
Table 15: calculated combustion duration 0-10% based on turbulent flame speed ratio 

 

 

 

 

 

 

 

5-8 Combustion duration anode-off gas 

 

With the adopted method, the combustion duration for different fuel utilization rates of anode-off 

gas have been calculated. These are shown in Table 16. For comparison reasons, the combustion 

duration of producer gas is also shown. It shows a clear decrease in combustion duration with 

increasing flame speed.  

 

 SL (m/s) ST (m/s) ST,x/ST,1 CD 0-10% 

experiment 

CD 0-10% 

calculated 

SG1  0.15 1.03 1.00 7 7 

SG2 0.27 1.15 1.12 5 6 

SG3 0.38 1.26 1.22 4 5 

SG4 0.54 1.43 1.39 4 5 
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Table 16: Calculated combustion duration for anode-off gas 

 

 

 

 

 

 

 

 

5-9 Summary 

 

Typically three combustion phases can be distinguished: The initial development phase (±10% of 

mass burn fraction), the fast burn phase (±10%-90% of mass burn fraction) and the terminal phase 

(±90%-98% of mass burn fraction). A study into the effect on the combustion phases of addition 

of hydrogen has been done by Shivapuji [43]. It was shown that for increasing the amount of 

hydrogen, both the initial development phase and the fast burn phase are shortened, but the terminal 

phase takes longer. The original idea was to assume the initial development phase as a laminar 

burning phase, after which the fast burn phase could be treated as turbulent combustion. The 

terminal phase can be disregarded, when the combustion efficiency is assumed to be similar to 

producer gas (90%). Both phases however seem to be turbulent. Therefore the total combustion 

duration can be linked to the turbulent flame speed, which is a function of laminar flame speed and 

turbulent intensity. With assuming the turbulent intensity to stay constant, the turbulent flame speed 

can be calculated and the combustion duration can be calculated using the ratio of turbulent flame 

speeds between two gasses. The laminar flame speeds of anode-off gas and their combustion 

duration in engine E6 are given in Table 17. 

 
Table 17: Calculated combustion duration and laminar flame speed for anode-off gas 

 

 Combustion duration 0-90% of mass 

burn fraction, given in crank angle 

PG  38 

AOG,85 39.4 

AOG,75 36.5 

AOG,60 34 

AOG,50 28.9 

 Combustion duration 0-90% of mass 

burn fraction, given in crank angle 

Laminar flame speed at stoichiometry 

(m/s) 

PG  41 0.5 

AOG,85 42.5 0.34 

AOG,75 39.4 0.68 

AOG,60 36.7 1.01 

AOG,50 31.1 1.91 
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6  Results 

In this chapter, the results of simulating the combustion of anode-off gas will be given. The gas 

will be used in the E6, turbocharged engine, as used in experiments by [44]. There are four different 

fuel utilization rates of anode-off gas that will be used. The aim is to compare the anode-off gas to  

producer gas. In order to compare, several parameters need to stay constant. Once these parameters 

are set, the model can be run with different fuel utilization rates of anode-off gas. The main 

properties of the different compositions of anode-off gas and producer gas will be given. The results 

of the simulations will be compared to producer gas on output such as power, peak pressure, 

temperature and efficiency. After the results are given, a detailed analysis of these results will be 

conducted, after which a discussion will follow.  

 

6-1 Choice of constant parameters 

 

Because anode-off gas is simulated in the same engine as producer gas, some parameters have 

stayed the same. Also, to make a good comparison, some parameters need to stay the same. The 

following choices have been made: 

 

- Engine geometry, valve timing and speed stays the same 

- The combustion will take place under stoichiometric conditions 

- The SOC will stay constant 

- T1 = 328 K (same as PG) 

- P1 = 1.95 bar (same as PG) 

- Vibe parameters stay the same as PG 

- Stoichiometric gas mass fraction from previous cycle (xsg) = 3.7% 

 

Since the AOG will be compared to results from PG, of which the bulk of experimental data is 

available for one engine, it is only logical to use the same engine with the same speed and valve 

timing in the simulations. Changing any of this would have many implications, and assumptions 

that will be made will not hold.  

 

Combustion under stoichiometric condition has been chosen since this is also the case for PG. This 

has been chosen for producer gas since the mixture lower heating value of PG is already lower than 

conventional fuels. Increasing the air excess ratio would only lower the mixture LHV more, 

resulting in power loss from the engine. Another reason to use stoichiometric combustion is that 

this gives the least possible change of the turbulent intensity due to changes in composition [50]. 

The same temperature as PG is used to keep the initial conditions close to PG, to have a comparable 

situation. The same applies for the pressure. The inlet pressure depends on the turbocharger, which 

depends on the mass flow of a certain composition through the turbine. However, in [43] they were 

able to match a turbocharger to changing fuel composition to still ensure a high enough inlet 
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pressure. It is assumed that with the change in composition from PG to AOG this would also be 

possible.  

 

The Vibe parameters are kept the same as well. The Vibe parameter a is derived from the 

combustion efficiency and says how much of the fuel in the cylinder is actually burned. For PG in 

the E6 TA engine, this parameter has been derived through analysis of the exhaust gasses. Using 

the same engine with the same valve settings, and operating also at stoichiometry,  it is assumed 

that the combustion efficiency of AOG will be similar to that of PG. The Vibe parameter m is the 

shape parameter, which is normally used to shape the simulated heat release to the experimental 

heat release. Estimating the heat release profile for different boundary conditions, for example 

spark timing or pressure, or even a completely different engine are generally not possible [57]. No 

experimental data is available for AOG. By using the same inlet conditions (temperature and 

pressure) and the same engine, boundary conditions are set such that using the same value for m as 

used for PG is justifiable. The start of combustion will first be kept constant. With keeping the start 

of combustion constant, the influence of the longer/shorter combustion duration for anode-off gas 

can be made visible.  

 

The stoichiometric gas mass fraction from the previous cycle has been given for PG. With a similar 

combustion efficiency, engine geometry, valve timing and inlet pressure, there is no reason to 

assume that this value will change much, and as such be kept constant. With the above parameters 

set, simulations can be done on AOG. To understand differences in the output more, an overview 

of the main properties of the different gasses is given in Table 18. 

 
Table 18: Main properties of PG and AOG 

 

 

 

 

 

 

 

 

 

 

 

 

 

6-2 Results of simulation 

 

In this chapter the results of the simulations of the different fuel utilization rates of anode-off gas 

are given. First several graphs are given, showing the pressure traces, heat release fractions, 

temperatures and more. After that, these result are analysed.  

 

Parameter Units PG AOG85 AOG75 AOG60 AOG50 

H2 % 18 30.8 42.2 53.2 58.3 

CO % 19 10.8 15.6 21.6 25.1 

CO2 % 12 58.4 42.2 25.2 16.6 

N2 % 49.2 - - - - 

CH4 % 1.8 - - - - 

       

LCV MJ/Nm3 4.57 4.68 6.53 8.47 9.46 

r Kg/m3 1.023 1.306 1.048 0.788 0.663 

σ - 1.3 0.88 1.53 2.67 3.56 

SL m/s 0.5 0.34 0.68 1.02 1.91 
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6-2-1  Pressure traces 

In Figure 32 the pressure traces for the different anode-off gasses are given as well as the 

pressure trace for producer gas in engine E6.  

 

 
Figure 32: pressure traces anode-off gas 

 

As can be seen, lower fuel utilization rates of anode-off gas have a higher peak pressure. The peak 

pressure for AOG85 is 68 bar, which increases to 104 bar for AOG50. What also shows it that the 

position of peak pressure is slowly shifting to the left for lower fuel utilization rates.  

 

6-2-2 Temperature 

In Figure 33 the temperature for the different anode-off gasses is shown. The peak temperature 

increases with lower fuel utilization rates of anode-off gas. Also the peak temperature shifts 

further to the left for lower fuel utilization rates of anode-off gas. The peak temperature for 

AOG85 is 2652K, and for AOG50 it is 2847K. The peak temperature of producer gas, when 

simulated in the same engine model, was 2111K. 
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Figure 33: Temperature different anode-off gasses 

 

6-2-3 Heat release fraction 

Figure 34 shows the different heat release fractions of anode-off gas. As the fuel utilization rate 

becomes lower, the heat release fraction curve goes up faster.  

 
Figure 34: Heat release fractions different anode-off gasses 
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6-2-4 Heat transfer coefficient 

In Figure 35 the heat transfer coefficients are shown for the different fuel utilization rates of 

anode-off gas. With lower fuel utilization rates, the heat transfer coefficient increases.  

 

 
Figure 35: Heat transfer coefficient anode-off gasses 

An overview of the simulation data for anode-off gas is given below in Table 19. For comparison 

reasons the data from producer gas is also shown.  

 

 
Table 19: Results from simulation 

 

 

Parameter Units PG AOG85 AOG75 AOG60 AOG50 

λ - 0.925 1 1 1 1 

CD ° CA 41 42.5 39.4 36.7 31.1 

Pe kWe 72.8 57.6 66.8 75.8 79.8 

fc kg/h 182 267 180 115.9 91 

ηg→e - 0.28 0.16 0.17 0.19 0.20 

Peak P Bar 76.4 67.9 80.5 91.9 104.1 

PoPP ° CA 13.2 12.4 12.3 12 11 

Peak T K 2111 2652 2651 2699 2847 

σ - 1.43 0.88 1.53 2.67 3.56 

SL m/s 0.50 0.34 0.68 1.01 1.91 
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6-3 Analysis of results  

 

Looking at the results there are several parameters that stand out. The important ones will be 

discussed in further detail.  

 

6-3-1 Temperature 

The temperature for anode-off gas is much higher (500-700 K) than producer gas. The peak 

temperature is in the range of 2650-2850 K. There are several reasons for the increase in 

temperature. One of them is the H2 content in anode-off gas. H2 has a high adiabatic flame 

temperature. At ambient conditions, the adiabatic flame temperature is 2367 K. However, after the 

inlet valve closes, the pressure and temperature rise. At the start of combustion, pressure and 

temperature are around 40 bar and 800 K respectively. At this pressure and temperature, the 

adiabatic flame temperature of H2 increases to 2760 K [58]. At the same pressure and temperature, 

the adiabatic flame temperature of producer gas is 2260 K [43]. Increasing the H2 content will thus 

increase the temperature as well. Also the large temperature increase can be explained by looking 

at how the temperature is calculated. The temperature follows from integrating the first law of 

thermodynamics: 

 

𝑑𝑇

𝑑𝑡
=

�̇�𝑐𝑜𝑚𝑏 − �̇�𝑙𝑜𝑠𝑠 − 𝑝 ∙
𝑑𝑉
𝑑𝑡

+ �̇�𝑓

𝑚 ∙ 𝑐𝑣
 

 

�̇�𝑐𝑜𝑚𝑏 is the mass times the LCV. In case of AOG85 compared to PG, the mass of fuel for AOG85 

is larger than PG. Also, the LCV is higher, giving a higher �̇�𝑐𝑜𝑚𝑏. At the same time, the pressure 

is lower, so the term 𝑝 ∙
𝑑𝑉

𝑑𝑡
 is less. The 𝑐𝑣 for AOG85 is much lower during combustion than for 

PG. When solving all the terms, the net results is that the temperature is higher for AOG85.  

 

The high temperature could cause physical problems for the engine. The engine is a diesel engine 

converted for spark ignited operation. Normal operating temperatures for diesel engines are 1800-

2300 K [59]. The temperatures for anode-off gas combustion are still much higher. Even though 

the peak temperature only occurs for a short period, such high temperatures might not be feasible 

in a combustion engine.  

 

6-3-2 Pressure 

With the increasing flame speed and LCV when using a lower utilization rate anode-off gas, the 

pressure increases as well. This is an expected trend, since pressure follows from the gas law: 

 

𝑝 =
𝑚𝑅𝑇

𝑉
 

 

Both R and T increase when using a lower utilization rate anode-off gas, where m and V stay 

relatively constant. As a result the pressure increases. The maximum pressure occurs using AOG50. 

The peak pressure is 104 bar. For small automotive diesel engines, which this engine could be 

categorized under, the typical peak pressure values are 120 bar [59]. The peak pressure is much 

higher than for PG, but still feasible.  
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6-3-3 Fuel consumption 

The fuel consumption decreases toward a lower utilization rate anode-off gas. This is explained by 

the decreasing density and the increasing stoichiometric air/fuel ratio. The same volume in the 

cylinder will be filled under stoichiometric conditions. The lower density and higher air/fuel ratio 

cause the mass of fuel in the cylinder to decrease. Per cycle, less mass will be burned. Even though 

the fuel consumption decreases with lower utilization rate anode-off gas, the values should also be 

seen compared to conventional fuels. A similar size diesel engine with the same power output will 

use around 15 kg/h of fuel, which is six times lower than the lowest fuel consumption for anode-

off gas. This questions also the feasibility of using anode-off gas for power generation. 

 

6-3-4 Gas to electric efficiency 

To compare the efficiencies of anode-off gas to producer gas, the indicated efficiencies are 

converted to efficiencies from gas to electric, taking into account the conversion efficiencies as 

discussed in chapter 5. Where producer gas still achieves a relatively good efficiency, the 

efficiencies for anode-off gas are poor, not even coming above 20%. This is the result of the 

relatively low power output for the fuel heat being added to the cylinder. The indicated efficiency 

is defined as: 

 

𝜂𝑖 =
𝑊𝑖

𝑄𝑓
 

 

In which 𝑄𝑓 = 𝑚𝑓 ∙ 𝐿𝐶𝑉 and the indicated work is calculated from the p-V curve. Even though 

anode-off gas is available as a by-product from the fuel cell and therefore “free” energy, the 

efficiency of the engine is poor and combusting this anode-off gas might not outweigh the costs of 

installing engines for anode-off gas combustion.  

 

6-3-5 Position of peak pressure 

The PoPP moves more toward the top dead center with lower utilization rates of anode-off gas. 

This is a direct effect of the faster laminar flame speed and thus shorter combustion duration. 

Anode-off gas combustion was tweaked such that it was at maximum brake torque timing. This 

timing can be checked by looking at the PoPP, which should be around 12-14° ATDC. To try and 

optimize the anode-off gas combustion, another round of simulations is done, ensuring the PoPP is 

similar to that of anode-off gas in the E6 engine. 

 

6-4 Discussion on simulation results 

 

This research was conducted with the aim of investigating the performance of an IC engine on 

different compositions of anode-off gas. A engine model has been adjusted and verified, after 

which it has been used to simulate anode-off gas combustion. During this process, assumptions 

have been made and several interesting results have been seen. Some of these need further 

clarification or discussion, which will happen in this section.  

 

The above results from simulations show the potential that anode-off gas has for power generation 

when combusted in a SI engine. The engine used was originally a Diesel powered engine, rated at 
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100 kWe. The maximum power output achieved for anode-off gas was using AOG50, achieving 

almost 82 kWe. The power output seems reasonable. However, this power output is achieved at a 

temperature which may not be feasible for a combustion engine. Also the fuel consumption is 

minimum 6 times higher than using Diesel. When going to 85% fuel utilization the fuel 

consumption becomes almost 18 times as high as Diesel, with less than 60% of the power output. 

The availability of that much anode-off gas seems improbable, but should be further researched.  

 

The peak temperature can be reduced by increasing the air excess ratio. Increasing this would lower 

the mixture LCV, lower the laminar flame speed, increase the combustion duration, and lower the 

peak pressure. The temperature would become feasible, but the drop in pressure would result in a 

drop in power output as well. Modelling anode-off gas at higher air excess ratios has not been 

included in this thesis. Several assumption that have been made in this study would not hold. The 

turbulence intensity would change, Vibe parameters would change which would alter the heat 

release profile, and the stoichiometric gas fraction from the previous cycle would change. It seems 

therefore very difficult to, without further experimental verification, use the same constant 

parameters in this study for higher air excess ratios.  

 

The turbulence intensity is assumed constant over the crank angle, and is assumed to not change 

due to changes in composition when combustion takes place under stoichiometric conditions. In 

reality, turbulence intensity differs with crank angle, and will be influenced as well by changing 

composition due to different thermophysical properties. To research the specific effect of these 

changes, a 3D CFD model of the in-cylinder process containing the full chemical kinetics models 

should be build, solving the chemical reactions and simulating the turbulence due to engine 

geometry and speed.  

 

In this study, the combustion duration has been related to the turbulent flame speed. The entire 

range from 0-90% has been modeled based on this relationship. In reality, the first and last phase 

of combustion are slower than the second phase. The approximation that has been used in this study 

is close to the experimental values, but is not exact.  

 

One of the main differences with the original in-cylinder model for Diesel is the change to using 

Annand`s formulation for the heat loss. As explained before, this formulation incorporates the 

transport properties of the mixture much better then Woschni, who uses tunable coefficients. This 

way, the heat transfer coefficient is calculated more accurately, using NASA coefficients for 

individual species, ensuring a more correct heat loss model.  
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7 Conclusion and 

recommendations 

7-1 Conclusions 

 

In this thesis the performance of an IC engine running on anode-off gas has been investigated. This 

has been done to research if this can be used on board of ships for power generation. The research 

first focussed on modifying an engine model, after which it was used to simulate anode-off gas 

combustion. The key findings of this work are summarized in this chapter. 

 

The first chapter presented the goal of this research, and outlined why this research is being 

conducted. The addition of anode-off gas to natural gas engines could broaden their engine 

envelope. Before this is done, combustion of anode-off gas needs to be researched. This has not 

yet been done, thus no data is available.  

 

The second chapter looked at research on similar gasses. A similar gas to anode-off gas is producer 

gas. This can be used in both CI and SI engines. However, CI engines cannot run on 100% producer 

gas. SI engines have lower compression ratios which reduces power. Combustion of producer gas 

has proven possible at higher compression ratios by adopting a Diesel engine for SI operation. In 

research into combustion of synthesis gas in SI engines, most studies use a zero-dimensional model. 

Synthesis gas can have different heat release profiles depending on the composition of the gas. In 

order to correctly model the heat release, fuel specific Vibe parameters need to be used. It was 

found that the best way to model anode-off gas combustion, is using a SI engine in a in-cylinder 

model. When modeling the engine, ignition timing and fuel flow to the cylinder will have to be 

altered compared to CI simulation.  

 

In chapter three the modifications to the Diesel-C model were discussed. The mass balance needs 

to be changed to account for the different mass balance in a gas engine. The model was made 

dependent of the different constituent volume percentages of anode-off gas. The formulation from 

Annand is used for the convective heat transfer coefficient to incorporate the different 

thermophysical properties of the different constituents better.  

 

Chapter four matched the model to different experimental results from literature using producer 

gas as fuel. From 2 different engines enough experimental data was available to verify the model. 

The model was able to predict the pressure trace for both engines within an acceptable accuracy of 

6%. For both the engines E6 TA and E4, the estimated peak load is only 2% and 8% off. The fuel 

consumption falls within a 2% margin. There was always an overestimation of the peak load, which 

can be caused by conversion losses which have not been taken into account. A 93% conversion 

efficiency from mechanical to electrical has been used to account for this overprediction. Based on 
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the simulation  results, the model is found to work sufficiently and further investigation into anode-

off gas can be done with the model. 

 

In chapter five the behaviour of anode-off gas was examined in detail by looking at the laminar 

and turbulent flame speed and relating these to the combustion duration. It was discovered, when 

increasing the amount of hydrogen, that both the initial development phase and the fast burn phase 

were shortened. However the terminal phase takes longer. The terminal phase can be disregarded, 

when the combustion efficiency is assumed to be similar to producer gas (90%). The first two 

phases both seem to be turbulent. Therefore the total combustion duration can be linked to the 

turbulent flame speed, which is a function of laminar flame speed and turbulent intensity. Assuming 

the turbulent intensity to stay constant, the turbulent flame speed and the combustion duration can 

be calculated using the ratio of turbulent flame speeds between two gasses. The laminar flame 

speeds of anode-off gas and their combustion duration in engine E6 are given in Table 20. 

 
Table 20: Calculated combustion duration and laminar flame speed for anode-off gas 

 

 

 

 

 

 

 

 

Chapter six presented and analysed the results of modelling anode-off gas combustion. Several 

parameters have been kept constant to be able to compare anode-off gas to producer gas. These 

parameters are engine geometry, air excess ratio, T1, p1, Vibe parameters and stoichiometric gas 

mass fraction from the previous cycle. At first the SOC is kept constant as well, only altering the 

EOC for different combustion durations. The maximum power output is 78.9 kWe for AOG50. 

The maximum efficiency is 20%. The peak pressure is 104 bar, which is higher than for producer 

gas, but falls within the limits of what the engine can handle. The peak temperature is 2847 K, 

which is more than 700 K higher than producer gas. The engine, it is believed, can not handle this. 

The lowest peak temperature is reached for AOG85 and is 2652 K. This is still outside normal 

engine operating temperatures. Combustion of anode-off gas under stoichiometric conditions in an 

IC engine is therefore not feasible. Increasing the air excess ratio could resolve this issue, but can 

not be done in the current model without having experimental data on anode-off gas. The fuel 

consumption is 6-18 times higher than conventional fuels, also showing that anode-off gas 

combustion would not be an advantage over conventional fuels. More power at lower temperatures 

can be reached when retarding start of combustion, achieving MBT timing. Peak power is achieved 

using AOG50 and is 81.6 kWe. The corresponding peak temperature is 2822 K, which is also 

outside normal operating conditions of IC engines.   

 

 

 

 

 Combustion duration 0-90% of mass 

burn fraction, given in crank angle 

Laminar flame speed at stoichiometry 

(m/s) 

PG  41 0.5 

AOG,85 42.5 0.34 

AOG,75 39.4 0.68 

AOG,60 36.7 1.01 

AOG,50 31.1 1.91 
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7-2  Recommendations 

 

The modelling investigation in this thesis has provided a basic understanding of combustion of 

anode-off gas in an IC engine and its implications. An engine model was modified and verified. 

However, the model is limited in its use and several assumption needed to be made. 

 

One of the potential improvements is to get a better relation for flame speed and combustion 

duration. With a 3D CFD model, more accurate predictions could be made, and no linearization 

would have to be used. Also a more detailed investigation into the different combustion phases and 

their turbulence would be beneficial for this work.  

 

Another potential improvement would be to achieve anode-off gas specific Vibe coefficients. The 

easiest way to do this would be to do experimental investigations into anode-off gas combustion. 

 

With experimental investigations, combustion of anode-off gas can also be researched at different 

air excess ratios. With this data, the model could be further developed to also work at different air 

excess ratios, which is now not the case yet.  

 

Lastly, further research could be done into a better relation for the influence of turbulence intensity 

in the cylinder at different crank angles. In this work, the turbulent intensity is kept constant over 

the crank angle. However, in reality this differs slightly which causes different flame speeds and 

combustion durations.  
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