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Abstract

As a big contributor to the the global emissions, the maritime sector strives to bring down its greenhouse
gasses and hazardous emissions by enforcing increasing strict rules on the exhaust gasses. This gives
major challenges to the maritime sector to develop greener modes of transportation.

This report investigates the in-cylinder starting conditions of spark ignited gas engines, as the start-
ing conditions have a large influence on the efficiency and NOx emissions of gas engines. The inves-
tigation is based on experiments performed on a Caterpillar G3508 gas engine. These experiments
gave an insight on the starting temperature, pressure and residual mass. With the acquired knowledge
on the starting conditions, we improved the induction and volumetric efficiency prediction of a state of
the art 0-dimensional engine model [15].

Another contribution of this paper is the development of a way to establish the volumetric efficiency
from the amount of oxygen in the exhaust gas, for a natural gas engine. We used this method to check
the improvements made to the engine model.

Out of the performed experiments, we concluded that the induced inlet mass temperature decreases
with increasing power or mass flow. The insight found about the starting pressure for this engine is that
the trapped pressure increases in relation to the manifold pressure with increasing power or mass
flow. Together with an improved residual mass prediction, these insights resulted in an increase of the
volumetric efficiency prediction accuracy by 2% at low powers and 10% at high power.
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1
Introduction

1.1. Background
The vast majority, roughly 90% of all internationally traded goods get to where they are going by sea.
Transporting goods by ships is the most economic transportation mode, however shipping produces
almost 1 billion metric ton CO2 per year. If shipping were a country it would be the sixth biggest
greenhouse emitter [17]. In the reduction of the greenhouse problem the shipping world needs to play
its part. According to the 3rd IMO GHG study, shipping emissions could under a business-as-usual
scenario increase between 50% and 250% by 2050 [18]. Thus, the IMO strives to reduce total annual
global shipping emissions by 50% over 2008 by 2050 [8]. Europe has set even more ambitious goals;
in December 2019 The European commission published the Communication of the European green
deal. This communication describes the goal of no net green house gasses in 2050 [5].

In addition to greenhouse gases, hazardous emissions such as sulfur oxides and nitrogen oxides
need to be reduced. Sulphur has a major health and environmental impact, especially for populations
living close to ports and coasts. Sulphur oxide can cause respiratory, cardiovascular and lung diseases
in humans. Moreover, once sulphur oxide is released into the atmosphere it can cause acid rain which
contributes to the acidification of the oceans and affects crops, forests and aquatic species [7]. Similar
effect arise with nitrogen oxide emissions. It also contributes to acid depositions to the ocean and soil,
which have a negative effect to the aquatic live and forests. In addition, the adverse effects of nitrogen
oxide on the human health are, inflammation of the airways, reduced lung function and increasing
susceptibility to respiratory infection [13]. Actions are made to reduce these hazardous gasses. On
the first of January of 2020, a new sulphur limit on the sulphur content in the fuel oil used on board
ships came into force. Known as “IMO 2020”, the rule limits the sulphur in the fuel oil used on board
ships operating outside designated emission control areas to 0.50% m/m (mass by mass). This is a
significant reduction from the previous limit of 3.5% [4]. The nitrogen limits are described in the NOX
technical code 2008 by IMO. This code states the maximum allowed nitrogen emitted depending on the
ship build year [12]. All these regulations are steps for a healthier environment, but require innovations
in the shipping industry.

The use of alternative fuels such as ammonia, biofuels, hydrogen, liquefied natural gas (LNG),
and methanol is one way to reduce greenhouse gases and hazardous emissions. Methanol is one of
the most promising alternative fuels for several reasons [21]. First of all, methanol has a reasonable
energy density, it requires more space and mass than diesel, but it has a higher energy density than
other alternative fuels. Secondly, it burns cleaner. In laboratory testing Ellis and Tanneberger reported
a potential 99% reduction in SOx and 60% reduction in NOx compared to traditional fuels [3]. Thirdly,
currently most of the methanol is still produced by natural gas. But, methanol can also be produced by
biomass or with renewable energy in carbon capture and utilisation schemes. So, due to the fact that
burning methanol still emits CO2, but with the last production method CO2 is captured again, methanol
has the potential to have zero net carbon emissions.

Other reasons why methanol is promising are that, from the fuels which are synthesized using
renewable energy, it is the simplest fuel which is liquid at atmospheric conditions. Moreover, methanol is
already produced world wide and lots of ports have already the infrastructure to accommodatemethanol

1
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fuel. Lastly, it does not rely on scarce resources. If produced by biomass, wood can be used. When
produced by capturing CO2 only, water and energy (preferably renewable) is needed which we have
plenty on earth. Thus, due to the fact that it is easy to handle since it‘s liquid at atmospheric conditions
and there is already infrastructure in place and it does not rely on scarce recourse’s, makes that there
are no bottlenecks to scale methanol to meet the global use [21].

Since, methanol is a promising fuel, it is already used in a couple of vessel. For example, the Stena
Line ferry Stena Germanica uses a Wärstila engine since 2015 [22]. But, still a lot of research needs
to be done before it overtakes the classic diesel fuels. For example as earlier stated, NOX and SOX
can be reduced dramatically in laboratory facilities. But, how much is it reduced when applied in ships
in different circumstances and loading conditions? Or, what about knocking? Similar to natural gas,
methanol is sensitive to knocking [23]. Many more question about methanol combustion like these
need to be answered before methanol can be globally used. Therefore, in The Netherlands the project
MENENS was created by the Dutch government and companies in the shipping industry [10]. With this
project the goal is to combine the expertise on methanol in the Netherlands to introduce methanol in
the market as a fuel for zero-emission shipping.

On of the contributors to the MENENS project is the NLDA. In their lab they run a Caterpillar G3508
gas engine. It is a lean burn turbocharged marine SI natural gas engine with 8 cylinders and a rated
power of 500kW. Other notable characteristics are, that is has zero valve overlap and the natural gas
and air are mixed before the turbocharger. This engine is used to study different gaseous fuels. In the
past, it was used on hydrogen and carbon dioxide blends with natural gas by Sapra [16] and eventually
100% methanol operation performed by Bosklopper [2]. Bosklopper investigated how the caterpillar
engine could be converted to operate on 100% methanol. Moreover, he established the fuel consump-
tion and NOx emissions at several loads. One of the conclusions made in this research was that,
”With increasing temperature after the cooler, lower NOx emissions can be realised”. He explains that,
due to the higher temperature before the inlet valve more methanol evaporates. This causes better
in-cylinder conditions. But, he only assumed this effect with one experimental test on 375kw and a
0-dimensional engine model. The engine model he used is based on the engine model created by
Sapra [16], adapted to methanol. But, this model is focused on the in-cylinder process, not the induc-
tion process. Not only the temperature, but also the back pressure at the methanol inlet nozzle has an
effect on the evaporation of the methanol and thus also the performance [2].

The theory behind NOx formation state that increasing the peak temperature increases the amount
of NOx formation [19], [9]. Following that, by increasing the starting temperature and pressure the
peak temperature increases as well [9]. The NOx formation should increase instead of decrease with
increasing starting conditions. This is in contradiction on the statement of Bosklopper [2]. In this con-
tradiction lies the knowledge gap for this thesis. Not many research has been done on the in-cylinder
starting conditions of gas engines. Sapra developed a model that could predict the NOx formation of
gas engine . But, he focused on the in-cylinder process. He didn‘t focus on the in-cylinder starting
conditions, which have a large influence on the NOx production.

A parameter that describes all the in-cylinder starting conditions is the volumetric efficiency. The
volumetric efficiency is a measure to evaluate the induction stroke of a four stroke engine as a gas
pumping device [6]. Important parameters of the volumetric efficiency are the in-cylinder starting pres-
sure and temperature. Thus, an engine model that can predict the volumetric efficiency with a decent
accuracy can probably predict the NOx emissions accurately.

1.2. Research objective
The research objective of the thesis is to gain a better understanding of the starting conditions of the
combustion process in order to accurately predict the performance parameters such as efficiency, CO2

and NOx emissions. The acquired knowledge on the starting conditions can then be used to further
develop the 0-dimensional model of the Caterpillar G3508 gas engine, to better estimate the volumetric
efficiency and later on the emissions. The existing model is developed by Sapra [15] and used by
Bossklopper [2], but it focuses on the in-cylinder process. In this thesis, the induction estimation of
the original model [15] will be improved to more accurately estimate the volumetric efficiency. Within
this investigation, a focus needs to be given to the temperature flow during the induction stroke. The
temperature has an effect on the evaporation of methanol and a large effect on the production of NOx
gasses. Since, there are still a lot of questions on operating the Caterpillar G3508 gas engine on
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methanol, the investigation will be done with natural gas fuel. Later on, this research can be the base
to determine the volumetric efficiency of methanol based engines.

1.3. Research questions
The research objective can be translated into the following main research question: How can the es-
timation of the volumetric efficiency be improved of state of the art 0-dimensional spark ignited gas
engine models?

To answer this question, the thesis is divided into several sub-questions:

• What is volumetric efficiency?
• What affects the volumetric efficiency?
• How can the volumetric efficiency be measured on the Caterpillar G3508 engine?
• Which effect do state of the art models take into account?
• How can the model be improved to more accurately estimate the volumetric efficiency on the
caterpillar G3508 engine?

• What is the accuracy of the state of the art and the improved model?

1.4. Methodology
The methodology used to reach this goal is as follows. First, the theoretical background needed for this
research is defined in chapter 3. Here, the definition of the volumetric efficiency is defined and a state
of the art model is explained. Next, engine measurements are performed. The way the engine mea-
surements are performed is explained in chapter 2. The engine measurements are used to investigate
effects that are not yet included in the original model [15]. These effects are described in chapter 4.
The effects are then incorporated into the original model to improve it‘s volumetric efficiency prediction.
This is done in chapter 5. The experiments are also used to measure the volumetric efficiency. The
volumetric efficiency can not directly be measured, but by measuring the exhaust emissions a good es-
timation of the volumetric efficiency can be made. This estimation is finally used to check the improved
volumetric efficiency model in chapter 5.



2
The experimental set-up

2.1. Engine
The engine used for the experiments is a Caterpillar G3508 gas engine. It is a lean burn turbocharged
marine SI natural gas engine with 8 cylinders and a rated power of 500 kW. In the past, it was used
to study hydrogen and carbon dioxide blends with natural gas [16] and 100% methanol operation [2].
During the tests for this thesis, the engine was been operated on natural gas. This way, still unknown
effects of different fuels don‘t need to be studied. Other notable characteristics are that is has zero
valve overlap and the natural gas and air are mixed before the turbocharger. The table 2.1 displays the
rest of the characteristics of the engine.

Table 2.1: Engine characteristics

Parameter Value Unit
Number of cylinders 8 -
Bore 0.17 m
Stroke 0.19 m
Rated power 500 kW
Rated speed 1500 rpm
compression ratio 12:1 -
Spark timing 24 ◦C ATDC
Inlet valve open 8.7 ◦C ATDC
Inlet valve close 21.5 ◦C ATDC
Exhaust valve open 20.1 ◦C BBDC
Exhaust valve close 11.8 ◦C BTDC

2.2. Flow
This chapter explains the flow of air and fuel in the test engine, which is important to determine the
volumetric efficiency. Figure 2.1 provides a schematic overview of the engine. This chapter will shortly
explain each component.

4



2.2. Flow 5

Figure 2.1: schematic overview of marine NG test engine setup [16]

• Filter
The air and fuel are inducted in the engine through filters. The natural gas is supplied by the
Dutch gas connection. The air inducted is inducted by two filters on the side of the engine. The
filters clean the induced gas and create a little pressure drop.

• Natural gas Valve
Between the natural gas filter and the gasmixer, there is a valve which controls the amounts of
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natural gas that goes into the engine. Together with the throttle valve, it can control the air excess
ratio in the engine.

• Gas mixer
There are two gas mixers which mix the air with the natural gas and send it to the turbocharger.

• Turbocharger
The goal of a turbocharger is to create more power per stroke for a given cylinder. To obtain
more power, more fuel and combustion air need to be added during one cycle. To achieve this,
the density of the mass needs to be increased by increasing the pressure. Thus, a turbocharger
consists out of a compressor, which increases the pressure, and a turbine, which drives the
compressor. This engine has two turbochargers. Each compressor of the turbochargers is driven
by the hot exhaust gasses of 4 cylinders. The turbines, connected to the compressors, then
increase the pressure of the gas mix received from the gas mixer and send it to the inter-cooler.

• Inter-cooler
The function of the inter-cooler is to cool the hot compressed mixture, received from the tur-
bocharger, before it enters the cylinder. The effect of the cooling of the mixture is that the density
increases. This results in more mass of mixture inducted per induction stroke. The inter-cooler
connects the two turbines with the throttle valve.

• Throttle valve
The throttle valve controls the amount of gas inducted into the cylinders. Together with the natural
gas valve, it also has another function. The combination of the two valves control the composition
of the gas inducted into the cylinders. If the natural gas valve is relatively more open than the
throttle valve, the mixture contains a lot of fuel. Thus, it is a rich mixture. If the natural gas valve
is more closed relatively to the throttle valve, the mixture will contain more air. Thus, it is a lean
mixture. This parameter is called the air fuel ratio (λ).

• Inlet manifold
The inlet manifold is the volume where the mixture is gathered from the throttle valve. From this
volume, it is directed to the cylinders via the inlet runner.

• Inlet runner
The inlet runner is the connection from the inlet manifold to the cylinders. Since there are eight
cylinders, there are also eight inlet runners.

• Cylinders
This engine has eight cylinders in V-form, four on each side. In the cylinders, the combustion
takes place. The mixture of natural gas and air received from the inlet manifold is combusted in
the cylinder by a spark. The combusted mixture is then released to the two exhaust manifolds.

• Exhaust manifold
The exhaust manifolds receive the exhaust gas from the cylinders and send it to the two compres-
sors of the turbocharger. It is the area between the cylinder exhaust valves and the turbocharger.

2.3. Sensors
The engine is equipped with multiple sensors. The most important sensors for previous research
projects on this engine were, the in-cylinder pressure and crank angle sensors. With these sensors
the combustion process is determined. For this research not the combustion itself is important. In this
research the end and starting conditions are investigated. To do this, senors are placed before and af-
ter the cylinder. The different data collected are temperature measurements, pressure measurements,
flow measurements and emission measurements. A list of all sensors used with the location and accu-
racy can be found in table 2.2. The location of the sensors are also depicted in figure 2.1.



2.4. Test strategy 7

Table 2.2: Engine Sensors

Use Sensor Range Accuracy Location
Flow Tecjet - 6% At Natural gas valve (2)
O2% Horiba PG-350E 0-25 vol% 0.175 vol% After turbocharger (1)
CO2% Horiba PG-350E 0-20 vol% 0.1% vol% After turbocharger (1)
NO2% Horiba PG-350E 0-250 ppm 2.5% After turbocharger (1)
MAP Dewetron pressure senor 0-10 bar +/- 0.02 bar In inlet manifold (3)
MAT Thermo electra 1xK 0-1250 °C +/- 2.2 °C In inlet manifold (3)
T-induced Thermo electra 1xK 0-1250 °C +/- 2.2 °C Before cylinder valve (4)
In-cylinder pressure Kibox (kristler 7061B) 0-250 bar +/- 1.25 bar At cylinder head (5)
Crank angle Kibox (Kistler 2614C/720) -360°CA : +360°CA +/- 0.23°CA At the crank (5)

2.4. Test strategy
During the span of this research, the engine and senors were being rebuilt so no elaborate testing could
take place. Tests were performed on two days. The first day, the engine was first run at 125kW for
at least 10 min until the temperatures were stable. Then, the same was done for 250kW and 373kW.
During the three load points, data from the installed sensors were gathered. The second test day the
same procedure was followed but now for 116kW, 245kW, 364kW and 417kW.



3
Theoretical background

3.1. Volumetric efficiency
The volumetric efficiency is a dimensionless measure to evaluate the induction of a four stroke engine
as a gas pumping device. Two stroke engines use different measures to evaluate the induction process
since it includes scavenging. This chapter gives a definition of the volumetric efficiency and discusses
effects which influence the volumetric efficiency.

3.1.1. Definition
Roussopoulos [14] has given a good general loose definition of the volumetric efficiency. He states that
the volumetric efficiency is calculated by dividing the mass of the cylinder charge at some operating
condition by the mass of charge that would occupy the cylinder at some standard gas conditions if the
valve was left open and the piston stationary at bottom dead centre. More formal definitions differ per
author.

Heywood [6] defines the volumetric efficiency by equation. Here ṁa is the air mass flow in the
cylinder, ρa,im is the density of air at inlet manifold conditions, Vs is the stroke volume and N is the
engine speed. In this definition the standard condition, to which the charge mass is compared, is the
inlet manifold condition. Heywood ads that the charge mass can also be compared to atmospheric
condition. Meaning, the density would be the atmospheric density.

ηv =
ṁa

ρa,imVsN
(3.1)

Taylor [20] uses a slightly different definition as can be seen in in equation 3.2. Where, ˙mim is the
inlet mixture flow and ρim is the inlet density. Instead of only considering the air mass flow, he uses
the fresh inlet flow mixture ( ˙mim). Similar to Heywood, Taylor states that the density can be taken at
atmospheric conditions or at inlet manifold conditions.

ηv =
˙mim

ρimVsN
(3.2)

Roussopoulos [14] defines the volumetric efficiency as described in equation 3.3. Here, the residual
gas flow ˙mres is included in the numerator. This has its use when only in-cylinder pressure data is
available. With the in-cylinder pressure data only the total mass (ṁi + ˙mres) can be calculated not the
separate air mass or residual mass.

ηv =
˙mim + ˙mres

ρimVsN
(3.3)

Lastly, Stapersma [19] does not define the volumetric efficiency as a fraction of masses but as a
fraction of volumes. He states that the volumetric efficiency is the fraction between the induction volume

8
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and the stroke volume as depicted in equation 3.4. Where, the induction volume vind is the volume
inducted into the cylinder. It is only dependent on the inlet and outlet pressures and the valve timing.
More about this effect in chapter 3.1.2.

ηv =
Vind

Vs
(3.4)

Stapersma [19] does introduce the extra parameter, filling efficiency. This parameter, he does define
as the fraction between masses similar to the volumetric efficiency of the authors above. His definition
is the mass drawn in the cylinder during induction relative to a theoretical mass based on inlet manifold
conditions and stroke volume. Where, he defines the induction mass and the theoretical mass by the
ideal gas law respectively for induction conditions and inlet manifold condition.

ηfill =
mind

mth
(3.5)

mind =
pindVind

RindTind
(3.6)

mth =
pimanVs

RimanTiman
(3.7)

Most of the authors state that, the reference conditions can be taken at inlet manifold conditions
or at atmospheric conditions. If the atmospheric conditions are chosen, the volumetric efficiency de-
scribes the induction process of the whole engine. If the inlet manifold is chosen as reference condition,
the volumetric efficiency only describes the induction of the cylinder. For natural aspired engines, the
ambient conditions are usually taken as reference conditions [6]. For turbocharged engines, the inlet
manifold conditions are usually taken as reference conditions [1]. The reason is that, the turbocharger
would otherwise have a very large effect on the volumetric efficiency. Instead, a turbocharged engines
uses an efficiency for the turbocharger alone.

Each definition differs slightly in formulation and application, but they all describe the induction
process of a four stroke engine. The absolute value of the volumetric efficiency is often not as important
as the ability to compare the volumetric efficiency at different speeds loads or engines. Therefore, the
most import thing is to be consistent in the definition when using the volumetric efficiency. Since, this
thesis uses a turbocharged engine, where the natural gas and air are mixed before the turbocharger,
the definition of Stapersma will be used with the inlet manifold conditions as the reference conditions.
Where, the induction mass is the mixture of air and natural gas. This gives the following definition that
will be used in this thesis (equation 3.8).

ηv =
ma +mf

pimanVs

RimanTiman

(3.8)

3.1.2. Effects
In the following chapter, several effects are discussed, which affect the volumetric efficiency of a four
stroke gas engine [6].

Air fuel ratio
For the volumetric efficiency definition used in this thesis, the air fuel ratio only affects the gas constant
of the mixture. Since, a change in air fuel ratio causes a change in composition of the induced mass.
If another definition would be used, it would also change the amount of induced mass. Since, the fuel
takes in space that would otherwise be used by the air.

Heat transfer
The heat transfer can be described as the total heat pick-up from the gas. The heat pick-up can be
split into two factors; the heat pick-up due to a warmer inlet runner and inlet valve and the mixing of
fresh intake gas with hot residual gas.

The effect of heat pick-up of the gas to the cylinder is a decrease in volumetric efficiency. The
explanation for this is the following. When the temperature in the cylinder is higher than the temperature
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at standard condition, the density of the gas will decrease. If the density of the gas in the cylinder
decreases, the mass in the cylinder will decrease. This leads to a decrease in volumetric efficiency.

Residual gas
As described in chapter 3.1.2, the hot residual gas effects the volumetric efficiency by heating up the
incoming fresh air. But, this is not the only effect the residual gas has on the volumetric efficiency.
Residual gas requires a certain volume in the cylinder that would otherwise be taken by the income
fresh gas. Meaning a high amount of residual gas substantially decrease the volumetric efficiency.

Valve timing
Valve timing is the timing of the closing and opening of the inlet and exhaust valves. It has two effects.

Firstly, the valve timing affects the valve overlap. An engine has valve overlap when the inlet valve
and exhaust valve are open at the same time. When, the pressure of the inlet manifold is higher than
the pressure of the exit manifold, fresh gas will flow through the cylinder, otherwise called scavenging.
When, the pressure of the exhaust valve is higher than the inlet manifold, combusted gas is pushed
back into the inlet manifold, otherwise called back flow. The effect of back flow is that less fresh mixture
is pushed into the cylinder. Thus, the volumetric efficiency decreases. The effect of scavenging is that
residual gas is pushed out. Thus, creating more space for the fresh mixture. This leads to an increase
in volumetric efficiency.

Secondly, if the inlet valve closes after bottom dead center, it could be that mass still enters the
cylinder. This effect can occur when the inlet mass has a high momentum at high engine speeds.
Due to the high momentum the mass is still pushed into the cylinder, even though the cylinder volume
decreases. This effect is called ramming.

Friction losses
During the induction process the fresh mixture has to pass through valves and other obstruction. The
friction of these obstruction leads to a decrease in pressure. When, the pressure in the cylinder is lower
than the pressure at standard condition, the density of the mixture in the cylinder decreases. This leads
to a decrease in volumetric efficiency.

Turbocharger
If the standard condition is taken at atmospheric conditions, the fresh mixture passes the turbocharger.
The turbocharger then increases the pressure, which increases the density in the cylinder. Thus, more
mass is induced into the cylinder. This leads to an increase in volumetric efficiency. Often, this effect
increases the volumetric efficiency higher than one. Since, the goal of the volumetric efficiency is to
describe the engine performance and not the turbocharger performance. For turbocharged engines
the volumetric efficiency is calculated with the inlet manifold conditions as the standard condition. The
inlet manifold is located after the turbocharger. Thus, the increase in pressure over the turbocharger
has no effect on the volumetric efficiency.

3.2. State of the art model
There are multiple different models which model engines as explained in my literature study. Choosing
the right model for the situation is very important. If a too simple model is chosen, certain variables or
effects needed for the analysis won‘t be modelled. If a too complicated model is chosen, unnecessary
effects and variables will be calculated. This will take up a lot of unnecessary time.

In this project an analyses of the effect of certain engine parameters on the volumetric efficiency will
be investigated. This goal can be translated in three requirements of the model. The first requirement
is that, engine parameters need to be modelled. This means a complete engine needs to be modelled.
The second requirement is that, it can model the volumetric efficiency. This means that, the effects as
discussed above need to be modelled in the engine. And Lastly, there are multiple engine parameters
that will be investigated. Thus, the model needs to be fast.

Taking all of the requirements into account suitable models are 0-dimensional or 1-dimensional
models. The test engine used for this thesis has already been used by Sapra [15]. He already made a
0-dimensional model. The model is focused on the in-cylinder process. But, it also describes the whole
engine. It was not focused on the volumetric efficiency. So, not all effects are taken into account. But, it
is a good basis. This chapter describes the model and lists areas where the model can be improved for
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the calculation of the volumetric efficiency. From now on the model of Sapra will be called ”the original
model”.

3.2.1. 0-dimensional original model
A schematic representation of the model can be seen in figure 3.2. The input of the model is the load,
the composition of the fuel and the engine speed. First, based on the input parameters, the input
fuel mass and Seiliger parameters are determined with parametric equations. Sapra derived these
equation by performing elaborate engine tests at various loads. In the in-cylinder model the Seiliger
parameters and fuel mass are used to calculate the power and heat generated by the engine. Besides
the power and heat, the in-cylinder model also calculates the exhaust parameters. Exhaust parameters
are the outlet pressure temperature and the gas composition at exit valve opening. The pressure and
temperature are calculated by the Seiliger cycle and the mass composition is calculated by a mass and
composition model. These models are elaborately explained in the paper of Sapra [16], but are not the
focus of this thesis.

The pressure, temperature and gas composition at exit valve opening from the in-cylinder model
are then the input for the turbocharger and exhaust receiver model. In this model the pressure and
temperature after blowdown and after the compressor are calculated using the zinner blowdown, buchi
balance and elliptic law.

Finally, the output data of the turbocharger and exhaust receiver model are used to determine the
charge pressure and temperature which are inputs for the in-cylinder model. The working of this model
is once again more elaborately explained in the chapter below.

This whole process is first estimated by a pre-simulation. The pre-simulation calculates, along with
other variables, the initial brake power, which is compared to the input load. When the initial brake
power is lower then the input power, the inlet manifold controller in the inlet manifold model will open
the throttle by increasing the inlet manifold pressure. When the initial brake power is higher then the
input power, the inlet manifold will decrease the pressure until the brake power is equal to the input
power and stable.

For the calculation of the volumetric efficiency the input values of the in-cylinder model are important.
These values are determined by initial estimations in the the manifold model. Below this model is
explained. The in-cylinder model is less important. It will not be explained bellow, but can be found in
the paper of Sapra [16].

Initial conditions
The initial conditions are gathered during a pre-simulation of the model. It starts with an estimation of
the fuel mass, air excess ratio and the Seiliger parameters using parametric equations. Sapra identified
trends in variations of combustion parameters to derive these parametric equations, specific to the used
test engine, as a function of the load and other engine parameters. Figure 3.1 displays a schematic
representation of these equations.

Figure 3.1: Parametric equations

Next, the initial inlet manifold pressure (pInitial−im) is determined using equation 3.10. Where, ρim
is the inlet mixture density, Ffuel is the volume fuel flow, σvol is the volume based stoichiometric air fuel
ratio, λ is the air excess ratio,Rim is the inlet mixture gas constant, Tim is the inlet manifold temperature
and Vim is the inlet manifold volume. This equation is based on the ideal gas law for the inlet manifold.
The full derivation of this equation can be found in the work of Sapra [16]. The initial trapped pressure
(pinitial−1) is assumed equal to the initial inlet manifold pressure.
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pInitial−im =
ρim · Ffuel · (1 + σvol · λ) ·Rim · Tim

Vim
(3.9)

pInitial−im = pinitial−1 (3.10)
The initial trapped temperature (Tinitial − 1) is not calculated but estimated at 330K. With the

trapped pressure and temperature, the initial trapped mass (minitial−1) is calculated using the ideal
gas law as in equation 3.11. Where, V1 is the volume at inlet valve closing (trapped condition).

minitial−1 =
pinitial1 · V1

Rim · Tinitial−1
(3.11)

With the initial trapped mass, fuel mass and air mass known the initial residual gas(minitial−res) is
calculated with equation 3.12. Withminitial−f andminitial−a respectively the input fuel mass and input
air mass. The residual mass and fuel mass during the simulation will stay constant at every iteration.
With a changing trapped mass, only the amount of air will change.

minitial−res = minitial−1 −minitial−f −minitial−a (3.12)

Inlet manifold model
In the inlet manifold model, the inlet manifold pressure is determined by a PI controller. The PI controller
decrease or increases the pressure at every cycle until the calculated power is equal to the input power
and stable. The PI controller increases the pressure if the calculated power is lower then the input
power (simulating opening the throttle valve). When the calculated power is higher then the input power,
the PI controller decreases the pressure (simulating closing of the throttle vale). The inlet manifold
model also calculates the trapped temperature. This is an input for the in-cylinder model. The trapped
temperature is calculated by taking the weighted average of the temperature of the induced mass and
the residual mass temperature. The equation of the trapped temperature is given in equation 3.14. The
full derivation of the equation can be found in the work of Stapersma [19]. In the equation; VIC , VIO

and VEC are respectively the volume at inlet valve closed, inlet valve open and exit valve closed. Piman

is the inlet manifold pressure as determined by the PI controller. Tturb,i and Pturb,i are respectively the
turbine input temperature and pressure as determined by the Exhaust receiver and turbocharger model.
Tind is the induction temperature. The induction temperature is calculated by equation 3.13. Where
ϵinl = 0.05 is the heat exchange effectiveness and Tinl = 400K is the inlet wall temperature.

Tind = ϵinl · Tinl + (1− ϵinl) · Tman (3.13)

1

T1
=

VIC − VIO

VIC · Tind
+

VEC · Pd

VIC · Piman · Tturb,i
(3.14)

Figure 3.2: Schematic representation of the original mean value engine model [16]



4
Experimental results

In this chapter, the analyses of the experiments will be discussed. First, the inlet air is calculated using
the emission measurements. With the inlet air also the fuel air ratio and the volumetric efficiency are
calculated. Next, the change of the induction temperature depending on the load and pressure will be
discussed. And finally, the pressure drop over the inlet valve is discussed.

Table 4.1: Test results day 1

Name Unit Test 1 Test 2 Test 3
Power kW 125 250 373
NOx ppm 150 152 146
CO2 vol% 6.35 6.42 6.34
O2 vol% 9.41 9.22 9.56
Volume flow NG Nm3/hr 63 103 146
Timan K 311.25 312.25 309.95
piman kPa 73 118 163.8
Tind K 329-340 322-331 319-328
Tind K 334 326.5 323.5

Table 4.2: Test results day 2

Name Unit Test 1 Test 2 Test 3 Test 4 Test 5
Power kW 116 245 364 417 0
NOx ppm 177 171 156 160 0
CO2 vol% 7.66 7.39 7.25 7.33 0.06
O2 vol% 7.22 7.73 8.08 8.05 20.94
Volume flow NG Nm3/hr 61 98 136 159 0
Timan K 309.65 310.35 314.75 309.15 293.25
piman kPa 72.5 117 164 181 100.8
Tind K 333.15-344.15 325.15-333.15 323.15-329.15 320.15-327.15 360.15-380.15
Tind K 338.65 329.15 326.15 323.65 370.15

4.1. Inducted mass
On the test engine, The tecjet measures the mass flow of natural gas. To know the mass inducted into
the cylinders, also the air mass needs to be known. But, this is not directly measured on the engine.
Rather then directly measuring the mass flow of air, the mass flow of air can also be calculated with
the exhaust gas emissions as described by Stapersma in diesel engines volume 3 [19]. The exhaust
emissions are measured on the test engine.

Stapersma [19] describes a way to calculate the air excess ratio from the inlet and outlet gas com-
positions. Stapersma did this for diesel fuel. In this chapter the method used in the book of Stapersma

13
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is adapted to work for natural gas fuel. This air excess ratio can then be used to calculate the amount
of inducted air.

The chapter is structured as follows. The chapter 4.1.1 describes the composition of dry air, wet air
and natural gas. In chapter 4.1.2 the stoichiometric ratio of natural gas is determined. Next, in chapter
4.1.3 the composition of the inlet air and exhaust gas is determined. The last chapter 4.1.4 combines
all the information from the previous chapters, to calculate the air excess ratio and the inducted mass.

4.1.1. Specification fuel and air
This chapter depicts the specifications of the fuel and air used in the test engine.

Dry air
Table 4.3 gives the composition of dry air [11]. Where, y depicts the mol fraction, x the mass fraction
and M the molecular weight.

Table 4.3: Composition dry air [11]

Formula y x M
N2 0.78084 0.7551 28.0134
O2 0.20946 0.2314 31.9988
Ar 0.00934 0.0129 39.9480
CO2 0.000412 0.00062594 44.0098
Dry air 1 1 28.9677

The molecular weight of dry air is calculated with equation 4.1. Where, Mda , MN2
, MO2

, MAr and
MCO2

are respectively the molecular weight of dry air, nitrogen oxygen argon and carbon dioxide and
ydaN2

, ydaO2
, ydaAr and ydaCO2

are respectively the mol fractions of nitrogen, oxygen, argon and carbon dioxide
in dry air.

Mda = MN2
· ydaN2

+MO2
· ydaO2

+MAr · ydaAr +MAr · ydaCO2
(4.1)

Equations 4.2 to 4.5 depict the relation between x, y and M. Where, xda
N2

,xda
O2

,xda
Ar and xda

CO2
are

respectively the mass fraction of nitrogen, oxygen argon and carbon dioxide in dry air.

xda
N2

=
MN2

Mda
· ydaN2

(4.2)

xda
O2

=
MO2

Mda
· ydaO2

(4.3)

xda
Ar =

MAr

Mda
· ydaAr (4.4)

xda
CO2

=
MCO2

Mda
· ydaCO2

(4.5)

Wet air
The amount of water in air is expressed as the absolute humidity in equation 4.6. Where, mH2O is the
mass of water and mda is the mass of dry air.

xda
H2O =

mH2O

mda
(4.6)

Equation 4.7 depicts the ratio between the mass of dry air and the mass of wet air. Where, ma is
the mass of the wet air and mda

H2O
is the mass of water in the air.

ma

mda
=

mda +mda
H2O

mda
= 1 + xda

H20 (4.7)
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With the relation in equation 4.7, equations 4.8 to 4.12 respectively calculate the mass fractions of
nitrogen oxygen argon carbon dioxide and water of wet air.

xa
N2 =

xda
N2

1 + xda
H20

(4.8)

xa
O2 =

xda
O2

1 + xda
H20

(4.9)

xa
Ar =

xda
Ar

1 + xda
H20

(4.10)

xa
CO2

=
xda
CO2

1 + xda
H20

(4.11)

xa
H2O =

xda
H2O

1 + xda
H20

(4.12)

With the mass fraction, equation 4.13 calculates the molecular weight of wet air.

Ma =
1

xa
N2

MN2
+

xa
O2

MO2
+

xa
Ar

MAr
+

xa
CO2

MCO2
+

xa
H2O

MH2O

(4.13)

Finally, equations 4.14 to 4.18 respectively calculated themol fractions of the nitrogen oxygen argon,
carbon dioxide and water in wet air.

yaN2
=

Ma

MN2

· xa
N2

(4.14)

yaO2
=

Ma

MO2

· xa
O2

(4.15)

yaAr =
Ma

MAr
· xa

Ar (4.16)

yaCO2
=

Ma

MCO2

· xa
CO2

(4.17)

yaH2O =
Ma

MH2O
· xa

H2O (4.18)

Table 4.4 [11] gives an overview of the mass fraction, mol fraction and molecular weight of wet air.

Table 4.4: Composition wet air [11]

Formula y x M
N2 0.7719 0.7498 28.0134
O2 0.2071 0.2298 31.9988
Ar 0.0092 0.0127 39.9480
CO2 0.0003 0.00045783 44.0098
H2O 0.0115 0.0072 18.0152
Wet air 1 1 28.8384
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Table 4.5: Composition natural gas [11]

Formula y x M
CH4 0.8075 0.6812 22.36
C2H6 0.0317 0.0501 33.1874
C3H8 0.00792 0.0184 21.9297
i− C4H10 0.001672 0.00511 21.6104
n− C4H10 0.0019 0.005807 21.6104
i− C5H12 0.00073 0.00277 21.0838
n− C5H12 0.000447 0.001696 21.0838
i− C6H14 0.0001465 0.000664 20.5
n− C6H14 0.0001121 0.000508 20.5
C6H6 0.000151 0.000620 20.5
He 0.000267 0.00005619 22.4248
Ar 0.0001 0.00021007 22.3925
H 0.000013 0.00000069 1.0079
N2 0.1267 0.1866 28.0134
CO2 0.02005 0.0464 44.0098
Natural gas 1 1 19.0162

Natural gas
During the tests, the engine uses Groningen natural gas as fuel. Table 4.5 [11] depicts the composition
of the gas in mol fraction (y), mass fraction (x) and molecular weight (M).

The composition of natural gas can also be described as fractions of the elements carbon, hydrogen,
nitrogen and oxygen. This makes it easier to calculate with and, will be used in the next chapters. The
mass fraction of nitrogen stays the same because it only occurs in one form. Equations 4.19, 4.20 and
4.21 respectively calculate The mass fraction of hydrogen carbon and oxygen.

xNG
H = xNG

CH4

4 ∗MH

MCH4

+ xNG
C2H6

6 ·MH

MC2H6

+ xNG
C3H8

8 ·MH

MC3H8

+ (xNG
i−C4H10 + xNG

n−C4H10)
10 ·MH

Mi−C4H10

+ (xNG
i−C5H12 + xNG

n−C5H12)
12 ·MH

Mi−C5H12
+ (xNG

i−C6H14 + xNG
n−C6H14)

14 ·MH

Mi−C6H14
+ xNG

C6H6

6 ·MH

MC6H6

(4.19)

xNG
C = xNG

CH4

1 ·MC

MCH4

+ xNG
C2H6

2 ·MC

MC2H6

+ xNG
C3H8

3 ·MC

MC3H8

+ (xNG
i−C4H10 + xNG

n−C4H10)
4 ·MC

MC4H10

+ (xNG
i−C5H12 + xNG

n−C5H12)
5 ·MC

MC5H12
+ (xNG

i−C6H14 + xNG
n−C6H14 + xNG

C6H6
)
6 ·MC

MC6H14
+ xNG

CO2

1 ·MC

MCO2

(4.20)

xNG
O2

= xNG
O2

+ xNG
CO2

MO2

MCO2

(4.21)

4.1.2. Stoichiometric air fuel ratio
Natural gas consists mainly out of carbon, hydrogen and nitrogen atoms. It is assumed that all the
carbon and hydrogen combusts and part of the nitrogen. The reaction equations of C, H and N for
the respective amounts of mol are given in equations 4.22, 4.23 and 4.24. Where, nf

C and nf
H are

respectively the amount of mol carbon and hydrogen in the fuel and nim
b−N2

is the amount of nitrogen
burned.

nf
C · C + nf

C ·O2 → nf
C · CO2 (4.22)

nf
h ·H +

1

4
nf
H ·O2 → 1

2
nf
H ·H2O (4.23)
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nim
b−N2

·N2 + 2nim
b−N2

·O2 → 2nim
b−N2

·NO2 (4.24)

Using the reaction equation, the amount of oxygen required is given in equation 4.25. Where, mf

is the amount of fuel and xim
b−N2

is the mass fraction of the amount of nitrogen burned in the inlet.

nmin
O2 = nf

C +
1

4
nf
H + 2nim

b−N2

= (
xf
C

MC
+

1

4

xf
H

Mh
) ·mf + 2

xim
b−N2

MN2

·mim

(4.25)

To simplify equation 4.25 the inlet mass should be replaced by the fuel mass. Therefore, equation
4.28 is created by combining equation 4.26 and 4.27. Where, xf

b−N2
is the total amount of burned

nitrogen in the inlet compared to the fuel mass.

xf
b−N2

=
mim

b−N2

mf
(4.26)

xim
b−N2

=
mim

b−N2

mim
(4.27)

xim
b−N2

= xf
b−N2

· mf

mim
(4.28)

With equation 4.28 equation 4.25 is rewritten, such that it no longer contains the inlet mass.

nmim
O2 = (

xf
C

MC
+

1

4

xf
H

Mh
+ 2

xf
b−N2

MN2

) ·mf (4.29)

In the fuel there is only 0.02 % oxygen. This percentage is so small the air in the fuel is neglected.
Meaning that all the oxygen must be supplied by the air:

nmin
O2 = na−min

O2 (4.30)

The minimum required amount of oxygen is expressed in the minimum required amount of air or
dry air in equation 4.31. Where, ma−min is the minimum amount of wet air in kg and mda−min is the
minimum amount of dry air in kg.

na−min
O2 = yaO2

· ma−min

Ma

= ydaO2
· mda−min

Mda

(4.31)

By definition the stoichiometric air fuel ratio is:

σ =
ma−min

mf
(4.32)

Or for dry air:

σd =
mda−min

mf
(4.33)

Thus, by dividing equations 4.31 and 4.29, the stoichometric air fuel ratio for dry and wet air is
calculated:

σ =
Ma

yaO2

· (
Xf

C

MC
+

1

4

Xf
H

Mh
+ 2

Xf
b−N2

MN2

) (4.34)

σda =
Mda

ydaO2

· (
xf
C

MC
+

1

4

xf
H

Mh
+ 2

xf
b−N2

MN2

) (4.35)
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4.1.3. Composition exhaust
In this chapter the amount of mol needed per kg fuel is determined for each reactant in the inlet air and
exhaust gas.

Nitrogendioxide
In air and natural gas a considerable amount of nitrogen can be found. The sum of these two gives
the total amount of nitrogen in the inlet (equation 4.36). During combustion, some nitrogen will burn
and form NO, NO2 and NO3. In reality most nitrogen will burn to NO2 [19]. For simplification, only
the formation of NO2 is modelled. Equation 4.37 gives the relation of burned and unburned nitrogen.
Where, nim

N2 is the total amount of nitrogen in the air and natural gas combined, nim
ub−N2 is the amount

of nitrogen which is not burned during combustion and nim
b−N2 is the amount of nitrogen burned during

combustion.

nim
N2 = na

N2 + nf
N2 (4.36)

nim
N2 = nim

ub−N2 + nim
b−N2 (4.37)

In equation 4.38, the amount of nitrogen dioxide in the exhaust caused by the burned nitrogen is
determined from the nitrogen balance.

nim
b−N2 ·N2 + 2nim

b−N2 ·O2 → 2nim
b−N2 ·NO2 (4.38)

From this balance can be concluded that, the amount of mol of nitrogen dioxide in the exhaust is
double to the amount of nitrogen burned.

ṅg−out
NO2

= 2ṅim
b−N2

= 2
ṁim

b−N2

MN2

= 2
xf
b−N2

MN2

· ṁf

(4.39)

In equation 4.40, this is rewritten as mol per kg fuel. Where, ṅrg−out
NO2

is the amount of nitrogen
dioxide mol in the exhaust per kg fuel.

ṅrg−out
NO2

= 2
xf
b−N2

MN2

(4.40)

Nitrogen
Some nitrogen will burn to nitrogen dioxide, as explained in the chapter above, and some nitrogen will
not react. This means the nitrogen in the exhaust gas is the nitrogen in the air plus the nitrogen in the
fuel minus the unburned nitrogen. In equation 4.41, this is rewritten in multiple forms .Where, ˙

mf
N2

is
the mass flow of nitrogen in the fuel.

ṅg−out
N2

= ṅa−im
N2

+ ṅf
N2

− ṅim
b−N2

= ya−im
N2

· ṅa−im +

˙
mf

N2

MN2

−
ṁim

b−N2

MN2

=
ya−im
N2

Ma
· ṁa−im +

xf
N2

MN2

· ṁf −
˙

xf
b−N2

MN2

· ṁf

=
ya−im
N2

Ma
· λtot · σ · ṁf + (

xf
N2

MN2

−
˙

xf
b−N2

MN2

) · ṁf

(4.41)

This gives the mol flow of nitrogen per kg fuel flow:
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ṅrg−out
N2

=
ya−im
N2

Ma
· λtot · σ +

xf
N2

MN2

−
˙

xf
b−N2

MN2

=
yda−im
N2

Mda
· λtot · σda +

xf
N2

MN2

−
˙

xf
b−N2

MN2

(4.42)

Oxygen
If complete combustion is assumed, equation 4.43 depicts themol flow of oxygen for exhaust air. Where,
na−comb
O2

is the air used during combustion.

ṅg−out
O2

= ṅa−im
O2

− ṅa−comb
O2

= ya−im
O2

· (ṅa−im − ṅa−comb)

=
ya−im
O2

Ma
· (ṁa−im − ṁa−comb)

=
ya−im
O2

Ma
· (λtot − 1) · σ · ṁf

(4.43)

This gives the mol flow of oxygen for per kg fuel flow:

ṅrg−out
O2

=
ya−im
O2

Ma
· (λtot − 1) · σ

=
yda−im
O2

Mda
· (λtot − 1) · σda

(4.44)

Ar
Argon is not involved in any reaction since it‘s a noble gas. Thus, the amount of argon in the exhaust
is equal to the amount of argon in the inlet:

ṅrg−out
Ar = ṅra−im

Ar

= ya−im
Ar · ṅa−im

=
ya−im
Ar

Ma
· ṁa−im

=
ya−im
Ar

Ma
· λtot · σ · ṁf

(4.45)

This gives the mol flow of argon per kg fuel flow:

ṅrg−out
Ar =

ya−im
Ar

Ma
· λtot · σ

=
yda−im
Ar

Mda
· λtot · σda

(4.46)

Carbon dioxide
The amount of carbon dioxide in the exhaust is determined from the carbon balance:

nf
C · C + nf

C ·O2 → nf
C · CO2 (4.47)

From this balance can be concluded that, the amount of mol of carbon dioxide in the exhaust is
equal to the amount of carbon in the fuel:



4.1. Inducted mass 20

ṅg−out
CO2

=
˙
nf
C

=
˙

mf
C

MC

=
xf
C

MC
· ṁf

(4.48)

Thus, for the amount of carbon dioxide in the exhaust per kg fuel:

ṅrg−out
CO2

=
xf
C

MC
(4.49)

Water
The amount of water in the exhaust as produced by combustion can be calculated with the hydrogen
balance:

nf
H ·H +

1

4
nf
H ·O2 → 1

2
nf
H ·H2O (4.50)

From this balance can be concluded that, the amount of mol of water in the exhaust, as produced by
combustion, is half of the amount of hydrogen in the fuel. To get the total amount of water the amount
already present in the air must be added.

ṅg−out
H2O

=
1

2
· ˙
nf
H + ṅa−im

H2O

=
1

2
·

˙
mf

H

MH
+

ya−im
H2O

Ma
· ṁa−im

=
1

2
·
xf
H

MH
· ṁf +

ya−im
H2O

Ma
· λtot · σ · ṁf

(4.51)

This gives for the amount of water in the exhaust per kg fuel:

ṅrg−out
H2O

=
1

2
·
xf
H

MH
+

ya−im
H2O

Ma
· λtot · σ

=
1

2
·
xf
H

MH
+

yda−im
H2O

Mda
· λtot · σda

=
1

2
·
xf
H

MH
+

xda−im
H2O

MH2O
· λtot · σda

(4.52)

Sum of all reactants
Table 4.6 gives an overview of the mol balance in the inlet air and exhaust relative to the fuel.
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Table 4.6: Overview mol balance in mol ratio relative to the fuel

element air in exhaust

N2
yda−im
N2

Mda
· λtot · σda → yda−im

N2

Mda
· λtot · σda +

xf
N2

MN2
−

˙
xf
b−N2

MN2

O2
yda−im
O2

Mda
· λtot · σda → ya−im

O2

Mda
· (λtot − 1) · σda

Ar
yda−im
Ar

Mda
· λtot · σda → yda−im

Ar

Mda
· λtot · σda

CO2 - → xf
C

MC

NO2 - → 2
xf
b−N2

MN2

H2O
xda−im
H2O

MH2O
· λtot · σda → 1

2 ·
xf
H

MH
+

xda−im
H2O

MH2O
· λtot · σda

sum λtot·σda

Mda
+

xda−im
H2O

MH2O
· λtot · σda → nra−im

wet + 1
4 ·

xf
H

MH
+

xf
N2

MN2
− xf

b−N2

MN2

The total mol in the inlet air is:

nra−im
wet =

yda−im
N2

Mda
· λtot · σda +

yda−im
O2

Mda
· λtot · σda +

yda−im
Ar

Mda
· λtot · σda +

xda−im
H2O

MH2O
· λtot · σda

=
λtot · σda

Mda
+

xda−im
H2O

MH2O
· λtot · σda

(4.53)

The sum of the mol in the exhaust gas is:

nrg−out
wet =

λtot · σda

Mda
−

yda−im
O2

· σda

Mda
+

xf
C

MC
+

1

2
·
xf
H

MH
+

xda−im
H2O

MH2O
· λtot · σda +

xf
N2

MN2

+
xf
b−N2

MN2

= nra−im
wet −

yda−im
O2

· σda

Mda
+

xf
C

MC
+

1

2
·
Xf

H

MH
+

xf
N2

MN2

+
xf
b−N2

MN2

(4.54)

Replacing sigma by equation 4.35 in equation 4.54 gives:

nrg−out
wet = nrair−im

wet +
xf
C

MC
+

1

2
·
xf
H

MH
+

xf
N2

MN2

+
xf
b−N2

MN2

− (
xf
C

MC
+

1

4

xf
H

Mh
+ 2

xf
b−N2

MN2

)

= nra−im
wet +

1

4
·
xf
H

MH
+

xf
N2

MN2

−
xf
b−N2

MN2

=
λtot · σda

Mda
+

xda−im
H2O

MH2O
· λtot · σda +

1

4
·
xf
H

MH
+

xf
N2

MN2

−
xf
b−N2

MN2

(4.55)

For dry air the water in the exhaust is removed:

nrg−out
dry =

λtot · σda

Mda
+

xda−im
H2O

MH2O
· λtot · σda +

1

4
·
xf
H

MH
+

xf
N2

MN2

−
xf
b−N2

MN2

−
xda−im
H2O

MH2O
· λtot · σda −

1

2

xf
H

Mh

=
λtot · σda

Mda
− 1

4

xf
H

Mh
+

xf
N2

MN2

−
xf
b−N2

MN2

(4.56)
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4.1.4. Induction mass
Dividing equation 4.44 by equation 4.56 gives the mol fraction O2 in the exhaust:

ydg−out
O2

=

ya−im
O2

Mda
· (λtot − 1) · σda

λtot·σda

Mda
− 1

4

xf
H

Mh
+

xf
N2

MN2
−

xb
N2

MN2

(4.57)

Rewriting this to λ gives:

λtot =
yda−im
O2

− ydg−out
O2

Mda

σda
( 14

xf
H

MH
−

xf
N2

MN2
+

xb
N2

MN2
)

yda−im
O2

− ydgoutO2

(4.58)

Since the amount of fuel is measured, the amount of air can be calculated with the new air excess
ratio.

ma = λ ·mf (4.59)

With the amount of air known, the total inducted mass is the sum of the amount of air and the amount
of fuel:

mim = ma +mf (4.60)

Now following the definition of volumetric efficiency that is used in this paper:

ηvol =
ma +mf

pimanViman

Rmix·Timan

(4.61)

Results
Using equations 4.58, 4.59, 4.60 4.61 and the test data, tables 4.8 and 4.7 calculate and display all the
mass flows and volumetric efficiency for the test results.

Table 4.7: Mass flows test day 2

Name Unit Test 116kW Test 245kW Test 364kW Test 417kW
Inducted air mass flow kg/s 0.275 0.458 0.651 0.760
Inducted fuel mass flow kg/s 0.014 0.023 0.031 0.037
Inducted mass flow kg/s 0.289 0.480 0.683 0.797
Volumetric efficiency - 87% 90% 92% 96%

Table 4.8: Mass flows test day 1

Name Unit Test 125kW Test 250kW Test 373kW
Inducted air mass flow kg/s 0.335 0.539 0.785
Inducted fuel mass flow kg/s 0.015 0.024 0.034
Inducted mass flow kg/s 0.349 0.562 0.819
Volumetric efficiency - 104% 104% 108%

As can be seen in table 4.8, the volumetric efficiency is higher then 100%. This is not a logical
results. As explained in chapter 3.1.2, only the turbocharger can cause a volumetric efficiency higher
then 100%. But, the definition used for the volumetric efficiency has the manifold inlet conditions as the
reference condition. Thus, the turbocharger has no effect on the volumetric efficiency. The explanation
of the results can be found in the test conditions. During the first test, old exhaust calibrating tanks
were used. Before the second test, new tanks were installed. This means the absolute values of the
exhaust emissions measured during the first test are wrong. To still calculate the inducted mass of
the first experiment the air fuel ratio of the second experiment is used to calculated the inducted air
mass for the second experiment. table 4.9 displays the new results. The volumetric efficiency is still
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higher then the volumetric efficiency of experiment two but, it is lower then one. In the remainder of
this research the corrected mass of experiment will be used.

Table 4.9: Mass flows test day 1 corrected

Name Unit Test 125kW Test 250kW Test 373kW
Inducted air mass flow kg/s 0.284 0.481 0.699
Inducted fuel mass flow kg/s 0.015 0.024 0.034
Inducted mass flow kg/s 0.298 0.505 0.733
Volumetric efficiency - 89% 94% 97%

4.2. Induction temperature
The induction temperature is the temperature of the mixture which is inducted into the cylinder. This
temperature is not yet the trapped temperature of the whole mixture at inlet valve closing. The trapped
temperature will be a bit higher since the trapped mass is the inducted mixture mixed with the residual
gas still in the cylinder. During the measurements, the induction temperature is measured just before
the inlet valve. The actual induction temperature will be a bit higher, since the mixture still has to
pass the very hot inlet valve. But, this is the closest place where the induction temperature could
be measured. If, the temperature measurement would be taken after the cylinder valve, the trapped
temperature would be measured.

Figure 4.1: Induction temperature and inlet manifold temperature versus induction mass

In figure 4.1, the induction temperature and inlet manifold temperature is plotted against the induc-
tion mass for the two test days. It is clear that the induction temperature is higher than the inlet manifold
temperature. This is due to the heat generated form the cylinder. The casing of the inlet manifold close
to the hot cylinder heats up. Thus, when the mixtures passes the warm casing of the inlet manifold the
mixture will heat up as well.
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An other visible effect is that, the induction temperature decreases with an increase in induction
mass flow. An increase in induction mass also means an increase in power. One would think that with
an increase in power the temperatures would rise instead of drop. Namely, with an increase in power
the cylinder temperature rises. Thus, the manifold casing temperature rises and thereby also the heat
pick-up. But, this effect is countered by the decrease in exposure time. Since, the induction mass flow
increases, the time the mixture is exposed to the hot manifold casing decreases. Meaning, less heat
can be transferred. Thus, it has a lower induction temperature.

A note should be made that, the temperature of the casing of the inlet manifold was not measured.
Thus, the claim that the casing temperature increases with an increase in power could not be proven.
But, it is a reasonable assumption. The amount the casing temperature increases would be an inter-
esting subject for future research.

4.3. Pressure difference over inlet valve
In the chapter above, the temperature difference of the inlet manifold and the trapped temperature
is investigated. The same investigation can be done for the pressure. To investigate this, the inlet
manifold pressure and the trapped pressure need to be compared. The inlet manifold pressure is
measured during the two test days. But, accurate in-cylinder measurements could not yet be obtained.
To still investigate this effect, data from Sapra [16] is used. He performed elaborate tests in 2017, where
the inlet manifold pressure and the in-cylinder pressure were measured for the same engine.

Figures 4.2, 4.3 and 4.4 show examples of the p-v diagram of the induction process for 450kW,
374kW and 250kW. The figures also depict the corresponding inlet manifold pressure and valve timing.
Where, IVC is inlet valve closing, IVO is inlet vale opening, EVC is the exit valve closing and EVO is
exit valve opening. With this data the pressure difference of the inlet manifold to the cylinder at trapped
conditions (IVC) can be calculated. In figure 4.5 boxplots show the pressure difference of all the tests
Sapra performed for the corresponding power.

Figure 4.2: Measured P-V diagram at 250 kW
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Figure 4.3: Measured P-V diagram at 375 kW

Figure 4.4: Measured P-V diagram at 450 kW
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Figure 4.5: Box plot of pressure difference between MAP and P1 at multiple loads

The first thing that can be noticed is that, the pressure of the trapped condition is higher then the
pressure in the manifold. This could be explained by the ramming effect. As explained in chapter 3.1.2,
the ramming effect causes an increase in pressure when the cylinder slows down or reverses during the
induction process due to the inertia of the gas. Another effect explained in chapter 3.1.2 is the friction
loss effect. The friction loss effect states that the pressure drops when there is an obstruction. Since,
the inlet valve is an obstruction, the inlet valve would cause a pressure drop from the inlet manifold to
the in-cylinder trapped pressure. But, this effect is apparently countered by the ramming effect.

The second thing that can be noticed is that, the pressure difference increases with an increasing
power. This can be explained by the fact that, the ramming effect increases at higher loads. Because,
at higher loads the inlet flow is higher. Thus, also the inertia of the gas is higher, due to the charge
pressure.

A note should be made on the accuracy of the measurements.
First of all, the pressure sensor only has an accuracy of 1.25 bar, as can be seen in table 2.2. The

sensor was installed to investigate the combustion process, since during the combustion there are
high pressure with large differences. But now, we look at the induction stroke with low pressures and
differences between valve timings of only one bar. So, the pressure sensor does not have the required
accuracy to investigate this effect.

Secondly, the valve timings were not measured during our experiments. They were taken from the
paper of Sapra [15]. He stated that the engine has no valve overlap. But, after exhaust valve closed,
the pressure still decreases even though all the valves are closed and the volume decreases. Looking
at the P-V diagrams, it would be more logical that there is valve overlap. This could be explained by
the inaccurate pressure sensor at low pressures or by incorrect valve timings. Thus, we do not only
have doubts about the pressure sensor accuracy, but also about the valve timings.



5
Volumetric efficiency model

In this chapter the effects discussed in chapters 4.2 and 4.3 will be used to improve the prediction
of the volumetric efficiency of the state of the art model discussed in chapter 3.2.1. The model will
than be compared with the original model and the experimental based volumetric efficiency calculation
described in chapter 4.1.

5.1. Improved 0-dimensional model
This chapter discusses improvements on the state of the art model, to better calculate the volumetric
efficiency . This will be done by incorporating the effects discussed in chapter 4. A note should be made
that, the parameters are compared to the inlet manifold mass flow and not the power. This is because,
the inducted temperature is a function of the inlet manifold mass flow. The output power calculated by
the model at these mass flows is higher than the measured power, as can be seen in table 5.1 .

This could be caused by the tuning of the engine model. The Seiliger parameters, which determine
the in-cylinder conditions, were calculated by measurements performed on the engine in 2019 [16].
Since then, some parts of the engine where swapped out. This could cause different Seiliger param-
eters. And Moreover, the dutch gas net supplies the engine from natural gas. In the past its main
source was from Gronningen. Now, the gas originates from abroad. The different composition of the
gas from abroad could have a significant effect on the in-cylinder conditions. Thus, if the full function
of the model would be used, the in-cylinder Seiliger parameters should be tuned again on the current
conditions. But, for this research this is not necessary. The focus lies on the induction process.

Table 5.1: inducted mass and power comparison

Name Unit Condition 1 Condition 2 Condition 3 condition 4
Measured inducted mass kg/s 0.297 0.493 0.701 0.818
Measured power kW 116 245 364 417
Original model inducted mass kg/s 0.298 0.491 0.704 0.816
Original model power kW 123 265 422 470
Improved model inducted mass kg/s 0.295 0.496 0.705 0.818
Improved model power kW 139 284 433 480

5.1.1. Induced temperature
As described in chapter 4.2, the inducted mass mixture rises in temperature from the inlet manifold thru
the inlet runner to the cylinder. It starts at a temperature from around 35°C (308.15K), regulated by the
inter-cooler, and rises to around 52°C-67°C (325K-340K) before entering the cylinder. This is due to
the hot inlet runner casing. The hot inlet runner casing heats up the mixture when it flows through the
inlet runner. At a higher power more air and fuel passes through the inlet runner with the same heat
pick up. This means the temperature of the mixture at high power will be lower, since the same heat
pick-up needs to warm up more mass. This effect is depicted in figure 5.1, where the full line depicts

27



5.1. Improved 0-dimensional model 28

the manifold temperature and the green dotted line the measured inducted temperature.

Figure 5.1: inducted temperature comparison of measurements, original model and improved model.

In the original model the induced temperature is calculated by formula 5.1. Where, ϵinl is the heat
exchange effectiveness, equal to 0.05 and Tinl is the inlet wall temperature, equal to 400K. In figure 5.1,
this is depicted by the blue dotted line. As can be seen, is the prediction of the original model significantly
lower than the measured values. Moreover, the effect of decreasing temperature at increasing mass
flow is not visible. The formula used in the original model does not include any mass flows.

Tind = ϵinl · Tinl + (1− ϵinl) · Timan (5.1)

To improve the original model, a new equation for the induction temperature will be created. This
equation will include themass flow effect and increases the heat exchange. This results in an estimation
closer to the measured results.

The new equation is determined as follows. Consider the inlet runner, that heats up the induction
mass, a heat exchanger. In an extreme case the induction mass would reach the inlet runner tem-
perature. But, in general it stays much lower. This effect can be described by the heat exchange
effectiveness. The heat exchange effectiveness of a heat exchanger is defined as the ratio of the ac-
tual heat transfer over the maximum heat transfer possible. The definition is described in equation 5.2.
Where ϵinl−new is the new heat exchange effectiveness of the inlet runner, Qactual is the actual heat
transfer and Qmax is the maximum possible heat transfer.

ϵinl−new =
Qactual

Qmax
(5.2)

The actual heat transfer is the heat transfer needed to heat up the induction mass from the inlet
manifold temperature to the induction temperature. This is calculated by equation 5.3. Where, cp is the
specif heat at constant volume of the mixture and Tind−new the new induced temperature.
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Qactual = min · cp · (Tind−new − Timan) (5.3)

The maximum heat transfer is either, the heat transfer to heat up the mixture to the inlet runner
wall, or the heat transfer the inlet runner wall can dissipate. The maximum heat transfer of the induced
mixture is given by equation 5.4. WhereQmax−mix is the heat transfer of the induced mixture. Equation
5.5 gives the maximum heat transfer of the inlet runner. Where Qmax−runner is the heat transfer of the
inlet runner and Ciman the heat constant of the inlet runner wall.

Qmax−mix = cp ·min · (Tinl − Timan) (5.4)

Qmax−runner = Ciman · (Tinl − Timan) (5.5)

The maximum of the two is the maximum heat transfer possible. But, if the heat transfer of the
mixture is chosen, cp and min would cancel out in equation 5.2 with equation 5.3. Therefore, the
maximum heat transfer of the inlet runner wall will be used in the new heat exchange effectiveness
equation. This means that theoretically the heat exchange effectiveness could be higher than one.
Now, with the maximum heat transfer of the inlet runner wall as the maximum heat transfer, the new
heat exchange effectiveness of equation 5.2 becomes equation 5.6.

ϵinl−new =
min · cp · (Tind−new − Timan)

Ciman · (Tinl − Timan)
(5.6)

Rewriting this to the induction temperature gives equation 5.7. In this new equation the effect of the
induction mass flow is now taken into account.

Tind−new =
ϵinl · Ciman · (Tinl − Timan)

min · cp
+ Timan (5.7)

The variables in equation 5.7 are determined as follows. The specific heat at constant pressure(cp) is
a property of the inducted mass and equal to 1.1 kJ/(kgK). The manifold wall temperature (Tinl) was not
measured during the experiment. But, Sapra estimated it to be be 400K. In this research the same value
will be used. The heat capacity of the inlet runner is 1.1 kJ/(K). It is the product of the specific heat of
steel (0.42 kJ/(kgK)) and the mass of the inlet runner (2.61 kg). The new heat exchange effectiveness is
0.095. It is not directly measured, but tuned by using the induced temperature measurement data. Now
with the new induced temperature equation, the induced temperature better resembles the measured
induced temperature. Figure 5.1 shows the results of this improvement.

5.1.2. Manifold pressure
As described in chapter 4.3, the trapped pressure is higher than the inlet manifold pressure. In the
state of the art model, discussed in chapter 3.2.1, the trapped pressure is assumed to be equal to
the manifold pressure. Thus, to improve the volumetric efficiency an equation should be added to
take into account this pressure increase. But, with the limited data and the multiple effect that cause
the pressure difference, no equation based on physics could be found. Instead the average pressure
difference (p1 − pman) per operating point, determined in chapter 4.3, are used in the model. Table 5.2
shows these values. The effect of the pressure difference on the volumetric efficiency is discussed in
chapter 5.2.

Table 5.2: Difference inlet manifold pressure and trapped pressure

Name Unit Condition1 Condition 2 Condition 3 condition 4
Pressure difference Pa -771 2960 4900 5300

5.1.3. Residual mass
Now, the volumetric efficiency of the model with improved pressure and temperature is plotted together
with the measured volumetric efficiency and the volumetric efficiency calculated with the original model
(figure5.2). In the figure it is visible that the volumetric efficiency estimation of the improved model has
a better trend than the original model. It increases instead of decreases with increasing mass flow.



5.1. Improved 0-dimensional model 30

But, in general the volumetric efficiency of the improved model has a bigger deficit to the measured
volumetric efficiency. It lies about 10% lower than the measured volumetric efficiency. The volumetric
efficiency of the original model has a 9% deficit at high mass flows. At low mass flows the deficit is only
2%.

Figure 5.2: Volumetric efficiency of pressure and temperature improved model, measurements and original model

The explanation for the deficit of 10% lies in the initial estimation of the residual mass. In the models
the residual mass is estimated by first estimating the initial manifold pressure by equation 3.10. Then,
the manifold pressure is used to calculated the trapped mass with the ideal gas law (equation 3.11).
And finally, the residual mass is determined by subtracting the air mass and fuel mass of the trapped
mass. The air mass and fuel mass in this equation are calculated by parametric equations. With this
residual mass estimation the residual mass is estimated too high. The residual mass takes in space
that otherwise would be filled with inlet manifold mass. Meaning that, the volumetric efficiency is esti-
mated too low.

The solution for this is a different initial residual mass estimation. Ideally, the residual mass is
calculated with the ideal gas formula at exit valve closed (EVC) . At EVC, all the mass that remains in
the cylinder is the residual mass. But, the pressure and temperature at EVC are not known yet. To
know these values first the combustion process needs to be simulated.

Instead, the ideal gas law is used at inlet valve closed (IVC). The method assumes that the following
masses occupy the following volumes. First, The trapped mass (m1) is the total mass in the cylinder at
IVC. It occupies the whole cylinder volume, when the inlet valve closes (VIV C ). Secondly, The induced
mass (mind) is all the fuel and air inducted into the cylinder during the induction process. It occupies
the induced volume (Vind). The induced volume is the volume between inlet valve open (IVO) and IVC
(equation 5.8). During these two points in time, the inlet valve is open and mass can be inducted . Fi-
nally, the residual mass (mres) is the mass still present from the previous combustion cycle. It occupies
the volume that is not occupied by the induced mass at IVC. This is for this method assumed as the
volume at inlet valve opening (VIV O). All the discussed masses and volumes can be found in figure 5.3.
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Vind = VIC − VIO (5.8)

Figure 5.3: Cylinder volume and masses assumptions for the new residual mass method

With the above assumptions about the masses and volumes, the residual mass can be calculated
by using the following formulas. First, the induced mass is calculated by parametric equations as ex-
plained in chapter 3.2.1. Two of the combustion parameters he investigated were the fuel and air mass
input. These two mass flows combined is the induced mass.

Next, with the assumption that the induced mass occupies the induced volume at IVC, the new
initial trapped pressure is calculated with the ideal gas law as in equation 5.9. Where pinitial−1−new

is the new initial trapped pressure, Rim is the gas constant of the fuel and air mixture and Tinitial−1 is
the initial trapped temperature. The initial trapped temperature is estimated at 440K for every load. In
reality the temperature changes depending on the load. But, this effect is not yet included in thee initial
calculations. In future work this could be included in the parametric equations.

pinitial−1−new =
(mind) ·Rim · Tinitial−1

Vind
(5.9)

Finally, the new residual mass (minitial−res−new) is calculated with the new initial trapped pressure
over the remaining volume (VIV C ) in equation 5.10. The gas constant of the residual mass is assumed
the same as the gas constant of the inducted mass.

minitial−res−new =
pinitial−1−new · VIV O

Rim · Tinitial−1
(5.10)
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With this new initial residual mass calculation implemented in the improved model, the volumetric
efficiency rises with about 10%. The new improved model now predicts the volumetric efficiency with
greater accuracy, as can be seen in figure 5.4.

Figure 5.4: Volumetric efficiency of improved models, measurements and the original model

5.2. Analyses improved model
In this chapter the effect of the improvements of the model, as discussed in the chapter above, on the
volumetric efficiency will be discussed. The improvements will be compared to the original model [15]
and the measurements. The volumetric efficiency is not directly measured, but as discussed in chapter
4.1, calculated using the O2 percentage in the exhaust gas.

5.2.1. Improvements to the original model
In this chapter the effects of the improvements made to the original model [15] will be discussed. First,
the effect of the new induced temperature is discussed. Then, the effect of the addition of the pressure
difference between the manifold pressure and trapped pressure is discussed. Finally, the effect of the
new residual mass calculation are discussed.

Induced temperature effect
First, the effect of the new induced temperature on the original model [15] will be discussed. In figure 5.5
the volumetric efficiency is plotted against the inlet manifold mass flow. The orange line in the figure is
the volumetric efficiency of the original model. The yellow line is the volumetric efficiency of the original
model with the new induced temperature. The blue line is the measured induced temperature.

The new induced temperature formula has two effects on the volumetric efficiency. The first effects
is a general lower volumetric efficiency compared to the original model. Compared to the measured vol-
umetric efficiency this is an deterioration. But, the other effect is that the volumetric efficiency increases
with increasing mass flow instead of a decrease. Compared to the measured volumetric efficiency this
is an improvement. The measurements show a clear increase in volumetric efficiency with increasing
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mass flow. To conclude, the new induced temperature formula produces lower and thus worse volume
efficiency predictions. but, the trend of the volumetric efficiency is predicted better.

Figure 5.5: Effect Tind formula on volumetric efficiency

Pressure difference effect
Secondly, the effect of the new pressure difference is added to the original model. In figure 5.6 the effect
of the pressure difference of the manifold pressure and trapped pressure on the volumetric efficiency
is added. The purple line depicts the volumetric efficiency of the original model with the new induced
temperature and the new pressure difference.

The effect of the pressure difference is that in general the volumetric efficiency increases. Only for
the mass flow of 0.3 kg/s the volumetric efficiency decreases. one could also say that, the volumetric
efficiency increases more with increasing mass flow. This would be an improvement compared to the
measurements. But, for making this assumption more measuring points are needed. To conclude, the
addition of the pressure difference has a positive effect on the volumetric efficiency prediction compared
to the original model.
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Figure 5.6: Effect pressure difference on volumetric efficiency

Residual mass effect
Finally, the new residual mass effect is added to the volumetric efficiency model. In figure 5.7 the green
line depicts the volumetric efficiency with all the effect are added to the volumetric efficiency.

The addition of the new residual mass calculation has the largest effect of all effects. It significantly
increases the volumetric efficiency. With this increase the model predicts the volumetric efficiency
similar to the measured volumetric efficiency.
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Figure 5.7: Effect pressure difference on volumetric efficiency

5.2.2. Volumetric efficiency breakdown
Ideally, the volumetric efficiency is 100%. This would mean that no losses occur between the manifold
and the cylinder. Unfortunately, this is not the case. In chapter 3.1.2, most of the effects that contribute
to less mass inducted into the cylinder are discussed. During this research it was not possible to model
all these losses, but three losses were modelled.

Firstly, there is less mass inducted into the cylinder due to a temperature increase from the inlet
manifold to the cylinder. Due to the temperature increase the density decreases. Thus, less mass is
inducted into the cylinder. This volumetric efficiency decrease is about 12% for low mass flows and
10% for high mass flows. This is visible by the orange line in figure 5.8.

Secondly, a difference in mass induction is present due to a pressure difference between the mani-
fold and cylinder. The pressure once again affects the density of the mixture. At higher pressures the
density increases. Thus, there is more mixture present. The effect of the pressure difference for this
engine is that, at low mass flows the volumetric efficiency decreases with about 1%, and at high mass
flows the volumetric efficiency increases with about 3%. This is visible by the yellow line in figure 5.8.
The first decrease and then increase of the volumetric is due to the ramming effect. This is elaborately
explained in chapter 4.3.

Lastly, the presence of residual mass effects the volumetric efficiency. If, residual mass is present
in the cylinder, it takes in space that otherwise would be filled by the induction mass. Thus, if more
residual mass is present the volumetric efficiency will decrease. The effect of residual mass present in
the cylinder is a decrease of about 2%. This is visible by the purple line in figure 5.8.
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Figure 5.8: Effect on the volumetric efficiency

The conclusion is that by only modeling the temperature pressure and residual mass effect, the
volumetric efficiency can be estimated with a maximum error of 4%. This error is only for high mass
flows. At lower mass flows the error is lower than 1%.



6
Conclusions and recommendations

This chapter will provide the conclusions and recommendations for this thesis work and future volumet-
ric efficiency modeling work.

6.1. Conclusions
This report was written to answer following main research question: ”How can the estimation of the
volumetric efficiency be improved of state of the art 0-dimensional spark ignited gas engine models?”
The underlying goal of this research was to get a better understanding of the starting conditions of the
combustion process, which is crucially important to accurately predict performance parameters such
as efficiency and CO2 and NOx emissions. The parameter used in this thesis to describe all starting
conditions of the combustion process is the volumetric efficiency. The acquired knowledge on the start-
ing conditions can then be used to further develop the 0-dimensional model of the Caterpillar G3508
gas engine.

First, the definition of the volumetric efficiency was further clarified. The volumetric efficiency is a
dimensionless measure to evaluate the induction of a four stroke engine as a gas pumping device. But,
authors use many different variations of the definition. There is no clear definition that is universally.
In general the volumetric efficiency is the fraction of the actual mass inducted into the cylinder and a
theoretical mass that at ideal circumstances could be inducted into the cylinder. The absolute value of
the volumetric efficiency is often not as important as the ability to compare the volumetric efficiency at
different speeds, loads or engines. Therefore, the most import thing is to be consistent in the definition
when using the volumetric efficiency. Since, this thesis uses a turbocharged engine, where the natural
gas and air are mixed before the turbocharger, the manifold conditions will be used for the theoretical
induced mass and the sum of air mass and fuel mass will be used for the actual induced mass.

Secondly, this research lists the main effects that could influence the volumetric efficiency of the
caterpillar G3508 engine. Six effects were found: The air fuel ratio, heat transfer, residual mass, valve
timing, friction losses and the turbocharger.

The effect of the turbocharger is that it creates a higher pressure. The higher pressure then creates
more actual mass inducted. This higher pressure is created before the inlet manifold. Thus, has no
effect on the volumetric efficiency definition used in this thesis.

The friction loss effect is the effect of pressure loss between the manifold and cylinder. The pressure
influences the density of the mass. This also influences the volumetric efficiency. This effect is partially
implemented in the improved model.

The valve timing can have multiple effects. Firstly, it controls the valve overlap. If there is valve
overlap, scavenging occurs. This influences the amount of residual mass present in the cylinder. Sapra
[15] claimed that there is no valve overlap on the the engine thus this effect does not occur on this engine.
But, P-V measurements showed that during the induction stroke the pressure dropped even though all
the valves were closed and the volume decreases. This observation can either be explained by a
measurement inaccuracy. namely, the pressure sensor has an accuracy of 1.25 bar. It is build for high

37
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pressure measurements during the combustion process with large differences, not for low pressure
measurements during the induction stroke with small differences. Or by the assumption that the valves
do overlap. This should be investigated in the future. Secondly, the valve timing influences the timing
of inlet valve closing. If, the inlet valve closes after bottom dead center, back flow or ramming could
occur. Back flow is the effect of mass pushed back to the inlet manifold due to the decreasing volume
of the cylinder. Ramming is the effect of mass still entering the cylinder even if the cylinder volume
decreases. This is due to the high inertia of the induced mass. The ramming effect and back flow
effect are partially implemented in the improved model.

The residual mass effects the volumetric efficiency by occupying space that would otherwise be
used by the induced mass. This effect is implemented in the improved model.

The heat transfer effect is the effect of increasing temperature from the manifold to the cylinder.
The temperature influences the density of the mass thus also the volumetric efficiency.This effect is
implemented in the improved model.

The last effect is the air fuel ratio effect. The air fuel ratio regulates the composition of the induced
mass. The composition of the mass has an effect on the actual induced mass. Especially when only
air or fuel is needed for the actual induced mass. This effect is not implemented in the improved model.

After the research on the definition of the volumetric efficiency and the theoretical effects on the vol-
umetric efficiency, test were performed on the Caterpillar G3508 engine. The tests were performed for
2 reasons: to measure the volumetric efficiency and to investigate some effects, which are important
for the volumetric efficiency. These effects are then incorporated into the original model [15].

The volumetric efficiency could not be measured directly. To measure the volumetric efficiency the
actual flow into the cylinder needs to be measured. But, the engine was only equipped with a flow
meter for the natural gas. To overcome this problem we have established the volumetric efficiency by
calculating the air mass flow from the amount of oxygen in the exhaust as proposed in Stapersma [19].
As the calculation in Stapersma [19] was for a diesel engine and neglected the effect of NOx emissions,
we adapted this method for a natural gas engine, by using the composition of natural gas and adding
the effect of NOx emissions. Thus, this thesis describes how the method for diesel engines is adapted
to work for natural gas engines.

The other reason why test were performed was to investigate some effects which are important
for the volumetric efficiency. First, temperature measurements were performed to investigate the tem-
perature rise of the induced mixture form the manifold to the cylinder. This rise is due to the hot inlet
runner that connects the manifold to the cylinder. The wall of the inlet runner heats up the induced
mixture by convection. in the original model the temperature is constant over the whole power range.
But, the tests concluded that with increasing power the temperature decreases. This is because at
higher power more mass is inducted into the cylinder. Meaning, with the same amount of heat added
to the mixture, the mixture increases less in temperature. To incorporate this effect into the model, a
new formula for the heat exchange effectiveness is created which includes the induced mass flow.

The second effect that was investigated is the change in pressure from the manifold to the cylinder.
The goal was to measure the pressure in the cylinder and manifold. But, no accurate measurements
could be obtained inside the cylinder. The correct sensors were not installed yet. For this research the
in-cylinder pressure measurements of Sapra [15] are used. He did excessive measurements on the in-
cylinder pressure and manifold pressure on the same engine in the past. Out of these measurements
the conclusion is that at low mass flows the pressure drops from the manifold to the cylinder. This is
due to the friction losses over the inlet valve and due to the fact that the volume already decreases
before the inlet valve closes. But, at higher mass flows the pressure rises from the manifold to the
cylinder. The cause given in this thesis is the ramming effect. At high mass flows the inertia of the
induced mixture is high. This means that even though the cylinder volume decreases, mass still flows
into the cylinder. This creates higher pressure in the cylinder. For the temperature rise a formula based
on the convection of heat could be made. But, the pressure difference is effected by multiple effect.
So, no such formula could be created. Instead, a table with the measured difference were added to the
model.

The last effect that was investigated is the residual mass effect. The residual mass takes in space
that otherwise would be used by the induced mass. But, the original model [15] estimates the residual



6.2. Recommendations 39

mass to high. In the improved model the residual mass is calculated based on the in-cylinder conditions
instead of the manifold conditions. This improves the volumetric efficiency predictions by 10%.

With all the new effect added to the model original model [15], an improved model is created. This
improved model predicts the volumetric efficiency with a 4% accuracy at high power and mass flows,
and with 1% accuracy at average and low loads and mass flows. This is a large improvement compared
to the original model [15]. It predicts the volume efficiency 3% lower at low loads and mass flows, and
12% lower at high loads and mass flows.

6.2. Recommendations
I have the following recommendations to improve this work and for further research projects.

• For the formula of the induced temperature the wall temperature of the inlet runner was estimated
and held constant. In reality, i expect it to rise in temperature with increasing power. At higher
power more heat is created in the cylinder. This would heat up the cylinder more. I expect that the
environment also plays a role in the temperature of the inlet runner. In future research the inlet
runner wall temperature should be investigated. I expect that a relation can be found between
the engine power, environmental conditions and inlet runner wall temperature.

• During the test days, the induced temperature at every cylinder was measured. But, only the
minimum and maximum temperature were saved. This research uses the average to determine
the induced temperature. In future research the induced temperature at every cylinder should be
saved and studied.

• In this research no formula to calculated the pressure difference between the manifold and cylin-
der could be found. In future research to focus could lie on investigating all the effect that cause
this pressure difference. This could be done by for example CFD simulation of the induction
process.

• This research assumes that no scavenging takes place. But, the PV diagrams shows that the
pressure drops when all the valves are closed and the volume decreases. This observation
can either be explained by a measurement inaccuracy. namely, the pressure sensor has an
accuracy of 1.25 bar. It is build for high pressure measurements during the combustion process
with large differences, not for low pressure measurements during the induction stroke with small
differences. Or by the assumption that the valves do overlap. Therefore, i recommend to perform
new measurements on the valve timing and to use a pressure sensor with a smaller uncertainty
at low pressures.

• The in-cylinder parameters of the engine model are not tuned in this research. This means that
the power predictions of the model were not the same as the measured power. To make the
improved model complete, new test should be performed to tune the in-cylinder parameters.

• The formula for the induced temperature uses the manifold temperature as one of the parame-
ters. But, measurements were only performed with the manifold temperature ranging from 35°C
to 42°C. In future research the induced temperature should be investigated at a wider range of
manifold temperatures. This is especially important for the evaporation of methanol in the mani-
fold.
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