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Abstract

Continuous discharging of greenhouse gases into the atmosphere has motivated
researchers to develop prime movers for working with less polluted energy sources.
The low cost of natural gas relative to diesel and gasoline combined with various
emissions-related regulatory measures drew attention toward natural gas as an
alternative fuel for internal combustion engines.

Natural gas fuel utilization is regarded as the right choice due to its low-carbon
emission, lower NOx, and almost zero smoke and particulate matter. Among
several categorizations of the natural gas engine, including stoichiometric Otto
cycle, lean burn, and dual fuel, there is a particular interest in lean burn gas engines
where the excess air ratio is almost two, and the emission target is achievable
without applying an after-treatment system.

However, there are also several challenges with lean combustion. The knock
phenomenon limits the engine performance in high loads and rich mixture, and
in contrast, misfires occur when the mixture is too lean. Working in a narrow
operating area with high-efficiency combustion requires sufficient stability and
control of the engine.

For an engine encountering a time-varying load in a marine application, load on the
engine continuously varies in either a fixed or a variable frequency. Depending on
the magnitude of load fluctuation, the response of the engine changes. Moreover,
despite the low emission level provided by a lean burn natural gas engine, the lean
mixture combustion suffers from high methane slip.

This study developed a model for a spark-ignition engine that uses natural gas as
the fuel and is applicable for the marine sector. The work in this thesis investigates
the effect of sea state on ship propulsion systems.

Accordingly, the thesis consists of four major parts. First, the influence of
time-varying load on the lean burn gas engine is discussed, and the response of
the engine and the importance of methane slip sources are presented. Second,
engine-propeller interaction has been studied in a range of wave characteristics,
and the engine response has been discussed in all sea states for the specific vessel.
Third, considering methane slip as the main issue of lean burn gas engines, several
controlling methods have been performed to overcome the methane slip increase
during transient conditions. Furthermore, the part-load operation of the engine has
been modeled by a non-harmonic transient condition in almost one hour of the
vessel journey.
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Chapter 1

Introduction

Internal combustion (IC) engines are almost the primary driver of all the road
transports and a substantial majority of the off-road services [11]. The history
of converting the fuel chemical energy into mechanical rotating work in IC
engines with commercial success traces back to the 19t century when Lenior [12]
developed the engine to burn a mixture of coal gas and air in two directions
without compression stroke. Later, in 1864, Nicolaus Otto [13] patented the first
atmospheric gas engine, which is very similar to the recent reciprocating piston
engines. Almost a century after the appearance of the first vehicles, the link
between air pollution and IC engines was recognized, and after verifying the link
between health and air pollution, the air pollution standards began with Clean Air
Act in 1970 [14]. Until 2016, based on a report by the World Health Organization
(WHO), the number of registered vehicles increased to 281 million in the United
States and 3.9 million in Norway [15, 16].

The utilization of IC engines is not limited to transport vehicles, but refers to
ships, airplanes, and trains as well. Due to the increase of global scale trade and
advantages of carrying capacity, over 80% of global trade by volume and more
than 70% of its value was carried by a total of 93161 commercial fleet throughout
the world in 2017 [4]. This weight on transport places the shipping industry as a
significant source of emission, where 15% of global anthropogenic NOx and 5-8%
of global SOx emissions are owing to the maritime ships [17, 18]. The marine
sector mostly uses heavy fuel oil (HFO) rather than marine gas oil (MGO), marine
diesel oil (MDO), and intermediate fuel oil (IFO). HFO fuel is a high-viscosity
residual oil, and due to the low quality grade, is one of the main causes of high
emission level in maritime transport [19].
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Therefore, the national and international standards came into force to restrict the
pollution sources. SOx emissions from ships first came into force in 2005, under
Annex VI [20], and the limits on this compound have been progressively tightened
from the previous limit of 3.50% to 0.50% m/m (mass by mass) in January 2020
for the ships operating outside designated emission control areas. Moreover, the
International Maritime Organization (IMO) applied a maximum specified NOx in
various regulations. For instance, a medium-speed diesel engine was limited to
produce almost 20% of NOx in 2016 by Tier III compared with 1% of January
2000 by Tier I [21]. International efforts such as the Paris agreement in addressing
greenhouse gases (GHG) emissions will contribute to carbon intensity reduction
of over 70% in 2050 compared with 2008 [22,23].

The desired emission levels in ship transportation are achievable by either
employing the latest technologies or using alternative fuels.

A catalytic converter, an exhaust emission control device to convert the emissions,
mitigates carbon monoxide, hydrocarbon, nitrogen oxides, and particulate matter
(PM) compounds [24]. But, the reduction of emissions using the aftertreatment
systems is still a major challenge. Diesel oxidation catalyst (DOC), diesel
particulate filter (DPF) and selective catalytic reduction (SCR) are usually
associated with the fuel quality, exhaust temperature, and the engine application
plus an expensive service and replacing necessity [25-28].

Exhaust gas recirculation (EGR) is another NOx emission reduction technology
that recirculates a fraction of exhaust gas to the combustion chamber. The addition
of EGR either with an internal or external circuit increases the mixture heat
capacity and consequently reduces the flame temperature. Moreover, the decline
in the NOx by EGR rates ends with an unsatisfactory reduced thermal efficiency,
higher PM emissions, and a brake specific fuel consumption (BSFC) footprint [29].

Adding water into the combustion chamber influences NOx emission in exhaust
gas due to thermal, dilution, and chemical effects by decreasing the concentration
of atomic oxygen. Injection of the water directly into the hot compressed air at
the outlet of the turbocharger, increasing the humidity of the charge air, direct
water injection, water-cooled residual gas, and fuel-water emulsion injection are
applicable methods for including water in the flame propagation [30]. Cost,
effectiveness and risk of water drops are the main challenges for each specific
method.

Regarding the alternative fuels to achieve the emission goals, the properties of
alternatives fuels are listed in Table 1.1. MGO and MDO are alternative fuels of
HFO [31]. However, these fuels cost more compared to HFO with a cost of refinery



change [32], and they also produce more carbon dioxides (CO;) [33]. Biodiesel
with a positive impact on the environment can partly replace fossil fuels due to the
main drawbacks of limited raw materials and high production costs. In addition,
the IMO study concluded that low blends of biodiesel of up to 20% (B20) could
be used without any fuel system adjustments [34]. Methanol is an oxygenated and
sulfur-free fuel, but engine modification, including injection systems, fuel tanks
and piping is required for use in a marine diesel engine [1]. Natural gas with
relatively little processing after the refinery is becoming an essential alternative
for conventional fossil fuels. Moreover, natural gas has an octane number of
approximately 120. This specification gives methane a high resistance to knocking
in combustion [35, 36], although the natural gas composition varies considerably
over time and location [37]. Thus, utilizing natural gas is one of the effective ways
in terms of high-efficiency combustion with the potential of emission reduction
[38,39]. The utilization of natural gas gives emissions reduction up to 85% on
NOx, 30% on CO,, and 95% on carbon monoxide (CO). Smoke and PM of this
fuel are also around zero [40].

Table 1.1: Properties of alternative fuels for marine engines [1].

Property Unit  Diesel HFO MDO  Biodiesel Methanol Natural gas
Calorific value Mlkg 425 41.26 42 37.5 20.26 50
Cetane number - 51 >20 >35 50 3 -
Density at 15°C  kg/m® 847 934.8 <900 890 795 0.7-0.9
Viscosity at 40 °C  mm?/s  2.72 24.27 <11 4-6 0.58 -

Ash content % <0.01 0.042 <0.01 - - -
Sulphur ppm <350 <500000 <200000 <10 - -

Global warming potential (GWP) for different time horizons expressed relative to
CO; shows that the GWP 20 years and GWP 100 years of methane is 72 and 25,
respectively [41]. This high GWP factor of methane reduces the GHG-emission
reduction potentials of a natural gas engine. Table 1.2 shows the emission
reduction potentials for the two types of the natural gas engine. The CO; emissions
are presented as CO, equivalents where methane slip is accounted for. Natural
gas engines have the potential to contribute significantly, apart from the notable
benefits in terms of air quality for lean burn combustion engines, to the GHG
reduction target. However, methane slip must be reduced to the lowest level to
enhance the benefits.

Moreover, due to the low density of natural gas, for use in internal combustion
engines, natural gas ought to be stored either as compressed natural gas (CNG) or
be cooled down to liquid form in non-pressurized storage, Fig. 1.1. CNG occupies
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Table 1.2: Emission reduction percentage of two-stroke and four-stroke NG-engines [2].

Engine type CO; equivalent NOx PM SOx
4-stroke low-pressure 5 90 98 100
2-stroke high-pressure 20 90 (with NOx reduction measures) 98 100

Natural Gas
(NG)

Liquefied Natural Gas
(LNG)

Compressed Natural Gas
(CNG)

Figure 1.1: Natural gas storage for internal combustion engines in the transportation
system.

less than 1% of the volume at standard atmospheric pressure with a 200-250 bar in
cylindrical shapes metallic cylinder [42]. However, weight, cost, and safety factors
strongly favored liquefied natural gas (LNG) for marine application [43].

1.1 LNG propulsion systems

Boil-off gas (BOG) from LNG cargo appeared first on the LNG-fuelled ships in
1964 [43], and the first gas-fuelled ship using CNG on the coast of Norway was
launched in 2000 [44]. The total number of LNG carriers exceeded 500 by 2020
in the world, as shown in Fig. 1.2. By 2016, more than 50% of gas fuelled ships
were working in the Norwegian sea [45]. Moreover, the gross tonnage of the
newbuildings has shown a sharp increase in recent years, as shown in Fig. 1.3. The
gross tons percentage of liquefied natural gas-capable was approximately steady at
around 2% from 2002 to 2013. It rose to 5.8 % in 2014 and stayed almost constant
for the next three years. The trend becomes noticeable after 2016, with more than
13% of the gross tonnage. The gross tonnage of 2017 was delivered by over 325
liquefied natural gas-capable vessels, while 110 liquefied natural gas-capable ships
were on order.

Combustion of natural gas for marine applications supports three concepts [3,46]:
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Figure 1.2: Increase in the total number of LNG carriers due to more demand on using
natural gas engines [3].
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Figure 1.3: Percentage of the gross tonnage of the newbuildings LNG fleet [4]. A sharp
increase occurred after 2012, from 2% to almost 14%.

1. High-pressure dual-fuel engines
2. Low-pressure dual-fuel engines

3. Lean burn spark-ignition engines

Lean burn engines and low-pressure dual-fuel engines have, by far, the most
substantial contribution of the operational cases [7], where low-pressure dual-fuel
engines can hardly meet the mandatory emission standards (Euro V, Euro VI) with
the present available technology. The dual-fuel engine uses both conventional
diesel and gaseous fuels. The low running costs and use of alternative fuel
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=
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Figure 1.4: The ideal operating area of lean burn gas engines [5].

contributed this engine to be applicable in various applications [47, 48]. The
drawback of this engine is releasing total emissions of GHG higher than diesel
engines [49]. It also suffers from increases in CO and hydrocarbon HC emissions.
In addition, due to operating unthrottled, the fuel efficiency is lower at light load
and the mixture becomes very lean when the load reduces [50].

Lean burn spark-ignition gas engines with an excess air ratio of lambda 2 reduce
the thermal load and the level of NOx emission to meet Euro V/EEV emission
requirements without an additional after-treatment system [51, 52]. However, as
shown in Fig. 1.4, there is a narrow area that the engine works with the optimized
excess air ratio with high thermal efficiency. The widened operating area is
restricted to the low brake mean effective pressure (BMEP), which gives a lower
combustion efficiency. With a high BMEP, the variation of air-fuel ratio drives the
engine on either misfire or knock phenomenon, especially when the load varies
continuously in ship propulsion.

1.2 Background and motivation

Current emissions legislation in the marine sector has led the manufacturers to
place the lean burn natural gas engines into the application. Traditionally this
type of engine is considered mainly in a stationary condition and for power
plants [53-55]. In a stationary condition, the power is expected to maintain within
limited loads. Voltage and frequency are generally restricted within predefined
quantities, and the engine or parallel engines must bear the load steps without
stalling. Therefore, keeping the engine in the optimized area is more accessible. In
the presence of the waves in the marine propulsion system, the engines are exposed
to considerable varying loads due to rolling or windmilling, whereas they must
operate close to their nominal propeller curve. The oscillated load is a continuously



1.2. Background and motivation 7

varying load with various frequencies and amplitude. This variation of load plays a
dominant role in engine response. The transient response behavior of an engine is
commonly described by the ability to cope with a sudden increase in load [56,57].

Moreover, the elements of ship propulsion include the ship hull, the propeller, and
the engine. The traditional way was to consider these three elements separately.
A real ship operates in waves that induce motions, give a time-varying inflow,
and load on the propeller that again interacts with the engine. In severe weather
conditions, the propeller might even entirely out of the water and cause a sudden
drop in the engine torque and result in over-speed on the engine.

Modeling of a ship travel at sea with the wave and wind resistance using a
co-simulation for a two-stroke diesel engine and the propeller was performed by
Yum et al. [58]. The study aimed to find the dynamic load effect compared to a
constant load and confirm a quasi-steady mapping method to estimate efficiency
and NOx emissions. The simulation of the propulsion system performance by
Kyrtatos [59] indicated the influence of components on the ship hydrodynamic
performance. The detailed implementation of the engine elements coupled to the
propulsion systems proved that the fuel limiters change the vessel speed and the
ship developed forces. Campora and Figari [60] tried to find a reliable prediction
of the ship system behavior in transient conditions to optimize the propulsion
system components choice in such conditions. Neilson and Tarbet [61] simulated
a marine propulsion system to support the design process, including machinery
performance analyses, vibration analyses, maneuvering, and sea-keeping analyses.
Taskar et al. [62] discussed the influential parameters on a wave in a ship trip
and identified the propulsion performance drop. Altosole et al. [63] showed the
need to use marine propulsion simulator in real-time for control system design and
training the diesel engine dynamics with low computation time. The methodology
proposed was based on 5-D matrices to predict engine behavior. Moctar et al. [64]
performed maneuvering motions in a simulation of the engine propeller model,
test scale model, and real scale measurement. The model output illustrated the
impact of engine dynamics on the entire system and the engine time delay due to
the response time.

Converting the traditional engines to spark ignition natural gas in lean mixture
demands studying the marine gas propulsion system in transient conditions,
particularly in harsh weather conditions. It is paramount to understand how the
different condition affects the performance, efficiency, and emissions of a lean
burn gas engine in the marine propulsion system [65-67].

Therefore, this project designated a lean burn gas engine performance, i.e., the
dynamic response, fuel consumption, and emission, resulting from oscillating
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propeller loads due to the waves. A particular interest is to examine how
the methane slip changes during such fluctuating loads. Presenting practical
solutions to stabilize the engine, optimizing the combustion by the latest available
controllers, and smoothing the imposed torque are further goals of this study.

1.3 Objectives of the thesis

This thesis has been motivated by an interest in spark-ignition gas engines,
which are becoming one of the most critical contributors to marine propulsion
systems in the early future. However, they were lacked attention from emission
aspects, especially the methane slip is not yet investigated during the transient sea
conditions. To draw an ideal conclusion of the impact of the transient conditions
on the lean burn gas engine response and particularly the amount of the methane
slip, full-scale experiments with sufficient instruments are needed. Moreover, the
unsolvable challenge is determining the sources of methane slip while there is a
time delay in measuring the methane slip during the rapid transient conditions
[68]. To cope with these issues and recognize the methane slip primary sources,
developing numerical methods has been ideal for reducing the project risk and cost
and providing a clear methane slip trend.

Different possible sources for methane slip in the internal combustion engine are
proposed [69-71], where the three main sources of methane slip for the lean burn
gas engine are gas exchange, crevice volume, and quenched flame [72,73]. They
are the primary sources in steady-state, but what if the load suddenly changes.
Does the percentage of the load variation influence the amount of methane slip?
On this basis, the following research objective can be formulated:

* Research objective 1
What are the primary sources of methane slip in lean burn spark-ignition
engines, especially during transient conditions?

The lean burn gas engine load fluctuation is caused by external disturbance
represented by the propeller torque in waves [74]. The disturbance is the
wavelengths, wave heights, and wave directions. In order to evaluate the
fluctuations, a coupled modeling of engine-propeller is needed. This idea is the
basis for the second objective of the project:

* Research objective 2
What is the influence of wave characteristics on transient loads and marine
gas engine response in terms of combustion efficiency and emissions?
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The operating of spark-ignition engines on a lean mixture has several positive
features such as improvement of combustion efficiency and reducing the fuel
consumption [75, ], but the engine response may suffer from instability [77, 78]
and even misfire [79]. To offset the disadvantages of the lean mixture, improving
the engine stability gets even more attractive, and becomes our third research
objective:

* Research objective 3
How to stabilize the engine during transient conditions and improve the
combustion?

The maximum efficiency occurs around the full load, and there is a decrease
in engine efficiency during part-load operating. This reduction for SI engines
normally occurs due to an increase in pumping loss and throttle closure [80, 81].
Emission rise due to the incomplete flame propagation of lean mixture [82, 83]
provided our third research objective as follow:

* Research objective 4
How is the engine response concerning sea transient conditions in
part-loads?

Answering these questions has constructed the main goals and scope of this
research. As a consequence, nine journals and conference papers are published.

1.4 Publications

The following publications constitute a part of the thesis:

1. Authors: Tavakoli S., Jensen M. V., Pedersen E., Schramm J., Title:
Unburned Hydrocarbon Formation in a Natural Gas Engine Under Sea Wave
Load Conditions. Journal: Marine Science and Technology. Editor:
Springer. Year: 2020. Status: Published. Type: Journal Paper. https:
//doi.org/10.1007/s00773-020-00726-5.

2. Authors: Saettone S., Tavakoli S., Taskar B., Jensen M. V., Pedersen
E., Schramm J., Steen S., and Andersen P. Title: The importance of the
engine-propeller model accuracy on the performance prediction of a marine
propulsion system in the presence of waves. Journal: Applied Ocean
Research. Editor: Elsevier. Year: 2020. Status: Published. Type: Journal
Paper. https://doi.org/10.1016/7.apor.2020.102320.
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3. Authors: Tavakoli S., Saettone S., Steen S., Andersen P.,, Schramm
J., and Pedersen E. Title: Modeling and Analysis of Performance and
Emissions of Marine Lean-Burn Natural Gas Engine Propulsion in Waves.
Journal: Applied Energy. Editor: Elsevier. Year: 2020. Status:
Published. Type: Journal Paper. https://doi.org/10.1016/7.
apenergy.2020.115904.

4. Authors: Tavakoli S., Schramm J., and Pedersen E. Title: Strategies on
Methane Slip Mitigation of Spark Ignition Natural Gas Engine During
Transient Motion. Journal: SAE Automotive Technical Papers. Editor:
SAE. Year: 2021. Status: Published. Type: Journal Paper. DOI:https:
//doi.org/10.4271/2021-01-5062

5. Authors: Tavakoli S., Schramm J., and Pedersen E. Title: Influence of
Turbocharger Inertia and Air Throttle on Marine Gas Engine Response.
Journal: Journal of Fluid Flow, Heat and Mass Transfer JFFHMT). Editor:
AVESTIA. Year: 2021. Status: Published. Type: Journal Paper. DOT:
10.11159/jffhmt.2021.013.

6. Authors: Tavakoli S., Schramm J., and Pedersen E. Title: Effects of
Propeller Load Fluctuation on Performance and Emission of a Lean-Burn
Natural Gas Engine Operating at Part-Load Condition. Status: Under
revision. Type: Journal Paper.

7. Authors: Tavakoli S., Maleki K., Schramm J., and Pedersen E. Title:
Emission Reduction of Marine Lean-Burn Gas Engine Employing a Hybrid
Propulsion Concept. Journal: International Journal of Engine Research.
Editor: SAGE. Year: 2021. Status: Published. Type: Journal Paper.
https://doi.org/10.1177/14680874211016398

The work conducted during the Ph.D. also resulted in the following papers:

* Authors: Tavakoli S., Pedersen E., and Schramm J. Title: Natural Gas Engine
Thermodynamic Modeling Concerning Offshore Dynamic Condition. Book:
Proceedings of the 14™ International Symposium, PRADS 2019, September
22-26, 2019, Yokohama, Japan- Volume II. Status: Published. Type: Conference
Paper.

¢ Authors: Tavakoli S., Schramm J., and Pedersen E. Title: The Effect of Air
Throttle on Performance and Emission Characteristics of an LNG Fuelled Lean
Burn SI Engine in Steady and Unsteady Conditions. Book: In Proceedings of the
5t World Congress on Momentum, Heat and Mass Transfer (MHMT’20). Year:
2020. Status: Published. Type: Conference Paper
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Figure 1.5: Interconnection between the papers and the objectives of the PhD project.

The interconnection between the papers and the objectives of the Ph.D. project is
presented in Fig. 1.5. The author tries to address all the knowledge required in each
objective and the relevance of the published papers to the four main objectives.

Furthermore, the output of the current work is arranged in an intuitive diagram
shown in Fig. 1.6. The starting point was developing an engine model
platform. Next, the implemented equations were confirmed by using available
measured data. The verified model was the original configuration of all the
investigations in this study. Based on the imposed torque, two separate paths were
considered: transient condition around the full load and transient condition around
the part-load. The full load concept is presented in papers number 1, 2, 3, 4, 5,
and 7 with harmonic sinusoidal torque. The part-load concept is only presented
in paper number 6, where the modeling is for an actual transient condition. In
the full load concept, papers 2 and 3 have experienced a wide range of waves,
while papers number 1 and 4 presented an additional coupled emission model
for methane slip. Strategies for controlling combustion and improving the engine
response are presented in papers number 4, 5 and 7.
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Figure 1.6: An intuitive overview of the current work. The numbers in parentheses refer
to the relevant paper.

1.5 Thesis outline
This thesis is divided into two parts. The first part is the main body of the thesis,
which comprises six chapters:
1. Introduction
Natural gas engine
Modeling and simulation
Unburned hydrocarbon formation

Results and discussion

AN o

Conclusion

In the first chapter, the motivation of the work and the research objectives are
presented with the main questions. The second chapter introduces natural gas
combustion in several applications with a specific focus on marine application. The
third chapter develops the models of the engine and introduces the co-simulation.
The fourth chapter identifies methane slip modeling, and all the results are
discussed in chapter five. The last chapter of the first part concludes the main
results and recommends suggestions for further works.

The second part contains the selected publications that are the main results of the
thesis.



Chapter 2

Natural Gas Engine

Natural gas is a fossil energy source that formed deep beneath the earth surface
consisting primarily of methane (CH4) and ethane (C;Hg), with also propane
(C3Hg) [84], and was first identified in America in 1626 [85]. The utilization of
CNG for vehicle application in Europe traces back to early 1930 in Italy [86]. The
report by BP Statistical Review of World Energy [87] shows that the consumption
of natural gas in the world global energy consumption has the highest growth
among all fuels in recent years with a 43% increase. Furthermore, the number of
vehicles using natural gas as the main fuel has shown a rapid increase in the world
[88]. Natural gas has a laminar flame speed of about 38 cm/s [89] and a turbulent
flame speed of about ten times higher than its laminar flame speed [90]. This
slow-burning velocity [91] results in poor lean burn combustion [92]. Therefore,
two concepts are employed to use natural gas as the main fuel. As shown in Fig.
2.1, the first concept uses natural gas as the only fuel, and another uses additives to
provide stable and controllable combustion. Discussing these concepts comprises
the main part of this chapter.

2.1 Natural gas engines

2.1.1 Stoichiometric combustion

A normal combustion process includes the fuel and oxidizer. If the oxidizer
quantity undergoes combustion and burns all the fuel, and forms only CO,
and water (H,O) as the products, this chemical reaction is stoichiometric. A
stoichiometric natural gas engine burns the fuel, as shown in the schematic of
Fig. 2.2.

Stoichiometric natural gas engines are commonly ignited with a spark plug with

13
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Figure 2.1: All types of available natural gas engines.
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Figure 2.2: Stoichiometric combustion process. a is (X + Y/4) .

no excess fuel or excess air. The drawback of this engine is its higher combustion
temperature. [93]. The high temperature means higher heat losses, higher pumping
work at low to medium loads, higher thermal stress on the engine, and higher
knock tendency [94-96]. A higher knock tendency requires redesigning the
combustion chamber for a lower compression ratio, and thus the engine work
with a lower brake efficiency [97]. NOx also increases drastically when the flame
temperature rises [98]. The technique of stoichiometric combustion with EGR
and three-way catalyst (TWC) is recommended to reduce this harmful exhaust
emission if the excess ratio is carefully controlled [99].
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2.1.2 Homogeneous charge compression ignition

Homogeneous charge compression ignition (HCCI) is a homogeneous premixed
charge, which is compressed to a higher compression ratio and auto ignited without
any external supply of ignition sources. The concept of HCCI was initially
investigated for gasoline applications by Onishi et al. [100], but in comparison with
gasoline, natural gas has a higher octane number (up to 120) and high auto-ignition
temperature (600 °C) [101]. This feature leads the mixture to reach a high heat
release rate inherently, and the combustion may result in heavy knocking [102].
HCCI combustion contributes to rapid and low-temperature combustion of the
very-lean mixture. High thermal efficiency and low NOx formation is the desirable
feature of this combustion.

There are, however, a few deficiencies intrinsic to HCCI combustion [103—-106]:

1. Direct control over combustion timing
2. Releasing a high quantity of HC and CO emissions
3. Controlling the engine during transient condition

4. Excessive engine noise caused by knocking

2.1.3 High pressure direct injection

In order to have a high thermal efficiency comparable to high compression ratio
diesel engines without smoke and PM compounds, direct injection (DI) of natural
gas in the engine is an alternative by high pressure direct injection (HPDI) [107].
Compared with the premixed natural gas engine, the fuel composition has shown
the least influence on the performance of HPDI engines [108]. However, this
method’s primary challenge is the fuel slow flammability during the delay phase
[109] as well as providing high pressure gas.

2.1.4 Lean burn combustion

There is an excess air ratio of up to twice needed for stoichiometric combustion
in a lean burn natural gas engine. This extra quantity of air typically does not
participate in the combustion process, but the excess air contributes to a lower
maximum temperature in the post-oxidation process. A major part of the NOx
formation is due to the high temperature [110-112]. Therefore, the excess ratio
effectively reduces the amount of NOx. Due to the lower temperature of the
flame propagation, a higher compression ratio compared with a typical SI engine
is feasible, and as a consequence, the thermal efficiency is higher than a similar
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gasoline engine [113]. Combustion stability and the cyclic variation are towed
primary challenges since a standard spark plug cannot operate with this excess air
ratio [114]. To stabilize the combustion process, installing a pre-chamber with an
enrichment mixture or a partially stratified charge (PSC) is proposed to increase
fuel conversion efficiency and brake mean effective pressure [45,115]. In lean burn
combustion, a pre-chamber can stimulate ignition and combustion by burning a
small portion of the mixture. This flame produces multiplied kernels ignition than
the regular spark plug. The influence of ignition energy, affected by temperature,
size, and equivalence ratio, is striking on the flame development [116].

2.2 Natural gas plus an additive

2.2.1 Dual-fuel natural gas engines

In dual-fuel natural gas engines, natural gas plays the primary role by providing
up to 98% of total energy. The compression pressure and temperature prevent the
auto-ignition of the premixed natural gas inside the main combustion chamber.
Therefore, a pilot injection of conventional diesel fuel with the fuel system like
the standard diesel engine starts the ignition [117, 118]. With some simple
modifications, a standard diesel engine can operate in gaseous mode. The
advantage of this method is the possibility of using diesel fuel as the primary
source of power if the storage of natural gas is depleted [119]. The gaseous fuel
in dual-fuel engines can either be added to the mixture in low pressure or injected
directly in high pressure:

2.2.1.1 Low-pressure dual-fuel engines

In the low-pressure dual-fuel engines, the gaseous fuel has a low-pressure supply
and is premixed, while the liquid fuel is injected into the chamber with high
pressure. The liquid fuel is atomized and distributed through the spray cone. The
sprayed fuel and the gaseous mixture will be mixed inside the main chamber. The
amount of the entrained mixture is a function of the injection condition, the pilot
fuel quantity, and the ratio of air-fuel [117].

The primary purpose of using low-pressure dual-fuel engines is the backup fuel
and the ability to operate on diesel oil, but the engine still suffers from a low
compression ratio and upper excess air ratio during the low load. The former
results in lower efficiency, and the latter lead the engine to misfire [45].

2.2.1.2 High-pressure dual-fuel engines

In high-pressure dual-fuel engines, the air is compressed with a compression ratio
equal to the diesel engine. The diesel fuel is injected before the gas injection, and
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the main characteristics, such as output power and load response, are identical with
a similar diesel engine.

Although it releases a negligible quantity of the unburned fuel, to reach the Tier I1I
limitation for NOx, a combination of EGR or SCR is needed [120-122]. Another
challenge with this engine is providing a high-pressure gaseous fuel in the injector.
Diesel fuel pressure changes between 1500 to 3000 bar, and gas injector vary
between 300 and 600 bar [45].

2.2.2 Reactivity controlled compression ignition

In HCCI, the mixture auto ignites at a high temperature after a high compression
ratio, and the drawback is the high peak pressure and knocks phenomenon.
Reactivity controlled compression ignition (RCCI) strategy is developed to
overcome these issues and provide a solution for the high levels of natural gas
substitution, particularly at low and medium loads of dual-fuel engines [123]. .
In this method, two types of fuel are used with high reactivity and low reactivity.
The fuel with low reactivity is added into the main chamber as a premixed fuel,
while the high reactivity fuel injects directly into the combustion chamber [124].
Natural gas with a low cetane number has become an appropriate fuel in the RCCI
strategy. The drawbacks of this method are the higher adiabatic flame temperature
of natural gas, which may result in higher heat losses, and lower gross efficiency
than those fueled with gasoline/diesel [125]. Moreover, controlling the timing and
magnitude of heat release rate is critical for operating at a high load [126, 127].

2.3 Marine gas engines

Marine gas engines can roughly be divided into two main groups: lean burn
gas engines and dual-fuel engines [6]. The principles of the marine gas engine
classifications are shown in Fig. 2.3. The high-pressure four-stroke engine is
operated only in floating production storage and offloading (FPSO) and onshore
power generation units, but not in the ship propulsion [7]. The proportion of each
type of gas engine is shown in Fig. 2.4, where the lean burn gas engines and
low-pressure dual-fuel engines have by far the largest contribution.

2.4 Installation modes

Among the largest offshore application for natural gas engines, the companies
‘MAN diesel & Turbo SE’, ‘Wirtsild’, ‘Caterpillar Inc.’, ‘Hyundai Heavy
Industries’, ‘Kawasaki Heavy Industries’, ‘Rolls Royce’ are the pioneer. The
installation mode of these manufacturers can be summarized as follows.

Conventional
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Figure 2.3: Marine gas engines classification [6].

Lean burn gas engine
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A Low Pressure DF-2 stroke
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Figure 2.4: Marine gas engines in the shipping industry [7]. Lean burn gas engines and
dual-fuel high-pressure four-stroke engines have the most considerable contribution by
around 90%.

A conventional mode of a gas engine propulsion system consists of three main
components: a prime mover, a connecting high inertia shaft, and a propeller. There
is a gearbox as well to adjust the engine speed and the vessel speed. The schematic
is shown in Fig. 2.5(a).
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Constant speed

A constant speed mode consists of the same main components of the conventional
mode plus a power take-off shaft (PTO) to the genset. Part of the power produced
by the natural gas engine will drive the generator to supply the hotel load, battery
recharge, and other supplementary systems. The schematic is shown in Fig. 2.5(b).

Booster

In a booster mode, the generator plays as a Power take in the shaft (PTI) and
reduces the engine required torque. In this case, a fraction of the load is supplied
through the genset, and the rest will be provided using the engine. The schematic
is shown in Fig. 2.5(c). If the constant speed and booster mode have an energy
storage device (ESD) in their arrangement, a smooth loading on the engine is
applicable. Therefore, the engine can always operate in the optimum operating
area of the engine designed map.

Power plant

A power plant mode is another arrangement of the natural gas engine in the
shipping industry; however, its load change is not relevant to the marine sea wave.
The schematic is shown in Fig. 2.5(d).

2.5 Vessel and engine specification

In summary, all the available papers and reports in the field of marine gas engines
are about the description of the working principles, performance, and emissions;
however, none of them considers the strong potential of real operational conditions
on engine response. From these considerations, it can be inferred how it is
essential to study a marine gas engine. Since an on-board measurement campaign
is required to obtain the emission outline and performance data in real conditions,
in order to provide a low-cost solution, comprehensive modeling of the propulsion
system is performed.

This modeling is done on a ship propulsion system consists of a gas engine named
Bergen ACL B35: 40L9 of 3940 kW. The engine specification is presented in Table
2.1. The ship specification called Kvitbjgrn as a cargo vessel owned by Nor Lines,
constructed by Tsuji Heavy Industries in China and based on Roll Royce’s concept
is presented in Table 2.2.
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(a) Conventional mode

(b) Constant speed mode

(c¢) Boost mode

(d) Power plant mode

Figure 2.5: Marine gas engines propulsion mode.
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Table 2.1: Engine specification.

Item Unit Specification

Engine model - B 35:40L9PG

Number of cylinders - 9

Cylinder bore mm 350

Cylinder stroke mm 400

Connecting rod length mm 810

Rated power kW 3940

Maximum Torque at rated speed | Nm 50200

Rated speed rpm 750

Displacement L 346

Fuel type - Natural gas

Ignition type Spark  plug/
pre-chamber

Table 2.2: Vessel specification.

Item Unit Specification

Length oa m B 119.95

Length bpp m 117.55

Width m 20.80

Design draft m 5.5

Design shaft submergence m 33

Service speed kts 15
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Chapter 3

Modeling and Simulation

The complexity of experimental measuring and the uncertainty of the measuring
instrument have always highlighted the simulation and modeling importance and
potential. During the last decades, engine modeling has paved the way for an
in-depth study of engines. It has also played a dominant role in showing the engine
response during transient conditions due to more uncertainties in the measuring
process. A significant number of engine modeling has already been conducted to
show the importance and correctness of the simulation and modeling in an internal
combustion engine, whether in steady-state or in transient condition [128—132].
The modeling approach of these two states, however, includes different detailed
strategies. A transient condition refers to speed and loads variation, acceleration,
and engine warm-up. In the transient condition, the torque, fuel quantity, heat
transfer, and fluid flow vary, and the engine response during time-varying load
plays a more critical role than the steady-state. Such conditions are expected for
the vehicle application and marine propulsion systems, where the latter possesses a
lot of wave and wakefield changing the engine load. An accurate engine modeling
for the transient condition ought to consider the main and influential components
in high fidelity. However, this would considerably raise the computational time,
cost, and effort. Larmi developed a low-speed diesel engine model to predict
the engine’s response when the load on the directly coupled engine-propeller
fluctuates largely. The modeling proved that transient response simulation could
appropriately respond to the load fluctuation with a Wiebe function for the heat
release rate, thermodynamic control volume for the air and exhaust gas receivers,
and constant friction mean effective pressure (fmep) [133].

In general, the requirements of the simulation can be outlined as [134]:

23
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1. Sufficient detail to reflect any changes in design, environment and fuel
properties,

2. Accurate prediction of the performance,
3. Emission formation,
4. Low computation time and cost,

5. The minimum empirical data requirement.

The in-cylinder conditions during the time-varying loads are different from the
steady-state conditions. Therefore, a crucial part is the correct prediction of
combustion modeling during the transient condition. An accurate prediction
determines the amount and rate of pressure and temperature in the cylinder. The
output will subsequently influence the energy and enthalpy of the gases of the
turbine. The turbocharger boost pressure will again interact with the combustion
phenomenon.

Based on the concepts mentioned above, several modeling approaches are
available, as shown in Fig. 3.1.

Quasi-linear modeling uses empirical coefficients and neglects the nonlinear
nature of the flow and combustion phenomenon. The advantage is the simplicity
and limited computational time of the model but dependent on the empirical data
[135].

0 D is a standard method of engine modeling and classifies in several
sub-approaches. The main zero-dimensional modeling is the filling and emptying
method and mean value model. In order to evaluate for a real-time in the
hardware-in-the-loop (HIL) simulation system, the model must satisfy the demand
of high prediction, precision, and real-time operating performance [136]. This
approach can meet these requirements, and it has mainly been used in the HIL
simulation system [137, 138]. This method considers the engine as a control
volume series, connected through valves and junctions. The equations of mass
and energy conservation are solved for each volume.

1 D or gas dynamic modeling is another modeling approach where the flow
model involves the solution of the momentum equation. In this method, the
whole fluid passage system is discretized into small volumes, and the conservation
equations are solved in a concise time scale for all of the discretized volumes. The
gas-dynamic model provides a reasonable estimate of the flow velocity in each
boundary of control volumes, and therefore, a suitable prediction for the pulse
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Figure 3.1: Engine modeling complexity from minimum fidelity and computation time
(down) to maximum (top) [8].

turbocharged engines [139]. The CPU time using this method is by far more than
real-time condition [140].

2-3 D named as CFD simulation simulates in order of turbulent time-scale. Solving
the Navier Stokes equations in 2-3D in thousand of small volumes gives the most
predictive simulation capability to this modeling. Simultaneously, the enormous
computational time required for the components bounds the method application for
simple components such as a combustion chamber or a manifold rather than the
entire engine. Providing the detail of the flow field, distribution of pressure and
temperature, and the possibility of considering the detailed chemical mechanisms
is the advantage of the model. The inability to predict the engine performance, the
system response, and connecting the subsystem are the disadvantages [141-143].

3.1 Steady-state vs. transient condition

In order to describe the impact of the transient condition, especially during the
transient ramp-up of temperatures and transient build-up of boost pressure during
accelerations, the leading causes of the disparity between steady-state and transient
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conditions must be reflected. The differences can be classified into the mechanical
delay, thermal delay, and dynamic delay of the engine [144].

Mechanical delay: All the rotating components, such as a flywheel, turbocharger
shaft, and crankshaft, has a moment of inertia. During transient conditions,
acceleration of the rotating mass needs additional energy; the larger the mass
moment of inertia, the higher the energy requirement. Thus, a significant part
of the energy during the transient condition, if the load increases, will be applied
to accelerating the shafts to grasp the new speed. During the load reduction, the
system responds contrariwise.

Thermal delay: As a result of the increasing or decreasing the fuel quantity due to
the load changes, the wall temperature of the components at each consecutive cycle
changes. The thermal variation is highly dependant on the type of combustion (SI
and CI) and the air system response toward the fuel system variation. Usually, in
diesel engines, this delay can be notably [134], while in the spark ignition engines
with a constant air-fuel ratio, the oscillation of the exhaust temperature is small.

Dynamic delay: The fluid from the compressor inlet, passing through the intake
and exhaust pipes and to the turbine outlet, follows the mass transfer function.
The intake and exhaust manifold size, the pressure drop in the air and exhaust
pipes, and the turbocharger type, whether pulse or constant pressure, influence the
flow dynamic. The turbocharger variation is dominated by the rotational speed
[145], and thus, any dynamic delay directly influences the turbocharger response.
A diesel engine’s transient duration may last from a few seconds up to several
minutes [8,58, 146].

3.2 Main components in the modeling

The marine gas engine model studied in this project is developed by considering
the following influential componens:

3.2.1 Combustion chamber

A mixture of air and fuel with an excess air ratio is captured in a non-fixed
control volume, and it is assumed to be perfectly mixed. Several thermal zones
are imposed for more accurate heat transfer calculation.

3.2.1.1 Heat transfer modeling

During the intake, compression, combustion, and exhaust, there is always an
exchange of thermal energy between gases and boundaries.

Heat convection modeling in the main combustion chamber followed the method
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proposed by Woschni [147] in Equation (3.1):

Kl P.S WO‘S
B0.2 TKy
where K| and K, are constant, B bore and W is average cylinder gas velocity

(m/s). The equation for the average in-cylinder gas velocity is:

Vil
PV,
Ci and C; are constants, S, mean piston speed (m/s), T; unburned mixture

temperature, P pressure, Py, motoring pressure, P, unburned mixture pressure, Vg4
the total displacement and V; is the volume before combustion.

hc(Wnschni) = (3 1)

W =C\Sy + Cs

(P — Pu) (3.2)

Woschni heat transfer model lumps the radiation portion, which is typically is
estimated by the transmission of heat in the form of waves through space, into
the convection portion inside the cylinder [148]. Moreover, radiative heat transfer
from the hot burned gas in spark-ignition engines is tiny related to the convective
heat transfer. Hence, Equation (3.1) is the only modeling theory for the heat
transfer of the cylinder surfaces.

Gconvection = hWoshni(Tgas - Twall) (3.3)

In Equation (3.3), Ty split into several zones.

The zones identified interior surfaces of the cylinder by: cylinder zone, piston
zone, and head zone. Cylinder zone 1 is % of the cylinder wall exposed when the
piston is at BDC, cylinder zone 2 is % of the cylinder wall exposed when the piston
is at BDC and cylinder zone 3, covers the lower half of the cylinder wall exposed
when the piston is at BDC.

The zones for piston surface and cylinder head are shown in Fig. 3.2.

The temperature of the valve face surface is imposed and the total heat transfer is
calculated for the valve surface area of:

AT EQvyalve = %-Dvalve2 + 0~25Dvalvehvalve thickness (34)
Where the average thickness of the valve head was chosen 16% of valve diameter.
3.2.1.2 Combustion

To predict the flame characteristics for the engine, the SI-turbulent flame model is
employed. The model has the potential of predicting the combustion burning rate
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(a) The three piston zones consisted of the piston (b) The three head zones consisted of head zone 1
zone 1 with 48%, piston zone 2 with 37% and with 55%, head zone 2 with 35% and head zone 3
piston zone 3 with 15% of the piston area. with 10% of the head area excluding valve faces.

Figure 3.2: Temperature zones of the cylinder head and piston top surface.

based on laminar and turbulent flame speed. It is assumed that there are two zones,
burned and unburned zone, and the eddies of the unburned zone are entrained in
the flame front at a turbulent velocity while the mixture of fuel and air is burning
at laminar velocity. The rate of transformation of unburned to burned zone is
calculated by Equation (3.5) and (3.6):

dM.
i pPude(ST+ SL) (3.5)
dM, M, — M,
dt T (3.6)

where index b symbolizes burned classification, u unburned classification, and e
entrained classification.

It is also assumed that the reaction is quite fast with a thin layer of the burning
zone [9]. To calculate the laminar flame speed (S,), Heywood [109] recommended
Equation (3.7) for several hydrocarbon fuels:

Su=(Bu+ Bito—on?) (7) (5) " Forin (37)
where for natural gas fuel:

a=0.68¢% —1.7¢+ 3.18 (3.8)

B = —0.52¢> + 1.18¢ — 1.08 (3.9
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and By, is 0.490, By is -0.59, and ¢y, is 1.390 [149].
fDilution 1 the dilution effect and is employed as:

Fbitution = 1 — 0.75A(1 — (1 — 0.75A - Dilution)”) (3.10)

A is a multiplier, and Dilution is the mass fraction of the residuals in the unburned
zone.

The time constant of combustion of fuel/air mixture entrained into the flame zone
(1) in Equation (3.6) was calculated by Equation (3.11):

A
= 3.11
TS, (3.11)
with the Taylor length scale of:
L
A=a (3.12)
VvV Re;
and turbulent Reynolds number:
L
Re, = 2" (3.13)
™
Calculation of turbulent flame speed is done by Equation (3.14):
1
Ssz-a(l—i) (3.14)

L+e(7h)?

where a, b, and ¢ are constants. Moreover, © and L; are turbulent intensity

and turbulent length scale, respectively. They have been described in section
3.2.1.3. Calculation of surface area at the flame front (A.) and flame radius (R¢)
are presented in [150].

In order to calculate the concentrations of the species, chemical equilibrium is
carried out for the entire lumped burned zone. This assumption is the state in
which both reactants and products have no further inclination to change with time
in the current pressure and temperature.

During the simulation, the main species and products of combustion are monitored
in the main chamber by the relations between the composition of reactants and the
composition of products by Equation (3.15):

n+m/4—1/2
F

v1H + 290 + 23N + x4Hy) + 250H + 26CO 4+ 27NO + 2305+

29H>20 + 210C Oz + 11Ny + z12Ar

213 |CoHmO N + (02 + 3.7274N, + 0044147‘) —

(3.15)
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Where x; to x15 are mole fractions of the products and x;3 is the mole of fuel,
giving one mole of the product. The atom balances plus the products add up to
unity provides six equations. To solve for the 13 unknowns, seven other equations
are solved using the equilibrium provided by the following equations:

1
§H2 ~ H (3.16)
1
502 < 0 3.17)
1
5N & N (3.18)
1 1
§H2 + 502 ~ OH (3.19)
1 1
502 + 5]\72 <~ NO (3.20)
1
Hy + 502 <~ H50 (3.21)
1

Using the curve fitted from the JANAF thermodynamic table, the 13 equations of
species are available and solvable in each pressure and temperature [151].

3.2.1.3 Flow model

The in-cylinder mean flow depends strongly on the chamber geometry, where the
calculated values influence the burning rate. The sophisticated features of flow
dynamics can be captured using detailed multidimensional Navier-Stokes models,
but a simplified model of the combustion chamber is considered. The chamber is
divided into three flow regions defined as the squish area above the piston crown,
the cup volume, and the region above the cup lip. At each time step in each region,
the mean radial velocity, axial velocity, and swirl velocity are calculated, taking
into account the cylinder chamber geometry, the piston motion, and the incoming
and exiting flow rates passes through the valves [152]. The turbulence model
solves the turbulence kinetic energy equation and the turbulence dissipation rate
equation. Two outputs of the model, turbulence intensity and turbulence length
scale, are used directly in the turbulent flame velocity calculation in combustion
modeling of Equation (3.5).
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The turbulence length scale is calculated by:

N
jw

K
Ly = Cut K2 (3.23)

€

C,, is constant. The detailed equations are presented in [152]:
3.2.1.4 Emission

Natural gas engines produce four main emission compounds throughout the
combustion: NOx, UHC, CO,, and CO [153]. Generally, the concentration of
these compounds differs in chemical equilibrium rather than the detailed chemical
mechanism. Besides, implementing the detailed kinetics to find the emission level
during combustion and post oxidation needs considering hundreds of reactions.
Therefore, a basic formation mechanism is provided for the pollutants.

3.2.14.1 NOx NOx is nitrogen oxide, NO, and nitrogen dioxide, NO,, but
NO is the prominent oxide of nitrogen of the internal combustion engine [109].
Therefore, the mechanism of formation of NO proposed by Zeldovich have been
extensively applied for description of NO formation in engines [154]:

O+N,=NO+ N (3.24)
N+0O,=NO+ 0, (3.25)
N+OH=NO+H (3.26)

The rate of formation of NO via reactions of (3.24), (3.25) and (3.26) is:

dNO] _ 4 + +
i [O][N2] + k2" [N][O2] + k3™ [N][OH] (3.27)
—k1 7 [NOJIN] = k2™ [NOJ[N] — k3~ [NO][H]
With the steady-state approximation for % and equilibrium for other species,

a simplified one-way equilibrium is achievable with the following reaction rates
respectively:

A1
—38000

ki =F,-7.60-10 ¢ To (3.28)
Cais0™2
ks = Fy-6.40-10° - The > T (3.29)

ky = F5-4.10- 10 (3.30)
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Fi, Fy, F3, A and A; are constant coefficients for tuning the modeling, and Ty, is
the burned zone temperature.

3.2.14.2 UHC The implemented equations for UHC modeling to calculate the
amount of methane slip is separately discussed in chapter 4.

3.2.14.3 CO,; CO; is a greenhouse gas in the exhaust gases from SI engines
as a main product of the combustion. Natural gas has chemical properties with
a high H/C ratio of around 3.7. Thus, by changing the fuel from diesel with a
ratio of 1.8 to natural gas, an immediate reduction of CO; to half is achievable.
As a result, the gas engines produce less CO; and even 20% less than similar
gasoline engines [72]. Thus the relative amount of this emission depends on fuel
properties than the combustion mechanisms. Therefore, the output of the chemical
equilibrium is used for the validation of the combustion, and the formation of this
emission is not discussed further.

3.2.144 CO At lean equivalence ratios, like for the lean burn spark-ignition
engine, a low amount of CO can be achieved [155, 156]. Moreover, the formation
of CO emission is high primarily when the engine operates close to stoichiometric,
or during warm-up when the wall is cold. Since the primary output from the CO is
not verified, any further presenting of the modeling and output is neglected.

3.2.1.5 Knock

In spark-ignition engines, knock represents one of the most critical issues to
reach optimal thermal efficiency. Therefore, to deal with any probable knocking
occurrence, an air/fuel ratio and EGR based methodology aimed at evaluating the
knock phenomenon. In the model presented here, the knock intensity is evaluated
by the Kinetics-Fit-Natural-Gas model proposed by Gamma Technology and is
based on the kinetic reaction mechanism of natural gas [157, 158]:

Vive o =000,
Vi) P T(a) (3.31)
maz0,1 — (1 — ¢())?]. Tindex

Ky = M.u(a)

Where M is a multiplier and can be found during the validation step. Induction
time integral, i qex, is calculated by equation (3.32):

1
Tinder = / Lt (332)
T



3.2. Main components in the modeling 33

and the induction time, 7, is defined by equation (3.33) :

18659, MN o grs.

T=M; — 10*9exp(M2T)( 100

(3.33)
(Fueli(]'578)(0270’28) (Diluento'og)

where MN is the fuel methane number, M| and M, are multipliers, equalized to
1, and diluent concentration is the sum of concentrations of N,, CO,, and H,O.
Vrpc is cylinder volume at the top dead center and ¢ is equivalence ratio of the
unburned zone. u(«) is the percentage of cylinder mass unburned.

3.2.2 Power transmission

Sudden loading and unloading on the engine lead the engine to speed fluctuation
and instability. Any idea to improve the engine stability is highly pertinent to the
engine mass moment of inertia and the connected rotating components as power
transmission [159, 160]. The degree of change of the system frequency regarding
the external forces is inversely proportional to the magnitude of the inertia:

To(t) = Ts(t) — Lise(t) (3.34)

where, w¢(t) is the instantaneous crank-train acceleration and I mass moment of
inertia. Ty (t) represents the torque available at the flywheel, after accounting for all
friction and attachment losses as well as the acceleration of the crank train inertia.

The entire propulsion shaft is modeled as a single rigid, and the shaft torque, T, is
calculated by:

Ts(t) = Ti(t) — Te(cye) + T, (3.35)

If there is any additional instantaneous torque of the other attachments, they can be
added to the right of Equation(3.35) as T,. Tf(cyc) is friction torque for the current
cycle, and Tj(t) is the indicated torque and depends on the combustion chamber.
The pressure inside the main chamber, calculated by the flame modeling, provides
forces on the x-y direction on connecting rod as:

Ti(t) = Z(E)Bsznk(AP(t) sin 0;(t) — AP(t) cos 0i(t) tan a;(t)) (3.36)
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Figure 3.3: The instantaneous indicated torque is a function of pressure in each crank
angle and the in-cylinder surface area.

0;(t) is the instantaneous angle of crank i in degree and «;(¢) is the instantaneous
angle of connecting rod i in degree. The schematic shown in Fig. 3.3, indicates
the pressure on the piston surface and the distribution of the forces.

The power transmission included the flywheel, crankshaft, main shaft, and gearbox
to transmit the power to/from the engine. All are assumed to be rigid. Thus
deformation of the crankshaft, corresponding to the immediate difference between
the engine and load torque, is neglected. The inertia concerning the water
resistance and the propeller is added to this model as well.

3.2.3 Controlling system

A proportional-integral-derivative controller (PID) consists of a proportional unit
(P), an integral unit (I), and a derivative unit (D). The PID formula follows
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Equation (3.37), and the schematic of the interconnections is shown in Fig. 3.4.

de(t)
dt

t
y(t) = Kpe(t) + Ki/ e(t)dt + Kq 3.37)
0

where y(t) and e(t) are the process input and error, respectively. The
PID controller is used when the system has a linear response with dynamic
characteristics. In a complex system with more degrees of freedom and nonlinear
dynamic processes in calibration, new calibration approaches are needed [161,
162].

In this study, for the engine modeling, three regular PI controllers (PID with a
coefficient of D=0) were required:

* The fuel flow regulator with engine speed feedback
* The VTG vane position with the feedback of air-fuel ratio

* The throttle opening angle with engine loading feedback

— P kpe(t)

+ Output

+
. +
Setpoint (> error I ki [e(t)dt —»@—v Process
_|_

— D kd%

Figure 3.4: PID controller block diagram. Three parameters (Kp, K;, and K4) can be
manually or automatically tuned based on the setpoint and output.

3.2.4 Intake and exhaust manifold

Since the fluid flow is important in calculating the dynamic delay and consequently
the turbocharger response, the equation of conservation are involved the
conservation of momentum as well as Equation (3.38) and (3.39) [157]. The
dimensions for all the pipes and junctions are implemented based on the designed
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components, and different discretized length scales for the straight pipes and bends
are chosen.

dm .
. Yoo (3.38)
boundaries
dme dv .
TR i > (mH) = hA(Tia — Twan) (3.39)
boundaries

din._ dpA+ 3 poundaries (M0) — 4Cfp“T‘ul% — Kp(gpulul)A
dt dz
Where m is mass of volume, Kp pressure loss coefficient, D equivalent diameter,
and 7 is the boundary mass flux. A is the cross-sectional flow area and Ay is the
heat transfer surface area.

(3.40)

In all discretized volumes, Equations (3.38) and (3.39) yield the mass and energy
in each volume. With the available volume and mass, the density can be calculated.
Afterward, the equations of state define density and energy as a function of
pressure and temperature, and the solution will be continued iteratively on pressure
and temperature until they satisfy the density and energy already calculated for this
time step.

3.24.1 Fuel system

To address the fuel system response, it is imperative for the modeling to pursue the
same fluid dynamics approach as the air in the intake and exhaust manifold. This
is attained by adopting the use of conservation of mass, energy, and momentum
equations, providing a high fidelity of fuel flow model, cost-effective, and ensuring
the dynamic system response. To simulate the fuel delivery system dynamics, all
fundamental components of this system, including the fuel tank, orifices, fuel lines,
and fuel valves, are assembled. For simplicity, the fuel tank and fuel pump are
assumed to be constant pressure sources. The fuel, natural gas, is mixed with the
air just upstream of the intake valves.

3.2.5 Intake and exhaust valves

The intake and exhaust valve capacities ultimately restrict the total flow of the
engine. A feasible approach for compressible flow over a flow restriction is
proposed by Heywood [109] with a pressure upstream and downstream of the
valve:

: P, P 2 =
m = AeffpisUis = CDAR\/RT(;)l/’Y\/[’y—’Yl(l - Pr) Rl } (341)
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Figure 3.5: The intake and exhaust valves lift in an engine cycle.

The values are
normalized to be fitted in the maximum amount of one.

where u is upstream and d is downstream stagnation point. Here, Cp is an

experimentally determined discharge coefficient of the valve lift presented in Fig.
3.5.

For chocked flow, the equation modifies to:

2 1

i = po( —— )T 3.42

Pis = P (v+1) (342)
2

Ui = RT, z 3.43

Va! (7+1) (3.43)

3.2.6 Intercooler

Compressed air after turbocharger has higher internal energy with higher pressure
and temperature. The drawback of the boosted fluid is now the low density
due to the high temperature. For increasing the mass flow, it is essential to
decrease the fluid density. An intercooler wastes the additional heat by multiple
pipes. The infinite number of pipes is considered to provide an infinite heat sink
for the modeling, and the outlet temperature leaving the intercooler equals the
intercooler wall temperature and is equal to the measured value from the engine
data. Calculation of total heat flux is performed by Equation 3.44, where hy is the

convection heat coefficient and is calculated using the Colburn analogy [163] by
Equation 3.45.
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Gconvection = hg(Tgas - Twall) (344)

1 —2
hg = (i)cpreffCPPﬂT) (3.45)

where C; is friction factor, C, specific heat, and U is effective fluid velocity.
3.2.7 Turbocharger

A turbocharger consists of three components: The turbine, which converts the
high enthalpy gas to rotating energy, the compressor, which utilizes the excess
power from the turbine, and finally, the connecting shaft. In developing the models
for the turbocharger, a performance map is an alternative solution. Utilizing this
method, the compressor and turbine information as a function of speed, pressure
ratio, mass flow rate, and efficiency are implemented in the format of look-up
tables. Turbocharger speed and pressure ratio are predicted at each time-step, and
two other unknowns are taken from the look-up table [164]. The calculation starts
with the predicted pressure ratio, calculating total temperature by Equation (3.46)
and Equation (3.47):

2

Uin
Ttotal,in = Tin + (346)
20p
y—1
Ahg = cpToain(PR™ —1) (3.47)

where u;, is inlet velocity. The outlet enthalpy will be calculated by Equation
(3.48) and the compressor power by Equation (3.49) provides the torque of the

compressor subsequently:

Ahyg
hout = hin + — (3.48)

s

P = 1m(hin — hou) (3.49)

Subtext script in, out and s stands for inlet, outlet and isotropic, respectively. By
Equation (3.50), the new calculated rotational speed is provided:

At(T‘lurbine - Tcompressor - Tfriction)
I

Aw = (3.50)

A table of friction coefficients was considered for the turbocharger shaft for
different rotational speeds, as Ttriction-

For the turbine, the following equations are employed instead of Equation (3.47)
and (3.48):
Ahy = epTioain(l — PR 7)) (3.51)
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Figure 3.6: Engine modeling schematic. All essential elements influential on flow and
dynamic are implemented in the engine model using two-zone zero-dimensional modeling
for the combustion, one dimensional for pipes and connections, and a look-up table for the
turbocharger.

hout = Nin — Ahs"]s (3.52)

The computation will be repeated until the predicted parameters reach
convergence.

3.2.8 Boundary condition of inlet and outlet

Sea reference condition states the free water surface boundary condition on an
ocean. A static atmospheric pressure, temperature, and zero amplitude are utilized
for the compressor inlet and the turbine outlet.

3.3 Establishment of engine simulation

The full-scale natural gas engine model, including all the engine components,
was set up using the GT POWER from Gamma Technologies. The platform is
designed for automotive fieldwork simulation and analysis. GT SUITE considers
the components in a modular and visual logical calculation process. The schematic
of the section modeled in this study can be represented, as shown in Fig. 3.6.
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To evaluate the predictability of the model and the accuracy of the engine response,
the model needs to be fully validated. For this purpose, the model results are
compared with the data provided by the manufacturer. The results are in good
agreement with the available data, and all errors between the simulated and
measured outputs are within acceptable levels. The validation investigations
confirm that the model is accurate and applicable for steady-state simulations
within the fixed loading values as presented in Fig. 3.7 and transient conditions
within a time-varying load as shown in Fig. 3.8.
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Figure 3.7: Comparison of measured data and engine simulation in steady-state. The
X-axis shows the load percentage, and the Y-axis gives the measured-modeled output.
The results are normalized by the measured value in 100% load.

3.4 Co-simulation

The engine model is not compatible with the propeller model, resulting in
modeling the engine in a disagreement between the modeling results and real
vessel data. Another challenge of simulating the individual engine for navigational
purposes is considering a spectrum of wave amplitude and wave direction effect
on the load magnitude. To properly simulate the entire system, an interface,
co-simulation, is required to support both engine and propeller model [165].

A study of co-simulations is given in [166], and, therefore, just a short presentation
for understanding the essence of co-simulations is presented here. In the
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Figure 3.8: Comparison of measured data and engine simulation in transient conditions.
The X-axis shows the time, and Y-axis shows the measured-modeled output.

co-simulation framework, different subsystems are modeled in a distributed
manner, and the exchange of data between subsystems is restricted to discrete
communication points. Each subsystem is then free to use the solver strategy and
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Figure 3.9: Propulsion system modeling in a co-simulation platform developed in
MathWorks Simulink.

internal local time-step size, which is deemed most suited. This method improves
the computational time of the full system simulation without sacrificing the fidelity
of the model. Using co-simulation, one can solve complex multi-physics and
multi-domain interactions of a single system using a simulation platform.

Different parts of the simulation may run on different processors or even different
computers in a network to distribute the workload between them, but in this
work, the co-simulation is performed on one computer, with the subsystems in
the co-simulations are treated as separate processes.

The coupling and exchange of data between the engine and propeller have
interacted based on the schematic is shown in Fig. 3.9. Both the engine model as
the prime mover and the propeller were compiled and coupled in the MathWorks
Simulink. Equations are solved independently with the internal solver with a fixed
time-step for the propeller and a variable time-step for the engine model. The
external time-step for exchanging the data between sub-models is fixed on 0.1
seconds. This time-step satisfies the shortest engine cycle and is adequate for
addressing the full response of the engine.



Chapter 4

Unburned Hydrocarbon
Formation

The word hydrocarbon refers to any compound consisting of carbon and hydrogen.
Incorporating any other atoms disqualifies them from being considered as
hydrocarbon [167]. The hydrocarbon chain may vary in molecular structure,
but they have five specific families: alkanes, alkenes, alkynes, cycloalkanes, and
aromatic hydrocarbons (arenes). This classification is based on the bonds between
carbon(s) and hydrogen(s).

As predominantly discussed in previous chapters, internal combustion engines
usually use diesel fuel, gasoline, and natural gas, which are nominated as
hydrocarbon fuels. When the fuel does not participate during the combustion, part
of the fuel remains unburned. Besides, the fuel may react during the combustion
process and form formaldehyde [168]. In the presence of hydrocarbon compounds,
a new formation of oxygenated hydrocarbon (OHC) may occur [169]. A schematic
of the detailed combustion mechanism for methane is shown in Fig. 4.1. The
pathway shows the conversion of methane to CO; at a high temperature, 2200
K. This temperature is close to the maximum flame temperature. Each arrow
represents a set of elementary reactions based on a detailed mechanism [9]. With
temperature reduction, the pathways change, and intermediate productions will
appear. The new pathway usually is for a temperature less than 1500 K. To follow
these pathways, implementing detailed mechanisms with 279 reactions is needed.
This implementation requires a high computer performance time. Concerning the
scope of this research, for modeling the engine response during dynamic loading,
detailed kinetic modeling in association with the engine model is impossible.

43
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Therefore, tracing the detailed reactions is neglected, and the unburned fuel is
assumed as the only source of unburned hydrocarbon formation in this study. In
natural gas engines, the unburned fuel has the same meaning as the methane slip

since relative ratios of chemical components of methane are the highest among
all [170].
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Figure 4.1: Methane reaction pathway diagram at high combustion temperature. A
temperature lower than 1500 K results in CO and CH, formation as well. The detailed
reaction and reaction rate is presented in [9].

The present section details the primary sources of unburned hydrocarbon
emissions in conventional internal combustion engines. Afterward, modeling
methods for methane slip formation are presented.

4.1 Engines in relation to UHC emission

In terms of unburned hydrocarbon emission formation, several engine categories
are available.
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Unburned hydrocarbon emissions of CI engines, mostly diesel engines, are
attributed to the excess air ratio. In the too lean region of fuel spray, the flame
stops propagating, and in the rich area of the fuel jet, the air is not sufficient to burn
all the available fuel. Both of these conditions, too lean and too rich mixture, are
the source of unburned fuel, and consequently, a probable UHC source. Moreover,
this compound in a diesel engine is highly dependent on the fuel quality and the
ignition delay [171-174]. When the ignition delay increases, a higher portion of
the fuel will be in the over-lean area and results in the UHC formation [139]. A
poor mixture formation due to the large droplets, low injection velocity, and cold
crevices regions may also influence the total volume of UHC in diesel engines.
The fuel spray-wall interaction is also reported as an influential potential source of
UHC for diesel engines [175].

Dual-fuel engines exhibit higher UHC emissions than diesel, particularly at
part-load conditions. During the full loads, the increase in the mixture strength and
the improvement in the fuel utilization cause a reduction in total UHC emission,
but the quantity is still higher than that of conventional diesel mode [176]. There
are mainly four mechanisms in dual-fuel engines that result in UHC formation:
crevice volumes, flame quenching, absorption and desorption of fuel in lubrication
oil film, and the amounts of fuel remained in nozzle sac volume [177,178].

In premixed SI engines, since the fraction of the unburned fuel may even reach 5%
of total fuel, the UHC formation plays a more significant role in the combustion
efficiency and total GHG emission of the engines [109]. In premixed SI engines,
unburned hydrocarbon originates from various sources. The importance of the
sources changes by the fuel phase, whether it is liquid or gaseous. Liquid fuel
vaporization carburetor [179], oil-films, and wall wetting in the cold start [113,
180, 181] are reported as the main sources for liquid fuel SI engines. Injection of
the liquid fuel in different places of the intake port showed a difference in UHC
quantity. The liquid fuel entering close to the intake valve causes three times more
UHC than the farthest injection probe from the exhaust valve. Heating by the hot
residual gas back-flow that occurs at the intake valve opening reduces the estimated
UHC emission of the liquid source [182]. It was also confirmed that liquid fuel
flow produces between 3 to 7 times higher amounts of UHC than vapor fuel.

This is worse when the injection is direct. In the DI fuel injection system, liquid
fuels will be injected directly into the chamber, and liquid drops will evaporate
during moving toward walls. Depending on the chamber pressure and temperature,
the vaporization rate varies, specifically during cold start when the wall is colder
than normal operating conditions. The sources of unburned hydrocarbon emissions
in DI engines also depend on the engine load and speed, where injection timing
changes to provide homogeneous optimized combustion [183]. With an early
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injection to provide a homogeneous mixture, a significant part of the fuel will
be captured in the crevice volume, while with a late injection, the spray collides
the piston surfaces and causes wall wetting before mixing in the air.

Hydrocarbon emissions arising from HCCI engines are expected to be the crevice
volume, the fuel escaped from the primary combustion process, flame quenching,
and the absorption and desorption of fuel vapor into oil layers of cylinder wall
[184]. Moreover, it was shown that most of the unburned hydrocarbons from a
port injected HCCI engine come from crevices [185].

Sources of UHC or methane slip in spark-ignition engines fuelled with natural
gas are also reported as overlap, misfire, flame quenching, and crevices [186].
Changing a gasoline engine of vehicle application to a compressed natural gas
engine showed a 50% reduction in terms of UHC [73]. The main reason for this
change was the reduction of UHC in the oil film adsorption-desorption phenomena.
Less wall fuel flow in the intake system of lean burn engines has also contributed
to the gaseous engine having less UHC compared with a gasoline engine [72];
however, with the same power output compared with the gasoline engine, a gas
engine was reported to have a 162% increase in UHC [187].

In general, seven classifications can be introduced for sources of UHC of internal
combustion engines. Any specific type of fuel or combustion may consist of one
or more sources in UHC emission production.

1. Crevice volume [188]

2. Wall layer quenching [185]

3. Pockets of partially reacted mixture [186]

4. Misfiring [189]

5. Oil films [190]

6. Deposits [191]

7. Overlap [192]
Figure 4.2 presents a flow chart of the distribution of the fraction of each of the
sources on unburned hydrocarbon emission for a typical premixed spark-ignition

gasoline engine. This flowchart can extensively stand for the SI natural gas engine
except that the oil film and deposits have less influence than the other sources.
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Figure 4.2: Flow chart mechanism of unburned hydrocarbon formation for a typical
gasoline engine in steady-state [10].

As widely documented in the literature, the UHC sources are dominated by the fuel
phase, combustion type, and injection properties. For a natural gas engine, where
the fuel is in a gaseous mode and premixed with an injection valve before the intake
valve, with some essential simplification, the UHC sources can be summarized
into overlap, flame quenching, and crevices. Starting the initial flame by utilizing
a spark plug and pre-chamber provides a high momentum gas jet entering the
main chamber with good penetration. Thus, a misfire in a lean mixture with a
pre-chamber rarely occurs during the normal operating condition.

4.2 Available technologies for methane slip reduction

There are three general ways to reduce methane slip from natural gas engines:

* Engine redesign
* Optimizing the combustion
* Using aftertreatment systems
Crevice volume is one of the primary sources and always gives a certain amount

of methane slip. Reducing the dead volume of the combustion chamber, such
as the gasket area between cylinder head and cylinder liner or clearance between
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piston top and liner, reduces the amount of unburned fuel. Optimum intake and
exhaust valve timing for reducing the gas exchange during the overlap is another
applicable method suitable for natural gas engines compared with conventional
diesel engines. However, these methods are already in use by the engine industry
[45].

Optimizing the combustion includes but is not limited to a combination of
performance improvements such as air-fuel ratio adjustment for various loads,
developing the control systems, turbocharger matching, Miller cycle, EGR,
and two-stage turbocharging. Many of these types of technology have been
investigated already, but some are yet not commercialized due to complexity and
high cost.

Exhaust aftertreatment systems have already been widely used to control the
total emission of the engines. For gas engines with a lean mixture, palladium
and platinum-based catalysts have shown a good performance of both methane
and formaldehyde reduction [193] [194] [195]. However, the lifetime of these
instruments limited the employment of an aftertreatment system for marine
engines [45]. Wairtsild reported acceptable methane conversion ratios in marine
engines, although they also stated that the main challenge was the deactivation by
sulfur [196].

4.3 Methane slip modeling

Since the challenges still exist in measuring the amount of methane slip,
especially in defining the sources, methane slip modeling is represented. Only
a few researchers conducted methane slip modeling, and the enhancement is
demanded consistently. The review shows that a numerical model using CFD
is developed to predict UHC emissions in gas engines. Results showed that
increasing the air-fuel equivalence ratio and leading the mixture to leaner increases
UHC from the near-wall regions due to the increased quench distance and
reduced flame propagation speed [69]. Methane slip source distribution in
a four-stroke dual-fuel medium-speed marine engine is done by Jensen et al.
using thermodynamic zero-dimensional full engine cycle model and considering
methane slip contributions from short-circuiting, crevices, and quenched flame.
It was found that at low loads, the contribution from quenching was dominant,
and at full load, the contribution from crevices [197]. Modeling for reduction
of methane slip from a natural gas engine using gas permeation membrane by
O, concentration control [198] and using premixed micro pilot in a dual-fuel
engine in an experimental setup [199] are also conducted; however, non of the
studies considered a lean burn gas engine response for transient condition, and
the potential influence of time-varying load on methane slip quantity and sources
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contribution is not addressed until now.

For this purpose, two numerical models are developed to predict methane slip in
the natural gas engine. The first numerical model, Model 1, is part of the engine
model and uses the flame speed of the main combustion rate, crevice volume and
gas temperature. The second model, Model 2, simulates the amount of unburned
fuel leaving the engine by a developed single-cylinder model.

The calculation procedure for both methods is based on the zones and volumes

presented in Fig. 4.3. The UHC emissions are solved as scalars, incorporating a
one-step post-oxidation model.
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Figure 4.3: Post-combustion zones. The burned and unburned mixtures are combined

into a single mixture. The crevice volume is assumed to be constant. Gas exchange only
occurs when both of the valves are open.

4.3.1 Model 1

Based on the second criterion proposed by Williams [200], a flame extinguishes
when it crosses through a narrow passage. This phenomenon can be explained by:

o The rate of liberation of heat by chemical reactions inside the slab

must approximately balance the heat loss rate from the slab by thermal
conduction.
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The volume bounded by the piston, cylinder liner, top piston ring, and top piston
surface is assumed as crevice volume. Besides, there is always a necessity to keep
the oil temperature below 170 degrees Celsius. Thus, a flame quenching near the
wall, especially between the piston and the liner, is necessary [186].

For calculating the amount of UHC by this model, two following assumptions are
considered:

* The engine always follows the thumb rule to stay below the maximum
allowed temperature for the oil layer,

¢ The crevice volume is constant, and all the fuel seized in the crevice volume
remains unburned.

Equations of state determine the trapped mass inside the crevice volume in each
time-step. During the compression stroke, part of the mixture enters into this
volume and remains there until the maximum pressure occurs. Due to pressure
reduction during the expansion stroke, the mixture starts returning to the main
chamber. This return is associated with two periods. The first step is the time that
the main combustion is progressing. Thus, the returned mass of fuel burns with
the main combustion rate, and the energy released by the fuel contributes to the
engine torque, as discussed in Chapter 3.

Any fuel left after the main combustion, including the quenched flame and the
mass trapped at the crevice volume, will undergo the second step. This step
is implementing a post-oxidation, which was proposed by Lavoie [201]. In his
method, the heat release rate was related to the heat loss by a non-dimensional
Peclet number, for two plate quenching by:

_ pSicpfdgn

P
(&) k‘f

4.1

Where p , SiL, cps, dqp and kg are the density, laminar flame speed, specific
heat at constant pressure, two plate quench distance, and thermal conductivity,
respectively. With finding a relation between Peclet number and a range of
pressure, he proposed the two and single plate quenching distance with a constant
proportion:

dgy _ Peiu
dg»  Peoy

=0.20 4.2)
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And then proposed the post oxidation of Equation (4.3) for the integrated mass by
an experimental expression:

—37230 P

= —6.7x 10" e TRT fyc fo, (ﬁ)Q

d(HC)
dt

4.3)

In the modeling of this work, for improving computational performance, the
equation was updated into Equation (4.4),

—1600K x B

RK = A x 2000 x RS e T [ch] [foz] (4.4)
Where A and B are multiplier, and T is the mass-averaged overall temperature, and

Rg is the burn rate calculated by the combustion model. And total UHC quantity
is calculated by:

wvc
UHCtotal == / mf —/ mf —/ mf (45)
VO comb post—comb

The reported value for UHC is calculated by:

eyl
UHCpg = Z:’L;)lcy (RC : UHCtotal) |:6000 . Tpmavg:| (4.6)
Powerpake Ny
where n; is revolutions per cycle, 2 for a 4-stroke engine. and RC is:
RC=1- " @.7)
Mtotal

Where my, is the mass of burned species in cylinder i at the start of the cycle and
Myota) 1S the total mass of all species in cylinder i when the first exhaust valve opens.

4.3.2 Model 2

Model 1 is coupled to the output of the burning rate of the engine model and totally
has four shortcomings:

1. The sources are not distinguishable,

2. The reaction rate is originally for propane, and the updated equation is based
on flame burn rate,

3. The post temperature is the overall burned mixture temperature,
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4. The gas exchange is not a source of UHC.

Then, Model 2 is proposed to make up for the weaknesses of Model 1. The
model is initiated in [52] and [197]. The model estimates the total methane
slip contribution from three sources: crevice volumes, quenched flame, and
short-circuiting due to valve overlap. This model is developed in a single-cylinder
rather than the entire engine with nine cylinders. A MATLAB program was
developed in this context. Moreover, since the methane content in marine LNG
storage is typically above 90%, the specification of pure methane is used as the
fuel in this model.

For modeling, the output of the engine simulation is linked to the input of the
cylinder model. This ensures that the two models (Model 1 and Model 2)
simulate the same engine operating state. The contributions to the total unburned
hydrocarbon emissions from different sources are then obtained from Model 2.
The schematic of the model coupling is shown in Fig. 4.4. The developed model
inputs are inlet and outlet pressure, inlet temperature, lambda (), the total energy
released by the injected gaseous fuel, and the combustion coefficients. All the
data are available in each cycle during the time-varying load. For instance, one
minute of simulation for the engine speed of 750 rpm requires 375 interconnections
between the two models.

3 Pressure (bar) !

w P

! : Crevice

1 Temperature (K) |

| s I R
Entire | Lambda (-) 3 Single
engine i cylinder thenched

: : ame
model ' Total energy (kJ) ; model |

>
| : Gas exchange
' Combustion rate (-) )L

Figure 4.4: Connecting the engine model to Model 2 for determining UHC source
contribution.

The procedure for one cycle of the model consists of four courses: gas exchange,
compression, combustion, and expansion.
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All the species are following Equation (4.8) of chemical equilibrium:

CH4 + 2(02 + 376N2) — COy +2H,0 + 7.52N, 4.8)

The general form of energy and the mass balance consisting of Equation(4.9) and
(4.10) for the energy release and (4.11) for the mass balance provide the fraction
of all species determined in the modeling.

dmb Qc
N 4.9
do >y hei(yri — ypi) 9

where Q., the rate of heat release is modeled using the Wiebe function, by
Equation(4.10) and the coefficients available from the flame burning rate during
time-varying load:

Qc = Qc (a(me: 1)> (0 gdHS') ea:p( - a(egdes)m“> (4.10)

dmi _ 3 iy + Si @.11)

Si, as 1M ¢ oridations 18 @ source term in the mass balance of the burned+unburned
mixture. With V, the volume of the zones for post oxidation, which is the total
volume of the combustion chamber, and M as the molar mass, with calculating the
rate of production of species using a global reaction rate proposed by Westbrook
and Dyer [202], the potential of post-oxidation can be estimated as:

Si = VeyM sy poa (4.12)

and the reaction rate,

d[HC]
dt

—48400

=1x 108 e rr [HC)"" [04)8 (4.13)

It is assumed that the fuel undergoing post-oxidation is present in the cylinder
wall vicinity because the fuel from the wall quench layer and fuel coming out of
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the crevices are the major contribution of the post-oxidation. Hence the wall film
temperature T’y = %(Tg + Ty) is used in the post-oxidation evaluation.

The relative contributions from crevices, yjcfout, short-circuiting, y;’;cout, and
quenched flame, y;{“out, to the total hydrocarbon emissions are obtained as:

mCT
fyout
Yfout = —— (4.14)
f,out M out
mSC
f,out
Yout = —— (4.15)
fout M f out
Yt our = 1 = Yfour = You (4.16)

M out 18 the total unburned fuel or methane slip from the engine and can be
determined by:

Mg out :/ Mout Yf.cy (417)
ex

Moyt Of the exhaust port is calculated by one-dimensional quasi-steady
compressible flow. The detail is presented in Equation (3.41).

The contribution from short-circuiting to the unburned hydrocarbon emissions is
obtained by integrating the product of yffcy and 1oyt:

mj‘?out = Mout yjf?cy (4.18)

Where y}fcy is the mass fraction of fuel inside the cylinder from the gas exchange
and is defined by the mass balance equation during the gas exchange process as
Equation (4.19):

= mmyfvfm - mouty;,ccy - mcry?ccy (4.19)

The instantaneous in-cylinder mass fraction of fuel from the crevices ', is also
calculated from the mass balance equation:
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Ay ey

do

. dmy, . . 7
= —TerY§ oy — Wyfcfubg — (Mout — Min)Y§ ey + Sz‘ﬁ (4.20)

The contribution to the total unburned hydrocarbon emissions from the crevices
m?:out is then determined by integrating the product of yf{cy and the total mass
flow rate out of the engine, 1114,, Over the exhaust phase of the engine cycle:

MY oyt = /ex Mout YF ey 4.21)

A separate mass balance equation for the total fuel mass in the cylinder is used to
determine the instantaneous in-cylinder fuel mass fraction yy ..

and, m., in Equation(4.20) is determined by differentiation of the ideal gas law

applied for the crevice volume:

_ Ve dp
B Ry Ter do

4.22)

mCT

y;{jfm , is the relative contribution to the total hydrocarbon emissions from quenched
flame. As seen from the calculation of y%ut, it is assumed in the model that
unburned hydrocarbon emissions are not due to crevices and short-circuiting, is
from quenched flame.
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Chapter 5

Results and Discussion

This chapter summarizes the simulation results and answers to the objectives
motivated and addressed by the research questions.

Most of the results are also presented in papers attached in Appendix A. The
motivations of the research addressed in chapter 1 are repeated here as follows:

Research objective 1
What are the primary sources of methane slip in lean burn spark-ignition engines,
especially during transient conditions?

Research objective 2
What is the influence of wave characteristics on transient loads and marine gas
engine response in terms of combustion efficiency and emissions?

Research objective 3
How to stabilize the engine during transient conditions and improve the
combustion?

Research objective 4
How is the engine response concerning sea transient conditions in part-loads?

5.1 Research objective 1 (Paper 1 and Paper 4)

This section identifies the influence of a time-varying load on the quantity of
methane slip and the contribution of each source on total methane slip. In two
individual cases, the quantity and sources’ contribution are discussed.

A regular-sinusoidal torque is used for the first part of modeling, as shown in Fig.
5.1. With assuming a constant frequency for the load, four cases, with 5, 10, 15,

57
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and 20% of the load variation are considered . 20% load variation means 10 %
around the nominal value. The mean value is 50000 Nm, which is the nominal
torque of the engine at 750 rpm. Thus, the load is always between 90% and 110%
of nominal torque and can be classified as a full load condition.
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Figure 5.1: Regular harmonic, sinusoidal torques around the full load.
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Figure 5.2: Increase of methane slip with load fluctuation.

Fig. 5.2 shows the increasing percentage of the methane slip with the load variation
in both models, Model 1 and Model 2, (models are discussed in Chapter 4). The
X-axis gives the load variation percentage, and the Y-axis is the normalized UHC
value. The normalization factor is the measured value in the full load. 100% means
a double quantity of UHC compared to steady-state. As can be seen, both the
models presented a non-linearized increment of UHC with higher load fluctuation.
20% of the load change resulted in almost 50% and 115% extra UHC with Model
1 and Model 2, respectively. The gap between the two models is consistent in each
load variation percentage, and two reasons can interpret it:

1. Model 1 does not consider the source of gas exchange methane slip,

2. The post-oxidation process in Model 2 is lighter than in Model 1 due to the
lower average temperature considered for Model 2.



5.1. Research objective 1 (Paper 1 and Paper 4) 59

Fig. 5.3 presents how the source contribution in total UHC changes when the
amplitude of the sinusoidal load increases. With zero on the X-axis, the result is
presenting a steady condition. As shown, crevice volume has the most contribution
of total UHC with 74%. Quenched flame and gas exchanges are 23% and 3% of
the total quantity, respectively. During all load oscillation, the crevice volume
still showed the highest fraction but with a negative slope. This output confirms
that with more load fluctuation, crevice volume may not be the primary source of
methane slip and is substituted with the UHC of quenched flame. The percentage
of quenched flame changed from 20% in stable loading to 40% in maximum
oscillation. The gas exchange process contribution was 3% in all of the conditions,
and stayed unchanged with load variation. The reason is the dependency of the
gas exchange process to the inlet boost pressure, scavenging process, exhaust
pressure, and valve discharge coefficients. The load variation had no impact on
these parameters, and the UHC quantity of this source remains unchanged. Fig.
5.4 presents the normalized mass of methane slip for each source for the maximum
studied load fluctuation, 20%, to show the sources variation. It must be noted that
the mass of each source is normalized with its own value in the steady-state. As
demonstrated, the difference in the mass of crevice volume and gas exchanges
compared with the steady-state is negligible, but the quenched normalized mass
increases to 17 and reduces to zero. The increase occurs when the load reduces,
and there is an extra air ratio in the main chamber, as shown in Fig. 5.5. The
value of zero occurs when the load increases and the mixture is rich. The lean
mixture weakens the flame propagation during the main combustion and reduces
the mixture temperature for post-oxidation. Therefore, the gap between the curves
is strongly relevant to the post-oxidation, not the gas exchange source.
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Figure 5.3: Methane slip source contribution during load fluctuation.

The second sinusoidal load implemented on the engine with different wave
frequencies and amplitude is shown in Fig. 5.6. It is immediately apparent that
there are two differences between the imposed torques. The new imposed torque
has a lower load during a steady-state. The torque is 36000 Nm for the time
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Figure 5.4: Quenched flame has the most variation during time-varying load.
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Figure 5.5: Variation of excess air ratio due to engine response delay during propeller
load fluctuation.

before 160 seconds. Next is the frequency of the torque, which is lower than in the
previous case. The torque period is now more extended, and as a consequence, the
engine has more time to respond to the variation. The load changes between 46000
Nm as the maximum and 28000 Nm as the minimum. Fig. 5.7(a)-5.7(c) presents
the significance of each source for the implemented time-varying load. Crevice
volume and quenched flame have played almost the same role with around 50% of
total UHC, while the gas exchange is less than 2%. As expected, the change of gas
exchange source is only due to the variation of total UHC mass-produced by other
sources. When the torque increases, both the crevice volume and gas exchange
percentage increase, but the quenched flame reduces almost to zero. An opposite
trend occurs for load reduction.

All in all, the torque mean value throughout the load implementation and
fluctuation amplitude play a remarkable role in total UHC value, and among the
sources, the quenched flame has by far the most contribution and variation during
the transient condition.
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Figure 5.6: A medium harmonic torque. The mean value is 70% nominal torque at 750
rpm.

5.2 Research objective 2 (Paper 2 and Paper 3)

This section identifies the response of the engine and propulsion system in a range
of wave characteristics.

A ship travel encounters a domain of wave amplitude and frequency. Changes
in the flow field cause fluctuations in propeller thrust and torque. Moreover, the
wave causes a periodic change in propeller due to heave and pitch, resulting in a
fluctuating load on the engine. In order to consider the engine response regarding
all the load variations, a co-simulation was performed. The engine-propeller model
simulated sixty-four regular waves. This number is obtained by combining four
wave amplitudes, wave directions, and wavelengths. The wave direction is relative
to the ship, and 180° is considered as a head wave. Wave characteristics are shown
in Table 5.1.

Fig. 5.8 presents the amplitude and frequency of the torques estimated by the
propeller model in various wavelengths, wave direction, and wave amplitude. By
keeping the ship speed constant, the highest propeller thrust occurs with ﬁ =1,
where the added resistance is maximum. However, the highest variation occurs
with 6 between 60-120 and ﬁ =1.2, where the propeller operates in proximity
or above the water surface.

Table 5.1: Periodic waves characteristics

Length (A\/Lpp) | Amplitude (m) | Direction ()

0.6 0.5 0
0.8 1 60
1 1.5 120

1.2 2 180
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(a) The UHC percentage produced by the crevice volume reduces if the load declines from full load to 70%.
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(b) Quenched flame as the main influential source of variation of total UHC during transient conditions when
the load in steady-state is 70% of nominal torque.
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(c) The gas exchange process has a minimum impact on total UHC even in lower loads.

Figure 5.7: The sources of UHC. The UHC percentage of crevice volume and quenched
flame are contrasted during the time, while part of the variation on crevice contribution is
due to remarkable change of quenched flame source.

The analysis of the results of engine performance in various wave frequencies
and amplitude is performed. During the time-varying torque, the engine speed is
consistently fluctuating around 750 rpm. This stability is indebted to the high mass
moment of inertia of the flywheel, connecting shaft, the water, and the satisfactory
performance of the fuel control system.

Even the fuel system reacted rapidly to the load variation and kept the engine speed
close to the desired value; the specific fuel consumption increased significantly.
Fig. 5.9(a) confirm that with only A=0.5 and A=1.0 meter, there is no notable extra
BSFC. With A=1.5 and 2 meters, almost all the wavelengths and wave directions
resulted in a higher amount of specific fuel consumption. While part of this extra
BSFC is due to lower mean load, the analysis shows that this rise is also due
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(b) Calculated torque in co-simulation based on regular waves with a wave amplitude of 1.0 meter.
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(c) Calculated torque in co-simulation based on regular waves with a wave amplitude of 1.5 meters.
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(d) Calculated torque in co-simulation based on regular waves with a wave amplitude of 2.0 meters.

Figure 5.8: The calculated torque by the propeller modeling, which is an input to the
engine model.

to combustion efficiency reduction. Since the flame is not propagated steadily
during the time-varying load, part of the fuel mixture, particularly close to the
wall, remains unburned, and the combustion efficiency reduces. This phenomenon
is extremely relevant to the excess air ratio, where any small variation in too lean
mixture causes flame extinguishing.
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The unstable excess air ratio and incomplete combustion influence the emission
formation because the UHC and NOx are highly sensitive to the extra air and
combustion maximum temperature, respectively. UHC distribution is shown in
Fig. 5.9(b). As expected, it obeys the same tendency as the BSFC distribution. Any
additional air resulted in the higher unburned fuel, which does not participate in the
main combustion, and the additional air also resulted in lower temperature during
post-combustion. In contrast, there is also a slightly higher amount of NOx in the
contour, as shown in Fig. 5.9(c). This extra NOx confirms the importance of the
load rise and rich mixture impact in transient conditions. The NOx quantity may
reduce during the load reduction to even a half value, but it also increases several
times when the load suddenly increases. Therefore, the average gives almost three
times more when the wavelength is 1-1.2, and wave direction is between 60-120.

Moreover, engine knock analysis confirms that with A=1.5 m and higher, there
is the possibility of knock in main cylinders. This must be highlighted that the
model and the outputs for the knock are not validated by the measured data, and
the outputs are a rough estimation based on expected results in stable condition.
Regarding this output, knock only may occur when there is a significant fluctuation
in the engine load.

5.3 Research objective 3 (Paper 4, Paper 5 and Paper 7)

This section identifies how to stabilize the engine and improve combustion during
transient conditions.

The previous sections demonstrated the importance of transient conditions and
disparity with the steady condition on the engine. The results confirmed that the
differences stem from the response delay of the engine on the airflow. This section
examined several methods to find a practical solution for improving this delay,
focusing on methane slip reduction. During the transient condition, the mechanical
delay of the turbocharger, the control system delay of PID controllers, and the
dynamic delay of the fluid flow in the intake manifold have been assigned as the
main elements.

The results are split into four divisions.
Part 1:

In order to examine the mechanical delay by the turbocharger, five turbocharger
shaft moment of inertia is replaced by the initial inertia. The new shafts have less
and more mass of moment inertia, respectively. If the base is assumed a coefficient
of one, Lag 1 to Lag 5 represents 0.5, 0.75, 1.25, 1.50, and 2.0. Fig. 5.10 is the
imposed torque on the engine modeling for turbocharger shaft moment of inertia
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Figure 5.9: The contour representation of the mean values of the model output with
various wave characteristics.

assessment. Fig. 5.11 and Fig. 5.12 show the results by applying the new shaft
inertia. The higher shaft inertia has the same variation as the lower shaft inertia.
Except for the difference on small time scales oscillation for UHC quantity, the
mean value for all of the cases is almost equal. This illustrates that the global
fluctuation is mainly pertinent to the imposed torque frequency and amplitude on
the entire engine, and the turbocharger inertia has an insignificant impact on engine
total response. In contrast, the response of the engine with higher shaft inertia got
even slower, and the less flexibility in the engine during higher loads resulted in
higher NOx during load rise.

Part 2:

The effect of the control system and dynamic delay are performed together since
the placement of the controller to adjust the air ratio subsequently influences the
fluid dynamic. The engine was already equipped with a VTG controller to regulate
the excess air ratio. The result of this controller is presented together with seven
practical concepts for comparison. Thus, a total of eight controlling methods are
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Figure 5.10: The imposed torque for investigation of turbocharger shaft moment of inertia
on engine response.
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Figure 5.11: Increasing the mass moment of inertia from Lag 1 to Lag 6 with Base as the
inertia of the original shaft has negligible influence on methane slip.
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Figure 5.12: Total NOy value is higher with a higher mass moment of inertia due to the
slower response of the turbocharger.

discussed with an imposed torque of Fig. 5.6. These controllers follow either a
closed-loop PID algorithm, an open-loop system, or model predictive controller.
They are listed as follows:

1. Variable turbine geometry (VTG)
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2. Wastegate controller

3. Throttle controller

4. Over-boost adjuster

5. Ignition timing

6. PREPID method

7. Model predictive control (MPC)

8. Solenoid method

The schematic of the implemented controllers is shown for the throttle controller
in Fig. 5.13(a) and the PREPID method in Fig. 5.13(b). More details of the
schematics and concepts are presented in Paper 4. The controllers are employed to
mitigate the sudden excess air ratio variation and reduce the UHC formation.

The VTG includes a compressor, a connecting shaft, and an adjustable turbine.
The controller regulates the cross-section area of the turbine inlet based upon the
ratio setpoint. This setpoint is usually a function of the load in CI engines and the
air-fuel ratio in SI engines. In this study, the adjustable turbine or rack position
was actuated among eight different input maps from the manufacturer.

The wastegate controller restricts the amount of exhaust gas through the turbine
by bleeding out the extra gas into the atmosphere. It acts as a pressure relief valve
that controls the boost pressure in the outlet of the compressor, diverting excess
exhaust gases away from the turbine wheel.

The mechanisms considered for the throttle and over-boost adjuster are identical.
The throttle controller is located before the intake manifold to restrict the extra
airflow, and the over-boost adjuster is located at the end of the intake manifold.
This will show the significance of the dynamic of the flow of intake manifold on
the total response. Moreover, with a partially opened throttle, there is a pressure
drop between turbocharger output and cylinder input, which may influence the
total fluid flow, but with an over-boost adjuster, this drawback is eliminated.

While the mentioned controllers followed the closed-loop PID controlling method,
spark-timing and PREPID methods are assumed as open-loop controllers. The
flame in the lean burn spark-ignition gas engines can not ideally propagate with a
direct spark plug. In order to guarantee stable combustion, the flame ignites with
a rich mixture in the pre-chamber. In the modeling, a large size spark plug was
replaced to produce an equal flame status. In the previous sections, the ignition



68 Results and Discussion

timing was constant during the load variation. With the remarkable oscillation on
the air-fuel ratio, as shown in Fig. 5.14, new sets of spark-timing are proposed.
The ignition timing is changing based on the air-fuel ratio between 28-34. For
instance, in Case 1, the richest mixture with a ratio of 28 will be ignited at 11 CA
BTDC, while the leanest mixture with a ratio of 34 is ignited at 15 BTDC. The rest
of the ratio will be interpolated.

In addition, a new method, called PREPID, is proposed. In this method, the
turbocharger feedback to the load change with the VTG controller was used as
a lookup table a few milliseconds in advance. A perfect prediction of the torque is
assumed for implementing the table. The closed-loop controller is active until the
engine model reaches stability. Afterward, the PREPID provides the input to the
turbocharge vane position.

An MPC can anticipate future events to control the actuators accordingly. Using
the dynamic equations, an MPC compensates the engine response and minimizes
the error between the setpoint and the model output. The main challenge with
the MPC is finding a linearized model. Providing a simple linearized equation as
a replacement for the entire engine model is scarcely feasible. The idea was to
predict the response of the turbocharger based on the exhaust pressure. Therefore,
the simplified equation of state is performed for the exhaust pressure, and the
output of the MPC box, MV, is calculated by the thermodynamic equations.

Finally, the solenoid method is innovated to eliminate the turbocharger time-lag
without the problems of closed-loop controllers response time and dependence on
MPC and PREPID method predictability. For this purpose, a solenoid valve that
operates electromechanically and allows the fluid to flow when it is electrically
energized is installed at the end of the intake manifold to provide the fastest
reaction against excess air. During the steady-state conditions, the plug of the valve
is closed and does not influence engine performance. Whenever the air-fuel ratio
exceeded the setpoint during the transient state, it fully opened within a response
time of around 30 ms and fewer. This quick response has a positive impact on
controlling the higher excess air ratio, but it may also cause a rapid decline in the
excess air rate when the load increases and result in a rich mixture. Therefore,
selecting the correct diameter for the solenoid valve is crucial. Several diameters
were imposed to find a suitable diameter for this engine and a diameter of 50 mm
was chosen for the final state.

A comparison of the results is presented in Table 5.2. This table presents the
effect of the implemented methods on the BSFC, UHC, and NOyx formation on the
transient condition normalized by the steady-state quantity. The results confirm
that there was always a trade-off between the emission compounds. It must be
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(b) Schematic of controlling the airflow using the PREPID method.

Figure 5.13: Schematic of two of the controlling methods.
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noted that the VTG, wastegate, MPC and PREPID are using one controller to
adjust the excess air ratio, while the rest of the methods use the VTG controller
as a supportive controller as well. Table 5.2 shows that using VTG results in a
119% rise in UHC while wastegate caused a 56% increase. Although wastegate
delivered less UHC, it resulted in almost double NOx quantity. Any further change
in the diameter of a wastegate did not improve the UHC formation but increased
the NOx to even further value. In contrast, any attempt at reducing the NOx by
tuning the controller system increased the UHC quantity.

Both the throttle and over-boost adjuster contributed to almost the same fuel
consumption and emission formation. Ignition timing focusing on UHC reduction
with advance the spark timing showed no enhancement on UHC total value.
PREPID method produced almost the same results as the wastegate controller.
Advancing or retarding the implemented PREPID lookup table has shown the least
improvement. In comparison with the wastegate method, with the PREPID, the
method suffers from two defects:

1. Providing a comprehensive lookup table for all of the transient conditions

2. Controlling the engine when the unexpected variation occurs

The primary outputs of the modeling with MPC showed that the implemented plant
and created MPC could not predict the required input to the engine model during
rapid transient load. Though, the simplification of the model caused an incorrect
output for the VTG command.

With applying the solenoid valve, if the ratio increases to more than the setpoint,
the valve opens, and the excess ratio discharges into the atmosphere. The results
clearly revealed that the solenoid method is extremely applicable for the UHC
reduction, where the average quantity is subtracted from 2.19 to almost one. The
quantity of one means no disparity compared with the steady-state. However, the
increase of NOx is remarkable. This compound increased by almost 95%. It must
be highlighted that the harmonic load implemented during transient conditions had
an average of 38500 Nm, while the load during stationary was 36300 Nm. Thus,
engine loading increased by 6%. Based on the measured data, this load increment
results in an almost 5% increase in NOx.

Since the ignition timing improves the NOx formation, four additional ignition
timing have been set, as shown in Fig. 5.15. In each case, the focus is retarding
the ignition timing during the lower excess ratio. This range contrasts with the
ignition timing domain of Fig. 5.14, where it was focused on the higher excess
ratio. The timing was retarded several times with maximum retardation to TDC,
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Figure 5.14: Spark ignition timing for promoting flame propagation and reducing the
UHC formation. The red section shows the spark timing as a function of excess air ratio,
and the blue section shows the distance to the top dead center.

Table 5.2: Performance and emission of the engine after applying the UHC reduction
methods.

Method BSFC UHC NOx
Steady-state 1.0 1.0 1.0

VTG 1.068 2.193 1.017
Wastegate 1.044 1.568 1.742
Throttle 1.058 1.930 1.124
Adjuster 1.056 1.899 1.237
Ignition timing 1.058 2.056 1.002
PREPID 1.043 1.636 1.479
MPC fail fail fail

Solenoid 1.014 1.023 1.944

and the results are shown in Table 5.3. As can be seen, with retarding the ignition
timing, the NOx reduced remarkably from 1.94 to 1.129, which means an 80%
reduction, with a slight drawback on UHC and BSFC.

In conclusion, using the solenoid method and retarding the ignition timing
contributed to only 2% more BSFC, 6% more UHC, and 13% more in NOx in
the transient condition compared with steady-state.

Part 3:

The engine operating on the ship is already equipped with a throttle controller to
adjust the flow rate for loads lower than 30% of the nominal value. This throttle
restricts the extra air when the minimum turbocharger flow is still higher than the
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Figure 5.15: A new set of spark ignition timing for reducing NOx. The timing is imposed
based on the air-fuel ratio between 28 to 34 (to cover all lambda variation between 1.6 to
2.0).

Table 5.3: Performance and emission of the engine after retarding the spark ignition
timing.

Method BSFC UHC NOx
Solenoid + Ignition timing base  1.014 1.023 1.944
Solenoid + Case A 1.015 1.016 1.596
Solenoid + Case B 1.016 1.019 1.417
Solenoid + Case C 1.018 1.042 1.284
Solenoid + Case D 1.022 1.067 1.129

demanded flow. But, it was shown in Table 5.2, the throttle did not present any
improvement on engine response during the transient condition. For this purpose,
and to examine how the throttle will react during lower loads of transient condition,
a load from a severe case is chosen as shown in Fig. 5.16, where the brake torque
varies between 48000 Nm and 0 Nm. For a better comparison, the steady-state is
also modeled, and the load changes from full load to 5% nominal load, including
100%, 75%, 50%, 25%, 20%, 15%, 10%, and 5%. Therefore, for steady-state, the
modeling simulated eight steps with 700 seconds duration. This provided sufficient
time in each step to cover the numerical error and defines the steady-state. When
the load was reduced to 25%, the throttle got active and restricted the additional
air.

The results of using a throttle compared with eliminating the throttle for the
loads lower than 30% of nominal torque are shown in Fig. 5.17. Fig. 5.17(a)
shows that the engine is stabilized with the throttle valve during steady-state,
and the UHC formation never rises significantly. But, without the throttle, the
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UHC value reached 80, meaning a

flame quenching or even the possibility of

misfiring. On the contrary, due to the throttle delay, the engine output with and
without throttle shows the least discrepancy during the transient condition, shown
in Fig. 5.17(b), and the UHC formation with and without throttle is about the

same. This demonstrates that the loa
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Figure 5.17: The influence of the air throttle in both steady-state and transient conditions.
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Part 4:

One way to enhance the engine response is to integrate mechanical and electrical
drive components on the propeller shaft. This is called a hybrid propulsion system.
The main objective of this combination is to reduce fuel consumption and emission
formation by approaching the optimum operating curve of the main engine. This
integrated propulsion system improves engine performance during low-load and
high-load situations. The hybrid concept initiates by compensating part of the
required load by an electrified section stored in the Energy Storage System, and the
engine is sized and designed based on the mean peak load demands. In the hybrid
concept, the electric motor operates as a PTI that can drive the propeller shaft in
low loads, while during the high-load condition, the electric motor provides part
of the required torques. The configuration is shown in Fig. 5.18.

‘ Energy - Power Management System ‘

Main Engine E

----------------------------------------------------------------------------

- 98| e
A —oE
Generator Battery
= = _'| :
- — / — |
B %

Motor

%Pmpeller

Figure 5.18: Hybrid propulsion system configuration.

Considering the hybrid concept, the dynamic loading calculated by a wave
amplitude of two meters can be smoothed to a new loading, as shown in Fig. 5.19.

Fig. 5.20 presents that the hybrid propulsion installment controlled the methane
slip overshoot during the transient condition. It is also found that the relative
deviation of the methane slip with and without the hybrid system is negligible
during load increment, when the UHC value is less than one.

Activating the hybrid system during higher loads and reducing the engine
maximum power generation, the rich mixture zone mitigates and a more balanced
excess air ratio area is achievable. This area has a lower maximum temperature
than the normal operating condition, and thus, as can be seen in Fig. 5.21, a
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Figure 5.19: Smoothed load using a hybrid configuration.

remarkable reduction of NOx compound is obtained. The average value during the
transient condition is also added to the figure. With supposing the average NOx
quantity for the stable condition to one, the mean value for the entire transient
condition without a hybrid propulsion system showed a 340% increment. NOx
formation with the hybrid propulsion system, however, confirmed a 214% rise.
This means that the NOx with the implemented hybrid system reduced up to
almost 40%. This reduction is only during the higher loads, where the peak of
NOx output is reduced from the maximum value of 15 to 8.
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Figure 5.20: The amount of unburned hydrocarbon reduced considerably with the hybrid
propulsion concept.

5.4 Research objective 4 (Paper 6)

This section identifies the performance and emission of the natural gas engine in
the lower operational load.

Since the engine does not entirely operate in full loads in each voyage, considering
maneuvering conditions or warm-up loads, modeling and analyzing the engine
response for the part-load is necessary. In the previous sections, the lower loads
were only examined during a harmonic wave.

The data from the ship voyage is available for one month and illustrates that
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Figure 5.21: Notable reduction of NOx during load increase with the hybrid
implementation.

the engine usually works in two operating conditions: between 30 to 55 % and
between 80-95% load, shown in Fig. 5.22(a). Therefore, this section is considered
with an irregular transient condition for covering all of the loads between 30 and
90%. Since one-month simulation is not possible due to computational time, 50
minutes of the operational load is considered, with a frequency of occurrence as
shown in Fig. 5.22(b). The torque and engine speed variations are shown in Fig.
5.23. As can be seen, the irregular speed changes from 500 to 720 rpm and the
irregular load varies between 6000Nm and 30000Nm.

For the lower loads, when the turbine geometry can not prevent additional airflow,
the throttle is active and restricts the higher air-fuel ratio. Previous results mostly
focused on the amplitude of the torque on the engine response, and it was shown
that the flame quench plays a dominant role in UHC increasing when the load
variation increases. However, the new implementation with a small amplitude
and a high frequency shows that the engine is not sensitive to the small variations
during higher loads. Fig. 5.24 and Fig. 5.25 confirm that the engine emission
increases if the load is less than 70%. Comparing these two figures with the
implemented torque and speed illustrates the importance of operating load with
small variation and a high frequency. Respecting the time between 500 to 2000, if
one or both of the torque and speed are high, methane slip change is small. The
time between 1000 to 1500, where both variables are high, NOx quantity is also
small, and fluctuation occurs only with tiny deviation.

An average-based output for a better presentation of the results shows how the
transient condition influences the emission formation during part-loads. As can
be seen in Fig. 5.26, there is a big gap between the available measured data of
steady-state and the modeling output. With load reduction and a higher possibility
of flame quenching, the UHC increases to almost double quantity in steady-state.
However, during the transient condition, any slight variation of the load with
the high frequency results in a deviation in air-fuel ratio, and consequently, a



5.4. Research objective 4 (Paper 6)

77

Frequency of occurrence

Frequency of occurrence

of | ‘DQDDDHDﬂDQDDDDQH i =
0 10 20 30 40 50 60 70 80 90 100

Load (%)

(a) The number of occurrences (logged data) of the torque percentage for 31 days of vessel operation.

300 \ \ \ \ \ \ \ \ \ \

200 — —

10!

S]
T

o

Mﬂrhi;r(hso Lﬂﬂﬂ70 (L(hﬂg

Load (%)

0 100

(b) The number of occurrences (logged data) of the torque percentage for 50 minutes of vessel operation.

Figure 5.22: The frequency of occurrence of the torque percentage of the vessel.

significant part of the fuel remains unburned at each cycle. Therefore, methane
slip increases to even eight times higher quantity. There is no difference between a
transient condition and a steady-state when the load is higher than 80% of nominal

torque.

This output confirms how the methane slip changes with even a tiny

fluctuation of the engine load. Thus, working in an area close to the power curve
plays an essential role in reducing the contaminant compounds of the engine.

Almost the same trend is achieved for NOx. While in steady-state, the lower load
showed a lower amount of NOx, demonstrated in Fig. 5.27, the volume doubled

CO

mpared with available measured data in transient condition.
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Figure 5.25: NOx compound during the real operational condition in sea state.
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Figure 5.26: Average values of UHC- A comparison of steady-state and transient
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conditions.



80 Results and Discussion




Chapter 6

Conclusion and
Recommendations

6.1 Summary and conclusions

This research work was initiated to develop a detailed predicting response of a lean
burn gas engine in a marine propulsion system. Of particular interest was to predict
the methane slip during the transient condition. Therefore, the main contribution
of the thesis can be summarized as follows:

(D) A detailed engine model with all essential components was developed. The
components are inlet and outlet boundary condition, turbine, compressor and shaft
data, intercooler, throttle valve, intake and exhaust manifold, gas fuel system,
intake and exhaust valves, combustion chamber, and ignition system.

(2) The model was validated both in steady-state from 25% to 100% nominal
torque and for the transient condition by real irregular operational waves.

(3) Two models for the methane slip were developed. The models were a function
of burning rate and post oxidation rate, and they had the potential to predict the
quantity in steady-state and transient conditions. The first model provided a total
quantity for methane slip, and the second model was developed in MATLAB
programming to determine the sources contribution.

(4) A marine power train model, including the engine, propeller, and transmission
system, was developed. An engine model with the shaft inertia was coupled
to the propeller in the SIMULINK. A discrete-event-based co-simulation was
chosen to exchange data between the sub-models, while each sub-model was

81



82  Conclusion and Recommendations

solved independently by their internal solver, using their own fixed and non-fixed
time-step for the propeller and engine, respectively.

(5) Several controlling approaches were examined. The concept was to recognize
the influence of each component on engine response and methane slip formation.

(6) Analyzing the long-term voyage of the vessel was performed, and the load
distribution around the full load and part-load were shown. Due to the significance
of the engine part-load operation and the discrepancy of the methane slip in
part-load rather than full load, a separate study was performed for part-loads.

According to the contribution of this study and the raised question of the project,
the highlights of the main findings are as follows:

* The engine model accurately predicted the dynamic response of the engines
during transient conditions. The fuel consumption and turbocharger system
followed according to the available measured data of the vessel, and the
model outputs were verified acceptably.

* The methane slip increases if the load oscillates in sea waves. Excess air-fuel
ratio deviation from the optimum setpoint during the load reduction plays
the most significant role in methane slip due to the flame quenching in very
lean combustion.

* Although the quenched flame showed the most variation, the contribution of
crevice volume on total methane slip is remarkable in all loads. During
the transient condition, it also increases slightly due to a less robust
post-oxidation process.

* Examining several practical methods to stabilize the excess ratio deviation
showed that the flow dynamic, intake and exhaust capacity, and the types of
controllers are the least influential factors. There is an almost one-second
delay in engine response, and this delay is due to the turbocharger shaft
moment of inertia and other dynamic components of the transmission
system.

* Different new inertia of the turbocharger shaft was replaced with the initial
shaft. The results confirmed that the implemented change on the mass
moment of inertia was important in short time scales, while the general
response of the engine was following the magnitude and frequency of the
imposed torque from the propeller and wave.

* In order to recover the engine response in transient condition, a rapid
solenoid method with a response time of 30ms reduced the methane slip
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6.2

significantly, and the extra NOx was eliminated by retarding the spark
ignition timing.

A valve throttle may appropriately provide a restriction on airflow during
steady-state; during the transient condition, the throttle response time scale
is longer than the load frequency. Thus, the influence of the throttle valve
on methane slip and fuel consumption is little for the transient condition.

During the part-load operation, any small change of load may result in a
higher quantity of methane slip. Then, the engine response in part-loads is
not only sensitive to the wave amplitude but the wave frequency.

Recommendations for future work

Further development and validation of engine modeling for direct coupling
to the methane slip Model 2,

This is a big step to provide a separated methane slip output with the
sources from the engine modeling without a need to couple to the MATLAB
developed program. The main issue is the run time of the modeling.

Considering variable wall temperature to track influences on flame
quenching,

Flame quenching is very sensitive to the wall temperature. While it was
divided into three constant temperature zones in this study, developing the
wall temperature calculation code may provide a more accurate result for
flame quenching and total methane slip.

Detailed data analysis to categorize the load variation in each load
condition,

It is essential to know how critical is each wave condition and how much
time is an engine in calm weather, in severe conditions, or in between.
The magnitude of load variation in each condition, is crucial for further
assessment of natural gas engines for marine application.

Assessing cyclic variation on total methane slip in transient conditions,
The available cyclic of variation methods are suitable for a steady-state. It is
essential to develop the transient condition models where the input data for
the cyclic of variation model changes in each cycle.

Examining fuel quality on methane slip,
Fuel quality is a controversial challenge in marine applications. The
methane number of natural gas fuels plays a remarkable role in combustion.
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Therefore, to recognize the methane slip for a wide range of engines
worldwide, examining the fuel properties is recommended.

— Catalytic modeling and examination for methane slip reduction,
Employing and modeling a monolith catalyst to oxidize the unburned fuel
into the H>O, with a specific focus on temperature variation during the
transient condition is recommended.
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Abstract

Although natural gas is documented as a low-emission fuel compared to the other traditional fossil fuels in internal combus-
tion engines, recent research indicates large amounts of methane emission released by lean burn gas engines and highlights
the importance of this emission on global warming. This paper aims at illustrating the main sources of unburned fuel in
internal combustion engines with an emphasis on spark ignited natural gas engines. In addition, two unburned hydrocarbon
modeling patterns, empirical and thermodynamic, are proposed. Moreover, a verified engine model including all components
with an implemented dynamic load based on harmonic sea waves has been set up and coupled to the unburned hydrocarbon
formation models. Results show that load variation may contribute to further methane slip and this increment rises sharply
when the load amplitude enlarges. The maximum amount of methane slip occurs at reduced loads when the time lag of the
control system of the turbocharger causes additional fresh air to flow towards the combustion chamber and brings the flame
into the quenching area. As well, inspecting unburned hydrocarbon emission in diverse air—fuel ratios but with the same

wave frequency and amplitude uncovers the sensitivity of lean burn gas engines to the dynamic load.

Keywords Natural gas engine - Sea wave - Unburned hydrocarbon - Emission modeling

1 Introduction

The importance of toxic effects and global warming potential
of emission compounds from industrial activities in our daily
life have been investigated for decades, and environmental
legislation is going to be more strict for these applications.
International standards such as the Euro norms and the IMO
regulations [1, 2] have imposed more strict levels for emis-
sion compounds, especially from engines; for instance, Tier
III [3] only allows almost one-fifth of NOy emissions com-
pared to Tier I for marine Diesel engines. The Paris agree-
ment also compelled the authorities to get engaged into the
challenge of global warming to keep the overall warming
below 2 °C [4]. Acquiring these new emission targets for
internal combustion engines would only be applicable if at
least one of the following items be taken into account:
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e Aftertreatment system.
e Design modification.
e Alternative clean fuels.

Using aftertreatment systems in gasoline and Diesel engines
to comply with the emission legislation is a necessity, but
these systems not only add costs to the engine, but also need
regular maintenance. Design modification has always been
an upgrading process to improve engine performance and
emission. An example of a work in this fields is the work
done by Karthickeyan [5] which showed that piston bowl
design boosts swirl and squishes stream lines and the result
is a better mixing process of air and fuel. Furthermore, Sadiq
and Iyer [6] tried to optimize a small-volume high-speed
engine with various fuels and crown geometries, and they
concluded that engine behaviour will be enhanced by having
a higher turbulent air mixture inside the chamber. Compres-
sion ratio optimization, intake and exhaust port modifica-
tion, fuel system development, exhaust gas recirculation,
ignition timing correctness, and accurate control system
implementation are other examples of design modifications.
Since the customers usually prefer less-complicated less-
expensive engines, substituting the conventional fuel with

@ Springer
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an alternative pure fuel to reach the emission target would
be a fair solution. Among all, natural gas in lean burn SI
engines or dual fuel engines with a pilot of diesel fuel has
got more popular, since application of this fuel contributes
to a drastic reduction in emission compounds without addi-
tional expenditure for clients. Rosli Semin [7] reported up to
85% NO, reduction and 30% CO, and 95% CO reduction in
natural gas engines. Therefore, these engines allow manufac-
turers to a high extent to meet emission legislations without
any fundamental modification on the engine or even using
aftertreatment systems [8].

Considering the main purpose of this paper, we mostly
describe spark ignition natural gas engine performance and
emissions. In contrast to the low aforementioned emission
compounds, high amount of methane slip is still a challenge
for lean burn gas engines. Although in the initial IMO strat-
egy report, published on April 2018 [9], only considerations
to address volatile organic compounds are recommended.
It seems that in an early future, a very restricted require-
ment will be imposed on unburned hydrocarbons, since the
global warming potential (GWP) value for methane is 28
times higher than for carbon dioxide on 100 years prospec-
tive, based on report by The Intergovernmental Panel on
Climate Change (IPCC) [10]. Even a research by Brynolf
et al. [11] emphasized that using natural gas in marine appli-
cations will not improve the greenhouse gas effect compared
to heavy fuel oil because of the methane slip.

In this paper, we present the main sources of methane slip
in engines and pay a special attention to natural gas engines.
In addition, to recognize the importance of each source on
the total unburned hydrocarbon formation during transient
conditions which has never been studied before, a developed
thermodynamic engine cycle model with an incorporated
emission model is considered together with an empirical
emission model, and both are coupled to the output of an
engine simulation from a commercial software. Since the
engine is designed for marine applications, time-based har-
monic loads are imposed on the engine.

2 Unburned hydrocarbon formation
2.1 Sources of unburned hydrocarbon

Unburned hydrocarbons (UHC) are typically an output of
incomplete combustion due to unfavorable engine design,
low fuel quality or failure in the control system. UHC
exists in both SI and CI engines, while in the latter one,
the HC compounds contain higher molecular weight due to
the higher boiling point of the diesel fuel spray [12]. In SI
engines, seven classifications can be introduced for sources
of UHC:
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The significance of these sources is highly depended on the
engine application whether it is stationary or non-stationary
and type of fuel whether it is liquid or gas.

2.1.1 Crevice volume

The regions in the combustion chamber located somewhere
between the piston and the liner, the intake and exhaust
valve seat gaps, and the injector groove in direct injection
engines are all crevice volumes, which account for almost
5% of the trapped and non-reacted mixture in the initial
combustion [13]. Wentworth [14] illustrated that his modi-
fied piston and top ring minimized the crevice volume, and
as a consequence, exhaust hydrocarbons was halved in a
wide range of loads and speeds. A restriction of reducing
the crevice volume, especially between the piston and the
liner, is the existence of an oil layer for lubrication, since the
temperature of the oil should not exceed 170 °C. Therefore,
having a quenched flame in such area is crucial [15]. Increas-
ing the top land crevice to pass two plate wall quenching
as recommended by Huang et al. [16] reduced UHC up to
50%, although a 1-3% fuel consumption increment was also
observed.

2.1.2 Wall layer quenching

Liner and piston surfaces are the coldest areas during the
combustion phase due to the existence of a water cooling
system around the liner and an oil cooling system (not for
all engines) on the bottom of the piston. These cooled sur-
faces transfer energy from the hot gas mixture and create a
cold thermal layer close to these regions. This phenomenon
ceases the flame propagating and is called flame quenching
in the layer adjacent to the wall. Previously, it was assumed
that a high percentage of the UHC emission origins from
wall quenching, but after developing new technical methods,
[17] researchers discovered the impact of post-flame com-
bustion on oxidizing the quenched mixture.

2.1.3 Pockets of partially reacted mixture

Depending on how turbulence influences on the flame, the
combustion will be enhanced or quenched. Swirl originat-
ing from the intake port and tumble from the piston bowl
shape both promote mixing of air and fuel in the combustion
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chamber. In case the turbulence increases significantly, the
flame front breaks up and leaves pockets of unburned mix-
ture. These pockets are in fact source of unburned hydro-
carbon and can exceptionally have a determining function
under warming up [18], especially if the target is transferring
enthalpy release toward the exhaust port to heat up a catalyst
faster in slow combustion [19].

2.1.4 Misfiring

Regardless of reason for misfiring, whether it is due to high
dilution with air and exhaust gas, or a fault in the spark
plug, or even malfunctioning of the control system [15], the
consequences of such an event is that a considerable mass of
unburned hydrocarbon is released into the exhaust system.
In case of an explosion in the exhaust manifold, turbine, or
catalytic converter damages are impending, and otherwise,
UHC compounds will be released into the atmosphere. In
standard SI gasoline engines, only a defective spark plug
and control system may contribute to the misfiring, while
in a lean-burn gas engine, high dilution may also result in
partial misfiring and cycle-to-cycle variations.

2.1.5 Oilfilms

Due to solubility of fuel in the oil, a portion of the fuel
near the cylinder wall will be absorbed by the lubrication oil
film. The quantity of fuel absorbed or desorbed is a param-
eter sensitive to the oil and fuel specification, oil and fuel
temperature, oil film thickness, and time [20]. To confirm
this point, a work considering a mass diffusion equation and
Henry’s constant has been done by Schramm and Sorenson
[21]. They revealed that the desorbed hydrocarbons from oil
film are extremely dependent on the thickness of the film.
This is, however, for a film thickness of up to 2 microns and
there would be no shift in thicker films.

2.1.6 Deposits

When oil and fuel burns on the surfaces of the combustion
chamber, a sheet of deposits forms on the major part of the
surfaces including piston, liner, valve seats, and even crev-
ices [22]. Kalghatgi [23] studied the influence of deposits
on the production of NO,, since he believed that deposits
reduce the heat loss to the coolant fluid and, as a conse-
quence, increase the thermal NO,, while the increase in
surface and gas temperature results in less unburned hydro-
carbon. Meanwhile, deposits will partly fill the crevices and
the UHC created due to crevice volumes reduces. In contrast,
these deposits absorb part of the unburned fuel like an oil
film. He concluded that there is no solid conclusion about
the impact of the combustion chamber deposits. Other stud-
ies, however, showed that between 0.5% [13] and 1% [24] of

the injected fuel will be sent out of the combustion chamber
unburned due to deposits on the surfaces. Stepien [25] listed
the main effects of engine deposit formation and reasoned
that the porous nature of deposits in the combustion chamber
and the capability of absorbing fuel contributes to a higher
amount of UHC emission.

2.1.7 Valve overlap

The valve overlap period is the period where both the intake
and exhaust valves are open, and the boost pressure drives
the fresh air—fuel mixture directly from the intake port to
the exhaust port without taking part in the combustion. This
phenomenon arises only in premixed combustion engines
where a mixture of air and fuel enters through the intake
valves. The wasted mixture is a function of the overlap dura-
tion and boost pressure, and could be the source of approxi-
mately 5% of UHC [26]. An optimum timing for the inlet
and outlet valve openings and their designs relies on sev-
eral factors such as engine application, engine respiration,
speed, EGR, and so on. For instance, camshafts are usually
designed based on a trade-off among engine lower speed
with least EGR and engine higher speed with the best scav-
enging and required EGR. Otherwise, a very short overlap
contributes to a higher rate of EGR in low load, and this
dilution increases the risk of partial burn misfiring [19].

2.2 Difference between the influence of gas
and liquid fuel in formation of UHC in Sl engines

To explain the importance of state of matter of combustible
on UHC product, Landsberg et al. [27] injected liquid and
evaporated gasoline fuel inside the combustion chamber and
observed that the liquid fuel flow produces between three
and seven times greater quantity of UHC in association with
the same fuel as vapor, and this rises if this fuel is to be
injected directly in to the combustion chamber.

Robison and Brehob [28] used a liquid fuel vaporization
carburetor to render a stronger homogeneous mixture of air
and fuel. The result shows less UHC emission during warm-
up when liquid fuels cannot be vaporized suitably in the port
and the cylinder, and regional rich mixtures occur in the
combustion chamber. Similar works [29, 30] prove that part
of the fuel injected to the intake port will generate wall wet-
ting in the cold start. Tilagone and Venturi [31] changed a
gasoline engine of vehicle application to a natural gas engine
to evaluate the performance and emission of the engine, and
they demonstrated that natural gas contributes to a remark-
able decline in emission compound, meaning 50% less UHC
compared to a gasoline engine. The main reason for this drop
is the limited oil film adsorption—desorption phenomenon.
Kato et al. [32] showed that less UHCs released from the
same performance gas engine than the gasoline engine is due
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to less wall fuel flow in the intake system. Besides, sources
of methane slip in the work of Zwart [15] are overlap, mis-
fire, and crevices, and matching with other sources of UHC
in typical SI engines, and deposit and oil film are omitted
as sources of UHC in SI natural gas engines, if we classify
wall quenching as a misfire.

Concerning the literature review, the main causes of UHC
in natural gas engines can be interpreted into crevice vol-
ume, gas exchange, and flame quenching unburned hydro-
carbon. Considering the essence of utilizing natural gas in
a very lean burn mixtures, these sources still will produce
a substantial volume of UHC in the lean-burn natural gas
engines.

3 Unburned hydrocarbon modeling

To determine the disparity of formation of UHC in steady-
state and dynamic conditions, a nine-cylinder natural gas
engine has been modeled thermodynamically in details with
the commercial software, GT Power, and its output is imple-
mented into an empirical UHC modeling within this soft-
ware. Moreover, a separate thermodynamic engine model
has been developed to distinguish the individual sources of
UHC formation. The schematic of the procedure of the mod-
eling is shown in Fig. 1. Detailed equations are presented in
Sect. 3.1 and 3.2. For simplicity, the empirical UHC model
is named Type E, and the thermodynamic UHC model is
named Type T.

3.1 Empirical modeling of UHC formation: Type E

The Quench layer is normally the layer at the end of the
flame, i.e., near the walls, while the flame itself is normal,
parallel or at an angle to the wall. The flame quenching
process occurs based on the second rule of thumb criteria
by William [33]: The rate of liberation of heat by a chemi-
cal reaction inside the flame segment must approximately
balance the rate of heat loss from the segment by thermal
conduction. Relating the heat release to the heat loss can be
done by a non-dimensional Peclet number, which is rela-
tively constant in a wide range of geometrical configura-
tions. For two plate quenching, the Peclet number is deter-
mined by:

Pe, = pSLCP,quZ’ 0
ke

where p , S;, cp, dqz, and k; are the density, laminar flame

speed, specific heat at constant pressure, two-plate quench

distance, and thermal conductivity, respectively. Lavoie [34]

developed an empirical correlation for two-plate quench
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where P is pressure and ¢ is equivalence ratio. Calculat-
ing Pe, which is Peclet number for two-wall quenching, and
laminar flame speed, Eq. (3) gives us the two wall quench
distance in Eq. (1):

(1 =S = A(@)P"eHOPET, 3
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where fis dilution effect, A is pre-exponential factor, and E
is activation energy.

Lavoie then recommended that two- and single-plate
quenching distance have the constant proportion in Eq. (4) as
shown in Fig. 2 [34]:

dg, _ Per
dg, Pe,,

=0.20. 4)

To calculate the amount of fuel captured in the quench
layer, it is necessary to integrate the quench layer content;
however, Lavoie recommended an experimentally expression
for this amount, as:

« pudQZ
dy ) =22,
(/0 Pz y)f oY) 5)

where y is perpendicular distance from the wall and the mass

fraction of unburned gas is z = %, where HC; is initial
0

concentration of hydrocarbons in the unburned mixture. The

quench layer UHC will undergo post-oxidation according to

the new defined mechanisms [34, 35]:
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Fig.2 Single-wall quench versus two-plate wall quench (dg ; vs dg
2) [34]

If the pressure, temperature, and fuel species fraction stay
high enough, a dominant contribution of unburned fuel
burns in the post-oxidation process from the end of the main
combustion till the end of the cycle.

In this section, two additional sources of the UHC including
crevice volume and blown by mixture during the gas-exchange
process have been taken into account, as well. Mass of mixture
trapped in the crevice volume is calculable by volume and
density, and depending on the maximum pressure crank angle,
the gas will participate partially in the main combustion and
the post-oxidation process. Moreover, the calculation of the
gas-exchange UHC source does not need any extra modeling
than the quasi-steady modeling.

3.2 Thermodynamic modeling of UHC formation:
TypeT

The developed thermodynamic engine model is a three-zone
full engine cycle model developed with the aim of obtain-
ing information on the source distribution for the unburned
hydrocarbon emissions which is not possible in the applied
commercial engine simulation software. The model, TECMU,
is described in more details in [36]. The model estimates the
contribution to the total unburned hydrocarbon emissions from
three sources: crevices, wall quenching, and short-circuiting
due to valve overlap. To do so, this model is coupled with the
output from the commercial engine simulation software. The
engine operating condition and calculated outputs are given
as input to this model. This ensures that the two models (Type
E and Type T) simulate the same engine operating state. The
contributions to the total unburned hydrocarbon emissions
from different sources are then obtained as an output from the
Type-T model.

The procedure of a Type-T simulation is: the estimation of
the contribution from the crevices to the unburned hydrocar-
bon emissions is based on a mass balance for the cylinder
content of fuel from the crevice volume. From the mass bal-
ance equation, the instantaneous in-cylinder mass fraction of

fuel from the crevices y}"cy is calculated. The contribution to
the total unburned hydrocarbon emissions from the crevices
croo H H : cr
me s then determined by integrating the product of Yey and
the total mass flow rate out of the engine, 71, over the exhaust

phase of the engine cycle:

o _ . cr
mf,oul - / Moy y(,cy' (7)
ex

Estimation of the contribution from short-circuiting to the
engine out emissions of unburned hydrocarbons is per-
formed similarly and simultaneously. The cylinder content
of fuel from the intake manifold is calculated based on a
mass balance which enables the instantaneous in-cylinder
mass fraction of fuel from the intake manifold, y;’iy, to be
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determined. The contribution from short-circuiting to the
unburned hydrocarbon emissions is obtained by integrating
the product of y?fcy and rin,:

sc . sc
mf,oul - / Moy yf,cy' (8)
ex

A separate mass balance equation for the total fuel mass in
the cylinder is used to determine the instantaneous in-cylin-
der fuel mass fraction yp . The mass of total hydrocarbon
emissions my,, is then calculated as:

mf,nut = / mout yf,cy' (9)
ex

The relative contributions from crevices, short-circuiting,
and wall quenching to the total hydrocarbon emissions are
obtained as:

cr

fout
o = (10)
out
s _ :‘i)ul ( 1 1)
f,out My o
qu - _ cr SC
yf,out =1- yf,oul - yf,oul' (] 2)

Here, y?:')m is the relative contribution to the total hydro-
carbon emissions from wall quenching. As seen from the
calculation of y;';"m, it is assumed in the model that unburned
hydrocarbon emissions which are not due to crevices or
short-circuiting are from wall quenching.

Possible post-oxidation of unburned fuel remaining in the
cylinder after the main combustion has ended is accounted
for in the model based on the expression [37]:

—48400

1 %1013 ¢7&r

d[HC] _ [HCI*7 [0,]°%. 13)
It is assumed in the model that the fuel undergoing post-oxi-
dation is present in the vicinity of the cylinder wall, since it
is fuel from the wall quench layer and fuel coming out of the
crevices. Hence, the wall film temperature T; = %(Tg +T,)
is used in the post-oxidation evaluation.

4 Results and discussion

4.1 Validation

The engine specifications are presented in Table 1. The
engine is applied as the propulsion system of a cargo vessel

named Kvitbjrn from the Rolls Royce company. It is fueled
with natural gas and utilizes two sets of control systems to
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Table 1 Engine specification

Item Unit Amount
Engine model B 35:40L9PG
Number of cylinders - 9

Cylinder bore mm 350

Cylinder stroke mm 400
Connecting rod mm 810

Rated speed rpm 750

Rated power kW 3940

Max Torque at rated speed Nm 50200

Fuel type - Natural gas

adjust the stability of the engine: PID control system for set-
tling the speed of the engine, and wastegate control system
to regulate the air—fuel ratio. In former controller, the engine
speed is defined to be fixed on 750 rpm. Proportional—-inte-
gral coefficients in a closed loop govern the control process
and restore the deviation by fuel injection period adaptation.
In latter, observing any abnormality in the air—fuel ratio will
be adjusted by wastegate valve using the same approach of
PID controller. The valve diameter determines the amount
of exhaust gases upstream of the turbine inlet, and the boost
pressure provides the required air flow subsequently.

The architecture of the engine modeling is shown in
Fig. 3. This structure provides modeling of the turbocharger
system, intercooler, intake manifold, intake and exhaust
valves, combustion chambers, and exhaust manifold. An
imposed torque is implemented on the engine through the
crankshaft and large mass inertia, and the output data are
exported and stored schematic tank. These data are, in fact,
the required input of the Type E and Type T models, as
shown in Fig. 1.

The combustion coefficients are tuned based on the meas-
ured data, and Fig. 4 demonstrates the comparison of the
normalized output of the engine modeling and measurement
data with a satisfactory agreement in various loads. Fig-
ure 4a, b shows for normalized brake-specific fuel consump-
tion and unburned hydrocarbon, respectively. The normal-
izing factor for BSFC and UHC has gauged data at 100%
load. The other data are measured at 85%, 75%, 50%, and
25%, all at a rated speed of 750 rpm.

To monitor a natural gas engine’s response to dynamic
load and the greatness of this variation on methane slip,
a harmonic load has been imposed. Every individual case
has taken a specific pattern of the load amplitude alterna-
tion (5, 10, 15, or 20% total deviation from the base load),
with a constant frequency domain of 0.18 1/s, adapted from
[38]. Figure 5 draws a schematic structure of the loading
with 0, 10, and 20% deviation (For instance, 20% deviation
means 10% overload and 10% under load). The horizontal
axis of this figure shows time (second) versus torque on the
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vertical axis. Due to numerical errors of the simulation and
for the sake of reaching a stable condition, the modeling of
harmonic load was commenced after 60 s of constant load
and then proceeded until almost 149 s after start, equals
to 16 full-wave cycles. This quantity of cycles ensures the
independence of the results from a sudden change in the
initial load transition.

4.2 Unburned hydrocarbon modeling: Type E

Figure 6 illustrates the results of implementing a harmonic
sea wave load on the UHC volume from the Type E mod-
eling. The amount of UHC at the commencement of the
harmonic load has been viewed as a normalizing factor, so
clearly the quantity of UHC before and after the harmonic
load corresponds to just 1. As can be seen, there is a notable
correlation between load shifting and transition of UHC.
Figure 6a shows that with 5% load change, UHC decreases
first around 20% during higher load and afterward increases
almost 40% during lower load. The average throughout the
transient condition presents an entirely 4% UHC addition,
given by the red line. Figure 6b—d also displays that the aver-
age UHC alternation for 10, 15, and 20% load variation is
13%, 29% and 49%, sequentially. These diagrams indicated
that UHC may momentarily increase up to 300% when the

load of the engine lessens in the time scale of sea waves in
harsh condition, and may just after decrease due to increas-
ing load, resulting in a more efficient combustion than at
nominal rate. The reduction of UHC is around half of the
level at the nominal load and speed set point, so overall UHC
level in transient conditions rises almost 50% under sinusoi-
dal load in the severe case of 20% load change.

4.3 Unburned hydrocarbon modeling: Type T

Performing simulation with the Type T model, it is possible
to classify the unburned fuel emissions as resulting from
crevice, gas exchange, and quenched mass fraction. Since
the Type T model is an independent single cylinder model
which is not included in the applied commercial software,
verifying the pressure trace of this model is needed. This
verification is done by comparing a normalized pressure
trace in rated load and speed. Figure 7 documents that both
models are giving the same results during all four phases
of compression, combustion, expansion, and gas exchange.
In addition, the relative difference of the amount of UHC
of these models in the nominal load is almost equivalent
and the disparity is less than 3%, which is an acceptable
difference.
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To save the computation time, the Type T model is only
applied during the wave load period, and not during the
prior constant load period.

The results gained from the preliminary analysis of the
Type T model are given in Fig. 8, and the investigation of
the outputs reports 12%, 37%, 72%, and 114% more UHC
emitted from the engine when the loads vary 5, 10, 15, and
20%, respectively. The UHC level predicted in nominal
load is equivalent to the output of Type E and has been
used as a normalizing coefficient. In 5% load oscillation,
the maximum amount of UHC at lower load is 160%, and
at the higher load, it is 80% of that in nominal load, which
means a 20% reduction. The time average level is totally
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12% for under this load shift. With 20% load variation,
500% increase and 45% drop in UHC level are observed.

Comparing the variation predicted by the two models of
UHC in Fig. 9 represents a considerable gap between these
two models, especially in the higher percentage of the load
curve. First reason shows itself up by taking Figs. 6 and 8
into consideration. The UHC amount in Fig. 8 reaches a
minimum in higher load, and will not decrease any longer,
despite the prediction at the Type E model, where the UHC
level even reached 30% of the nominal UHC level at 20%
load variation. Moreover, the highest amount of UHC pre-
dicted by the Type E model is hardly higher than 300%,
while with the Type T model, it goes up to 500%. These
differences of UHC formation demonstrate the importance
of the post-oxidation process in the combustion chamber and
the methodology of computing the mass amount and frac-
tion of unburned fuel. It must be highlighted here that post-
oxidation calculation in the Type T model is a function of
the average temperature of the wall and the hot gases, while
the temperature used in the Type E model for post-oxidation
is the burned gas temperature.

Fractional results in Fig. 10a—c from the Type T model
are showing that up to 75% of UHC stems from crevice
volume, maximum 3% from gas exchange, and around
25% of unburned fuel originates from quenched flame at
the nominal load and speed. Therefore, the gas-exchange
UHC has the least influence on the UHC level amount,
and this is reasonable, because the engine valve timing
is redesigned for a natural gas engine application with a
very short overlap. In the first few seconds, when the load
increases, due to imposing a load shift, crevice is the only
source of UHC and the reaction ends around 1, while the
fraction of UHC by quenched flame decreases to 0% at
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20% load change. This proposes that the flame due to the
flame speed and flame quality burns all of the fuel in the
main chamber. This addresses the thought that the Type
T model predicts a more reasonable output of UHC in the
higher load than the Type E model, since as long as there
is a crevice volume in the combustion chamber, there is a
minimum UHC level as an output of the engine regardless
of the load.

The mean lines in Fig. 10a likewise confirm that the
UHC fraction due to the crevice volume changes a little,
and in contrast, the UHC fraction due to quenched flame,
Fig. 10c, changes more significantly when load oscillation
increases. Taking Fig. 10b into account, UHC fraction due
to the gas-exchange changes almost 15%. However, this
variation is a function of variation of the total UHC, and
not due to the gas exchange itself, as shown in Fig. 11. It is
instantly visible in the figure that quenched flame is nearly
the only effective participant of UHC variation in transient
marine conditions, as UHC mass due to crevice volume
swings slightly around a persistent quantity.
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4.4 Lean burn mixture sensitivity to dynamic load

Comparing the UHC level with the rate of change of the
air—fuel ratio shows that there is a direct correlation between
these two parameters. Referring to Fig. 12, it is instantly
visible that there are similarities between the variation of
lambda during dynamic load period and the imposed vari-
ation of torque, as shown in Fig. 5. This indicates a need
to understand the various perceptions of the air and fuel
system first among all the existing port systems. Primary
inspection revealed that load fluctuation ups and downs the
required fuel to make up any speed variation deviated from
nominal set point. This alternation of fuel flow asks for an
equal change of the air flow, and since any command to the
controller system to adjust the proper air is going to be done
at the end of the exhaust manifold, even with the fastest PID
response, there still exists some delay due to the dynamic of
the system. Such time lag of the air system drives the engine
to work at non-constant lambda.

To figure out how the air—fuel ratio itself influences the
amount of UHC, lambda with certain values of 1.73, 1.78,
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Fig. 12 Air—fuel ratio variation during dynamic load

1.83, and 1.88 has been considered. Lambda equal to 1.83 is
our base value of the study, and the target air—fuel ratio cor-
responding to these lambda values would be 29, 30, 31 (base
value) and 32. The findings of the simulations are shown in
Fig. 13 and presents similarities between the rate of increas-
ing level of UHC and the trend which appeared in Fig. 9.
Lambda boosting multiplies UHC amount in constant load
shown by blue columns. This explains to a high extend the
significance of providing a firm air—fuel ratio based on the
optimal set point.

Furthermore, the results display a contrasting tendency
of the UHC pattern in dynamic load, as well. With higher
lambda, here 1.88, the engine will produce less UHC in
dynamic load. A possible explanation for this fact is that
our considered engine is designed on the basis of least UHC
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Fig. 13 Effect of air—fuel ratio on UHC level during static and
dynamic load

in steady state; therefore, UHC will hardly reduce further in
dynamic load, while it may increase quickly. Thus, expect-
ing an increment of UHC during dynamic load is imminent.
On the other hand, higher lambda produces higher UHC
and both rise and fall of UHC occurs normally for both of
the lower and higher load. Therefore, the reduction of UHC
in dynamic load can only happen in a very lean or very bad
UHC-based designed engine.

5 Conclusion

The amount of UHC in lean burn gas engines has been
examined by modeling all subsystems of a marine engine.
Two models have been used in the analysis of UHC emis-
sions, with one having the capability of splitting the sources
of UHC up. The results show that in stable condition,
depending on crevice volume and lambda, UHC formation
could be a function of only crevice volume to a high extend.
Conversely in transient condition, the time lag in controlling
the air—fuel ratio contributes to leaner or richer mixture, and
the resulting flame speed slowness and incomplete combus-
tion in leaner mixture areas very close to the wall causes a
major part of the fuel being unburned. It was indicated that
during 20% of oscillation load, the UHC level may be two
times higher compared to a constant load case.
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ARTICLE INFO ABSTRACT

The shipping industry is the heart of international trading activities and the global economy. Maritime transport
contributes to environmental pollution through the emission of greenhouse gases. New mandatory regulations
aim at improving the environmental performance of ships by encouraging power reduction and alternative fuels.
These requirements drew attention to the estimation of the ship performance in the presence of waves con-
sidering unconventional combustibles. Investigating the effects of waves on untraditional propulsion plants
could help to design more environmentally friendly ships. The purpose of this paper is to determine the im-
portance of the time-varying wake field, ship motions, propeller emergence, and engine response on the per-
formance in waves of a marine propulsion system powered by a medium-speed LNG engine. This is performed by
comparing the engine-propeller performance estimated by modelling the propulsion plant at three different
levels of complexity. The results illustrated the poor prediction accuracy of the propulsion system performance
in waves when the time-varying wake field, ship motions, and propeller emergence are neglected. The influence
of the engine response on the performance prediction of the engine-propeller system was negligible. The out-
comes of this paper demonstrate the importance of considering the effects of the waves on the propulsion system

Keywords:

Propulsion in waves
Marine propellers
Engine-propeller dynamics

of a ship during the optimization phase.

1. Introduction

Ship transportation is the backbone of the global economy and the
international market. Around 80 per cent of the global trade volume
and over 70 per cent of the world trade value are carried by sea and are
handled by ports worldwide (Hoffmann et al., 2018). On the other
hand, the shipping sector is responsible for the annual emission of
around 2.5 per cent of global greenhouse gases (GHGs) and about 940
million tonnes of CO, (Smith et al., 2015).

Countermeasures against the environmental pollution from ships
resulted in new mandatory regulations such as the Initial IMO
(International Maritime Organization) Strategy on Reduction of GHG
Emissions from Ships and the Energy Efficiency Design Index (EEDI).
The former was brought into effect in April 2018 by the International
Maritime Organization’s Marine Environment Protection Committee
(MEPC) to reduce ship emissions and to improve the environmental
performance of new and existing vessels. According to the strategy, the
total annual global greenhouse gas emissions have to be reduced by at
least 50 per cent by 2050 compared to 2008. The latter was introduced

* Corresponding author.
E-mail addresses: sisaet@mek.dtu.dk, simonesa@stud.ntnu.no (S. Saettone).

https://doi.org/10.1016/j.apor.2020.102320

in July 2011 by the IMO for the prevention of air pollution from new
vessels. The lower the EEDI, the more energy-efficient is the ship, and
the higher its environmental performance. The EEDI formulation en-
courages the power reduction of the main engine and slow steaming.
These mandatory regulations drew attention to both the estimation
of ship performances in waves and the implementation of alternative
marine fuels. Liquefied natural gas could be a valid option for the latter.
The combustion products for lean burn gas engines contain 25 per cent
lower CO, and 85 per cent lower NO, emission values than a marine
diesel oil or marine gas oil (Chorowski et al., 2015). It is estimated that
the proportion of liquefied natural gas in the global marine fleet will
rise from the current 0.3 per cent to over 23 per cent by
2050 (Asariotis et al., 2019). The estimation of ship performances in
waves is crucial for two reasons. First, the evaluation of the added re-
sistance caused by waves plays a significant role in the reduction of the
main engine size. Second, the presence of waves changes the engine
operating point and, as a consequence, modifies the ship emissions.
Nevertheless, ships are generally not optimally efficient in realistic sea
states. Marine propulsion plants are typically optimized in ideal

Received 16 March 2020; Received in revised form 6 July 2020; Accepted 3 August 2020

0141-1187/ © 2020 Elsevier Ltd. All rights reserved.
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Nomenclature
A wave amplitude
Ag/Ao  blade area ratio
B breadth of the ship
D propeller diameter
g gravitational acceleration
Ggr gear ratio
hp propeller shaft submergence
J advance ratio
k wave number
Kqo torque coefficient for a deeply submerged propeller
Ko, torque coefficient for a not deeply submerged propeller
Kro thrust coefficient for a deeply submerged propeller
Krg thrust coefficient for a not deeply submerged propeller
Lpp length between perpendiculars
ne engine speed
n, propeller speed
il target crankshaft rotation rate
P propeller pitch
(P/D)p,, design propeller pitch at 0.7 r/R
Q. engine torque
Qevn engine torque computed by model 1
Qaerrs engine torque amplitude computed by model 2
Qpeaky,  model 2 engine torque amplitude peak relative to model 1

Qiroughy,  Model 2 engine torque amplitude trough relative to model
1

Q propeller torque

r fuel consumption

R propeller radius

Rapp added wave resistance

t time

T propeller thrust

u surge velocity

v ship velocity

Vs fluctuating wake velocity due to waves

Vi mean wake velocity due to waves

A total wake velocity due to waves

w full-scale nominal average wake fraction in waves

Wieex sea state identification number

B thrust diminution factor

Tpeaky, ~ Model 2 propeller efficiency peak relative to model 1

Noughy, ~Model 2 propeller efficiency trough relative to model 1

n3 heave motion amplitude

s pitch motion amplitude

N surge velocity amplitude

0 wave direction (180° is considered as head wave)
wavelength

p water density

conditions where the presence of waves is taken care of by adding a
margin to the estimation of the speed-power relationship for a newly
built ship in trial conditions. Therefore, it is expected that more energy-
efficient ships can be designed if the effect of waves on the propulsion
plant is taken into account during the optimization phase.

The effect of waves on the ship propulsion system is a complex
physical process resulting from the interaction between the sea en-
vironment, vessel performance, and propeller-shaft-engine response. In
particular, in case of severe weather conditions, the propeller might
come out of the water, causing a drop in the engine torque and,
eventually, a drastic increase of propeller rate of revolutions accom-
panied by intense vibrations. For marine diesel engines, the increased
resistance induced by waves might generate what is known as the
torque-rich effect. This phenomenon causes the reduction of ship speed,
overloading for the main engine, higher fuel consumption, and can lead
to the failure of the ship propulsion system (Van Uy, 2016). Therefore,
studying the hull-propeller-shaft-engine interaction in realistic condi-
tions is crucial to get a better insight into the overall propulsion system
response and to estimate the required engine size accurately.

Full-scale testing is the most accurate method to understand how
ship performances are affected by propeller-shaft-engine dynamics. An
example of such investigation was carried out by Ogawara et al. (1972),
where the dynamic performances of the propulsion system of a con-
tainer ship were studied. However, full-scale experiments are ex-
pensive, time-consuming, and difficult to setup. Numerical computa-
tions are a valid alternative, at least in the early phases of the ship
propulsion design process. Kyrtatos et al. (1999) predicted the transient
response of a large two-stroke marine diesel engine subjected to fluc-
tuating loads obtained from either model tests or the standard propeller
law. The main engine was coupled with appended models for the shaft,
propeller, ship hull, and the engine speed governor. They demonstrated
the overall model reliability to predict the dynamic response of a
complete marine power plant system. Campora and Figari (2003)
modeled a propulsion plant of a twin shaft arrangement with a con-
trollable-pitch propeller in a MATLAB-SIMULINK environment. The
ship propulsion model consisted of separate blocks for the medium-
speed diesel engine, governor, hull, controllable-pitch propeller, tele-
graph, and shaft line. The propeller model was based on either the

propeller open water curves or measurements. Taskar et al. (2016) in-
vestigated the effect of waves on the propulsion system of the KVLCC2
tanker along with a method to estimate the propeller wake field in
waves. A large two-stroke marine diesel engine model was coupled with
the open water data of the KVLCC2 propeller using an inertial shaft
model in a MATLAB-SIMULINK environment. The thrust and torque
losses due to the propeller emergence were also investigated. This re-
search demonstrated the importance of studying ship performances in
waves by utilizing an engine-propeller coupled model.
Yum et al. (2017) developed a simulation model of a mechanical pro-
pulsion system in waves for the KVLCC2 tanker. The propulsion system
included the vessel hull, mechanical shaft, large two-stroke diesel en-
gine, and speed regulator. The shaft was modeled as a single rigid-body
with friction, and open water data were used for the propeller model.
Simulation results provided a better understanding of the effect of
waves on ship performances.

The main goal of this study is to determine the importance of the
time-varying wake field, ship motions, propeller emergence and engine
response to predict the performance in waves of a marine propulsion
system. This is achieved by modelling the propulsion system at three
different levels of complexity. The three implementations of the same
propulsion system model (steady, unsteady with fixed engine speed,
and unsteady with variable engine speed) are compared in terms of
estimated engine torque, propeller efficiency, and computation per-
formance. The considered propulsion system is powered by a medium-
speed four-stroke natural gas engine with a controllable-pitch propeller.
The DTU-developed unsteady low-order boundary-element method
ESPPRO (Regener, 2016) is implemented in inhomogeneous inflow for
the propeller model. The GT-POWER Engine Simulation
Software (Gamma Technologies, 2019a) is used for the engine model-
ling. The overall propulsion plant model is developed in the
MATLAB-SIMULINK co-simulation environment.

2. Case vessel

A full-scale LNG powered vessel is utilized in the present study. The
main specifications of the ship, propeller characteristics and engine
specifications are shown respectively in Table 1, 2, and 3.
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Table 1
Ship main specifications.
Length between perpendiculars 117.6 m
Breadth 20.8 m
Design draft 5.5m
Design shaft submergence 3.3m
Service speed 15 kts
Table 2
Propeller main characteristics.
Diameter 4.2 m
Design propeller speed 142 rpm
Number of blades 4
Ag/Ao 0.515
(P/D)py, 0.975
Table 3
Main engine specifications.
Number of cylinders 9
Cylinder bore 350 mm
Cylinder stroke 400 mm
Rated speed 750 rpm
Rated power 3940 kW

3. Propulsion system model

The MATLAB-SIMULINK co-simulation environment with a fixed-
step solver is utilized to design the overall propulsion system model.
The data exchange between subsystem blocks is limited to time-discrete
communication points. The subsystems are solved separately and in-
dependently from each other. The exchanged data between blocks are
extrapolated based on the information from the previous time-discrete
communication points.

Fig. 1 shows the block diagram of the coupled system. Five main
subsystem blocks are implemented to represent the effect of waves on
the ship performance:

e Sea State. This block represents the state of the sea and provides the
wave characteristic to the vessel model.

Sea State

A, 0,A/Lpp

Vessel Model

T, n/Gr P/D,V,w,u, hp
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e Vessel Model. The vessel dynamics are implemented in this block.
Based on the wave characteristic, propeller thrust, and desired en-
gine speed, the time-invariant propeller pitch and the time-varying
ship velocity, wake field and ship motions are computed and given
as input to the propeller model.

Propeller Model. The propeller performance is computed in this
block. The necessary input are the time-varying propeller speed
received from the transmission model and the data provided by the
vessel model. The calculated torque is input to the transmission
model.

Transmission Model. This block provides speed and torque con-
versions from the propeller to the engine and vice-versa. The main
components of the transmission model are the gearbox, propeller
shaft and flywheel.

Engine Model. The engine performance is calculated in this block.
In the case of the unsteady implementation with variable rpm, the
rotational speed of the engine is computed based on the time-
varying torque received from the transmission model, the PID
(proportional-integral-derivative) control system, and the inertia of
the propulsion system.

3.1. Sea state

Sixty-four regular waves are considered in the present study. This
number is obtained by combining four wave amplitudes and directions
and wavelengths. The wave direction is relative to the ship, and 180" is
considered as head wave. Wave characteristics are shown in Table 4.

3.2. Vessel model

The vessel model computes the data necessary for the calculation of
the propeller performances in waves: propeller pitch, average speed
loss, and time-varying propeller depth, surge velocity and wake field.

Model tests performed by SINTEF Ocean (former MARINTEK) pro-
vide the propeller nominal wake distribution at the design ship speed
and the total model resistance, thrust deduction factor, and wake
fraction as a function of the ship velocity in calm water conditions.

In this work, the thrust deduction fraction is assumed to be equal to
its value in calm water conditions. This assumption is the consequence
of two primary reasons. One, open literature provides minimal

np

Propeller Model

%

Transmission Model

Q.

Engine Model

| ——

ne

Fig. 1. Block diagram of the propulsion system model.
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Table 4

Wave characteristics - Wave Way4 refers to As, 1/Lpp;, and 6.
Ni A N} pp A/Lpp Ng 6
[ [m] [ [ [-1 [deg]
A 0.5 A/Lpp, 0.6 0, 180
Ay 1.0 A/Lpp, 0.8 0, 120
As 1.5 A/Lppy 1.0 05 60
Ay 2.0 MLpp, 1.2 04 0

knowledge concerning how the thrust deduction fraction changes in
waves. Two, performing either expensive model-scale experiments or
time-consuming CFD simulations is beyond the scope of the current
study.

3.2.1. Propeller pitch and average speed loss

A controllable-pitch propeller with average constant-speed is im-
plemented in the current study. The average propeller rate of revolu-
tions is set equal to the target crankshaft rotation rate 71 (see
Section 3.4.6) divided by the gear ratio Gg. The blade pitch is adjusted
to maintain the average ship speed in waves equal to its design value if
the engine is capable of continuously producing the required power.
The propeller pitch is readjusted, and the corresponding average speed
loss is computed, if the engine cannot supply the required power. The
load limit curve and the propeller law computed for different pitch
settings can be seen in Fig. 2.

The propeller pitch and the average speed loss are obtained fol-
lowing the procedure recommended by ITTC (2017b). For simplicity,
only wave and added wind resistance are considered in the current
study. The added wave resistance is computed in irregular waves even
though regular waves are considered for the interaction with the pro-
pulsion power plant. This is performed to have realistic values for both
the total ship resistance and propeller-engine loads.

The calm water resistance estimated by SINTEF Ocean is converted
from model to ship according to ITTC (2017a). The DTU in-house
method described by Martinsen (2016) is applied to compute the added
resistance in regular waves. Fig. 3 shows the added resistance in regular
waves in head sea conditions for different velocities of the ship. The
modified Pierson-Moskowitz wave spectrum is applied along with the
approach explained in ITTC (2014) to calculate the added resistance in
irregular waves. The irregular waves have significant wave heights and
peak frequencies equal to the wave heights and frequencies of the
considered regular waves.

The added wind resistance is calculated following the procedure
described by ITTC (2014).

3.2.2. Ship motions

Heave and pitch transfer functions are obtained using the closed-
form expressions of Jensen et al. (2004). The response amplitude op-
erator (RAO) for surge is computed following the method described
by Honkanen (1976). The time-varying propeller depth and surge ve-
locity are determined at the computed vessel speed. Heave, pitch and
surge velocity RAO in different wave conditions at design ship speed
can be seen in Figs. 4, 5 and 6.

3.2.3. Time-varying wake field

The propeller nominal wake distribution is available, at the design
ship speed, from model scale experiments performed by SINTEF Ocean.
The scaling procedure provided by Sasajima et al. (1966) is applied to
obtain the wake field in full scale. The entire wake distribution is
contracted to avoid time-consuming calculations. The wake distribution
is assumed to be invariant with the ship velocity. The velocity-depen-
dent wake fraction is scaled according to the ITTC (2017a). Fig. 9 shows
the full scale nominal wake distribution at the design ship speed.

The method described by Taskar (2017) is applied to determine the

Applied Ocean Research 103 (2020) 102320

scale factors for the computation of the time-varying wake fields in
waves. This approach considers a dimensionless mean increase in pro-
peller inflow V,, and a fluctuating velocity component V as follows:

V= ViV 1)

The fluctuating velocity V; is calculated including the surge motion
effect and the orbital motion of water particles in an attenuated wave at
the stern, as described by Ueno et al. (2013). The mean velocity in-
crease V,, is computed assuming the bottom of the ship to be a flat plate
that is pitching harmonically, as explained by Faltinsen et al. (1980).
Fig. 7 shows the time-varying inflow averaged over the propeller
disk for three representative cases: Wi11, Wass, and Wagy (see Table 4).

3.3. Propeller model

The main tool for the propeller analysis is the DTU-developed un-
steady low-order boundary-element method ESPPRO (Regener, 2016).
It is based on potential flow theory where the fluid is assumed to be
irrotational and viscosity and compressibility are neglected. Compared
to other potential flow numerical methods, the boundary-element
method provides a complete representation of the propeller geometry
by placing sources and dipoles on the actual propeller surface.

ESPPRO can predict unsteady sheet cavitation and tip vortex cavi-
tation in behind ship conditions. The sheet cavitation model im-
plemented in ESPPRO is described by Regener et al. (2018). Details of
the implementation of the tip vortex cavitation model can be found in
Mirsadraee (2019). ESPPRO was validated by comparing the predicted
propeller performance to both results reported for similar numerical
models, such as Vaz and Bosschers (2006) and Vaz et al. (2015), and
experimental data, such as Mirsadraee (2019).

In the present work, the propelle blade is discretized into 40 panels
in both spanwise and chordwise direction. Equidistant stretching is
applied for the former and cosine stretching for the latter. Several
blade-wake models are available in ESPPRO (Saettone et al., 2020). The
wake model inspired by Hoshino (1993) is selected for the computation
of the propeller performance. Fig. 8 shows the comparison between the
experimental open water curves and the open water characteristic
computed by ESPPRO.

3.3.1. Quasi-steady approach

The propeller performance in waves can be evaluated by using both
a quasi-steady and a fully-unsteady approach. The former is a compu-
tationally inexpensive method that neglects the time history of the
propeller performance related to the time-varying input data, such as
wake distribution, propulsion factors, propeller speed fluctuations, and
ship motions. The latter provides a complete representation of the
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propeller dynamics, but it is computationally expensive.
Saettone et al. (2020) showed a good agreement between the quasi-
steady and the more advanced fully-unsteady approach in the predic-
tion of the propeller performance in waves for the KVLLC2 tanker. As a
result, the quasi-steady approach is applied in the current study for the
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propeller analysis.

3.3.2. Propeller emergence
The quasi-dynamic approach described by Minsaas et al. (1983) is
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applied to compute the reduction of thrust and torque caused by wave
effects and the propeller emergence. This method implements a thrust
diminution factor f3 for the correction of the performance of a deeply
submerged propeller (see Eq. 2). Loss of propeller disc area, wave
making by propeller, and Wagner effect are taken into account. The
time-varying immersion of the shaft is assumed to be oscillating and
periodic. The beta curve proposed by Minsaas et al. (1983) is shown in
Eq. 3.

Ky = B-Kro Koz = B**Kqo @
1 - 0.675[1 — 0.769("%)]125% 13
= "
1 >3 @)

3.4. Engine model

A medium-speed four-stroke natural gas engine is considered in the
present analysis (see Table 3). The GT-POWER Engine Simulation
Software (Gamma Technologies, 2019a) is utilized to setup the engine
system simulation model, estimate the engine performance, and model
the fundamental components of the engine. Fig. 10 shows the schematic
representation of the six main parts of the engine model.

The engine is a spark-ignited lean-burn combustion engine. It is
equipped with a variable-geometry charging system to benefit from the
power increase offered by the extended knock limit of the lean mixture.
The high air temperature produced by the compressor is decreased by
an intercooler. The air flow is controlled by the variable turbine geo-
metry. The fuel flow is controlled by mechanical valves before each
cylinder.

A load-based approach is implemented for the engine model. In this
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Fig. 11. Engine model - Input engine torque.

methodology, the engine speed is computed based on the torque re-
ceived from the shaft, the inertia of the propulsion system, and the PID
control system. The engine model is validated by comparing the pre-
dicted engine performance to measured data. An example of such va-
lidation can be seen in Figs. 11 and 12. The good agreement between
measured data and predicted engine performance demonstrates the
reliability of the engine modelling.

3.4.1. Zone 1: Turbocharger

The turbocharger performance is modeled using maps given in the
form of look-up tables. The performance maps contain information
about turbine and compressor thermodynamic efficiency as a function
of pressure ratio, mass flow rate, and turbocharger speed. The turbine
and compressor performance are modeled by following the iterative
process described in Gamma Technologies (2019b).

3.4.2. Zone 2: Intercooler

A sea-water-based coolant is utilized for the engine. The intercooler
is modeled using the non-predictive approach described in
Gamma Technologies (2019b). The fixed outlet temperature is imposed
by modelling the intercooler as an infinite sink of heat (multiple pipe
object). The heat transfer coefficient is calculated using the Colburn
analogy (Colburn, 1964). Measured data are used as the boost tem-
perature during load variations.
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Fig. 10. Schematic of the engine model.
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3.4.3. Zone 3: Pipe flow

The pipe flow model involves the solution of the Navier-Stokes,
conservation of mass, and energy equations. These equations are solved
in one dimension, which means that all the quantities are averaged
across the flow direction. This approach improves the prediction of the
turbocharger working area under dynamic loads.

3.4.4. Zone 4: Intake and exhaust valves

The flow losses across the intake and exhaust valves are modeled to
predict the mass flow entering into/leaving the cylinder. The modelling
of the flow losses follows the work proposed by Heywood (1988) and
the computation of the ratio between the effective and the theoretical
flow area (discharge coefficient).

3.4.5. Zone 5: Heat transfer and combustion

The in-cylinder heat transfer and combustion modelling are si-
multaneously modeled in the cylinder control volume.

The model of Woschni (1968) is implemented to model the con-
vective heat transfer between the gas and the combustion chamber
surfaces. Fourier’s law of heat conduction is applied to estimate the
conductive heat transfer through the cylinder walls. The radiative heat
transfer between the gas and the combustion chamber surfaces is
modeled by Stefan-Boltzmann law.

The Spark Ignition Turbulent Flame Combustion Model
(EngCylCombSITurb) (Gamma Technologies, 2019b) is used to predict
the burn rate. In-cylinder composition, cylinder temperature and
pressure, spark position, spark timing, flame and wall interaction, fuel
properties, and in-cylinder flow are taken into
account (Gamma Technologies, 2019¢). The burn rate is estimated
based on the calculation of flame speed and flame kernel development.
A thorough explanation of this theory can be found in Blizard and
Keck (1974).

3.4.6. Zone 6: PID

The engine speed is regulated by a PID control system installed
directly on the fuel valve. The controller’s PID algorithm uses the dif-
ference between the target crankshaft rotation rate 72 and the measured
engine speed to regulate the fuel valve opening and restore the desired
speed. The target crankshaft rotation rate is set to be equal to the rated
speed of the engine (750 rpm).

The air-fuel ratio is regulated by a PID control system installed on
the turbocharger. Accurate control of the mass ratio of air to fuel pre-
sent in the combustion process is critical for LNG engines. The con-
troller’s PID algorithm regulates the amount of air based on the in-
stantaneous fuel flow rate.
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3.5. Transmission model

The power transmission system is modeled in GT-POWER (see
Section 3.4). It is assumed to be rigid, and it includes a solid mechanical
shaft, flange, and gearbox. The resistance to acceleration due to pro-
peller inertia and added water resistance is also taken into account
through the engine model. The engine manufacture provides the mass
moment of inertia and the mechanical efficiency of the transmission
system.

4. Method

The propulsion system performance in waves is usually estimated by
avoiding the complexity of creating a unique propulsion system model.
Generally, the presence of the engine is neglected, and the propeller
performances are computed by ignoring ship motions, propeller emer-
gence, and time-varying propeller speed and wake field.
Taskar et al. (2016) showed that these assumptions are not sufficient to
study the effect of waves on the propulsion system of the KVLCC2
tanker powered by a large two-stroke diesel engine. Propeller and en-
gine response depend on the ship dimension and shape, engine speci-
fications, and propeller characteristics.

In the current study, the propulsion system is modeled at three
different levels of complexity. The three implementations of the same
propulsion system model (see Section 3) are refereed as Model 1, 2, and
3. The three models are compared in terms of the accuracy of the results
and computational performance.

4.1. Model 1: Steady propeller-engine model

This model resembles the traditional way to estimate the propeller-
engine performances in waves. The wave effects are taken into account
only in terms of added resistance and change of propulsion point. The
propeller performances are computed by neglecting ship motions,
propeller emergence, and time-varying wake fields. The propeller forces
associated with the blade passage frequency are ignored. Therefore, the
engine torque and speed are time-invariant.

4.2. Model 2: Unsteady propeller-engine model with fixed engine speed

In this model, the engine speed is assumed to be time-invariant. On
the other hand, ship motions, propeller emergence, time-varying wake
fields and added resistance are taken into account. The propeller forces
associated with the blade passage frequency are computed. As a result,
the engine torque is fluctuating, but the propeller speed is time-in-
variant.

4.3. Model 3: Unsteady propeller-engine model with PID

In this model, the propeller-engine dynamics is taken into account.
In addition, time-varying wake fields, ship motions, propeller emer-
gence, and added resistance are considered. The propeller forces asso-
ciated with the blade passage frequency are also included. The PID
control system is activated to regulate the engine speed. Thus, the en-
gine torque and speed are time-variant.

5. Results
5.1. Comparison 1: Model 1 vs Model 2

This comparison is necessary to understand the effect of the time-
varying wake field, ship motions, and propeller emergence on the
prediction of the propulsion system performance in waves.

The time-varying wake field creates fluctuating engine loads, which
may differ considerably from the time-invariant engine torque esti-
mated in steady conditions. Ship motions cause the propeller depth to
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Table 5

Comparison among models 1, 2, and 3.
Characteristic Model 1 Model 2 Model 3
Added Wind Resistance Yes Yes Yes
Added Wave Resistance Yes Yes Yes
Heave Motion No Yes Yes
Pitch Motion No Yes Yes
Surge Motion and Velocity No Yes Yes
Blade Passage Forces No Yes Yes
Propeller Emergence No Yes Yes
Time-Varying Propeller Wake Field No Yes Yes
Time-Varying Engine Speed No No Yes

Same value for all the models
Same value for all the models

Propeller Pitch
Average Ship Velocity

change in time, which may lead to a drop in engine torque if the pro-
peller is in proximity or above the water surface. Time-varying engine
torque and propeller submergence may also induce a reduction in
propeller efficiency compared to the steady analysis.

The computational time of the two approaches and the engine
torque and propeller efficiency estimated by models 1 and 2 are com-
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Fig. 13. Relative per cent difference in average engine torque between models
land2-8=1, A={05,10, 1.5, 2.0}, 1/Lpp = 1.0, 6 = 180°.
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Fig. 14. Relative per cent difference in average engine torque between models
land2-8 <1, A =15, A/Lpp = 1.2, 6 = {180°, 120°, 60°, 0°}.
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pared. For the sake of comparison, the propeller pitch and average
speed loss computed for each wave condition are kept constant in both
models. Table 5 summaries the differences between the two models.

5.1.1. Average engine torque

Figs. 13 and 14 show the relative per cent difference between the
temporal mean of the engine torque in one encounter wave period es-
timated by model 2 and the steady torque calculated by model 1. A
negative value indicates an overestimation of the propeller load pre-
dicted by model 1 compared to model 2. Fig. 13 shows the case of the
deeply submerged propeller for four representative examples: (8 = 1):
Wis1, Waszy, Wasy, and Wys;. Fig. 14 illustrates four relevant cases for
the propeller either in proximity or above the water surface (8 < 1):
Wia1, Wi, Wagz, and Waas. All the cases are displayed in Fig. 28 -
Appendix A.

The general trend of the results illustrates a reduction in propeller
torque when the time-varying wake field, ship motions, and propeller
emergence are taken into account. This outcome is mainly related to
both the increase of propeller inflow velocity and the event of propeller
emergence. The impact of the former effect can be seen in Fig. 13. The
significance of the latter phenomenon is illustrated in Fig. 14. Com-
paring Fig. 13 and 14 demonstrates that the thrust diminution factor
plays a major role in the prediction of the engine performance in waves.
Nevertheless, it can also be observed a difference up to 2.5% in engine
torque between the two models when the propeller is deeply sub-
merged.

5.1.2. Engine torque amplitude

Figs. 15 and 16 show the amplitude of the engine torque estimated
by model 2 as the percentage of the steady torque calculated by model
1. This investigation is necessary to comprehend if it is important to
compute the magnitude of the fluctuating torque when estimating the
propulsion system performance in waves. Fig. 15 illustrates four re-
levant cases for the deeply submerged propeller (8 = 1): Wy11, Wi,
Wii3, and Wiq4. In this case, the amplitude is computed as half of the
change between the peak and the trough of the time-varying engine
torque estimated by model 2. Fig. 16 shows four representative cases
for the propeller either in proximity or above the water surface
(B < 1)1 W34, Wans, Wazy, and Wigs. In this event, two types of
amplitudes are computed: peak and through amplitude. The former is
calculated as the non-negative difference between the peak of the
time-varying engine torque and the temporal mean of the engine
torque computed by model 2. The latter considers the trough of the
engine torque instead of the peak. All the cases are displayed in Fig. 29
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Fig. 15. Torque amplitude estimated by model 2 as a percentage of the torque
calculated by model 1 - 8 =1, A = 0.5, 2/Lpp = 0.6, 6 = {180°, 120°, 60°, 0°}.
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- Appendix A.

The case of the deeply submerged propeller is particularly relevant
for this investigation. This is because the relative per cent difference in
average engine torque between models 1 and 2 is more pronounced in
the event of propeller emergence than when the propeller is far from
the water surface (see Section 5.1.1). As a consequence, studying the
propeller-engine performance in the case of deeply submerged pro-
peller might be considered unnecessary. However, Fig. 15 illustrates the
importance of considering the effect of the time-varying wake field and
ship motions on the estimation of the propeller-engine loads even when
the propeller is deeply submerged. Therefore, the amplitude of the
fluctuating torque due to time-varying wake field and ship motions is
not negligible. In the event of the propeller in proximity or above the
water surface, it is possible to notice a remarkable value of the torque
amplitude estimated by model 2 as a percentage of the steady torque
calculated by model 1. This confirms the importance of the thrust di-
minution factor in the computation of the propulsion system perfor-
mance in waves.

5.1.3. Propeller efficiency

Figs. 17 and 18 show the amplitude of the propeller efficiency es-
timated by model 2 as a percentage of the steady propeller efficiency
calculated by model 1. Fig. 17 shows the case of the deeply submerged
propeller for four representative examples (8 = 1): Wi31, Wasy, Wasy,
and Wy3;. Fig. 18 illustrates four relevant cases for the propeller either
in proximity or above the water surface (8 < 1): Wy44, Waa4, W44, and
Waa4. All the cases are displayed in Fig. 30 - Appendix A. In the case of
B =1, the amplitude is computed as half of the change between the
peak and the trough of the time-varying propeller efficiency estimated
by model 2. In the event of f < 1 (Fig. 18), the amplitude is computed
as the difference between the extrema of the time-varying propeller
efficiency and the temporal mean of the propeller efficiency estimated
by model 2: 7,4, aNd 700+

The results show a significant value of the propeller efficiency am-
plitude estimated by model 2 as a percentage of the propeller efficiency
calculated by model 1. Comparing Fig. 17 and 18 demonstrates the
major role of the thrust diminution factor in estimation of the propeller
efficiency. This is because, in the case of the deeply submerged pro-
peller, the fluctuation of the propeller efficiency is primarily related to
the time variation of the advance ratio caused by the time-varying wake
fraction. On the other hand, in the event of § < 1, the thrust decreases
more than the torque with the decrease of . This provides an additional
reduction in propeller efficiency.

5.1.4. Computational performance

Model 1 and 2 are compared by evaluating the computation time
necessary to simulate all the considered 64 sea states (see Section 3.1).
The processing speed of model 1 is around 40 times faster than model 2.
The main reason for this outcome is related to the short time-step re-
quired for the unsteady simulations. It becomes clear that the shorter
the wave encounter period, the smaller the difference in computation
time between the two models.

5.2. Comparison 2: Model 2 vs Model 3

This comparison is necessary to evaluate the importance of the
engine response on the prediction of the propulsion system perfor-
mance in waves.

The fluctuation of the propeller speed caused by the presence of the
engine may considerably alter the propulsion system loads. This is
particularly relevant in the event of propeller emergence, where the
engine torque reduces and the engine speed increases. In addition, the
amount of engine over-speeding determines if the implemented control-
strategy guarantees the safety of the propeller system in harsh weather
conditions.

The engine torque calculated by models 2 and 3 and the
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computational time of the two approaches are compared. For the sake
of comparison, the propeller pitch and average speed loss computed for
each wave condition are kept constant in both models. Table 5 sum-
marizes the differences between models 2 and 3.

5.2.1. Engine speed and torque

Figs. 19, 20, 23 and 24 present the engine torque computed by
models 2 and 3. The general trend of the results shows a reduction in
torque when the engine speed is time-variant. The magnitude of the
reduction in engine torque depends on the specific operational condi-
tion. These outcomes are primarily related to the combined effect of the
propulsion system specifications and PID control system characteristics.

Figs. 19 and 20 show the case of the deeply submerged propeller
(B = 1) for two representative examples: W15, and Wi,4. These two sea
states are identical apart from the direction of the encountered wave:
180° for W;»; and 0° for Wi,4. The average velocity of the ship is also
the same in these two conditions. Figs. 19 and 20 show a higher average
engine torque for Wj»; than Wio4. This is because of the larger added
resistance in the head sea than in following waves. On the other hand,
the sea state W;,4 generates a higher value of the engine torque am-
plitude compared to Wi;. This is due to the larger variation of the
time-varying wake fraction in following sea than in head waves.
Figs. 19 and 20 also illustrate a higher reduction in engine torque for
W24 compared to Wis;. The relative per cent difference in maximum
engine torque between models 2 and 3 is equal to 0.97% for the former
and 0.17% for the latter. This is related to both the characteristics of the
PID control system, engine stability, and the inertia of the overall
system. These effects combined with the different added wave re-
sistance and encounter period induce a higher variation in engine speed
and in fuel consumption for W4 in comparison to Wj»; (respectively
see Figs. 21 and 22).

Figs. 23 and 24 show two representative examples for the case
where the propeller is either in proximity or above the water surface
(B < 1): W34y and Wsys. These two sea states have the same wave
amplitude and wavelength but different wave direction: 6 = 120° for the
former and 6 = 60° for the latter. Both in W34, and Wayus, the engine
torque starts decreasing rapidly at the time when the propeller is close
enough to the water surface. The PID control system responds to the
drop in torque by increasing the engine rotational speed (see Fig. 25).
The acceleration of the engine speed is quite gentle because of the
characteristics of the PID control system, the fast response of the en-
gine, and the inertia of the propulsion system. Furthermore, it is pos-
sible to observe an overshooting in engine torque as soon as the pro-
peller is deeply submerged again. This is due to the variation in
propeller depth combined with the action of the PID control system.
Comparing Figs. 23 and 24, a higher drop in torque for W34, than W33
can be notice. This is primarily related to the different ship motions
generated in quartering sea compared to bow sea. The difference in
torque decrease between Wa4y and Ways can also be seen through the
different amplitude of the engine speed and the fuel consumption (re-
spectively see Figs. 25 and 26).

It is important to verify the amount of engine overspeeding to
guarantee the safety of the propulsion system. An excessive overspeed
can result in damage to the crankshaft, broken valve seats, and other
dangerous phenomena. Generally, the maximum allowed overspeed is
around 110-115% of the maximum continuous speed (MCS). Fig. 27
shows the engine speed fluctuation for the harshest condition analyzed
in the present study: Wy3,. The maximum overspeed is lower than
103% of the MCS: this demonstrates the safety of the implemented
control-strategy.

It is also relevant to compare the magnitude of the reduction in
engine torque to similar studies. For instance, Taskar et al. (2016) in-
vestigated the effect of waves on the propulsion system of the KVLCC2
tanker powered by a large two-stroke diesel engine. They observed a
higher fluctuation of the propeller speed caused by the presence of the
engine than in the present analysis. This is mainly related to the faster
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response of the medium-speed LNG engine compared to the large two-
stroke diesel engine.

5.2.2. Computational performance

Model 2 and 3 are compared by evaluating the computation time
necessary to simulate all the considered 64 sea states (see Section 3.1).
The processing speed of model 2 is around 3 times faster than model 3.
The primary cause for this result is related to the additional time re-
quired by model 3 to achieve time-periodic convergence.

6. Conclusions

The performance of a propulsion system powered by a medium-
speed four-stroke LNG engine with a controllable-pitch propeller was
computed. This was performed by modelling the marine propulsion
system at three different levels of complexity. The three implementa-
tions of the same propulsion system model (steady, unsteady with fixed
engine speed, and unsteady with PID control system) were compared in
terms of estimated engine torque and speed and propeller efficiency.
This was necessary to determine the influence of the time-varying wake
field, ship motions, propeller emergence and engine response on the
performance prediction of the analysed marine propulsion system in the
presence of waves.

The results illustrate a significant overestimation of the temporal
mean of the engine torque computed by the steady engine-propeller
model (up to 35% in average engine torque between the steady and
unsteady torque). The torque amplitude estimated by the unsteady
engine-propeller models constitutes a significant percentage of the
steady torque calculated by neglecting the time-varying wake field, ship
motions and propeller emergence (up to 60% in torque amplitude es-
timated by model 2 as a percentage of the torque calculated by model
1). Similarly, the fluctuation of the time-varying propeller efficiency
represents a remarkable portion of the propeller efficiency estimated by
the steady engine-propeller model (up to 55% in propeller efficiency
amplitude estimated by model 2 as a percentage of the steady propeller
efficiency calculated by model 1). The discrepancies between the steady
and unsteady models are more pronounced in the case of propeller
emergence than when the propeller is deeply submerged. Nevertheless,
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the results show a considerable difference in engine torque and pro-
peller efficiency between the steady and unsteady models when the
propeller is far from the water surface (up to 2.5% in engine torque and
up to 9% in propeller efficiency). These outcomes indicate that ne-
glecting time-varying wake field, ship motions and propeller emergence
would lead to a poor prediction accuracy of the propulsion system
performance in the presence of waves.

The quick response of the engine combined with the characteristic
of the PID control system causes a negligible reduction in engine torque
compared to the case where the engine speed is time-invariant (up to
5% in relative per cent difference between the torque estimated by
model 2 and 3). This makes it possible to investigate the propulsion
system performance in waves without modelling the presence of the
engine. This outcome is strictly related to the considered hull-propeller-
shaft-engine system.

As future work, it would be interesting to evaluate the performance
of other types of propulsion systems in waves.
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ARTICLE INFO ABSTRACT
Keywords: In many vessels, the prime mover is a diesel engine, while the researchers recommended using natural gas as
Natural gas engine an attractive option to comply with the latest emission legislations. This study aims to analyze the dynamic

Dynamic load
Marine propulsion plant
Response time

response of a spark-ignition engine fueled by natural gas. Due to the complexity of power system operation
in transient conditions, ship propulsion modeling is performed to assess the environmental impact of dynamic
load. A co-simulation modeling in MATLAB- SIMULINK platform was developed to couple the medium-speed,
four-stroke, turbocharged, spark-ignition engine to a propeller immersed in seawater. The engine’s essential
elements were implemented, and the validity of the modeling was evaluated using the manufacturer’s data in
both steady-state and transient conditions. The main goal was to determine the importance of the transient
loads on the engine response, particularly during harsh weather conditions. Hence, simulations of various wave
conditions with multiple wave amplitude, wave direction, and wavelength were conducted. Compared with
the steady-state, the transient condition resulted in a deterioration of the combustion efficiency. Furthermore,
the amount of unburned fuel, NOy compounds, and brake specific fuel consumption have increased.

1. Introduction in LBSI - has provided an alternative solution without installing an
after-treatment system [7].
The global trend of employing the marine transportation system has Combustion and emission of diesel and gas engines were studied

expanded during recent decades [1], and the marine diesel propulsion
system has had the widest market in Europe over the last five years,
as shown in Fig. 1. The figure shows that internal combustion engines
have been extensively used as a power source for the seaborne craft.
Thus, they will account for a significant part of marine emission com-
pounds. For instance, Matthias et al. [2] showed that ship emissions
might directly result in air pollution in coastal areas by producing NO,

in numerous works, but only a few studies have identified the engine’s
dynamic response in time-varying load. The elements of ship propulsion
include the ship hull, the propeller, and the engine. Traditionally, these
three elements have been studied individually and principally in calm
water, while a real ship works in waves that cause motions and give a
time-varying inflow and load on the propeller that again interacts with

and SO,. Much research has looked at the importance of air pollution to the engine. To simulate a ship propulsion system that includes engine
global warming, the formation of acid rain and depletion of ozone [3]. model, hull model, propeller model, and control system, Campora and
For the sake of controlling emissions, international standards set limits Figari [9] developed a mathematical model that communicated all sub-
according to the application and power scope. For example, IMO [4] models using the SIMULINK environment to investigate the system
limited the total amount of emissions in the year 2000 to 12.1 g/kW h, response in harsh and transient conditions. Kyrtatos et al. [10] devel-

in 2011 to 9.7 g/kW h and 2016 to 2.4 g/kW h for an engine speed oped a mathematical model for transient and steady-state modeling
of 720 rpm. Although diesel engines are lean combustion engines with
relatively low concentrations of HC and CO [5], they still release a
large amount of emission compounds [6]. Emissions legislation has
forced manufacturers to redesign their products, which can be fulfilled
by engine enhancement, propeller modification, and control system
installation. The utilization of natural gas fuel — partly in LPDF or fully

by implementing a proportional integration control system in a ship
propulsion system. Maneuvering motions have been discussed by Moc-
tar et al. [11] in a simulation of the engine propeller model, test scale
model, and real scale measurement. The engine modeling was done
based on a constant and variable propeller speed in an abrupt change

* Corresponding author at: Department of Marine Technology, Norwegian University of Science and Technology, Norway.
E-mail address: sadi.tavakoli@ntntu.no (S. Tavakoli).
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Nomenclature

p) Density

A, Surface area at flame front

h, Convective heat transfer coefficient
(W/m? K)

P, Absolute pressure ratio

Pr Prandtl number

St Turbulent flame speed

T Instantaneous crank pin torque

Aw Shaft speed

At Simulation time step

m Mass flow

n Efficiency

4 Specific heat ratio (1.4 for air at 300 K)

A Wave length

T Taylor time scale

[4 Wave direction

A Wave amplitude

At Effective flow area

Ag Reference area

B Cylinder Bore (m)

BMEP Brake mean effective pressure

Cp Discharge coefficient

C; Fanning friction of smooth pipe

cp Specific heat

EGR Exhaust gas recirculation

h Enthalpy

HC Hydrocarbon

1 Shaft moment of inertia

1vc Intake valve closure

LBSI Lean burn spark ignition

LPDF Lean partial dual fuel

M Mass

NO, Nitrogen dioxide

P Pressure

PR Pressure ratio

R Gas constant

RAO Response amplitude operator

N Laminar flame speed

S0, Sulfur dioxide

T Temperature

T; Friction torque

Ut Effective velocity outside boundary layer

UHC Unburned hydrocarbon

VGT Variable geometry turbine

of power demand. The model’s output showed the impact of engine
dynamics on the entire system and the time delay caused by the engine
due to the response time. They also investigated three moments of iner-
tia for the propeller and showed that the time delay in reaching the new
operating setpoint stretches with a higher moment of inertia. A study by
Theotokatos [12] presented a method of coupling a turbocharged two-
stroke diesel engine response to the fixed-pitch propeller. He indicated
that the mean value model of the engine appropriately calculated the
engine response time, while there was a notable gap between the real
turbocharger speed and boost pressure with the simulated data. Hence,
he proposed multi-zone modeling to predict a precise output; otherwise,
the rapid transient condition’s accurate modeling is hard to achieve.
Real-time modeling was developed by Altosole et al. [13] to improve

3,000.0
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Fig. 1. The number and type of power propulsion system between 2013 and 2024 in
Europe. [8].

the ship simulator. Simulation time for the whole propulsion system
reached 1% of comparable work done with a fully thermodynamic
model by applying a look-up table instead of modeling the cylinders.
However, less sensitivity to the boundary conditions such as air pres-
sure and temperature, and providing the look-up table through parallel
thermodynamic modeling, are the drawbacks of this work. A ship
traveling at sea with the wave and wind resistance was simulated using
a co-simulation modeling of a two-stroke diesel engine and propeller
by Yum et al. [14]. The model provided dynamic shaft torque and
calculated the engine’s efficiency during the transient condition. With
one constraint installed on the fuel system to limit the maximum smoke,
they found the engine encountered some delay in response time because
of the turbocharger mass moment of inertia and the high capacitance
of the manifold volume. Taskar et al. [15] also explained the influential
parameters on a wave in a ship trip and identified the propulsion
performance drop. They concluded that re-setting the exhaust valve
timing closure and changing the injection timing helped reach more
efficient combustion with less brake specific fuel consumption through-
out the transient condition. Systematic models of propulsion systems
have also been developed in similar studies to uncover the system’s
challenges, predict possible solutions, and optimize the system with the
least experiments [16,17].

The use of natural gas in the shipping industry to fulfill stringent
emission legislation was first tried in 2000, and the quantity of the gas
engine progressively increased until 2016 [18]. Natural gas is a low
carbon fuel since it has high hydrogen to carbon ratio, and it has a
higher heating value on a mass basis than fuels such as gasoline [19]. In
addition, the specific heat capacity of natural gas reduces the mixture
temperature and increases the ignition delay in comparison with the
conventional diesel operation [20]. To achieve a high BMEP natural
gas equivalent with a diesel engine, without struggling with a high
amount of NOy and knock phenomenon, lean-burn combustion was
recommended. However, concerning Fig. 2, there is only a narrow area
where the engine works at an optimized setpoint. Einewall et al. [22]
recommended an EGR-diluted mixture with stoichiometric combustion
and installing a three-way catalyst instead of lean-burn combustion.
This method significantly improved the reduction of NOy and unburned
hydrocarbon (UHC) emission, but the drawbacks were higher CO and
efficiency drop. In addition, the efficiency gain of lean operation may
be ruined due to misfire in incomplete combustion and releasing un-
burned methane [23]. Therefore, it is always a trade-off between engine
combustion efficiency and emission compounds. To optimize this trade-
off, the type and quality of ignition and combustion play a dominant
role [24].
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Fig. 2. The narrow working region of a lean-burn gas engine [21]. Any unstable
situation leads the engine into the misfire zone or knocking zone.

The briefly reviewed literature above revealed the necessity to know
the lean-burn gas engine response in a marine application where the
load changes dynamically. A specific marine engine’s primary data,
such as fuel flow, was available during a long voyage, but the emis-
sion quantity and instantaneous response of the engine are not well
determined. Therefore, this study’s main objective is to predict the
engine response by developing a co-simulation platform. Section 2
explained the procedure of modeling the propulsion system using the
thermodynamic equations for the engine, a controllable-pitch propeller,
and a high-inertia shaft. The available data was used to verify the
modeling both during steady-state and transient conditions in Sec-
tion 3. Section 4 described the importance of time-varying load on the
specific fuel consumption, combustion efficiency, knock phenomenon,
probability of the turbocharger surge, variation of air-fuel ratio and
essential emission compounds with a certain focus on the harsh weather
condition. The results were concluded in Section 5.

2. Simulation framework

Ship propulsion efficiency explains engine, propeller, and control
system performance. Accordingly, high-fidelity mathematical model-
building with detailed equations of all sub-models is influential in the
co-simulation. The propulsion setup in this study is a conventional
operation mode, as shown in Fig. 3(a), where the clutch is disengaged.
In co-simulation, the different subsystems are modeled in a distributed
manner, and the subsystems were carried out like a black box. This
study consisted of an engine and propeller being connected through
a rigid shaft. The engine was modeled thermodynamically, and the
propeller was simulated using the boundary-element method (BEM).
To properly co-simulate the entire system, an interface was required
to solve each subsystem and organize the blocks’ connecting input
and output. The connection was performed on the MATLAB-SIMULINK
platform.

A discrete-event-based co-simulation [25] was chosen to exchange
data between the sub-models, while each sub-model was solved inde-
pendently by their internal solver, using their own fixed and non-fixed
time-step for the propeller and engine, respectively. A schematic of the
co-simulation is shown in Fig. 3(b).

The decomposition of a typical engine reports a significant number
of components on the physical level. A modeling library is a powerful
tool to model such a complex system [26] believe that a model library
can handle the dictated equations and make them reusable. A model
library for the turbocharged diesel engines was also done by Yum and
Pedersen [27] and Huang et al. [28]. For this purpose, a model library
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was developed and used in this work. Many researchers have used this
platform to model their library-based modeling [29-31].

The engine’s flow process commenced by air suction from the envi-
ronment into the compressor, moving within the intercooler, manifold,
and intake ports sequentially. The mixture burned inside the cylinders,
and burnt gases moved across the exhaust valves, exhaust port, exhaust
manifold, turbine, and finally discharged into the atmosphere. The
turbine and compressor are connected via a mechanical-rigid shaft. The
generated power of the engine was delivered to the propeller through
massive inertia and the gearbox. The inertia covered all of the rotating
components, including the crankshaft, camshaft, flywheel, connecting
shaft, propeller, and seawater. The components split into 11 zones in
the modeling process, as shown in the schematic of Fig. 4.

2.1. Zone 1: Environment

The ‘sea reference condition’ states the free water surface boundary
condition on an ocean. A fixed atmospheric pressure, temperature, and
zero amplitude were utilized for the compressor’s inlet and the outlet
of the turbine.

2.2. Zone 2: Turbocharger

In order to model the turbocharger’s performance, the information
from the compressor and turbine as a function of speed, pressure ratio,
mass flow rate, and efficiency were implemented in the format of look-
up tables, which were provided by the manufacturer, ABB company.
The turbocharger speed and pressure ratio were predicted at each time-
step, and two other unknowns were taken from the look-up table [32].
The calculation started with isotropic enthalpy differences of compres-
sor and turbine, which were calculated by Egs. (1) and (2). By finding
the proper thermodynamic efficiency extracted from the look-up table,
the enthalpy out of the compressor and turbine could be computed
respectively by Egs. (3) and (4). The computation was repeated until
the predicted parameters reached an acceptable convergence.

r=1
Ahg = cpTrorain(PR 7 —1) @®
Ahg = cp Troralin(1 = PR(I_V)/Y) 2
Ah
how = hin + . (©)]
s
hout = hin — Ahgng 4

The Egs. (5) and (6) calculated the turbocharger’s shaft speed and
power:

_ At(Tturbine - Tcompressor - Tfriclion) (5)
B I

P =m(hiy — hoy) (6)

Aw

where subtext script in, out and s stands for inlet, outlet and isotropic,
respectively. The thermodynamic table of the fluid estimated the outlet
temperature accordingly. T,,, in the first equations was calculated
by Eq. (7):

w?

Tiotalin = Tin + f @
P

where u;, is inlet velocity.
2.3. Zone 3: Intercooler

The intercooler was cooled by seawater, and the inlet air tempera-
ture was available from the measured data of a long journey. Therefore,
a non-predictive approach was adopted for finding the boost tempera-
ture. The intercooler was assumed as multiple pipes with infinite heat
sink, and the outlet temperature was given as a function of boost
pressure in the look-up table. To calculate the amount of heat flux,
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the Colburn analogy [33] was used, which permits the prediction of an
unknown heat transfer coefficient when one of the other coefficients is

known, by:

1 =2
hy = (E)CprefchPr( ) (8)
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and, heat flux is calculated by:

= hy(Tgas = Tyan) ©

Geonvection

More information is presented in [34].
2.4. Zone 4: Intake and exhaust system

The dimensions of intake and exhaust volume were implemented
correctly, as reported in the design drawings. Developing the equation
of Navier-Stokes in thermodynamic modeling and implementing in the
discretized volume predict the fluid flow across the pipes and provides
a correct input to the turbocharger. The input plays a significant role in
predicting turbocharger response [35]. Hence, conservation equations
of continuity, energy, and momentum presented in Eq. (10), (11) and
(12) were implemented for the pipes and manifolds with different
discretized length scales for the straight pipes and bends [36].

dm

&= Z i (10)

boundaries
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dme dv

FTaim i Z (H) = hA((Ttiia = Tyan) an
boundaries
. dxA 1
div_ APA Thoundaries () = 4C P5 B8 — Kp(5 pulul) A o
@ s ax a2

2.5. Zone 5: Intake and exhaust valves

The intake and exhaust valves’ capacities ultimately restricts the
total flow of the engine. Therefore, calculating the mass flow rate
passing through the valves was crucial for an accurate engine perfor-
mance estimate. A feasible approach was the one-dimensional isotropic
flow analysis for compressible flow over a flow restriction proposed by
Heywood [37]. With a pressure upstream and downstream of the valve,
the mass flow rate was determined by the pressure difference:

P P, 2 =1
= AggepiUis = Cp Ay ——m (G 1T (1= P 7] a3)
T, P 7=

where u is upstream and d is the downstream stagnation point. Here, Cp,
was an experimentally determined discharge coefficient. For chocked
flow, the modified equation was applied [37].

2.6. Zone 6: Unburned mixture zones

A mixture of air and fuel with an excess air ratio setpoint of
1.8 was captured in a non-fixed control volume. The mixture was
assumed to be perfectly mixed. During the compression stroke, the
volume reduces, and the pressure and temperature of compressed mass
increases. The heated surfaces of the piston, cylinder head, and liner
from the previous cycle warmed the mixture up from IVC to almost the
next 100 crank angles. Afterward, it transferred conversely. The wall
temperature was assumed to be constant throughout the cycle, though
several thermal zones were imposed concerning the cylinder’s interior.
The maximum motoring pressure and temperature in rated load/speed
ended in approximately 85 bar and 850 K.

The exchange of thermal energy between gases and boundaries was
called ‘heat transfer’, which was classified into three main mechanisms
of conduction, convection, and radiation. Heat conduction and radia-
tion were calculated using Fourier’s law [38] and Stefan-Boltzmann’s
law [39], respectively. In order to model the in-cylinder heat con-
vection, h, Woschni [40] recommended modeling of this coefficient
using Eq. (14):

K, P WO8
where K| and K, are constant and W is average cylinder gas velocity
(m/s).

he(Woschniy = a4

2.7. Zone 7: Burned zone

More sophisticated modeling was necessary for zone 7. The burned
zone involved heat transfer modeling and combustion modeling, emis-
sion modeling, and knock modeling.

2.7.1. Combustion

The information of cylinder geometry, spark plug timing, spark plug
location, and fuel type was available. The ‘EngCylCombSITurb’ [36] is
recommended for flame modeling if the information is available, and
calculates the combustion burning rate by a laminar (S} ) and turbulent
(St) flame speed with a two-zone approach. It assumes that eddies are
entrained by the flame front at a turbulent velocity, while the mixture
of fuel and air is burning at laminar velocity. The rate of transference
of the mixture from the unburned zone to the burned zone was equal
to the rate of change of M, and was calculated by Eq. (15).
dM, M,- M,

dt = T as
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where index b symbolizes burned classification, « unburned classifica-
tion and e entrained classification. M, is the entrained fuel passing the
border of unburned-burned mixture and is calculable by Eq. (16).
dM,
i PuAc (ST +.SL) (16)
Time constant, 7, is a function of Taylor length scale and laminar
flame speed:
-4
=5
Detailed equations of calculation of surface area at flame front (A,),

turbulent flame speed (St) and laminar flame speed (S;) are presented
in [41].

T

a7

2.7.2. Emission

Natural gas engines produce four main emission compounds
throughout the combustion: NOy, UHC, CO,, and CO [42]. Due to
the complexity of solving hundreds of reactions of species, emission
modeling is essential.

2.7.2.1. NO, formation. NOy was calculated using the reduced mech-
anism described by Zeldovich [43]:

O+N, =NO+N 18)
N+0,=NO+0, 19
N+OH=NO+H (20)

where Egs. (18) and (19) are thermal NOy formation and Eq. (20) is
particular at near-stoichiometric conditions and in fuel-rich mixtures.

2.7.2.2. Unburned hydrocarbon formation. The word hydrocarbon
refers to any compound consisting of carbon and hydrogen. Incor-
porating of any other atoms disqualifies from being considered as a
hydrocarbon [44]. This work has not considered the chemical mecha-
nism and formation of a chain of hydrocarbon in molecular structure.
Therefore, any fuel left unburned after post-oxidation at the exhaust
valve opening (EVO) is considered as unburned hydrocarbon emission
or methane slip. In typical steady-state conditions in the loads close to
the nominal loading, almost 80% of the whole methane slip originates
from the crevice volume, 15% forms due to quenched flame, and less
than 5% from gas exchange process [45]. The percentages change when
the load varies during the unsteady state, but the two primary sources
are still quenched flame and mass of the crevice volume. Thus, in this
study, to estimate the total amount of unburned hydrocarbon, the fuel
re-entered from the crevice volume during the main combustion burns
by the main reaction rate. The rest of the re-entered mass mixes with
the fuel, which is quenched, and the new mixture burns by a new
reaction rate of Eq. (21) introduced by Lavoie [46] during the post-
oxidation, between the main combustion and EVO. The unburned fuel
after the post-oxidation is presented as methane slip.
d(ftc) = 67X 105 R fipe) fioy () @1
where fiyc; and fio,; are the mass fraction of fuel and O,.

To improve the computational performance in this study, the equa-
tion was modified to:

600K X B

Rq = AX2000X Rg e T [fyc] [fo,] (22)

where A and B are multiplier and are constant throughout the load
variation, and T is the mass-averaged overall temperature, and Rg is
the burn rate calculated by the combustion model.

2.7.2.3. CO And CO,. Natural gas has a high H/C ratio compared with
diesel fuel. As a result, natural gas engines produce less CO,, and even
up to 20% less than similar gasoline engines [42]. Furthermore, in
very lean combustion, a very low level of carbon monoxide (CO) is
achievable [47]. Thus, the variation of these two compounds is not
presented, except the CO, graph for the modeling validation.
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Fig. 10. Validation of the combustion modeling and emission formation with constant
loads in the steady state.

2.7.3. Knock

There are several methods of modeling and predicting the knock
phenomenon. There is also the possibility of directly or indirectly
detecting knock by, for example, studying inside cylinder parameters or
engine block vibration [48]. The measured data for verification of the
knock model does not exist, and this work only used the non-validated
modeling method recommended by Gamma Technologies for natural
gas engines [34]. This method has a dependence on the air—fuel ratio
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and EGR on the induction time. The knock index is defined by:

Vrpe —6000
Vi " T@ 23)

max[0,1 —(1— ¢(a))2]~1index

where M is a multiplier and can be found during the validation step.
For this study, we used M =1, and I; 4., was calculated by Eq. (24):

K; = 10000.M .u(e).

1
Lingex = / 2t 24
and ¢ is defined by Eq. (25):

_ 18659, M N
7= M,;*1.9858— [ 10 gexp(Tﬂ)(m)o'g7sx
(25)

(Fuel—0.578)(02—0.28)(D”uento.(]})

where MN is the fuel methane number, M; and M, are equalized to 1,
and diluent concentration is the sum of concentrations of N,, CO,, and
H,O0.

2.8. Zone 8: Power transmission

The power transmission model includes the flywheel, crankshaft,
main shaft, and gearbox to transmit the power to/from the engine.
All the inertia were assumed to be rigid. The inertia concerning water
resistance and the propeller were added to this model as well. The
entire propulsion shaft was modeled as single and rigid, and the brake
torque T}, was calculated by:

Ty (1) = T(1) — L. (1) (26)

where, @ (t) is the instantaneous crank-train acceleration. The shaft
torque, Ty, is also calculated by:

T(1) = Top(1) + T,(1) = Ty(cye) @7

where T,(t) is the instantaneous torque of any other attachment and
equal to 0 in the present work. T, (t), is the crankpin torque and was
calculated by a function of force on the crank in the x- and y-direction.

2.9. Zone 9: Propeller and vessel modeling

A controllable-pitch propeller was used for the current investiga-
tion. The blade pitch was modified to maintain the average ship speed
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in waves equal to its design value if the engine could not continuously
produce the required power.

Model experiments by SINTEF Ocean provided the propeller’s nomi-
nal wake distribution at the design ship speed, and the thrust deduction
factor, wake fraction, and model resistance as a function of the ship
velocity in calm water.

Only wind, wave, and added resistance were taken into account.
The added wave resistance was computed in irregular waves, even
though regular waves were considered. The DTU in-house method
described by Martinsen [49] was used to compute the added resistance
in regular waves. The approach explained in ITTC [50] was used to
calculate the added resistance in irregular waves, which had significant
peak frequencies and wave heights equal to the wave frequencies and
heights of the studied regular waves. The added wind resistance was
computed using the procedure explained by ITTC [50], and the calm
water resistance was converted from model to full-scale according to
ITTC [51].

The pitch and heave transfer functions were computed using the
procedure developed by Jensen et al. [52], while the surge velocity was
computed following the method described by Honkanen [53]. Heave,
pitch, and surge velocity RAOs are shown respectively in Figs. 5-6-7.

The scaling procedure developed by Sasajima et al. [54] was used
to calculate the wakefield on a full scale. The entire wake distribution
was contracted to avoid time-consuming calculations. The method de-
scribed by Taskar [55] was used to obtain the time-varying wakefields
in waves.

The primary tool used for the propeller analysis was the DTU-
developed unsteady low-order boundary-element method ESPPRO
[56], which was based on potential flow theory, where the flow is
assumed to be inviscid, incompressible, and irrotational.

Fig. 8 shows the comparison between the experimental open water
curves and the open water characteristic computed by ESPPRO. The
quasi-steady approach described by Saettone et al. [57] was used for
the propeller analysis.

The quasi-dynamic approach described by Minsaas et al. [58] was
used to determine the reduction of thrust and torque caused by the pro-
peller emergence. More discussion of the models is presented in [59].

2.10. Zone 10: Controlling system

In this methodology, the propeller supplied the torque, and the
speed was computed inside the engine block, according to the
schematic presented in Figs. 3(b), and 4, PID block named fuel quantity.
The PID controller installed on the fuel valve adapted the engine speed,
calculated the speed deviation compared with the setpoint in each time-
step, and regulated the fuel valve lift and duration to inject a correct
fuel quantity. The speed of the PID system affects engine response and
stability. Moreover, to fix the excess ratio, additional PID (air quantity)
was installed. This controller identified the fuel volume and actuated
the turbine’s VGT to provide the proper amount of air.

2.11. Zone 11: Fuel system

The fuel, natural gas, was injected into the air — just upstream of
the intake valves. The fuel tank’s exit to the entrance of the intake port
was defined as the fuel system. To simulate the fuel delivery system’s
dynamics, all fundamental components of this system, including the
fuel tank, orifices, fuel lines, and fuel valves, were assembled. For
simplicity, the fuel tank was assumed to be a constant pressure after
the pump. The lines, orifices, and valves followed the conservation
equations of fluid flow presented in Section 2.4.
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Table 1

Engine specification.
Item Unit Amount
Number of cylinders - 9
Cylinder bore mm 350
Cylinder stroke mm 400
Connecting rod mm 810
Maximum power kw 3940
Rated speed pm 750
Fuel type - Natural gas

Table 2

Ship main specification.
Length between perpendiculars 117.6 m
Breadth 20.8 m
Design draft 55 m
Design shaft submergence 33 m
Service speed 15  kts

Table 3
Periodic waves characteristics.

Length (4/Lpp)

Amplitude (m) Direction ()

6 5 0
.8 1 60
1 1.5 120
1.2 2 180

3. Simulation setup and validation
3.1. Simulation setup

A simulation of a B 35:40L9PG marine gas engine fitted on a cargo
ship called Kvitbjgrn was performed. The lean-burn gas engine ignites
by a spark plug and operates at an excess air ratio of 1.8. In order
to achieve stable combustion with this lean mixture, a pre-chamber
was connected to the main chamber. In the simulation platform, we
replaced a larger initial spark size by the spark plug. The specification
of the engine and the vessel are presented in Tables 1 and 2.

The thermodynamic equations of the engine were implemented
in GT-SUITE and compiled for the MATLAB-SIMULINK platform. The
compiled file was connected with the developed propeller model, as
shown in Fig. 9. The communication time-step was 0.1 s.

To estimate the engine response and to examine the engine’s per-
formance and emission as the prime mover of the propulsion system,
64 regular waves were imposed with a combination of four-wave
amplitude, four-wave direction, and four wavelengths as shown in
Table 3.

3.2. Validation

In order to verify the accuracy of the model, a comparison of the
measured data and simulation output was performed. This verification
is done both in steady-state and transient conditions. Fig. 10 show a
slight disagreement in the output of the simulation and the measured
data for the steady-state conditions. The engine rotational speed was
assumed to be constant at around 750 rpm, and successive increases in
the load from 25% to 100% of the nominal load were established. Brake
specific fuel consumption in Fig. 10(a) stands for engine performance
characteristics and verifies the combustion modeling, and unburned
hydrocarbon in Fig. 10(b) together with CO, formation in Fig. 10(c)
stands for emission characteristics and verify emission modeling. The
quantities in 100% load at 750 rpm were used for normalizing the
values.

As far as the transient condition was concerned, to increase the
model’s reliability, a time-varying torque was applied, as shown in
Fig. 11. Fig. 12 shows the resemblance of the simulation output and
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Fig. 12. A comparison of the vessel logged data and modeling output during a transient condition. The modeling’s validity is started after 60 s of the simulation with a maximum

load to reach the numerical stability.

measured data. The output shows that the data obtained by the sim-
ulation is broadly consistent with the major trends of the measured
data. Load variation was started at the second 60, to disregard the
primary numerical error. As can be seen, the simulation speed hardly
fluctuates around 750 rpm, similar to the measured data. Power as a
function of torque and speed also provided an acceptable output. The
fuel flow graph revealed a satisfactory fuel consumption tendency by
the modeling, even though there was a gap between the simulation
and measured data. Turbocharger modeling also presented the same
preciseness, as shown in the last sub-figure, with the boost pressure
data. Thereby, the turbocharger map and thermodynamic equations
were executed correctly since the rate of change of boost pressure in
simulation is almost identical with the measured values.

4. Results and discussion

In order to assess the response of the natural gas engine in marine
applications, all the 64 waves were evaluated in terms of combustion,
efficiency, and emission. Fig. 13 shows a decline in the mean brake
torque when the wave amplitude increases. The distribution of mean
torque with A=0.5 is very smooth in all wavelengths and directions.
This mean value was computed after using a low-pass filter to eliminate
sharp transition effects. For higher amplitude, this figure explains that
the amplitude plays a crucial role in the variation of the torque.
Regarding the vertical axis, wave directions between 50° and around
100° had the most significant influence and, taking the wavelength

into account, 4/Lpp higher than 1 delivered the least mean torque.
Less mean torque in these contours means more variation in the torque
domain.

A key area of interest for the simulation is finding the engine’s speed
variation with multiple separated wave frequencies and strengths. The
distribution of the average speed is represented in Fig. 14, where the
values are hardly distinguishable from the target speed (except for A
= 1.5 and A = 2) and where the average speed may decline to 745.
Two main reasons can be found for such stability of engine speed.
The first reason is the importance of the shaft inertia in controlling
sudden variation of the speed. The second reason is the wave frequency,
peculiarly when the frequency is high. During the higher frequencies,
the input torque varies in a shorter period, and consequently, each
wave compensates a fraction of the speed drop in the lower loads of
the wave domain.

The in-cylinder pressure parameter distribution was used for the
evaluation of combustion assurance. Fig. 15 presents the maximum
engine pressure during the load variation. The range of in-cylinder
pressure always changes between a minimum of 90 bar and a maximum
of 120 bar. Referring to the steady-state pressure with an almost 106
bar, and a maximum designed pressure 180 bar, the range of change
displays an acceptable condition.

As emphasized earlier, the use of natural gas engines for marine
transport may result in a substantial drop in emission compounds, but
they are also sensitive to the combustion quality. Any deviation from
the optimum setpoint can result in a misfire or knock phenomenon.
This is presented in Fig. 16, 17 and 18. Fig. 16 shows that there is
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no knock on engine combustion until the wave amplitude is less than
1 meter, and change of frequency, wavelength, and wave direction
does not lead to knocking. With A = 1.5, a slight potential of knock
appears, particularly with a wave direction of 120 and A/Lpp = 1.2
With A = 2, the knock index’s output lies in the higher 4/Lpp and
intermediate wave direction. The next two figures describe almost the
same procedures as well. It must be highlighted that the two figures
maximum quantity has been limited to 3 and 10 for the sake of
presenting infinite values in the contours. Therefore, any value higher
than 3 for NOy in Fig. 17 and 10 for UHC in Fig. 18 corresponds to 3
and 10, respectively. Besides, NOy and UHC quantities in the steady-
state are considered as normalizing coefficients. A comparison between
Figs. 17 and 18 verifies that the lean-burn gas engine sensation is very
high to the UHC formation. However, the range of contour is wider in
Fig. 18, with A = 1.5, we have a wider spectral color of UHC rather
than NOy. The value of UHC even furthered with A = 2 in both the
value and the domain. These two contours provide the significance of
the higher waves on emission formation, but there is still a larger value

10
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Table 4
Sample waves for vi

ion

Case no. Amplitude (m) Wave length (4/Lpp) Direction (8)
1 0.5 6 180

2 1.0 0.8 0

3 1.5 1 60

4 2.0 1.2 120

for emission formation when the wave amplitude is low. For instance,
with A = 1.0 m, NOx and UHC show a number between 1 and 2 for
several waves. The values mean that even with light waves, there is a
probability of a rise in the emission amount up to 100%.

Since we have utilized standard waves, all of the simulation output
is periodic with a function of wave frequency. For clarity, in the next
section, four waves with the highest disparity are presented and dis-
cussed. This illustration aims to show the magnitude of the effect of the
waves on engine performance. The waves specification are presented in
Table 4.
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Fig. 19 shows the variations in torque from about 0 Nm to over
45000 Nm. Wave no. 1 did not significantly influence the input engine
torque, and the variation only fluctuated between 35000 to 38 000 Nm
— an area very close to the demanded load. Wave no. 2 provided a
higher and lower torque than Wave no. 1, but the wave frequency was
almost one-sixth. The importance of the frequency can be seen when
the engine attempts to compensate for the deviations. For wave no. 3,
the input torque dropped suddenly to around 15000 Nm and reached
a maximum of 41000 Nm. This abrupt reduction indicates that the
propeller was partly above the water’s surface. Fig. 20 shows g, which is
the input of the modeling as an indicator of the position of the propeller
inside the water. Any number less than 1 means incomplete immersion
of the propeller in the water. The quantity of g for the wave no. 4
reached 0, which implies the propeller was entirely out of the water.
Thus, the input shaft torque reached 0 Nm for part of the time in each
wave.

11
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Fig. 21 shows that due to the rapid response of the control system
and high inertia of the shaft, the engine speed is highly stable with
the load variation. After the react of the engine control system, as can
be seen in Fig. 22, the fuel flow was significantly reduced in a short
time. The fuel flow drop regulated the engine speed immediately and
limited the over-speed state. Fig. 22 shows that the volume of fuel
flow never reaches 0 to keep the engine running. Besides, the control
system’s resistance against sudden change contributes to achieving a
stable engine in harsh working conditions.

Fig. 23 shows a gradual rise in the fuel consumption unit. During
harsh conditions, the increased brake fuel consumption corroborates
these earlier findings, where the fuel continued to release into the com-
bustion chamber to prevent a shutdown. This increase in BSFC could
also be attributed to combustion efficiency. The decline in the input
load resulted in unstable combustion in the combustion chamber, as can
be seen in Fig. 24. In the normal working area, combustion efficiency
fluctuated around 95%, which is also proved by Heywood [37]. Load
variation resulted in unstable combustion as well, which both increased
and decreased efficiency. The slight increment of combustion efficiency
appears during higher torque, with an almost flat curve. Moreover,
the combustion efficiency dropped during the lower load and met a
complete misfiring in wave no. 4. Comparing the two results of Figs. 24
and 19, it can be seen that the constant duration with a quantity of 0
is not equal. A good explanation of this phenomenon can be found in
Fig. 25, where the air—fuel ratio during stable conditions is 31. This
lean combustion helped to reach the minimum emission and maximum
achievable combustion efficiency, while the burned mixture’s pressure
and the temperature never reached a critical point. This feature, how-
ever, showed a negative impact during the transient condition. With
any sudden change of load, the air-fuel ratio moved away from the
optimum border and, a very lean mixture was already in the main
chamber. Since there was no connection between the diluted mixture
and ignition timing, the spark plug worked based on the previous
timing. The initial flame did not provide a stable propagated flame and
resulted in misfiring in the worst cases. However, this high volume of
air—fuel ratio was not delivered consistently by the turbocharger, and
lots of variation around the setpoint between 32 and 36 could occur in
each load cycle. For waves no. 1, 2 and, 3, the turbocharger delivered
the required air with the least variation. By referring to Fig. 26, for
the three first waves, we can see that the turbocharger operated in
a safe area with surge margin always more than 0.1. However, for
wave no. 4, the surge margin turned negative, meaning that the surge
possibility was high. Surge margin shifting in the modeling was highly
dependent on the amount of shaft inertia as well. Higher inertia may
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have contributed to slowing response to any change, but it also made
it stiffer in transient conditions. The graph shows that the engine
will never encounter a working region outside the map — except in
severe circumstances. It is worthwhile noting that the surge margin was
calculated by Eq. (28):

. m-— mSurgc line
Surge marging,jon =

- 28)
Mgyrge line

The importance of the sea waves on the mass of emission com-
pounds is depicted in Figs. 27 and 28. The amount of unburned
hydrocarbon from gas-powered ships during steady-state conditions in
a well-designed chamber could be around 1 to 2% of fuel consumption.
By looking at Fig. 27, we can see that the same proportion applied to
the wave no. 1, even though the oscillation of UHC was not negligible.
A wider range of variations also occurred for the wave no. 2, with a
maximum of more than double the stable output. For waves no. 3 and
4, most of the fuel injected into the atmosphere without combusting
and, the average quantity of UHC shows an almost 30 times increment.
NOy showed the same pattern for UHC, but contrasted during the time.
However, wave no. 3 still had a normal quantity during the time,
and wave no. 4 showed two peaks: a maximum value of 15 and a
maximum of infinity. The limited value equal to 15 initiated of the
burned mixture’s temperature due to rich combustion when the air-fuel
ratio became around 28 during the higher load. There was no specific
definition for the second peak; however, it is assumed to originate from
a numerical error during the communication steps.

In order to clarify the effect of sea waves on engine performance
characteristics, the engine response with the highest load variation is
displayed in Fig. 29. wave no. 4 was chosen, and a multiple-graph
shows the wave torque at the top of the plot, and the engine speed,
normalized BSFC, surge margin, air—fuel ratio, and combustion effi-
ciency are presented from top to bottom, respectively. As can be seen,
there was a direct correlation between load oscillation and engine
performance uncertainty, except the engine speed. Moreover, it can be
found that the influential primary part of the waves is the lower section
of the waves when the load reduces. Although the higher loads may
cause additional fuel consumption and NOy, the lean-burn gas engines
are highly affected by extra air than the setpoint value, and the extra
air is only available during the load decrease.

5. Conclusion

This study discussed a validated ship propulsion simulation model,
which stems from the need to know the natural gas engine’s behavior
under transient marine conditions — especially under severe loads. The
engine’s thermodynamic equations, proportional-integration method
for the controller, and boundary-element method for the controllable
pitch propeller behind ship conditions were all implemented. The mea-
sured data verified the engine model during steady-state and transient
conditions. There was a good agreement between the simulated and
measured data, which proves the model’s accuracy above predicting
new imposed waves. Several wavelengths, wave amplitudes, and wave
directions were simulated to investigate the marine engine’s perfor-
mance and emission throughout the regular waves’ full cycles. The
results reported in this paper show that:

1. The input wave’s configuration played a crucial role in the gas
engine response, and, as a result, fuel consumption, combustion
efficiency, and emission compounds are all influenced by sea
waves compared with steady-state.

2. The system appropriately controlled the engine’s speed, and the
deviation from the desired setpoint was always on a minimum.

3. High probability of knock phenomenon and the high possibility
of a surge of the turbocharger was determined during harsh
conditions.
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Fig. 29. Engine performance characteristic during highest torque variation.

4. The combustion efficiency’s reduction highlights that a consid-
erable amount of unburned hydrocarbon emission discharges
into the atmosphere due to misfire in many cycles of the severe
waves.

5. The use of natural gas for ship propulsion may offer a lower
emission option than traditional fossil fuels in stationary com-
bustion, but in sizeable oscillating sea waves, lean-burn gas
engine stability and emission is debatable.

For improving the combustion stability in transient marine condi-
tions, two practical methodologies are available:

1. Utilizing the current technologies such as hybrid propulsion
systems of combining the engine to the batteries, fuel cell, and
even renewable energy sources for smoothing out the fluctuation
of the load and optimizing the propulsion efficiency for the

vessel with flexible power demand.
2. Developing the available controlling systems to provide the op-

timum excess air ratio and prevent any misfiring.

Both methods have their pros and cons. A hybrid system usually
costs more and requires a redesigning of the arrangement of the op-
erating vessels. Developing the available controlling systems is less
expensive and more straightforward, but the rapid response controller’s
application needs a comprehensive examination.
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Abstract - Due to the current emission legislation,
improving the marine propulsion system performance has
received considerable notice. Employing natural gas as the
primary energy source presented remarkable attention in
the lean-burn mixture. Lean combustion enhances the
thermal efficiency in a steady-state, but the engine in a
transient marine condition encounters a time-varying load
with high frequency and amplitude. The in-cylinder states
during the transient conditions are pretty different from
similar steady-state conditions. A significant part of this
difference is the response time of the engine components.
This study aimed to analyze the influence of the air throttle
and the turbocharger mass moment of inertia. The
examination was performed on a developed
thermodynamics model of a spark-ignition engine. The
model was verified with an imposed constant and transient
load. The influence of the air throttle is discussed in a
comparison of steady-state and transient conditions. The
importance of turbocharger inertia is discussed with several
coefficients on the mass moment of inertia.

The results show that the air throttle can restrict the extra
air if the frequency is low or the engine works in a steady-
state. The emission formation is also reduced with the
throttle during lower loads of the steady-state, but the
throttle has a negligible influence during the rapid transient
condition. Moreover, changing the shaft inertia plays a
dominant role in the engine mechanical delay and,
consequently, the total engine response. Lower and higher
inertia proposed on the engine model resulted in more and
less variation on engine performance and emission
formation, respectively. However, the engine long-term
response is more relevant to the wave amplitude and
frequency than the turbocharger characteristic.
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Nomenclature

CO; Carbon dioxide

EIVC Early intake valve closure

NOX Nitrogen oxides

SOX Sulphur oxides

co Carbon monoxide

EGR Exhaust gas recirculation
EIVC Early intake valve closure

fmep Friction mean effective pressure
LNG Liquid natural gas

PM particulate matter

UHC Unburned hydrocarbon

1. Introduction

In recent years the market has indicated more
demand to clean and sustainable alternative fuels, and
natural gas has been regarded as a clean fuel with wide
availability. Burning natural gas has shown a
remarkable reduction in emission compounds,
including carbon monoxide (CO), nitrogen oxides
(NOx), and particulate matter (PM). With a higher ratio
of Hydrogen to carbon in natural gas properties
compared to conventional fossil fuel such as gasoline



and diesel fuel, the engine will produce even 20% less
CO2.

Shipping emissions are currently increasing, and
due to the increase of global-scale trade, the trend gets
even more in the future [1]. Moreover, the shipping
industry's propulsion system plays a notable role in
releasing hazardous emissions such as NOx and SOx
[2,3]. LNG's utilization as the primary fuel of a lean-
burn spark-ignition engine is one of the most
promising solutions [4]. The lean-burn spark-ignition
gas engine is Otto cycle theory working with an excess
air ratio in the scale of lambda 2. This excess air
reduces the engine components' thermal load during
the combustion phenomenon and creates a steep
decline in the NOx compound [5]. In contrast to the
lean combustion's earlier advantages, however, the
emitted methane from the primary combustion due to
incomplete combustion is considerable. This emission
formation exposes a global warming potential 28 times
higher than CO2 in 100 years time scale [6].

In the marine propulsion system, the time-
varying wakefield creates fluctuating engine loads,
which may differ considerably from the time-invariant
engine torque estimated in steady conditions.
Providing a stable operational condition gets even
worse when the engine torques and the thermal load
are low. Supplementary control of the airflow by an air
throttle to restrict the extra air improves the flame
quality. This additional control is performed in the
pioneer manufacturers as well [7].

The effect of intake throttling has been studied
predominantly on the CI and SI engines [8,9]. The
intake-throttling device enhanced EGR injection by
reducing the pressure behind the intake valve, and it
effectively accelerated the natural gas combustion
[10]. In contrast, due to the pumping losses caused by
partially opened of the throttle in the air passage, the
engine's efficiency decreased during lower loads.
Therefore, using early intake valve closure (EIVC) on
intake valves was proposed to improve the
combustion quality in direct injection gasoline
engines. Ojapah et al. [11] developed this idea by
testing a single-cylinder engine and concluded that
EIVC  contributed to combustion efficiency
improvement. The drawback was increasing the UHC
formation due to slower combustion compared with
throttle control. In addition to the requirements to
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examine the effect of the air throttle on engine
response, the mechanical delay or the turbocharger lag
is a notable off-design feature of the turbocharged
engines during the transient condition. This feature
distinguishes the response of the engine in transient
condition with the steady-state. If all the differences
are classified in thermal delay, mechanical delay, and
dynamic dealy, part of the mechanical delay is
associated with the turbocharger lag. It is agreed that
when the engine is under transient operation, the
energy transported by the exhaust gases arrives very
quickly at the turbine [12], even with the fastest
feedback caused by the fuel system to compensate for
the deviation of the torque or demanded speed, the
compressor air-supply cannot match this higher fuel-
flow instantly [13]. For the lean-burn gas engine, this
lag led the mixture to a lower value during load
increment and a higher value during load decrement
[14]. Since the combustion of the lean-burn spark-
ignition engines is critically sensitive to the air excess
ratio, this phenomenon reduces the combustion
efficiency and increases the NOx.

This study evaluated the air throttle influence
during lower loads in steady-state and transient
conditions by returning to the hypothesis posed in this
section. Moreover, the turbocharger lag is also
modeled and discussed throughout a marine time-
varying load. Thus, a thermodynamic engine model
was developed to model a marine gas engine. The
engine was simulated with an imposed constant
torque for the steady-state condition, and two imposed
changeable torques for the transient state. In the next
sections, the modeling procedure is first presented in
Section 2, and the primary output is verified with the
engine measured data. The imposed loads are
presented in Section 3, and the throttle assessment in
lower loads plus the turbocharger lag is discussed in
Section 4. The conclusion is expressed in Section 5.

2. Simulation Method
2.1. Implemented Equations

A thermodynamic model was performed by GT-
suite 2019 software. This program simulated the
dynamic of the inlet and outlet gases, turbocharger
performance, and combustion flame characteristics.
Depending on the model's type, the simulation could
be predictable, semi-predictable, or non-predictable



[15]. The thermodynamic process model commenced
from the atmosphere with a boundary inlet
temperature and sea level pressure. It was continued
to the compressor with an implemented performance
map or look-up table from the manufacturer. The
converted thermodynamic energy from the
turbocharger mechanical shaft provided a high boost
pressure and the inlet air temperature. A charge air
cooler received the high-temperature air at the entry,
and it delivered the low temperature air with some
pressure drop. In order to simulate the dynamics of the
airflow in the pipes, the equations of momentum were
derived together with energy and mass conservation
in the discretized volume. To estimate the mass flow
rate over the intake and exhaust valves, a one-
dimensional isotropic flow analysis for compressible
flow through a flow restriction was performed [16].

Combustion was modeled in all the cylinders by
implementing the flame propagation model [17], and
the emission formation was calculated using the
proposed reaction rates for the species estimated in
the equilibrium for the essential species, such as Nz, O,
CO,. Afterward, the burned gas was passed via the
exhaust valves and exhaust ports. The high enthalpy
gas of the exhaust carries considerable thermal energy,
and it drives the turbine to generate torque to rotate
the connecting shaft and compressor. Then, the low
enthalpy gas discharges into the atmosphere, and the
cycle becomes complete. The specification of the
marine engine is presented in Table 1.

Table 1: Engine specification

Item unit amount
Number of cylinders - 9
Cylinder bore mm 350
Cylinder stroke mm 400
Connecting rod mm 810
Maximum power kW 3940
Rated speed rpm 750
Maximum Torque at rated Nm 50200
speed

Fuel type - Natural gas

A detail of the implemented equations was
presented in work by these authors in [18]. The
available measured data, such as sea boundary
condition, wall temperatures, spark plug locations, and
timings were all imposed in the simulation model. A
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schematic of the engine modeling and the air throttle
position is shown in Fig. 1. Due to the importance of
the flow modeling in predicting the dynamic and
mechanical delay of the engine response, these two
items are developed in this section. Further modeling
can be found in [19].
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Fig. 2: Decomposition of the engine modelling

To calculate the dynamic delay of the fluid flow
and consequently the turbocharger response, the
equations of conservation are involved the
conservation of momentum as well as Equation (1)
and (2) [20].

dm

ac Yboundaries M (1)
dme

dv .
—r = P2 T Zboundaries(M H) — hAs (Truia =
Twau) (2)
@ _ dPA+2boundaries(mu)_4’Cf %Iuld%A_ KP(%Pulul)A

dt dx
(3)

Where m is mass of volume, and m is the
boundary mass flux. A is the cross-sectional flow area,
and As is the heat transfer surface area.

In the discretized volume, the Equation (1) and
(2) yield the mass and energy in each volume. With the
available volume and mass, the density can be
calculated. Afterward, the equations of state define

> Exhaust pipes



density and energy as a function of pressure and
temperature, and the solution will be continued
iteratively on pressure and temperature until they
satisfy the density and energy already calculated for
this time step.

A turbocharger consists of three components:
The turbine, the compressor, and the connecting shaft.
These components have a mass moment of inertia,
which is influential in the turbocharger rotational
speed. The higher the moment of inertia, the more time
to reach the new stable speed. The rotational speed is
a function of pressure ratio, efficiency, and flow rate of
compressor and turbine. Thus, a performance map
from the manufacturer is imposed on the modeling.
Turbocharger speed and pressure ratio are predicted
at each time-step, and two other unknowns are taken
from the look-up table [21].

The calculation starts with Equation (4) and
predicted pressure ratio and calculating total
temperature by Equation (5).

y-1

AhS = CPTtotal,in(PRT - 1) (4)

2
Uin
Ttotal,in =Typ+ 2¢p (5)

where u;, is inlet velocity. The outlet enthalpy
will be calculated by Equation (6) and the compressor
power by Equation (7) provide subsequently the
torque of the compressor.

Ah,
hout = hin + n_: (6)
P = m (hin — hout) (7)

where subtext scriptin, outand s stands for inlet,
outlet and isotropic, respectively. Using equations (8),

the new calculated rotational speed is provided.
Aw = At(Teyrbine— Tcompressor_ Tfriction) (8)

I
For the turbine, the following equations are
employed:

i-y

Ahg = CPTtotal,in(l - PRY
hout = hin — nsbhg

(9)
(10)

The computation will be repeated until the
predicted parameters reach an acceptable
convergence.
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2.2, Validation

The model is validated both in steady-state and
in transient conditions. Comparing experimental and
simulation output verifies that the model could
accurately predict the engine performance and
emission compounds. Table 2 presents the validation
for a steady-state. Normalized BSFC for performance
prediction and normalized UHC for emission
prediction is given. As can be seen, there is always a
negligible difference between the modeling and the
measured data. In the worst case, the deviation for
UHC in 75% load is 8.3%, and it is still acceptable.

Furthermore, Fig. 2 shows that during the in
almost 300 seconds of the load variation of the
transient condition, the operating engine tried to
maintain on 750 rpm, and the modeling is also
showing the same trend with a minor difference. Fig. 3
presented the fuel flow rate. This figure displays an
acceptable agreement of the simulation results with
the time-varying load. There is a difference between
the modeled flow rate and the operational value, but
this deviation is almost constant during the time. The
main reason for this difference could be the difference
in modeling the friction of the components, such as
friction in the cylinders as fmep. This friction was
assumed to be constant during the time-varying load
in the engine modeling.

Table 2: Engine model verification during the steady-state
with a comparison of measured and simulated data.

Loa | Tor | BSFC (Normalized) UHC (Normalized)

d que | Me | The | Deviati | Mea | The | Deviati

(%) | (N |asu| ory | on(%) | sur | ory | on(%)
m) | red ed

100 | 502 | 1 1 0 1 1 0
00

85 | 426 | 1.0 | 1.0 1 1.1 | 1.0 5.4
70 | 29 | 18 1 5

75 | 376 | 1.0 | 1.0 1 1.2 | 11 8.3
50 | 45 | 34 0 0

50 | 251 | 1.0 | 11 -1.7 13 | 1.3 5.1
00 | 89 | 08 7 0

25 | 125 | 1.3 | 1.3 29 2.0 | 2.0 0.5
00 | 74 | 34 1
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Fig. 2: Engine speed variation on 750 rpm and comparison
with the measured data shown by dotted curve.
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Fig. 3: Fuel flow comparison between measured data and
simulated model

3. Implemented Steady and Transient Torque

In order to evaluate the significance of throttle
in the lower loads of a lean-burn spark-ignition gas
engine, two operating loads were studied, steady-
state and unsteady state.

For the steady-state condition, the implemented
load reduced from 100% to 50%, 25%, 20%, 15%,
10% and 5%. 100% and 50% mean 50000 and 25000
Nm, and the airflow is regulated with the standard
variable turbine geometry (VTG) controller. In the
25% load and less, which are 12500 Nm and less, the
throttle also regulated the amount of airflow. The
throttle controller consisted of a conventional PID
controller with two sensors from air and fuel pipes to
calculate the ratio and one actuator to change the
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throttle valve degree between 0 to 90. The load-time
curve for steady-state is shown in Fig. 4.

An identical controlling pattern of VTG and
throttle was utilized for the transient condition. The
estimated harmonic load against harsh weather
conditions is shown in Fig. 5. A ship traveling in
various wavelengths, wave amplitudes, and wave
directions influences the wave size and changes the
thrust and torque fluctuations. More detail of the wave
calculation is presented in [22]. This wave amplitude
and frequency satisfied our requirement for modeling
the marine engine in a broad spectrum of loading. The
brake torque changed from a constant value of 36000
Nm in the second 180 to almost 45000 Nm and then
reduced to zero. The wave period was nearly seven
seconds, which has around four seconds for the higher
loads, and fewer than three seconds for the loads less
than 30%, the duration when the throttle is active.

In addition, another wave characteristic was
considered for the turbocharger lag assessment. This
wave has a lower frequency and amplitude; then, it is
more understandable to recognize the mechanical lag
caused by the turbocharger. The implemented wave is
shown in Fig. 6.

x10*

200 300 400 500 600 700
Time (s)
Fig. 4: Implemented steady-state loading for throttle
assessment.
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Fig. 5: Implemented dynamic loading calculated by a wave
amplitude of two meters for throttle assessment.
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Fig. 6: Implemented dynamic loading for examining the
turbocharger lag.

4. Results and Discussion

The nominal engine speed of 750 rpm was
chosen for the modeling. The engine speed operated
around the constant value by adjusting the fuel rack
position with a PID controller. The result section is
divided into two parts. First, the impact of the ait
throttle is discussed during the steady-state and
transient conditions. Afterward, the turbocharger lag
is presented by considering several inputs to the mass
moment of inertia. The inertia's base value is
considered one, and the others are relative values with
the coefficients of 0.5, 0.75, 1.25, 1.5, and 2.
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4.1. Throttle Assessment

Fig. 7 illustrates the air-fuel ratio comparison in
a steady-state with and without throttle. A target
setpoint, which is a constant quantity of 31, was also
shown. As can be seen, during steady-state with a
throttle, the air-fuel ratio stayed equal to the setpoint.
However, there was an exception with the 25% load.
This deviation may stem from numerical error and is
negligible. While without the throttle, the ratio grew
up to 34 during lower loads. This ratio is extremely
lean for stable combustion, and it results in quenching
the flame. Fig. 8 shows that the combustion efficiency
reduces during the lower load if there was no throttle
on the air passage. Besides, with the throttle,
combustion efficiency lingered almost constant with
load change since the air-fuel ratio was consistent.

In contrast, Fig. 9 shows that using a throttle
during the transient load was not adequate for
regulating the amount of air. This is indicated in the
figure using a circle. Therefore, the excess ratio always
exceeded the setpoint with or without throttle. The
combustion efficiency also shows the same pattern, as
shown in Fig. 10. Referring to the frequency of the
waves in Fig. 5 and based on the results, we can
conclude that this small time scale is extremely short
for the throttle to turn into convergence. Therefore, for
such high-frequency waves, a device with a more rapid
response is needed to provide acceptable stability.

35 T T T T
- -% — With throttle
—©— without throttle
bl ol [ Target i
33F 7
2
®
T 321 ]
2
< . A
31 feesthmtbrcbe Ko LT ®
30rF 1
29 1 I . I
0 20 40 60 80 100

Load (%)
Fig. 7: Air fuel ratio variation during steady-state



‘ ‘ ra— The data obtained for the emission formation,
" NOx and UHC, are broadly consistent with the
performance output's major trends. Fig. 11 and Fig. 12
displayed the variation of unburned hydrocarbon in
these two operational modes, with and without

throttle. These authors' previous work [14] revealed
that the UHC compound directly correlates with the

Combustion efficiency (%)
D
g

40 1 air-fuel ratio, and a higher amount of excess air ratio
30 1 deteriorated the combustion quality and resulted in
20 the flame quench. Besides, flame quench was one of the
10 1 three primary UHC sources in lean-burn spark-ignition

o 2 ” pos o 00 gas engines together with gas exchange and crevice
Load (%) volume. Therefore, a significant part of the fuel

Fig. 8: Combustion efficiency during steady-state remained unburned when the excess ratio increased to

avalue more than the setpoint. When the load declines,
the fraction of unburned fuel will increase as well. As
shown in Table 2, the measure data proved that the
oo T Tt UHC quantity in 25% load is doubled compared with
38+ —~ 1 100% load. Following the same trend in Fig. 11 shows
; seven times UHC increases with a 5% load when the
engine is working in steady-state and with the throttle.
Skipping the throttle may increase the UHC up to 80
times higher value. This amount of unburned fuel
results in almost twice fuel consumption during the
lower loads. Hence, the significance of using a throttle
during lower loads can be proved in the emission
aspect as well, even though it is not beneficial in
2 180 200 220 210 260 transient conditions, as shown in Fig. 12.
Time (s) Furthermore, NOx showed a contrast procedure
Fig. 9: Air fuel ratio variation during transient condition Compared with the UHC compound’ as shown in Fig. 13
and Fig. 14. This emission compound is deeply
12 ‘ ‘ ‘ ‘ relevant to the flame temperature [16]. With a higher
With throttle air-fuel ratio, the combustion chamber's thermal load
—_ wihonrenle declined, and the amount of NOx was reduced. It worth
mentioning that in Fig. 13, there is a sudden reduction
for the 25% load for the engine output with a throttle.
Part of this reduction of NOx stems from the
unexpected higher air-fuel ratio, as was mentioned in
Fig. 7.
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Fig. 10: Comparison of combustion efficiency in the engine
with and without throttle during transient condition
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Fig. 11: Normalized unburned hydrocarbon formation
during the steady-state.
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Fig. 12: Normalized unburned hydrocarbon formation
during the transient condition.
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Fig. 14: NOx formation during transient condition

4.2, Turbocharger Inertia

The previous section about transient engine
operation clearly showed the engine mechanical and
dynamic delay with the corresponding variation in
implemented torque during the transient times. The
modeled engine that is the object of this study has
input inertia equal to the manufacturer's value. A
different value for the inertia is assumed to predict a
more accurate evaluation of the turbocharger lag. Both
the increment and decrements of the inertia influence
the lag of the turbocharger by changing turbocharger
speed. The turbocharger rotational speed is shown in
Fig. 15.

For clear visibility, part of the wave is presented.
During the load variation, the shaft rotational speed
varies between 19000 to 23000. This domain is almost
constant for all of the inertia. It shows that the other
components dynamic and the magnitude of the waves
are crucial governors on engine performance when the
engine response is on an investigation. However, in a
short time scale, the small scale variation occurs when
theload decreases. The inertia, with a coefficient of 0.5,
has the most considerable oscillation. During the load
increment, all of the cases have a smooth response to
the load.

The turbocharger with a coefficient of 2.0 has the
least oscillation, but the turbo speed is the highest
throughout the time. This means that the total speed
reduction for the high inertia is the lowest. Almost the
same approach is obtainable for the boost pressure in
Fig. 16. During the load increment, all the cases have



the same boost pressure, while during the load
reduction, more drop and more fluctuation is achieved
by low shaft inertia. Moreover, this figure confirms
that the available turbocharger shaft inertia,
coefficient 1, is chosen correctly. The blue line has the
minimum difference with higher inertia but a
noticeable distance to the lower inertia. This proves
that increasing the shaft inertia will not contribute to a
remarkable enhancement of boost pressure.

<10

Turbocharger speed (rpm)

Turbo inertia 0.5 Turbo inertia 1.25

16  |=m-- Turbo inertia 0.75 Turbo inertia 1.5 4
Turbo inertia 1.0 - - - - - Turbo inertia 2.0
1.5 . L L
210 215 220 225 230
Time (s)

Fig. 15: Turbocharger rotational speed variation with
various shaft moment of inertia.
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Fig. 16: Boost pressure after intercooler. A higher shaft
inertia gives less fluctuation on boost pressure during load
reduction.

The oscillation of the turbocharger and its
influence on the air-fuel ratio is visible in Fig. 17. The
air-fuel ratio is continually reducing during load
increment, and there is a negligible difference between
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the cases. However, the response is different during
lower loads, in this figure for the seconds between
210-216and 222 to 226. The turbocharger inertia with
a coefficient of 0.5 with the black line gives a huge
oscillation in the time scale of seconds. With an engine
speed of 750 rpm, the different air-fuel ratios in
different subsequent cycles are possible. It can be
more noticeable if the intake manifold and the fluid
dynamic do not distribute the flow equally. As a
consequence, there would be lots of variation between
the cycles and the cylinders.

40

Turbo inertia 0.5
38| == -~ Turbo inertia 0.75 4
Turbo inertia 1.0

Turbo inertia 1.25

36 - Turbo inertia 1.5 b
~ - -~ Turbo inertia 2.0

Air fuel ratio
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Fig. 17: Air fuel ration with a striking variation on lower
loads. This variation is relevant to the turbocharger

stability to prevent any surge phenomenon.

Considering the combustion efficiency in Fig. 18,
as the fraction of the burned fuel to the total injected
fuel, and thermal efficiency in Fig. 19, as the fraction of
brake work to the total injected energy, there are
striking variations. With increasing the turbocharger
lag, the variation reduces, and the engine moves
toward more stable combustion. This output clears
how vital is the turbocharger performance on
combustion efficiency, thermal efficiency, and stability
of the engine during the transient marine condition.
However, the total fuel consumption and the fuel flow
average are almost constant for all cases. BSFC is
shown in Fig. 20, and it is hardly possible to figure out
the differences between the simulation cases. The
noticeable output from this figure is the variation of
the BSFC during the marine wave, where it increased
from a normalized value of one to more than 5. The



BSFC of the times before 170, as steady-state, was

chosen for normalizing.
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Fig. 18: Combustion efficiency showing the burned fuel
fraction. A sudden drop to even zero is probable if the shaft
inertia is too low.
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Fig. 19: Thermal efficiency drops with more air excess ratio
and is almost constant with high loads.

121

Turbo inertia 0.5
== == Turbo inertia 0.75
Turbo inertia 1.0

Turbo inertia 1.25
| Turbo inertia 1.5 A
I === = Turbo inertia 2.0 \ q

o

Normalized BSFC
© IS
—

/
|
/
{
/
/
/
f
/

[N

/
/

// ‘\g.“ /,
N I

0 . . .
210 215 220 225 230
Time (s)

Fig. 20: Brake specific fuel consumption.

The same normalizing value was chosen for NOx
and methane slip, UHC. The UHC is defined as the
unburned fuel of the combustion chamber, which has
not participated in the main combustion and post-
oxidation. It is used to evaluate how well a gas engine
converts the natural gas to work and heat. This
compound is a function of fuel-burning rate and main
chamber temperature. When the air excess ratio
increases, the burning rate of natural gas reduces, and
the maximum temperature decreases: the extra air
leads more lean mixture and further temperature
reduction. Consequently, lots of the fuel will not burn
during the main combustion process, and since the
temperature during post oxidation is low, a striking
increase of the methane slip is achievable. Comparing
the air-fuel ratio in Fig. 17 and Fig. 21 confirms how
influential is the air excess ratio. UHC increase to 100
means 100 times more quantity than the nominal
value in steady-state. This is one of the main reasons
for BSFC increase during lower loads. If this additional
fuel is trapped in the chamber or be controlled before
the load reduction, fuel consumption reduces
significantly.

In contrast with the UHC, even though the higher
inertia improved the engine combustion during load
reduction, the engine's lag during load rise resulted in
aricher mixture and extra maximum temperature. The
higher temperature forms a more quantity of NOx, and
for this reason, there is more NOx with the highest
shaft inertia during load increment, the time between



216 to 222. Moreover, similar to the other figures, the
long time scale variation of NOx is in the same
frequency as the other figures, and it changes from
almost 0 in low loads to 7 in high loads. The trend is
shown in Fig. 22.
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Fig. 21: Unburned hydrocarbon formation. The load sudden
reduction resulted into higher fraction of fuel as unburned

and leave the combustion chamber without participating

the main combustion and post-oxidation.
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Fig. 22: NOx formation. NOx has a non variable value during
lower loads due to lower temperature, while it increased to
more than 7 times of steady-state. The higher the inertia,
the higher the NOx formation.

5. Conclusion

This work emphasized the engine performance,
i.e,, the dynamic response, combustion efficiency, and
emission resulting from the constant load and
oscillating propeller load. There was a particular
interest in examining the throttle adjustment and
turbocharger lag on the engine response. A
thermodynamic spark-ignition engine model was
developed, and based on the findings presented in this
paper; the results can be summarized as:

e The engine was effectively regulated with the
throttle during lower loads of the steady-state.
The throttle exceptionally determines the fuel
consumption and the emission formation and
uninstalling the throttle valve results in
incomplete combustion and lots of unburned
hydrocarbons.

e  For the transient condition when the frequency
is high, the throttle did not recover the engine
characteristics during lower loads. It was shown
that the time scale of the throttle angle for the
newly adjusted setpoint was longer than the
waves' period.

e The created delay in providing the new throttle
angle restricted a rapid response by the engine,
especially in harsh weather conditions.
Therefore, the application of the throttle valve in
the fast-transient state is worthless.

e The mass moment of inertia directly influences
the turbocharger speed and, consequently,
boosts pressure and airflow.

e The lower the mass moment of inertia, the less
stability on the turbocharger. This led the engine
to fluctuate significantly due to variation in air
excess ratio.

e A very high mass moment of inertia may
improve the engine response when the load
drops, but during load increment, the more lag
resulted in higher NOx formation due to
increased response time.
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Abstract

As the emission legislation becomes further constraining, all manufacturers started to fulfill the future regulations about
the prime movers in the market. Lean-burn gas engines operating under marine applications are also obligated to
enhance the performance with a low emission level. Lean-burn gas engines are expressed as a cleaner source of power
in steady loading than diesel engines, while in transient conditions of sea state, the unsteadiness compels the engine to
respond differently than in the steady-state. This response leads to higher fuel consumption and an increase in emission
formation. In order to improve the stability of the engine in transient conditions, this study presents a concept imple-
menting a hybrid configuration in the propulsion system. An engine model is developed and validated in a range of load
and speed by comparing it with the available measured data. The imposed torque into the developed engine model is
smoothed out by implementing the hybrid concept, and its influence on emission reduction is discussed. It is shown that
with the hybrid propulsion system, the NOx reduces up to 40% because of the maximum load reduction. Moreover,
eliminating the low load operation by a Power Take In during incomplete propeller immersion, the methane slip declines
significantly due to combustion efficiency enhancement.
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Introduction process, and the quenched flame.® A feasible method of
unburned fuel reduction is reducing the crevice vol-
ume.” However, minimizing the total volume must not
lead the lubricating oil temperature to exceed the per-
mitted temperature. Thus, there is always a dead vol-
ume in the combustion chamber where the flame can
not propagate, and two-wall quenching occurs.®
Reducing the valve overlap duration limits the mixture
short-circuiting and restricts issuing the fuel-air mixture
directly into the atmosphere. Despite these two
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fossil fuels. Natural gas has been used to reduce the

carbon footprint in the transportation sector.! Besides,

the potential of burning in a lean mixture gives the nat-

ural gas the opportunity of high thermal efficiency and

low nitrogen oxides.>* Therefore, efforts to overcome

the drawbacks of natural gas engines were made by

numerous authors during the last decades. The flame

speed of natural gas is lower than traditional fossil

fuels,* and the low combustion temperature of a lean !
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parameters, flame quenching control and reduction are
more complicated and require optimizing the combus-
tion phenomenon. Installing a pre-chamber for stable
initial combustion and stabilize the air excess ratio are
promising strategies. By supplying a large quantity of
turbulent hot gas to the combustion chamber, the pre-
chamber ignites even a highly diluted mixture.”'°

In marine applications, the propeller torque and
engine load oscillate in time. The time-varying wake
distribution, time-varying thrust deduction fraction,
and the ship motions are primarily responsible for the
propeller load variation.!! With taking the engine pro-
peller dynamics, wake variation, and thrust and torque
losses into account, wave effect on ship propulsion per-
formance showed a sharp decline in propulsion system
performance.'”> Therefore, a dynamic or time-based
simulation is required for coupled systems of engine-
propeller-hulls operated in transient conditions."?

Stable combustion in a lean-burn marine gas engine
is supported by rapid feedback controllers on air and
fuel passages to adjust the air-fuel ratio and engine
speed, but the controllers do not adequately provide
the feedback to control the combustion during rapid
load changes.'* Therefore, part of the fuel crosses into
the exhaust manifold during the load reduction of tran-
sient sea conditions. Furthermore, a remarkable rise of
NOyx formation occurs during load increase. The
change of the load and the mechanical delay caused by
the mass moment of inertia of the turbocharger shaft
causes an almost one-second delay to the engine
response, and a higher amount of NOx.'> The conven-
tional controlling approaches do not compensate for
this delay. Therefore, new methodologies to improve
the loading stability are proposed, such as control-
oriented combustion models for continuously improv-
ing engine fuel economy.'®

Hybrid Propulsion System for a marine application
is one of the proposed ideas by integrating mechanical
and electrical drive components on the propeller shaft.
The main objective of this combination is to reduce fuel
consumption and emission formation by approaching
the optimum operation curve of the main engine.'”
This integrated propulsion system improves engine per-
formance during the low load operation and high load
operation.'® Furthermore, hybrid propulsion provides
an effective method to facilitate related issues of wear
and tear, noise, vibration, and occupied space.19
The hybrid concept initiates by compensating part of
the required load by an electrified section stored in the
Energy Storage System.?® Engines in marine propulsion
are sized and designed based on the mean peak load
demands. As a result, this approach gives an oversized
engine for the low load conditions.?! Moreover, investi-
gating a conventional propulsion system performance
in low-speed mode demonstrates significant decrements
in system efficiency. In order to overcome this draw-
back, the electric motor operates as a Power Take In
(PTI) that can drive the propeller shaft in low load.
Besides, during high load operation, the electric motor

can provide part of the required torques.>> The hybrid
propulsion system can also be considered a proper
alternative solution for vessels with fluctuating load
profiles. In the case of redundancy requirements for the
propulsion system, hybridization can be considered a
feasible methodology.>

Energy management systems (EMS) and advanced
control strategy play an important role in optimum
performance and efficiency improvement of this type of
integrated system. Extensive research established on
developing optimum EMS for Hybrid vehicles that can
be implemented and inspired for marine hybrid propul-
sion application. Rule-based, optimal control and
Model Predictive Controller can be implemented as the
EMS in these systems. Among the mentioned control-
lers, rule-based is the most common and straightfor-
ward strategy. Rule-based methods can provide proper
performance by appropriate tuning. Optimal control-
lers usually operate based on equivalent consumption
minimization strategies.”* It can be concluded that
rule-based heuristic algorithms can obtain desirable
performance. However, they require proper tuning and
suffer from a lack of robustness in special cases. Model
Predictive Controller (MPC) or predictive-based opti-
mized strategies are proposed as a high-level control
with a property of future prediction. These methods
utilize future prediction and consider cost function to
provide optimal decision makings.?>>® Considering fea-
sible constraints and the plant control model is the
main endeavor for implementing MPC as a high-level
controller. Prediction-based optimization achieved a
9.31% improvement in performance than the baseline
rule-based methods.”” Moreover, the EMS perfor-
mance is a function of the size and technical properties
of components. The sizing of components can be
defined as an optimization problem based on specific
objectives and constraints. These objectives can be con-
sidered as the fuel consumption and emission of the
main engine. The constraints could be the cost and
weight of the electrical components, which are influ-
enced by the intensity of the fluctuations. This proper
sizing can improve the performance and efficiency of
the system significantly.?*!

The main objective of this study is to investigate the
importance of load sharing on fuel consumption and
emission formation of a lean-burn gas engine imple-
mented for marine application. The load distribution is
performed using a hybrid concept to reduce the maxi-
mum torque during high wave resistance and increase
the minimum torque during load reduction of a harmo-
nic sinusoidal load.

Simulation method
Engine modeling

Thermodynamic modeling is one of the most effective
simulation methods of internal combustion engines
widely used in the research field to predict fuel
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Table 1. Engine specification.

'

Item Unit Amount
Number of cylinders 9
Cylinder bore mm 350
Cylinder stroke mm 400 : ' oyl
Connecting rod length mm 810 Eny [» Comp > > IM v Oy () [+ Load
Rated power kw 3940 :
Rated speed rpm 750 :
Maximum torque at rated speed N-m 50,200
Fuel type Natural gas Control unit e
S 1
Table 2. Vessel specification. VIG - : i
Item Unit Amount T /
Env [« Turb EM
Length oa m B 119.95
Length bpp m 117.55
Width m 20.80
Design draft m 55 Figure |. All the essential components in the simulation
Design shaft submergence m 33 platform.
Service speed kts 15
It was also assumed that the reaction is quite fast
. . . . with a thin layer of the burning zone.® To calculate the
consumption, combustion efficiency, intake and

exhaust manifold optimization, and even tuning a con-
trol system. A robust thermodynamic-dynamic model
has been proposed in this study. Measured data are
available for validation and verifying the accuracy of
the modeling. Specification of the gas engine named
Bergen B35: 4019 is presented in Table 1, and the ship
specification where the marine engine is specifically
designed for, is presented in Table 2.

A detailed engine modeling plays a critical role in
predicting the engine response during time-varying
load, especially for transient conditions where the tor-
que changes harmonically and even in a short duration
of the time scale of seconds. The schematic of the struc-
ture and the connection of all essential components are
shown in Figure 1.

A two-zone combustion model, the burned and
unburned mixture, divides the combustion chamber
into two separate zones during combustion. It is
assumed that an infinitely fast reaction happens and
contributes to considering the flame envisioned as a
junction between fresh air/oxidizer and burnt gases.
After the main combustion ended, all the burned and
unburned gas is mixed into one zone. A more detailed
discussion of the combustion modeling is presented.'>32
The rate of transformation of unburned to the burned
zone is calculated by equations (1) and (2):

dM.
—— =p, A(ST + S 1
i Pude(STH S1) ey
dMy M. — M,

— ¢ b 2
dt T )

where index b symbolizes burned classification, u
unburned classification, and e entrained classification.

laminar flame speed (Sr), Heywood*® recommended
equation (3) for several hydrocarbon fuels:

Ty P
SL= (B + Bl = ¢u) ) (5 foinion  (3)
0 0
where for natural gas fuel
a=0.68¢> — 1.7¢ + 3.18 (4)
= —0.52¢> + 1.18¢ — 1.08 (5)

and B, is 0.490, By is -0.59, and ¢,, is 1.390.%
fDilution 18 the dilution effect and is employed as:

Soitution = 1 —0.75 - A(1 — (1 - 0.75 - 4)") (6)

A is a multiplier, and Dilution is the mass fraction of
the residuals in the unburned zone.

The time constant of combustion of fuel/air mixture
entrained into the flame zone (1) in equation (2) is cal-
culated by equation (7):

A
N 7
T ™
with the Taylor length scale of
L;
A=a- 8
TRe. (8)
and turbulent Reynolds number
i
Re, = o™i (9)
My

Calculation of turbulent flame speed is done by equa-
tion (10):
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1

St=b-i(l ————)
lJrc(%')2

(10)

where a, b, and ¢ are constants. Moreover, # and L; are
turbulent intensity and turbulent length scale, respec-
tively. Surface area at the flame front (A.) and flame
radius (Ry) are presented in Blizard and Keck.>

The boundary conditions at the inlet of the compres-
sor and outlet of the turbine are the standard sea level
condition.

The heat transfer of the flow through the piping of
intake and exhaust is assumed to be either adiabatic or
with a constant wall temperature. The heat transfer
with a given wall temperature is calculated by Colburn
analogy:

1 -2
he = (E)Cfpueffcpprw (11)
and, heat flux is calculated by:
{convection — hg( Tgas - Twall) (12)

Heat convection modeling in the main combustion
chamber followed the method proposed by Woschni®®
in equation (13):

Kl P,S WO.8

BO,Z TK> (13)

hc(Wosclmi) =
where K; and K, are constant and W is average cylin-
der gas velocity (m/s). The equation for the average in-
cylinder gas velocity is:

VaT:

W==CS, + C
1°p 2PrVr

(P — Pr) (14)
C, and C; are constants, S, mean piston speed (m/s), T,
unburned mixture temperature, P pressure, P,, motor-
ing pressure, P, unburned mixture pressure, V4 the total
displacement and V. is the volume before combustion.

The dimensions for all the pipes and junctions are
implemented based on the designed components, and
different discretized length scales for the straight pipes
and bends were chosen.

- = m (15)
dt boun%ries
dme dv )
7 = - p% Z (WZH) — hA(Thuia — Twan)
boundaries
(16)
it _
dt
dpA + Z/)Uumlaries (mu) - 4Cf%‘M|dYTA - KP(%[?M|MDA
dx
(17)

Where m is mass of volume, and m is the boundary
mass flux. A4 is the cross-sectional flow area, and Ag is
the heat transfer surface area.

In all discretized volume, the equations (15) and (16)
yield the mass and energy in each volume.

The turbocharged performance, the compressor, tur-
bine, and connecting shaft are calculated. A look-up
table, including the pressure ratio, mass flow rate, effi-
ciency, and rotational speed, was implemented for the
compressor and turbine. The friction coefficient was
implemented in a table for the connecting shaft. The
turbocharger rotational speed in each time step is a
function of the turbine, compressor, and friction tor-
ques and is calculated by equation (18).

Aw = A’(Tlurbine _ Tcm}‘lpressor — Tfriclion) (18)

Where I is the turbocharger shaft inertia, and T is
the torque.

Engine torque is an input to the model based on the
wave characteristics discussed in the work of the
authors,'” and the power is an output of the engine
modeling based on torque, Ty, and speed, N:

Tw(t)Ndi
Pbmke = |:[ }(Zl)t [:| [277]

A PID controller adjusts the engine speed for a set-
point, 750 rpm. The fuel rack position controls the fuel
valve lift upstream of the inlet valves to adjust the
speed. Thus, a premixed mixture is added to each cylin-
der through two opening valves. The valves restrict the
mass flow rate by a one-dimensional flow analysis
model.>* Accurate modeling of the valve models and
quick response of the tuned PID controller is crucial in
the engine response and the engine performance out-
put. In addition, the high inertia of the connecting shaft
from the engine to the propeller plays a striking impact
on a stable engine speed during the transient condition.
The engine brake torque relative to the propeller shaft
acceleration is obtainable by the equation (20):

(19)

To(t) = Ty(0) — loa(?) (20)

where, w.(?) is the instantaneous crank-train accelera-
tion. The shaft torque, Tj, is also calculated by:

T5(0) = Ti(1) + Ta(r) — Ti(cyo) (2n

Where T,(t) accounts for all loads that are attached
to the auxiliary port and T (cyc) friction torque in each
cycle, and Tj(t), is the indicated torque and is a function
of the pressure distributed on piston surfaces by com-
bustion modeling.

With the available power and injected fuel flow from
the modeling, it is possible to calculate the amount of
brake specific fuel consumption by equation (22).

f ue /lotal :|

OWelprake

BSFC = (22)

The combustion phase comprises the calculations of
the flame burning rate during the main combustion,
concentrations of the species by chemical equilibrium,
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and emissions formation during post-oxidation.
Throughout the main combustion, unburned and
burned mass zones are maintained, and the burned
zone composition is determined by equilibrium
chemistry:

Fuel + a(O, + 3.7274N,) —
atH + a0 + a3N + ayHy + asOH + agCO
+ a7NO + agOr + agH>O + a10CO;, + aj N»

(23)

For the emission modeling, a general reaction, as
presented in equation (23), never provides an acceptable
output for the NOx and UHC formation. Thus, NOy is
calculated using a reduced mechanism described by
Zeldovich*;

O+ N,=NO+N (24)
N+ 0y =NO + 0, (25)
N+ OH=NO+H (26)

The reaction rate for the three mechanisms are
respectively:

A
Kl = F-7.60- 10" . ¢80 (27)
k2 = Fy-6.40-10° - Tpe 2% (28)
k3 =F;3-4.10-10" (29)

F,, F,, F3, A| and A, are constant coefficients for
tuning the modeling. Since the concentration of N is
much less than other species, there is an assumption of
@ = 0 with the steady-state approximation. A simpli-
fied one-way equilibrium is feasible for other species,
and finally, a single rate of formation for NO is avail-
able. The reported value for NOx is calculated by:

bsNOx = 30
P {b.power 7y (30)

where n, is revolutions per cycle, two for 4-stroke
engine.

The amount of methane slip or UHC is defined as
the amount of fuel left unburned during the main com-
bustion and during the post-oxidation in exhaust valve
opening. The burning process for UHC calculation
undergoes the following equation:

Ve
UHC o1 = J riy — J rity — J iy
wo comb post—comb

where f —eomp 117 18 calculated by reaction rate of
\post—comb
Equation (32).%’

(1)

RK _ A X RS e*l(v()l;!&XB[f,HC] [/1‘02}

Where A and B are multiplier, and T is the mass-
averaged overall temperature, and Rg is the burn rate
calculated by the combustion model.

The equation does only consider two sources of the
UHC, including the quenched flame and crevice
volume.

(32)
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Figure 2. Comparison of measured data and engine simulation
in steady-state. The X-axis shows the load percentage, and the
Y-axis gives the normalized output.
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Figure 3. Comparison of measured data and simulation output
in steady-state for emission compounds, NOx and UHC.
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Figure 4. Validation of the model by comparing the output
power.

The model is validated both in steady-state and tran-
sient conditions to verify the implemented equations
predicting the engine response during the transient con-
dition. Validation of the steady-state operating loads
was chosen based on the available measure data, from
100% to 25% of the nominal torque in a constant
engine speed, on 750 rpm. Comparison of the results is
shown in Figures 2 and 3. As can be seen, there is a
high degree of agreement between the measured and
modeling data in the fuel-specific consumption and the
produced CO,, and emission compounds including
unburned hydrocarbon and NOx.

Moreover, the effects of the dynamic loading for
transient condition are presented in Figures 4 to 6. The
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Figure 5. Fuel flow comparison between measured data and
simulated model for verifying the model during the transient
condition.
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Figure 6. Boost pressure comparison between measured data
and simulated model for verifying the model during the transient
condition.

output power as a function of implemented torque and
target speed is predicted with a negligible error under a
torque range between 40,000 and 50,000 Nm. The max-
imum nominal torque for the engine is 50,200 Nm. In
order to investigate the prediction accuracy of the fuel
system, air supply system, and combustion efficiency,
the fuel flow and boost pressure were compared. It is
found that the model provides a powerful foresight and
theoretical guidance for the engine performance in a
range of load variation."

Hybrid concept

Conventional propulsion systems consist of a main
engine, gearbox, shaft, and propeller. In the case of
hybridization of the propulsion system, as shown in
Figure 7, three components, an electrical motor, shaft
generator, and battery, are integrated into the system.
The shaft generator has the role of Power Take Out
(PTO), and the electrical motor is considered as Power
Take In (PTI). The control system primary role is to
provide load sharing for components to reduce the
effect of load fluctuation on the main engine. This
endeavor will be achieved by implementing a low pass
filter on the main shaft predicted load. Furthermore, in
the gearbox connection, the low varying load from filter
output will be provided by the main engine. Therefore,

Energy - Power Management System |

[Main Engine i

A
Generator Battery

= = _ - .

— II%' 7 - :
n ~ 1
= - Hotel Load i

Motor

%Pmpe]]er

Figure 7. Hybrid propulsion system.

in a low and high-level load, the high-frequency fluctua-
tions will be compensated by PTI and PTO regarding
the load states. This technique is similar to the peak
shaving of electrical hybrid power systems. The strategy
of load sharing contributes to the optimum operation
of the main engine. As a high-level controller, the
energy management system monitors the system states
and considers the constraints also. The decision on load
sharing is based on the states and properties of the sys-
tem. The states are defined as loads on the main shaft
that is system requirements also, battery charge state as
available stored electrical energy, and engine torque as
the current operating point. The properties can be con-
sidered as the dynamic response that means main com-
ponents behavior over the time domain. The transient
response of the main engine, PTI, and PTO compo-
nents determines their required time or inertia to satisfy
the actuated load commands. Another system property
is the charge and discharge current limitation of the
battery that defines the maximum power value for the
battery as input and output. Indeed, the optimum oper-
ation region of the main engine defines the proper tor-
que range for the engine for better performance.

Implemented loads

Based on the project previous works, a range of wave
characteristics may result in a variable frequency and
amplitude of the torque on the propulsion shaft and,
consequently, the engine. In this study, one of the peri-
odic severe loads with high amplitude is chosen with
the specification of wavelength (A/Lpp) 1.2, amplitude
2m, and direction (#) 60°. The wave direction is relative
to the ship, and 180" is considered as a head wave. The
torque caused by the wave characteristics is shown in
Figure 8.

With the hybrid concept, the new torque profile, as
shown in Figure 8 named hybrid concept, is obtained
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Figure 8. Implemented dynamic loading calculated by a wave
amplitude of 2m."
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Figure 9. The engine speed variation on a nominal setpoint of
750 rpm. With the implemented hybrid system, the speed
variation is in a limited range.

by implementing a second order low pass filter with
bandwidth 3 Hz and power level cut-off regarding opti-
mum engine operation point. Low pass filters make a
delay comparing to their tuned frequency. The men-
tioned profile allows the main engine to produce the
mean torque while the fluctuations were compensated
by the PTI and PTO. With the new smoothed torque,
the peak loads are eliminated, and the lower loads with
less than 25% are also skipped.

Results and discussion

The effect of transient torque on engine speed is highly
dependent on the magnitude and the frequency of the
load. The higher the frequency of the load, the lower
the variation of the speed domain. In addition, the
higher wave amplitude results in more variation in

Figure 10. The brake specific fuel consumption. The values are
normalized based on the quantity in steady-state.

engine response. With the hybrid system implemented
torque, the frequency was maintained as a severe case
while the amplitude was reduced. Therefore, as shown
in Figure 9, the speed variation has the same frequency
as the Conventional load domain, but the magnitude of
the speed value reduced from a maximum of almost 775
to 765 and a minimum of 735 to 740 rpm. It is worth
mentioning that the target of the speed was 750 rpm for
the case study; therefore, the relevant PID control sys-
tem compensates the demanded fuel based on the devia-
tion around 750 rpm.

The brake-specific fuel consumption (BSFC) of the
engine is studied, and it is found that reducing the load-
ing oscillation is beneficial to reduce the BSFC. It can
be seen from Figure 10 that the BSFC reduction degree
is remarkable with the load reduction part. It must be
highlighted that due to the numerical error of the simu-
lation, when the load drops to a brake torque almost
zero for the propeller out of the water, the BSFC
reached an infinity value. In the figure, this is limited to
five. An understandable qualitative assessment of the
fuel consumption comparison of our case study com-
pares the fuel flow of the engine. As shown in the fuel
flow trend by Figure 11, the fuel flow is almost 380 kg/
h in minimum for the conventional mode. This quan-
tity is a very high flow for the engine working on
around zero brake torque, which is the main reason for
the infinity value on BSFC. For the hybrid propulsion
system, the brake torque is never reduced to loads
lower than 25% of the nominal torque, and the engine
works in higher combustion efficiency. The combustion
efficiency is the ratio of released chemical energy in the
exhaust gas to the total fuel energy and is shown in
Figure 12. As illustrated, the combustion efficiency
reduces in both installation modes in part of the load.
The decrease in combustion efficiency reports an
increase in volumetric efficiency or a very lean mixture.
However, a significant improvement in combustion
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Figure 1. The fuel flow during the implemented torque. The
average value for both of the cases is equal.
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Figure 12. The combustion efficiency comparison between
conventional installment and hybrid propulsion system.

efficiency can be seen by utilizing the hybrid propulsion
system. On average, the fuel flow for both conditions is
the same, while the hybrid system produces an average
torque of 12% more than the conventional system.
Hence, the lean-burn spark-ignition engine hybrid propul-
sion system shows a reduction in total fuel consumption.
The volumetric efficiency comparison assessment
can be accomplished by utilizing the air excess ratio or
A. The higher volumetric efficiency led to the lower
combustion efficiency is shown in Figure 13. There is a
target setpoint for the turbocharging to fix the air
excess ratio. With the load variation, due to the turbo-
charger mechanical delay, there is always a delay
between the load change and the demanded air ratio.
This delay leads the engine to have a permanent devia-
tion on setpoint A and the actual value. During the load
increases, the A value is less than the setpoint, and
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22 —
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Figure 13. Less fluctuated air excess ratio is achievable by the
hybrid propulsion system and cutting off the lower parts of the
torque curve and peak shaving.
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Figure 14. The amount of methane slip reduced considerably
with the hybrid propulsion concept during transient conditions.

during the load drop, the A value is higher than the set-
point. This extra volumetric efficiency of the engine
during transient conditions results in lower combustion
efficiency and higher fuel consumption. By involving
the hybrid propulsion system, the load variation
reduces, and consequently, the deviation domain
reduces. However, there is still extra air available when
the load is almost 25%, and the A increases to 2.
Several noticeable hypotheses could be observed for
the emission formation with the change of combustion
efficiency and fuel consumption during the time-
varying load. Figure 14 presents the marine gas engine
methane slip. It is observed that the hybrid propulsion
installment controlled the methane slip overshoot dur-
ing the transient condition. It must be noted that the
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Figure 15. Formation of NOx gives a remarkable reduction
during load increment and in overall average value.

UHC quantity is normalized with the value in steady
loading. Therefore, the amount for the time before 170
equals one. Moreover, the maximum value is limited to
200. This value is chosen compared to the fuel con-
sumption in order to prevent the infinity quantity
achieved due to numerical error. It is also found that
the relative deviation of the methane slip with and
without the hybrid system is negligible during load
increment when the UHC value is less than one. While
the methane slip sources are short-circuited gas
exchange, crevice volume, and quenched flame in the
lean-burn gas engine, as discussed in the modeling sec-
tion, the gas exchange is not considered in the modeling
since the fraction of this source is negligible due to the
short valve overlap of the intake and exhaust ports.
With a constant volume considered for the crevice vol-
ume, it is expected that the methane slip of this section
does not change significantly. However, the post oxida-
tion may negatively influence increasing the methane
slip from the crevice volume by less post-oxidation.
The quenched flame is expected to be the primary
source of this variation, especially with the available
high volumetric efficiency and low combustion effi-
ciency during lower loads.

NOx is one of the most severe air pollutants pro-
duced by fossil fuel combustion. Although very low in
the lean-burn gas engine, this compound is susceptible
to any deviation to the air excess ratio, particularly to
the rich combustion. Oxygen-rich mixtures resultant
temperature causes the NOx formation at high levels.
Activating the hybrid system during higher loads and
reducing the engine maximum power generation, the
rich mixture zone mitigates, and a more balanced air
excess ratio area is achievable. This area has a lower
maximum temperature than the normal operating con-
dition, and thus, as can be seen in Figure 15, a remark-
able reduction of this compound is reached. The
average value during the transient condition is also
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Figure 16. Percentage of residual gas captured in the cylinder
number |, before the combustion start.

added to the figure. With supposing the average NOx
quantity for the stable condition to one, the mean value
for the entire transient condition without a hybrid pro-
pulsion system showed 3.4 times increasing. NOx for-
mation for the hybrid propulsion system, however,
confirmed a 2.14 times increase. This means that the
NOx compound with the implemented hybrid system is
reduced up to 40%. As can be seen from the figure, this
reduction is only during the higher loads, where the
peak NOyx reduced from the maximum value of 15 to
8. Due to a more stable condition with the hybrid sys-
tem during load reduction, a higher value of NOx is
expected with the hybrid system in lower loads.

To reduce the NOy formation in diesel engines, uti-
lizing exhaust gas recirculation (EGR) is a common
technique. The EGR is recycled into the combustion
chamber at a high or cold temperature. The result is a
lower temperature combustion and a lower level of
NOx formation. However, for a lean-burn gas engine,
increasing EGR percentage has a negative consequence.
The variation of EGR is shown in Figure 16. An unde-
sirable increase of the residual gas percentage during
the transient condition provided an over lean mixture.
This amount of gas is the trapped burned mass of the
previous cycle, which was consistent at 4% during
steady-state (the time before 170s). The additional
EGR during load reduction plus the extra A resulted in
the flame quench. Implementing the hybrid concept
and a more stable air flow rate in the load reduction
time, less EGR is available and presents more efficient
combustion.

Conclusion

In this paper, a numerical model for a medium-speed
lean-burn gas engine is developed. A 1-D model for the
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air and fuel piping plus predictive 2-zone modeling for
combustion is performed to deal with the rapid change
of transient sea conditions. Non-variable coefficients
for the control system tuning were employed, and the
engine stability was examined with the coefficients dur-
ing model preparation. The model was validated
against measured data in steady-state and in transient
conditions. By taking the experience from previous
studies, the marine engine response was enhanced with
a hybrid system. The simulation was conducted in a
severe case scenario to demonstrate how a supplemen-
tary hybrid system influences the total fuel consump-
tion and emission formation. The engine had a PTO to
the hybrid system with loads lower than 25%, and PTI
for the higher loads to smooth out the engine peak
loads. The results of the demonstration are summarized
as follows.

1. The average fuel consumption during rapid transi-
ent conditions with or without the hybrid system
was identical, but the engine was totally providing
12% higher torque with the hybrid system.

2. Concerning the methane slip in transient condition,
almost all the peak values were disappeared with
the hybrid system, and the total quantity reduced
notably.

3. It was shown that the amount of NOx emission is
reduced by 40% with the hybrid system due to
lower peak torque and smoothing the rich mixture
area.

4. EGR was non-desirable residual gas for the lean-
burn gas engine, and rising the EGR fraction dete-
riorated the flame rate during lower loads and
resulted in more instability in combustion.
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Appendix

Nomenclature

EM Exhaust manifold

EMS Energy management systems

Env Environment

(o Intercooler

PTO Power Take Off

BSFC Brake specific fuel consumption

CO, Carbon dioxide

EGR Exhaust gas recirculation

M Intake manifold

NG Natural gas

NOy Nitrogen oxide

PTI Power Take In

rpm Revolutions per minute

S Shaft

UHC Unburned hydrocarbon

VTG Variable turbine geometry
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