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ABSTRACT

With increasingly stringent emission regulations, marine natural gas engines need to improve their
performance. Various proven advantages of hydrogen-natural gas (H-NG) blends make them a promising
enhanced fuel solution. Although modelling of H-NG combustion has been investigated before, mostly using
CFD models, the literature on the modelling capabilities of Seiliger-based and Wiebe-based zero-dimensional
(0-D) models is limited for H-NG combustion. Especially for the application of marine lean-burn spark-ignited
(SI) engines. Therefore, the aim of this paper is to compare the capabilities of Seiliger-based and double Wiebe
function-based 0-D models to capture H-NG combustion in a marine Sl engine for different H-NG fuel blends,
engine leaning (lean-burn operation) and engine loads.

In this work, measurements on a turbocharged, S| marine natural gas engine were used to develop a
heat release rate model, which was subsequently used as a basis for the Seiliger and double Wiebe function-
based H-NG combustion characterization models. Results from the two combustion modelling approaches
were compared for different H-NG fuel blends, engine leaning (lean-burn operation) and engine loads. The
modelling results were also compared against engine measurements for different experimental conditions.

This paper shows that the Seiliger modelling approach can be used to define different physical
phenomenon in H-NG combustion, while accurately capturing the effects of hydrogen addition and engine
leaning on the H-NG combustion process at varying engine loads. This research also found that the variations in
late burn phase present in lean-burn NG and H-NG combustion can be captured using the double-Wiebe
modelling approach, however, clear trends of the Wiebe combustion parameters for varying fuel blends and
engine loads could not be identified to accurately capture the H-NG combustion process. Furthermore, Wiebe-
based modelling approach produced larger errors in the estimations of work output and combustion heat for
all test conditions.

© 2020 Manuscript version made available under CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/
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NOMENCLATURE

p Pressure (bar)

T Temperature (K)

\Y Volume (m3)

M Mass (kg)

T Time (seconds) or Trapped

Cy Specific heat at constant volume (kJ/kgK)
Co Specific heat at constant pressure (kJ/kgK)
Y Ratio specific heats

A Air-excess ratio

t Trapped

R Gas Constant (kJ/kgK)

Q Heat (kJ)

q Specific heat quantity (kJ/kg)

CA Crank angle (degree)

Ucombfuel  Effective heat of combustion (kJ/kg)
w Work (kJ)

w Specific work quantity (kJ/kg)

‘a’ Seiliger parameter ‘a’

‘b’ Seiliger parameter ‘b’

‘c Seiliger parameter ‘c’

re Effective compression ratio

re Effective expansion ratio

ne Polytropic compression coefficient
Ne Polytropic expansion coefficient

Ne Polytropic compression factor

Ne Polytropic expansion factor

my, M, Wiebe shape parameters

by, by Wiebe combustion weighing factors
ay, ay Wiebe combustion efficiency factors
Ne Combustion efficiency

CD, Combustion duration for 1% Wiebe
CD, Combustion duration for 2™ Wiebe
H, Volumetric hydrogen percentage

i Number of cylinders

k Number of revolution per cycle

p Density (kg/m>)

cg Combustion gas

rg Residual gas

f Fuel

X Mass fraction

o] Stoichiometric air-to-fuel ratio

Acronyms
ICE

TDC
BDC

SI
MVEM
0-D
RCO
CRR
HRR
Max
NOx

0,

H

NG
Norm
SOC
EOC
OH-NG
5H-NG
10H-NG
20H-NG

Units
Bar
kw
rom

K

kg

mg
Nm?®
kJ

m

%or deg
g/kWh
%

Internal combustion engine

Top Dead Center

Bottom Dead Center

Spark-ignited

Mean value engine model
Zero-dimensional

Reaction Co-ordinate

Combustion Reaction Rate

Heat Release Rate

Maximum

Nitrogen oxides (mg/Nm?>) or (g/kWh)
Oxygen

Hydrogen

Natural gas

Normalized

Start of combustion

End Of Combustion

0% Hydrogen and 100% Natural gas blend
5% Hydrogen and 95% Natural gas blend
10% Hydrogen and 90% Natural gas blend
20% Hydrogen and 80% Natural gas blend

Bar

Kilowatt

Revolutions per minute
Kelvin

Kilogram

Milligram

Normal cubic meter
Kilojoule

Meter

Degree

gram per kilowatt-hour
Percentage



1 INTRODUCTION

In recent years, lean-burn natural gas (NG) engines have gained interest for maritime applications due to
various attractive qualities such as high thermal efficiencies, low NOx emissions, reduced risk of knocking and
the possibility of high-compression ratios [1]-[3]. However, low flame propagation speed and high ignition
temperature of natural gas deteriorate its combustion and restrict the engine operation between the knock
and misfire limits. For maritime applications, the restricted operating window reduces further as marine spark-
ignited (SI) engines operate at high brake mean effective pressures [4]-[6]. The limited operating window also
restricts the load-taking capabilities of these marine engines and retards their application to generator mode
and electric ship propulsion, which results in lower overall efficiency due to conversion losses [7]-[9]. However,
researchers have shown that blending hydrogen with natural gas can enhance the lean-burn capabilities of
natural gas engines due to the high laminar flame speed of hydrogen, which can extend the operating window
[8], [10]. Hydrogen blending also helps in reducing carbon dioxide and carbon monoxide emissions of natural
gas engines [8]. Various proven advantages of hydrogen-natural gas (H-NG) blends such as increased
flammability limits, high flame speed, hydrogen renewability, high volumetric calorific value and reduced
unburnt hydrocarbon emissions make hydrogen-natural gas a promising fuel for marine engines.

The development of engine technology is extensively supported by model simulations. Models can
help improve engine design, understanding of in-cylinder chemical and physical processes, their overall
performance and transient capabilities [11]-[14]. The choice of engine modelling approach can vary from
detailed computational fluid dynamics (CFD) models to straight forward transfer function models depending on
the required accuracy, amount of information and computational time required. The specific choice of CFD
models helps to acquire detailed process information with a high degree of model complexity and
computational time [15]-[17]. Numerous CFD studies have been performed to study engine performance with
diesel as well as alternative fuels such as H-NG, methanol and DME [18]-[21]. Followed by CFD models, in
terms of complexity, are one-dimensional and quasi-dimensional thermodynamic models [22], [23]. In addition
to multiple dimensions, the combustion process can be studied as single-zone, two-zone and multi-zone
combustion models. In single-zone models, the working fluid undergoing the combustion process is assumed to
be lumped into a single thermodynamic control volume [24], [25]. On the other hand, the working fluid is split
between a burned and an unburned thermodynamic control volume (or zone) in a two-zone model and several
zones in a multi-zone model [26]. Although multi-dimensional models provide detailed predictions of the
combustion process, zero-dimensional (0-D) thermodynamic models are often applied due to their ability to
capture the in-cylinder combustion process with reduced computational effort as they are relatively simpler
[27], [28]. 0-D combustion models are practical as they provide quick and helpful results to study engine
performance, however, the simulation results can have reduced accuracy and details.

A 0-D model by definition has no spatial resolution and does not provide any information on the
dynamics of fluid within the process. A commonly adopted approach for 0-D combustion models is to employ
the empirical Wiebe model to simulate the fuel mass-burn rate and compute the combustion energy released.
The combustion process can be represented by single or multiple Wiebe functions, which are mathematically
defined by single or multiple Wiebe coefficients for combustion efficiency, shape factor and combustion
duration [29], [30]. In SI natural gas engines, the combustion is divided into three phases of flame
development, propagation and termination, which have different combustion rates [31]. For instance. The
flame termination phase is very slow as compared to the other two phases. A single Wiebe function with three
coefficients can struggle in precisely capturing all the three combustion phases with different alternative fuels,
fuel blends, injection strategies and lean operating conditions. Based on this understanding, Yildiz et. al. [27]
compared the capabilities of single and double Wiebe functions to reproduce the experimental in-cylinder
pressures and gross indicated mean effective pressure (GIMEP) for methane and hydrogen-methane blends in a
500 cc SI engine. They concluded that double Wiebe functions fitted better than the single-Wiebe functions,
however, discussions on the capabilities of double Wiebe function to simulate in-cylinder temperatures,
combustion heat and work at varying engine loads and lean operating conditions were not provided.
Furthermore, Liu et. al. [32] showed that the standard single Wiebe function was unable to predict the mass-
burn fraction in a single-cylinder diesel engine converted to a natural gas S| engine. However, a modified
double Wiebe function for the slower burning process inside the squish region performed better. They also
concluded that such a condition-dependent double Wiebe model is limited to the operating conditions used for
determining the model parameters. Furthermore, most of the studies employing Wiebe modelling for gaseous
fuel combustion are focussed on automotive or small scale engines [33]-[35]. In NG engines, the stability of the
combustion process affects the operating window between knock and misfire limits [8]. The operating window
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of marine NG engines reduces as the brake mean effective pressure (BMEP) scales upwards [5], [6]. Marine
engines also operate at lower engine speeds, thus, increasing the combustion process time. Additionally,
marine engines have less heat loss due to the larger combustion chamber volume to surface area ratio
compared to automotive engines. The lower heat loss in marine engines has a direct impact on the combustion
heat, work in-cylinder pressures and temperatures. Therefore, the performance and combustion within a
marine SI NG engine can vary from that of an automobile engine. However, it is unclear if the scaling effects in
marine Sl engines for lean H-NG combustion are captured using Wiebe modelling.

Other than Wiebe functions, another approach that could be adopted for 0-D combustion models is
the Seiliger process modelling approach. Like Wiebe in 0-D combustion models, a Seiliger process model also
does not provide any spatial or fluid dynamic related information. Seiliger cycle is a variation of the
thermodynamic dual cycle used to define the in-cylinder processes [36], [37]. The Seiliger process uses finite,
discretised stages to describe the in-cylinder process out of which three stages divided into isochoric, isobaric
and isothermal processes are used to capture the combustion process [37]. Therefore, Seiliger is a first-
principle, thermodynamic approach to capture the in-cylinder and combustion process compared to the semi-
empirical Wiebe functions [29]. Moreover, Wiebe provides an estimation of the combustion and in-cylinder
process per crank angle, while Seiliger discretises the same process into finite stages and estimates in-cylinder
information at all the critical points using the Seiliger combustion parameters [37]. Therefore, Seiliger cannot
provide information pertaining to crank-angle events such as CA10, CA50, CA90 and maximum rate of pressure
rise, unlike the Wiebe modelling approach. However, the Seiliger modelling approach provides sufficient details
of the in-cylinder and combustion process that can be captured with low computational effort. This makes the
Seiliger modelling approach in combination with Mean Value Engine Models (MVEMS) ideal for studying load
variations, system integration, control strategies, voyage simulations and smart maintenance of ships. Sui et.al.
fitted the Seiliger cycle for diesel combustion in a MVEM [38], [39]. Similarly, Georgescu et. al. adopted the
Seiliger cycle for a dual-fuel natural gas engine to study the dynamic behaviour based on MVEM simulations
[40], [41]. Skogtjarn [42] used the Seiliger cycle for estimation of exhaust gas temperatures in diesel engines.
Appendix 1 lists all the parameters that can be estimated using the Wiebe and Seiliger modelling approach.

In the current literature, Seiliger process modelling has been mainly limited to capturing diesel
combustion as part of system-level investigations. There is a lack of comprehensive investigations on the
capabilities of Seiliger process modelling in capturing combustion of gaseous fuels such as H-NG fuel blends.
Furthermore, the above literature survey of Wiebe-based modelling highlights that the Wiebe function
coefficients and their capabilities to capture combustion vary with operating conditions, combustion modes,
type of fuel and fuel blends. It also indicates limited literature on a comprehensive analysis of the capabilities
of a double Wiebe function in capturing lean-burn combustion of hydrogen-natural gas blends in a marine Sl
engine. Additionally, there is no literature that compares the capabilities of these two modelling approaches in
capturing the H-NG combustion process. Therefore, the goal of this paper is to compare the capabilities of the
first-principle Seiliger-based and semi-empirical double Wiebe function-based modelling approaches in
capturing H-NG combustion. The model results are studied and compared for different H-NG fuel blends,
engine loads and engine leaning (lean-burn operation). The two modelling approaches are studied to capture
H-NG combustion in a lean-burn (air-excess ratio higher than 1.6) marine Sl natural gas engine. The novelty of
this paper is twofold. First, this paper presents an extended heat release rate model based on engine
measurements for a zero valve overlap marine (500 kWe) lean-burn Sl natural gas engine to account for the
impact of large amounts of trapped residual gas on the in-cylinder process. Secondly and more importantly,
this paper provides a detailed comparison between the capabilities of Seiliger and double Wiebe function-
based model to characterize the H-NG combustion process for varying H-NG fuel blends, engine leaning and
engine loads. The developed heat release rate model forms the first step towards the characterization of H-NG
combustion using the two modelling approaches. For this research, the simulation model development cycle
depicted in Figure 1.1 is followed. The mathematical (conceptual) H-NG combustion models, programmed in
Matlab/Simulink, are developed and calibrated by analysis of engine measurements (reality) for the
development of high-quality models.

In this paper, the research approach and the test setup are described in Section 2. Section 3 details the 0-
D H-NG HRR model developed from engine measurements. Using the outputs of the HRR model, section 3
discusses the development of 0-D Seiliger-based and double Wiebe function-based H-NG combustion
characterization models. In section 4, the results of Seiliger and Wiebe modelling approaches are presented for
a single test condition and compared with engine measurements. Section 5 provides a detailed comparison of
the two modelling approaches in terms of their abilities to characterize and capture the effects of hydrogen



addition, engine leaning (lean-burn operation) and engine load variations on the combustion process. Section 6
presents the research conclusions and recommendations for future work.

Model
Qualification

REALITY .

Analysis
~

~
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Model
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Verification

Figure 1.1: Development cycle of simulation model [43], [44]
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2 RESEARCH APPROACH AND TEST SETUP
2.1 Research Approach

In this study, H-NG combustion was measured on a 500 kW marine SI natural gas engine by replacing the
natural gas with different hydrogen percentages and keeping the total power output constant. Table 2.1 shows
the hydrogen-natural gas (H-NG) fuel blends tested, while the test setup and engine specifications have been
described in the next subsection.

The engine performance was tested at 90%, 75%, 50% and 25% loads as shown in Table 2.3. It should
be noted that it was not possible to study the effects of hydrogen addition at 90% load because of test
limitations explained in the subsequent paragraphs. For each combination of H-NG blend and engine load,
experiments were also performed at different values of air-excess ratio to control the NOx emissions and study
the effects of engine leaning. For this purpose, engine performance was first measured at a fixed load point
and NOx value, and then the engine was leaned, by increasing the air-intake (air-excess ratio) via manual
control, to a lower value of NOx measured in mg/Nm3 (at 5% reference oxygen). In this manner, engine
performance for a fixed H-NG blend and load was measured at different NOx values from 500 mg/Nm3 of NOx
to misfire as shown in Table 2.3. The engine was initially leaned in steps of 100 mg/Nm3 of NOx and, then, in
steps of 50 mg/nm3 NOx until misfire. For OH-NG fuel blend and 500 mg/Nm3 of NOx at 75% load, the value of
air-excess ratio was higher than 1.6 and increased with engine leaning, thus, representing the lean-burn
operation [5].

Table 2.1: Tested Hydrogen-natural gas fuel blends

Fuel Blends Natural gas (Volume %) | Hydrogen (Volume %)
OH-NG 100 0
5H-NG 95 5
10H-NG 90 10
20H-NG 80 20

Figure 2.1 shows the four-step research approach followed for this study. After completing the first
step of H-NG engine performance experiments, the heat release rate (HRR) model was derived. Since the heat
release cannot be directly measured and is integral to the development of the Seiliger and Wiebe-based
combustion models, the in-cylinder pressure and crank angle measurements were used as the inputs for the 0-
D, single zone H-NG Heat Release Rate (HRR) model. This model was used to describe the detailed heat release
process in the zero valve overlap lean-burn test engine for combustion of different H-NG fuel mixtures at
varying engine loads and air-excess ratios (NOx emissions). In the third step, various outputs of the HRR model
were used to develop two 0-D combustion characterization models capable of capturing the effects of
hydrogen-natural combustion. The first model employed the first-principle, thermodynamic 5-stage Seiliger
process modelling to characterize the H-NG combustion process, while in the second model a double Wiebe
function was used in a 0-D, single zone model to capture the combustion at every crank angle. In this step,
various Seiliger and Wiebe combustion parameters were used to define and characterize H-NG combustion
process for different H-NG blends, loads and engine leaning. Lastly, both the combustion characterization
models were compared in their capabilities to capture the changes in the combustion process due to hydrogen
addition, load variations and engine leaning (lean-burn operation). In this manner, Seiliger and double Wiebe
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function-based 0-D combustion models were developed to study and capture the H-NG combustion process in
a marine lean-burn Sl engine based on engine measurements.

HRR model to
Seiliger-based H-NG

combustion characterization
Measurements Comparison between

| . model
H-NG engine to Seiliger and Wiebe-based

experiments* H-NG HRR HRR model to double -NG combustion modelling
model Wiebe function-based H-NG
combustion characterization
model

*on a 500 kW turbocharged, 1500 rpm, 4-stroke natural gas engine
Figure 2.1: Research methodology

In this paper, all the simulation and modelling results are presented at the 500 mg/Nm3 of NOx value (at
5% reference oxygen) unless mentioned otherwise. The 500 mg/Nm3 of NOx value is close to and lower than
the NOx IMO TIER-III limit for this engine, which is 2.08 g/kWh. During experiments, the measurements with
different hydrogen percentages were restricted to the maximum load set-point of 75% load. This is because, at
90% load and OH-NG, the engine was operating at its turbocharging limit, i.e., it was not possible to lean out
the engine to 500 mg/Nm3 of NOx at 90% load and 5H-NG as the engine had reached its leaning limit.

2.2 Test setup

The experiments were performed on an eight-cylinder, turbocharged spark-ignited natural gas engine. Table
2.2 lists the specifications of the test engine with a zero valve overlap and rated power of 500 kWe at 1500
rpm. The test engine was connected to a generator to apply the load at 1500 rpm. In this manner, engine
measurements were performed at varying engine loads of 90%, 75%, 50% and 25% at rated rpm. To study the
effects of hydrogen addition, natural gas was replaced by 5%, 10% and 20% hydrogen, by volume, at 75%, 50%
and 25% engine loading as explained in the above subsection and seen in Table 2.3.

|

N\

Table 2.2: Engine Specifications @
Parameters Value/Unit E N 1 ) i T
Number of Cylinders 8 g
Bore 0.17 m 3
Stroke 0.19m g [ﬂ [‘] I:j E;I
Rated speed 1500 rpm 3
Rated power 500 kWe z
Compression ratio 12:1 I g
Boost pressure 2.2 bar § .1. Inlet receiver
Spark Timing 24°CA BTDC g
Inlet Valve Open (10) 8.7°CA ATDC g .
Exhaust Valve Open (EO) | 20.1°CA BBDC § N 3
Inlet Valve Close (IC) 21.5°CA ABDC c g ) £
Exhaust Valve Close (EC) 11.8°CA BTDC é’ g Cvlmd“Ej E’sj Ej Ej E‘,
Table 2.3: Conditions Tested 3 % Turbocharger _.5
Engine Load [%] | H-NGBlends | NOx [mg/Nm3] 2 1
-
90 OH-NG Only 500
75 0, 5, 10, 20H-NG | 500 to misfire
50 0, 5, 10, 20H-NG | 500 to misfire Valve
25 0, 5, 10, 20H-NG | 500 to misfire ? L ?
Manifold air pressure, temperature sensor Pressure, temperature before throttle sensor

Figure 2.2: Schematic representation of the test setup [8].

Natural gas flow was injected in the engine before the turbocharger and measured using a flowmeter.
Hydrogen stored in pressurized bottles was injected in the natural gas line before the turbocharger, and the
flow of hydrogen was controlled via a mass flow meter. During these experiments, temperatures, pressures,
and flow rates were measured at different locations within the test setup, which have been depicted in Figure
2.2. For this study, air-intake (air-excess ratio) was varied for each combination of H-NG fuel blend and engine
load to measure at different NOx emissions as listed in Table 2.3. A schematic representation of the test setup
including the hydrogen addition setup has been presented in Figure 2.2. Cylinders 1, 2, 3 and 4 were equipped
with a water-cooled Kistler 7061B sensors for in-cylinder pressure measurements. The sensors were flushed in
each cylinder head to record a clean pressure signal. The in-cylinder pressure data was continuously measured
in sets of 147 consecutive cycles at each measurement point using the Kistler Ki-Box measurement unit [45].
The average in-cylinder pressure and crank angle measurements were used as a starting point to model the
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heat release process for varying hydrogen-natural gas blends, loads and engine leaning. The water-cooled
pressure sensor has a sensitivity shift of +/- 0.5% while the charger amplifier used with the sensor for the
conversion of electrical charge into voltage has a maximum error of +/- 3% [46]. Considering these two errors,
the pressure sensor has a maximum cumulative deviation of +/-3.39% in measurements. The next section
describes the zero-dimensional heat release rate and combustion models in detail.

3 H-NG ZERO-DIMENSIONAL COMBUSTION MODELLING

To study the heat release process of hydrogen-natural gas (H-NG) fuel blends, a single-zone, 0-D,
thermodynamic heat release rate (HRR) model has been developed for hydrogen-natural gas (H-NG)
combustion. The building blocks for this heat release rate model are in-cylinder pressure and crank angle
measurements. The heat release rate model is the first step towards the characterization of hydrogen-natural
gas combustion using the Seiliger and double Wiebe function-based modelling approach based on engine
measurements.

The experiments were performed on an engine with zero valve overlap. The absence of valve overlap
leads to large amounts of trapped residual gas, which has an impact on the trapped mass, in-cylinder
temperature and even heat release. Therefore, it is important to calculate the trapped residual gas. This
subsection discusses the heat release rate model while using the engine measurement to account for the
amount of trapped residual gas and the impact on the in-cylinder combustion process. The developed H-NG
HRR model has been adopted from the HRR model used for diesel combustion [46].

The 0-D H-NG HRR model solves the mass, composition and energy balance at every crank angle starting with
the trapped condition within the cylinder at the closing of the inlet valve. The first law of thermodynamics is
used to compute the combustion reaction rate (CRR) provided in equation 3.1. The term Ucomp.fuel iS the
effective heat of combustion and depicts the fuel energy. It is dependent on temperature, composition of the
hydrogen-natural gas fuel blend and also the properties of fuel, air and combustion gas [47]. For diesel
combustion, the effective heat of combustion value would also include the heat loss due to fuel evaporation
[46], however, this evaporation heat loss is disregarded in case of gaseous hydrogen-natural gas fuel
combustion.

° ° * m.c dl + p dl + é
crr LW+ g g T 31
comb— fuel ucombffuel

where, U internal energy in ki/sec; W : work in ki/sec; Q, . : heat loss in kl/sec; dV/dt: rate of
volume change; m: in-cylinder mass in kg, c,: specific heat at constant volume in kJ/kgK

In equation 3.1, the pressure (p) is obtained for the in-cylinder pressure measurements, while rate of volume
change is calculated as a function of crank-angle [47]. The heat loss to the walls, piston crown and cylinder
head is estimated by using the Woschni heat loss formulation for the heat transfer coefficient [46]. The trapped
in-cylinder mixture is assumed to be an ideal gas with uniform temperature and pressure within the cylinder
[31]. The H-NG HRR model uses the ideal gas law to compute the average in-cylinder mixture temperature (T)
during the cycle from the in-cylinder pressure measurement, volume, in-cylinder mass (m) and the mixture gas
constant. Since this average in-cylinder temperature is calculated based on measured variables in the HRR
model, it is referred to as the measured in-cylinder temperature for all the subsequent sections in this paper.
For the temperature estimation, the in-cylinder mass is calculated from the mass balance, while the in-cylinder
mixture gas constant (Ryixwre) is computed from the composition balance of the air (x,i), combustion gas (xg)
and fuel (xse) along with their properties as given by equation 3.2.

R = ‘xair ’ Rair + ‘xcg : ch + ‘xﬁwl : Rﬁtel 3.2

mixture

Similar to the gas constant, the specific heat at constant pressure of the mixture is a summation of the in-
cylinder composition and the corresponding specific heats of each in-cylinder component (air, combustion gas
and fuel). The gas constant is subtracted from the specific heat at constant pressure to obtain the specific heat
at constant volume, which is required for internal energy.



In the test engine, the air and natural gas enter the cylinder as a premixed mixture and combine with the
residual gas from the previous cycle. Therefore, the total mass of in-cylinder mixture (m) at any moment within
the closed cylinder is a sum of the mass of air (m,;), mass of combustion gas (m) and the mass of fuel (my).
The mass of fuel burnt at every crank angle is given by the reaction co-ordinate (RCO), which is obtained by
integrating the CRR as given by equation 3.3. Division of RCO by the initial or trapped fuel mass (ms,) gives the
normalized reaction co-ordinate (RCO,om), Which is the fuel mass-burn fraction that monotonously increases
from zero to 1. Using the RCO, trapped in-cylinder mass (m;), trapped air fraction (x,.), trapped residual gas
fraction (x.4t) and the stoichiometric air-to-fuel ratio (o), the model solves the following mass balance at every
crank angle to compute the mass of each in-cylinder component.

m, =RCO = [ CRR 33
mair = 'xair,t ' ml - mf : (J) 34
M, =X, -m+m.-(c+1) 3.5

m=m, +m,+m, 3.6
The computed mass of each component is used to calculate the corresponding mass fractions (x) and the in-
cylinder composition. Equations 3.7 to 3.10 give the composition balance inside the cylinder.

m, .

X, = —4 3.7
m
m'r

Xy =— 3.8
m
mf.

X, =—= 3.9
m

Xyt X +x,=1 3.10

;=

To solve the mass balance in equations 3.4 to 3.6, the model needs the trapped in-cylinder mass,
trapped air fraction and the trapped residual gas fraction. Trapped mass is estimated by using the ideal gas law
given in equation 3.11.

v
" RT,
In equation 3.11, the trapped pressure (P,) is obtained from engine measurements and trapped volume (V,) is
equal to the cylinder volume at inlet valve closing, which is calculated from the crank angle [47]. The remaining
two variables, i.e., the trapped mixture gas constant (R;) and trapped temperature (T;) are derived as follows.
To calculate the gas constant at trapped condition by using equation 3.2, mass fractions of each mixture
component are computed. The trapped residual gas fraction is dictated by the valve overlap. The current test
engine has no valve overlap since the exhaust valve closes before the opening of the inlet valve as seen from
Table 2.2. This zero valve overlap restricts methane slip and scavenging, thus, trapping a good amount of
residual combustion gas from the previous cycle at the point of inlet valve closing [23]. The trapped residual
gas plays a crucial role in the combustion process to control the in-cylinder temperatures and also the NOx
emissions. The amount of trapped residual gas in a zero valve overlap gas engine needs to be taken into
account as the mass fraction was found to be higher than 15%. Therefore, the trapped air mass fraction is
calculated as a function of the residual gas mass fraction, air-excess ratio (A) and the stoichiometric air-to-fuel
ratio presented in equation 3.12 [48]. Derivation for equation 3.12 is provided in Appendix 2. After calculating
the trapped air fraction, the trapped fuel fraction is obtained from equation 3.10.

m,, (I-x,)0-4 i1
T m o-A+1

t

m 3.11

air,t

X

The high amount of trapped residual gas, which is left behind after the exhaust blowdown, increases the
temperature of the trapped mixture [23]. During the induction stroke, the induction temperature (T;,4) of the
entering air-fuel mixture will be higher than the measured manifold temperature (T..,) due to a heat pick-up
from the inlet duct walls. Therefore, the final trapped temperature is higher due to the combined effect of the
increased induction temperature and mixing with the hot residual combustion gases trapped from the previous
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cycle. Equation 3.13 accounts for the combined effect on the trapped temperature. A derivation of the trapped
temperature formulation along with the derivation of variables Ti.g, Ppig and Tyq is presented in Appendix 3.

L: (VIC_VIO)+ Ve - Boa)
T, V]C'T;‘nd V1€'P'szd

t t

3.13

where, Vi, Vo and Vee: cylinder volumes at inlet valve closing, inlet valve opening and exhaust valve closing,
respectively. P, qand T, 4: pressure and temperature after blowdown when the exhaust valve opens.

In this manner, the trapped mass can be calculated and a correct estimation of the trapped residual
gas fraction leads to an accurate estimation of the trapped fuel mass, trapped air mass, mass balance and
composition balance that matches with the engine measurements.

3.1.3 H-NG HRR model outputs

Using the above-described HRR model, the heat release process is studied for varying percentages of hydrogen-
natural gas fuel mixtures and engine loads. For each hydrogen-natural gas blend and at each engine load, the
HRR model also simulates the in-cylinder process for engine leaning between 500 mg/Nm3 of NOx and misfire
to study the engine performance during leaning. The model uses in-cylinder pressure and crank-angle
measurements to compute the mass-burn fraction/normalized reaction co-ordinate, net combustion heat,
work output and temperature inside the cylinder at every crank angle. Figure 3.1 shows the average in-cylinder
temperature and the RCO,,,rm simulated by the HRR model for 10H-NG fuel blend at 375 kWe and 500 mg/Nm3
of NOx. As seen in the figure below, the average in-cylinder temperature rises with combustion and reaches its
maximum value after TDC. The normalized RCO represents the mass-burn fraction of the H-NG fuel as the fuel
begins to combust just after the spark is provided at 24 degrees BTDC. After approximately 80% of the mass-
burn fraction, the combustion process slows down as it reaches a value of 1 indicating end of combustion.
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a) In-cylinder temperature versus crank angle b) Normalized reaction co-ordinate versus crank angle

Figure 3.1: HRR model simulation of average in-cylinder temperature (a) and normalized reaction co-ordinate (b) for 10H-
NG fuel blend at 375 kWe load and 500 mg/Nm3 NOx
The HRR model outputs are used further in the combustion characterization models of Seiliger and
Wiebe to emulate the combustion of hydrogen-natural gas fuel in the engine. This characterization of H-NG
combustion using Seiliger and Wiebe modelling has been discussed in the next subsection.

3.2 HRR model to Seiliger-based H-NG combustion characterization model

The Seiliger process uses five stages to thermodynamically describe the in-cylinder process out of which three
stages describe the combustion process [37]. The three combustion stages are constant volume or isochoric
combustion (2-3), constant pressure or isobaric combustion (3-4) and constant temperature or isothermal
combustion (4-5) as shown in Figure 3.2(a). These three stages combined with the polytrophic compression (1-
2) and expansion (5-6) processes can be used to compute the temperature, pressure, net combustion heat and
work during each stage within the in-cylinder process. Figure 3.2(a) shows the five stages of the Seiliger cycle
represented in a pressure-volume diagram. In the Seiliger process, the thermodynamic relationships between
each stage can be derived analytically to calculate the pressures (p), volumes (V) and temperatures (T) at the
beginning and end of each stage. These analytical correlations are mainly based on three Seiliger combustion
parameters, namely, Seiliger parameter ‘a’, Seiliger parameter ‘b’ and Seiliger parameter ‘c’. The definitions of
these Seiliger parameters have been presented in Figure 3.2(a), while the analytical thermodynamic
correlations have been presented in Table A4.1 of Appendix 4 [37].
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Figure 3.2: Definition of five-stage Seiliger process with in-cylinder pressure-volume diagram (a) and outline of H-NG
combustion characterization procedure using the Seiliger process (b)

To characterize the H-NG combustion process using the Seiliger cycle, the Seiliger parameters need to
be determined. In this study, the Seiliger parameters are determined from the H-NG HRR model. Figure 3.2(b)
shows the outline of the H-NG combustion characterization procedure using the Seiliger cycle. At first, the HRR
model is used to capture the heat release process from the in-cylinder pressure measurements for a fixed
operating point of load, hydrogen percentage and NOx emission as explained in subsection 3.1. Next, the
measured maximum pressure (pmax) along with the HRR model outputs of maximum temperature (T,.,,) and the
net combustion heat (Q,;) are used as equivalence criteria to numerically determine the Seiliger parameters
‘a’, ‘b’ and ‘c’ that fit the H-NG in-cylinder process in a Seiliger cycle. Then, these derived Seiliger parameters
are used to compute the temperatures, pressures, work and heat quantities during each stage in the 0-D
Seiliger-based characterization model by using the equations given in Table A4.1 and Table A4.2 of Appendix 4.
In Table A4.2, the work and heat quantities are made specific by dividing by trapped mass. The summation of
work quantities during each stage gives the indicated work produced by the engine per cylinder. Similarly, the
summation of heat during the three stages of combustion provides the net combustion heat per cylinder, and
the negative heat during the compression and expansion stage indicate the heat loss. The subsequent
paragraph explains the Seiliger cycle fitting procedure in more detail.

In order to accurately fit the Seiliger cycle to the real H-NG in-cylinder and combustion process, a set
of three equations is solved numerically to determine the ‘a’, ‘b’ and ‘c’ Seiliger parameters. Equations 3.13 to
3.16 depict this set of three equations for maximum pressure (Pmaxseiliger), Maximum temperature (Tmax seiliger)
and net combustion heat (gnet,seiliger) @s a function of the Seiliger parameters [37].

_ n,
pmax,Seiliger - pl : rc a 3.14
_ n,—1
max,Seiliger T; T a-b 3.15
e seitiger = 923+ 934 1 Qs 3.16

=c, Tor(@=Dre, Ty i as b=+ e, T-(r =11 -a-b-In(e)

A Newton-Raphson multi-variable root finding method is applied to determine the three Seiliger parameters
[38]. This iterative numerical method finds the Seiliger parameters once the following conditions are met.

pmax,measured - pmax,Seiliger < 1 3.17
Tmax,measured - Tmax,Seiliger < 1 3.18
Qnet,measured - Qnet,Seiliger < 10 3.19

where, Pmaxmeasured: Maximum pressure in bar from the HRR model, Tmaxmeasured: Maximum
temperature in K from the HRR model and Qqet,measured : N€t combustion heat in kJ from the HRR model.

The Seiliger-based characterization model for H-NG combustion also requires the polytrophic exponents for
compression and expansion. The value of polytropic exponent for compression (n.) is determined from the
definition of the polytropic process given by equation 3.20. This value of n. represents heat loss during the
compression  process when the polytrophic factor for compression (npoyc) in  equation
3.21 is greater than one as derived in [37]. Similarly, the value of polytropic exponent for expansion (ng) is set
such that the polytropic factor for expansion (nply,e) in equation 3.22 is less than one and thus, represents heat
loss during the expansion process [37].
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Following the above-described procedure, a 0-D Seiliger-based H-NG combustion characterization
model is developed from engine measurements to capture the H-NG in-cylinder and combustion process for all
load, hydrogen percentage and NOx emission variations.

Wiebe modelling uses semi-empirical functions to estimate the combustion process at every crank-angle, while
Seiliger modelling is a first-principle, thermodynamic approach for a discretized three-stage representation of
the combustion process. Wiebe functions have been used for alternative fuels, advanced combustion and
system integration studies of sequential turbocharging and variable geometry turbines with engines [49]-[52].
A single Wiebe function is mathematically defined by three Wiebe coefficients, i.e., a combustion efficiency
factor, a shape factor and the combustion duration [29], [30]. The shape factor dictates the shape of
combustion or mass-burn fraction. A typical value of the combustion efficiency factor and the shape factor for
Sl gasoline engines is 5 and 2, respectively [53]. Diaz et. al. [33] used values of 2.8 and 2.4 for the combustion
efficiency and shape factor in a single Wiebe function to study the influence of hydrogen-methane blends on
the knock occurrence crank angle (KOCA) in a 2kW Cooperative Fuel Research (CRF) Engine. Shivapuji and
Dasappa [54] used a single Wiebe function to model the combustion of producer gas in a 28 kWe Sl engine and
showed that the Wiebe coefficients need to be adapted to capture the in-cylinder pressure variations.
Furthermore, Carrera et. al. performed CFD calculations to determine single Wiebe function coefficients as a
function of compression ratio, engine speed, air-excess, spark timing and carbon dioxide content to study
biogas combustion [34]. Similarly, Rousseau et.al. used air-excess ratio, spark-timing and engine load to
compute the single Wiebe function coefficients for combustion characterization of natural gas in a lean-burn SI
engine [35]. However, they concluded that the single Wiebe approach failed in accurately reproducing the
experimental mass-burn fraction and recommended further studies to test mathematical functions besides
Wiebe. In Wiebe-based combustion modelling, the different combustion rates present during different
combustion stages are difficult to capture with a single Wiebe function. Therefore, double Wiebe functions are
preferred over single Wiebe functions to capture the premixed and the diffusion combustion stages of diesel.
Similarly, the different combustion phases in a SI H-NG engine can be captured using a double-Wiebe function.
Therefore, in this subsection, a double Wiebe function is employed in a zero-dimensional, single zone model to
characterize the H-NG combustion process for different loads, hydrogen percentages and engine leaning.

The 0-D Wiebe-based H-NG combustion characterization model is an anti-causal model of the H-NG
HRR model, which uses a double-Wiebe function to fit the normalized RCO obtained from the HRR model. The
Wiebe-based characterization model solves the same mass, composition and energy balance as that presented
in subsection 3.1 for the H-NG HRR model. The model computes the in-cylinder temperature by solving
equation 3.1, in which the CRR is obtained by differentiating the Wiebe fitted RCOom. The in-cylinder pressure
is estimated by using the ideal gas law. Similar to the H-NG HRR model, the heat loss is determined using the
Woschni correlation [46], while all the mixture properties are calculated from compositions and temperatures.
The outputs of the 0-D Wiebe-based H-NG combustion characterization model are work done and heat
released along with average in-cylinder pressures and temperatures at every crank angle.

RCO.=b -(1—e @™y pp . (1— g @t@) ™y 3.23
8- SoC 6 —-SoC .
where, tau, = ————, tau, =—————,  0: Instantaneous crank-angle in degrees
CD, CD,
a,=a,=-log(l-n,.) 3.24
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Figure 3.3: Outline of the H-NG combustion characterization procedure using Wiebe modelling

For the Wiebe-based combustion characterization process, the normalized reaction co-ordinate (RCO, o) OF
mass-burn rate obtained from H-NG HRR model is mathematically replicated using a double-Wiebe function.
Figure 3.3 shows the outline of the H-NG combustion characterization procedure using Wiebe modelling.
Equation 3.23 gives the double Wiebe function used to capture the H-NG combustion process. This double-
Wiebe function in its generalized form uses eight parameters (a4, a,, b4, b,, m4, m,, CD, and CD,) to characterize
the combustion process. However, this function can be further simplified to reduce the number of independent
parameters. In this double-Wiebe function, b, and b, are weighing factors defining the fraction of combustion
process determined by each Wiebe function. These values are fixed at b, equal to 0.8 and b, equal to 1 — b, or
0.2, as the first Wiebe function is able to capture the combustion process till about 80% of mass-burn fraction,
while the remaining 20% is estimated by the second Wiebe function. The parameters a; and a, are equal and a
function of combustion efficiency as given in equation 3.24. The combustion efficiency (Ncoms) is determined by
calculating the conversion rate of the carbon from the fuel to carbon dioxide. Thus, the combustion efficiency is
estimated by dividing the carbon atoms in the exhaust carbon dioxide to the number of carbon atoms that are
present in the incoming hydrogen-natural gas blend [8]. In this manner, four out of eight parameters in
equation 3.23 are fixed and can be easily determined. Out of the remaining four combustion parameters, CD, is
the combustion duration from the start of combustion (SOC) to end of combustion (EOC), i.e., when the
normalized RCO from the HRR model reaches unity. CD; is the combustion duration from the start of
combustion to 80% of mass-burn fraction while the parameters m; and m, are commonly referred to as the
combustion shape or form factor [29], [55]. The second Wiebe function in equation 3.23, is used to capture the
late burn phenomenon observed in the final stage of combustion as shown in Figure 3.1(b) and Figure 3.4. This
phenomenon of late combustion was also reported by Rousseau et.al. [35], and confirmed by Ishii et.al. [56] as
they continuously detected light emissions by a sensor located in the cylinder head. A least-square fit method is
used for the determination of the Wiebe combustion parameters m;, m, and CD; to fit the double-Wiebe
function to the measured normalized RCO from the H-NG HRR model. In this paper, the primary combustion
phase is a combination of the flame-development phase (spark-discharge to 10% mass-burn fraction) and the
flame-propagation phase (rapid-burning phase) found in Sl engines [31]. The flame-termination or the after-
burning phase is analogous to the late combustion discussed in this paper.
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Figure 3.4: Comparison between measured (HRR) and simulated (Wiebe) normalized reaction co-ordinate for 10H-NG fuel
blend at 75% engine load and 500 mg/Nm3 of NOx
Figure 3.4 shows the comparison between the measured normalized RCO from the H-NG HRR model and the
mass-burn fraction estimated by the double-Wiebe function at 75% load for 10H-NG fuel blend at 500 mg/Nm3
of NOx (at 5% reference oxygen). As shown in Figure 3.4, the simulated RCO by the double-Wiebe function
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satisfactorily captures the fuel combustion rate inside the cylinder from SOC to 80% mass-burn fraction and
then from 80% mass-burn fraction to EOC as the combustion process slows down.

Following the above-described procedure, a 0-D Wiebe-based H-NG combustion characterization model is
developed from engine measurements to capture the H-NG in-cylinder and combustion process for all load,
hydrogen percentage and engine leaning (air-excess ratio/NOx emission) variations.

4 MODELLING RESULTS

In this section, simulation results from the 0-D Seiliger and double Wiebe function—based combustion
characterization models are compared against engine measurements for a single test condition. Additionally,
values of Seiliger and Wiebe combustion parameters derived from the characterization process for different H-
NG fuel blends and engine leaning or lean-burn combustion have been presented. A detailed discussion on the
capabilities of both the models to capture the H-NG combustion process using these combustion parameters
has been provided in section 5.

4.1 Characterization of H-NG combustion using Seiliger modelling

After determining the Seiliger parameters and polytropic exponents, the Seiliger cycle can be used to
capture the H-NG in-cylinder process using the equations in Table A4.1 and Table A4.2 of Appendix 4. These
equations combined form the Seiliger-based combustion characterization model present in Figure 3.2(b).
Figure 4.1 shows the comparison between the measured and simulated in-cylinder pressures and temperatures
using the Seiliger-based combustion characterization model for 10H-NG fuel blend at 75% engine load and 500
mg/Nm3 of NOx. As seen in Figure 4.1 and Table 4.2, the Seiliger process is able to perfectly capture the H-NG
in-cylinder process with an accurate estimation of pressures, temperatures, net combustion heat and indicated
work output. Table 4.1 provides derived values of the Seiliger parameters and polytropic exponents for the
tested condition. The error percentages between the Seiliger model simulation values and the measured values
for these performance parameters are very small as shown in Table 4.2.

Table 4.1: Seiliger parameters & polytropic exponents for 10H-NG fuel blend at 75% engine load & 500 mg/Nm3 NOx
a b c ne Ne

1.416 1.387 1.765 | 1.332 | 1.297

Table 4.2: Error between the Seiliger combustion characterization simulation & measured values of performance
parameters for 10H-NG fuel blend at 75% engine load & 500 mg/Nm3 NOx

Parameters Pmax Tinax Work Net combustion heat Pe Te
Error % 0 -2.8e-05 -0.525 1.59e-04 -2.46 -2.436
—Measured —Measured
60 ——Simulated (Seiliger) —Simulated (Seiliger)
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a) In-cylinder pressure versus crank angle b) In-cylinder temperature versus crank angle
Figure 4.1: Comparison between measured and simulated (Seiliger) in-cylinder pressure (a) and in-cylinder temperature (b)
for 10H-NG fuel blend at 75% engine load and 500 mg/Nm3 of NOx

The above-demonstrated capability of the Seiliger-based modelling to accurately estimate the performance
parameters is crucial in order to capture the effects of H-NG combustion since hydrogen addition and engine
leaning have a direct effect on the peak pressures and temperatures. It is also important to accurately compute
the work done and net combustion heat as these parameters are direct indicators of engine performance.

Table 4.3: Combustion heat ratios and Seiliger parameters for different H-NG fuel blends (OH-NG, 10H-NG) and NOx values

(500 mg/Nm?, 250 mg/Nm?® of NOx) at 75% engine load

Q23,ratio Q34,ratio Q45,ratio a b c
NG @ 500 mg/Nm3 NOXx 0.2279 0.5427 0.2294 1.3639 1.4522 1.7917
10H-NG @ 500 mg/Nm> NOx 0.2703 0.5008 0.2289 1.4162 1.3870 1.7651
NG @ 250 mg/Nm3 NOXx 0.1298 0.5768 0.2934 1.2045 1.5374 2.1647
10H-NG @ 250 mg/Nm3 NOXx 0.1447 0.5717 0.2836 1.2195 1.5057 2.0655
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To study and capture the variations in H-NG combustion and in-cylinder process, the Seiliger-based
characterization process is used to simulate the combustion process for OH-NG and 10H-NG fuel blends
corresponding to 500 mg/Nm3 and 250 mg/Nm3 of NOx at 75% load. The effects of hydrogen addition and
engine leaning on the combustion process are understood by analysing the corresponding heat ratios and the
‘a’, ‘b’ and ‘c’ Seiliger parameters provided in Table 4.3. These simulated heat ratios are an indicator of the
amount of heat released during each Seiliger combustion stage and are computed by dividing the combustion
heat during a stage by the net combustion heat. The capability of Seiliger-based modelling to capture the shape
and stability of the combustion process due to hydrogen addition and engine leaning has been discussed in
section 5 by studying the variations in the combustion parameters and heat ratios listed in Table 4.3.

4.2 Characterization of H-NG combustion using Wiebe modelling
The ability of the 0-D Wiebe-based combustion characterization model to simulate the in-cylinder pressures
and temperatures is demonstrated in Figure 4.2. It compares the measured in-cylinder pressures and
temperatures from the H-NG HRR model to the ones computed by the Wiebe-based combustion
characterization model for 10H-NG blend at 75% engine load. Furthermore, Table 4.4 provides the derived
values of the Wiebe parameters for the same operating conditions, while Table 4.5 shows the error
percentages between the measured and the simulated values for various performance parameters using the
Wiebe-based H-NG combustion characterization model.

Table 4.4: Derived Wiebe parameters for 10H-NG fuel blend at 75% engine load and 500 mg/Nm3 of NOx
my m, CD, CD, Ncomb
2.78 2.41 60.68 153 0.9777
Table 4.5: Error percentages between the simulated (Wiebe) and measured values of performance parameters for 10H-NG
fuel blend at 75% engine load and 500 mg/Nm3 of NOx

Parameters Pmax Trmax Work Net combustion heat Pe Te
Error % -1.5 0.68 -5.08 -2.4 -1.84 0.26
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a) In-cylinder pressure versus crank angle b) In-cylinder temperature versus crank angle

Figure 4.2: Comparison between measured and simulated (Wiebe) in-cylinder pressure (a) and in-cylinder temperature (b)
for 10H-NG fuel blend at 75% engine load and 500 mg/Nm3 of NOx
As seen in Table 4.5, the errors between measured and simulated H-NG in-cylinder pressures and temperatures
using the double Wiebe function are small and similar to those obtained from the Seiliger characterization
process. However, unlike Seiliger, the error between simulated and measured work output is high. This is
because work is calculated from the simulated in-cylinder pressure shown in Figure 4.2(a), which is dependent
on the accuracy of determining the normalized RCO using the double Wiebe function. A small deviation
between the measured RCO,om from the H-NG HRR model and the fitted RCO,,m can produce errors in
simulated work and heat. The accuracy of fitted RCO,,m depends on the estimation of Wiebe combustion
parameters. Section 5 discusses the deviations and challenges in the estimation of Wiebe combustion
parameters for different H-NG fuel blends, engine leaning and loads. Besides Wiebe combustion parameters,
deviations in heat loss estimation also contribute to the error in the prediction of work output and also
combustion heat. Although the error in prediction of net combustion heat using the Wiebe modelling approach
is higher compared to the Seiliger process approach, it is a small deviation. Accurate estimation of work and
combustion heat is of high significance since work and heat are main indicators of engine performance and
hence, the engine efficiency [46].
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Table 4.6: Wiebe parameters for different H-NG fuel blends (OH-NG, 10H-NG) and NOx values (500 mg/Nm3, 250 mg/Nm3 of
NOx) at 75% engine load

m; m; CD, CD,
NG @ 500 mg/Nm® NOx 2.91 2.68 62.27 149.8
10H-NG @ 500 mg/Nm® NOx 2.78 2.41 60.68 153
NG @ 250 mg/Nm® NOx 2.71 4.4 69.4 139
10H-NG @ 250 mg/Nm> NOx 2.75 2.86 67.17 150

Similar to the Seiliger-based modelling, the Wiebe-based combustion characterization process is used
to study the variations in the H-NG in-cylinder combustion process. Simulations are performed for the same
OH-NG and 10H-NG fuel blends with engine leaning as described in subsection 4.1. Table 4.6 presents the
values of Wiebe combustion parameters for each test case. The effects of hydrogen addition and engine
leaning are understood by studying the variations in combustion duration and shape parameters, which have
been discussed in section 5.

5 COMPARISON OF SEILIGER AND DOUBLE WIEBE FUNCTION-BASED
MODELLING OF H-NG COMBUSTION

The previous section compared the simulation results of Seiliger and Wiebe modelling approaches
against engine measurements for 10H-NG fuel blend at 75% engine load and 500 mg/Nm3 of NOx. In this
section, the Seiliger and double Wiebe function-based combustion characterisation models are first compared
and studied in terms of their ability to capture the H-NG combustion process for different H-NG fuel blends and
engine leaning or lean-burn operation. Then, the models are compared to capture the effects of H-NG
combustion at different loads.

5.1 Effects of different H-NG fuel blends and lean-burn operation

In section 4, values of Seiliger and Wiebe combustion parameters derived for different H-NG fuel blends (OH-
NG, 10H-NG) and engine leaning (500 mg/Nm3, 250 mg/Nm3 of NOx) at 75% engine load were presented. In
this sub-section, the derived combustion parameters are used in the combustion characterization models to
simulate the H-NG combustion and in-cylinder process. The simulation results from the two modelling
approaches are compared against measurements. Moreover, the capabilities of these to modelling approaches
to capture the effects of different hydrogen blend percentages and engine leaning are also compared.

5.1.1 Seiliger-based H-NG combustion modelling approach

Figure 5.1(a) shows the in-cylinder pressure variations captured by Seiliger process due to increasing
hydrogen percentage and decreasing NOx emissions indicating engine leaning. By zooming around the
maximum pressure values, the ability of the Seiliger process to capture the minor but important in-cylinder
pressure variations relative to the crank angle can be seen in Figure 5.1(b). Similarly, Figure 5.2(a) depicts the
in-cylinder temperature variations at 75% load for OH-NG and 10H-NG fuel blends at 500 mg/Nm3 and 250
mg/Nm3 of NOx, while Figure 5.2(b) zooms into the in-cylinder variations around the maximum temperatures.
The variations in the H-NG combustion process are studied by analysing the Seiliger heat ratios and Seiliger
combustion parameters provided in Table 4.3. Division of net combustion heat in three Seiliger stages can help
capture the shape and stability of the combustion process due to hydrogen addition and engine leaning.

The eight times higher flame speed of hydrogen compared to natural gas, increases the combustion
rate and decreases combustion duration [10], [57]. This increase in combustion rate is captured by the increase
in Seiliger heat ratio at constant volume (Qu3ratio). It increases with an increase in hydrogen percentage as
shown in Table 4.3 and signifies faster combustion at constant volume. Increment in Q3 ratic l€ads to a higher
value of Seiliger parameter ‘a’ and also maximum pressure as depicted in Table 4.3 and Figure 5.1. This increase
in combustion heat at constant volume is analogous to the combustion of gasoline that burns instantaneously
to release heat at constant volume and is commonly referred to as the Otto-cycle [58]. On the other hand, the
Q23 ratio drops along with the Seiliger parameter ‘a’ as the engine is leaned out to a lower NOx value of 250
mg/NmS. The resulting decrease in the maximum pressure and temperature values is evident from Table 4.3,
Figure 5.1 and Figure 5.2. The depreciation in the value of Q3 atic due to engine leaning corresponds to the
depreciation in combustion rate due to the dilution of incoming charge at higher air-excess ratios. This dilution
of fuel charge indicates an increase in combustion instability and cycle-to-cycle variations as explained in [59],
[60]. The combustion instability due to engine leaning is manifested in the Seiliger process by a higher value of
Seiliger parameter ‘b’ and a higher combustion heat release at constant pressure (Qz4 ratio). Table 4.3 and Figure
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5.1(b) clearly show that the value of ‘b’ and Qg atic increase as the engine is leaned to decrease the NOx

values.
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Figure 5.1: In-cylinder pressure variations using the Seiliger-based characterization for different H-NG fuel blends (OH-NG,
10H-NG) and NOx values (500 mg/Nm?>, 250 mg/Nm?> of NOx) at 75% engine load

Contrary to engine leaning, hydrogen addition decreases the Seiliger parameter ‘b’ and also the
Qa4 ratio, thus, representing the increase in combustion stability due to improved combustion rate. Besides ‘b’,
Seiliger parameter ‘c’ can also help understand combustion stability. An increased value of ‘c’ in H-NG
combustion symbolises reduction in combustion rate and increased late combustion due to engine leaning
(lean-burn operation) as more combustion heat is released into the expansion stroke at a constant
temperature (higher Qs ratio). The decrease in combustion rate causes the combustion duration to increase,
which pushes the point of peak temperature further into the expansion stroke. Thus, engine leaning to 250
mg/Nm3 of NOx not only decreases the peak temperature but also shifts it by about 10 CA degrees into the
expansion stroke as seen in Figure 5.2(b). An even lower value of ‘a’ along with higher values of ‘b’ and ‘c’
would be indicative of engine misfire during steady-state operation, which causes the cyclic variations to
increase drastically as explained in [61], [62]. Thus, Seiliger parameters ‘a’, ‘b’ and ‘c’ represent different
physical phenomenon in the H-NG combustion process.
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Figure 5.2: In-cylinder temperature variations using the Seiliger process characterization for different H-NG fuel blends (OH-
NG, 10H-NG) and NOx values (500 mg/Nm?>, 250 mg/Nm? of NOx) at 75% engine load

During this study of H-NG combustion process, it was also found that the maximum temperatures do
not show an excessive increase with hydrogen addition as shown in Figure 5.2. This finding is contrary to the
common understanding of hydrogen directly increasing in-cylinder temperatures [63] and can be explained in
the following manner. NOx emissions depend on three factors, namely, engine speed, air intake and in-cylinder
temperatures [64]—[66]. Since the engine speed is kept constant during these experiments, NOx emissions at a
load point are dependent on the air intake and in-cylinder temperatures. During experiments, the air intake is
continuously controlled to measure engine performance at the same NOx for all H-NG fuel blends, thus,
directly linking NOx emission values to in-cylinder temperatures. Therefore, as the air-intake is controlled, the
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engine produces almost similar values of maximum in-cylinder temperatures to produce the same amount of
NOx emissions. The maximum increase in the peak in-cylinder temperature due to hydrogen addition at 500
mg/Nm3 of NOx was less than 3% of only natural gas performance at all loads. Figure 5.2 also shows that for a
decreased NOx value of 250mg/Nm3, the in-cylinder temperatures decreased for OH-NG and 10H-NG fuel
blends. Therefore, combustion due to hydrogen addition can be controlled by governing the air-intake to
control the maximum in-cylinder temperatures for NOx production below the IMO TIER-IIl NOx emission limits.
In this manner, the Seiliger parameters ‘a’, ‘b’ and ‘c’ can be used to accurately characterize the H-NG
combustion process and capture the effects of hydrogen addition and engine leaning or lean-burn combustion.
Table 5.1 shows the error percentages between the simulation values and the measured values for various
performance parameters. As seen from Table 5.1, Seiliger-based approach simulates the combustion process
with minor deviations from measured values.
Table 5.1: Error percentages between the Seiliger combustion characterization simulation & measured values of
performance parameters for different H-NG fuel blends (OH-NG, 10H-NG) and NOx values (500 mg/Nms, 250 mg/Nm3 of
NOx) at 75% engine load

Pmax Tmax Work Net combustion heat Ps Te
NG @ 500 mg/Nm* NOx, 75% load 0 2.2e-05 -0.584 2.38e-04 -2.28 -2.27
10H-NG @ 500 mg/Nm’ NOx, 75% load 0 -2.8e-05 -0.525 1.59e-04 -2.45 -2.44
NG @ 250 mg/Nm® NOx, 75% load 0 1.92e-06 0.139 3.27e-05 -2.55 -2.54
10H-NG @ 250 mg/Nm® NOx, 75% load 0 -7.6e-05 -0.012 5.06e-05 -2.66 -2.64

To understand the variations in the H-NG in-cylinder combustion process, simulation results from the
Wiebe-based combustion characterization model have been presented for the same OH-NG and 10H-NG fuel
blends with engine leaning as described in subsection 5.1.1 for Seiliger-based characterization. The effects of
hydrogen addition and engine leaning can be well understood by studying the variations in combustion
duration and shape parameters provided in Table 4.6 for each test case, while the normalized RCOs are shown
in Figure 5.3.

With an increasing percentage of hydrogen in fuel blend, the flame speed of air-fuel mixture increases.
This increased flame speed increases the combustion rate. The increase in combustion rate is evident from the
increasing steepness of the RCO,,, for 10H-NG fuel blends compared to OH-NG blends in Figure 5.3. This
increase in RCO,.m With increasing hydrogen percentage is distinctly visible after zooming in around 80%
RCO,orm as shown in Figure 5.3(b). Contrary to hydrogen addition, engine leaning decreased the slope of
RCO,orm, thus, depicting the deceleration in combustion rate due to charge dilution. The effects of hydrogen
addition are also clear from the decreasing value of CD; shown in Table 4.6 for increasing hydrogen percentage.
As expected, CD, increases with decreasing NOx depicting engine leaning. However, CD, representing the end
phase of the combustion process does not seem to follow the expected and same trend as CD;. This can be
explained by the difficulty in accurately determining and understanding the shape of end of combustion and
the exact end of combustion as discussed by Heywood [31]. This is could be due to deviations in accurate
measurements of in-cylinder pressure-time signals plus the difficulty in accurate estimation of the time-varying
heat loss to the cylinder walls, cylinder head and piston crown [31], [35]. Therefore, although the double Wiebe
function is able to capture the variations in pressures, temperatures and reaction co-ordinate during the H-NG
combustion process, it reached its limitations in precisely defining the H-NG combustion process due to
unexpected variations in the combustion duration of the second Wiebe function representing the late burn
stage (CD,). The unexpected variations of CD, are also found for other H-NG fuel blends and are further
discussed in subsection 5.2.2. In addition to combustion duration, m; and m, are combustion shape
parameters, which respectively define the primary combustion phase till 80% mass-burn fraction and the late
burn phase represented by the remaining 20%. The primary and late burn stages of the combustion process
can be seen for varying H-NG fuel blends and NOx values in Figure 5.4, which depicts the variations in non-
dimensional combustion rate or non-dimensional heat release rate.

Table 4.6 and Figure 5.4 show that although the variations in the primary combustion phase with hydrogen
addition and engine leaning are small, m, clearly decreases with increasing hydrogen percentage and increases
with engine leaning. An increasing value of m, with engine leaning or increased lean-burn combustion signifies
a deterioration of the combustion process as an increasing amount of heat is released during late combustion.
Thus, charge dilution is accompanied by a small increase in heat release late into the expansion stroke. This late
burn phase present in lean-burn combustion increases with increasing engine leaning as seen in Figure 5.4(a).
Additional discussion on m, representing an increase in heat release during the late burn combustion phase has
been presented in Appendix 5. Conversely, hydrogen decreases the late burn phenomenon with a decreasing
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m,. A combination of these Wiebe shape parameters and combustion duration dictates the final variations in
in-cylinder pressures and temperatures as shown in Figure 5.5(a) and Figure 5.5(b) respectively. The increase in
maximum pressure due to hydrogen addition can be attributed mainly to the decrease in combustion duration
for the primary combustion phase (CD,) and the relatively faster heat release depicted in Figure 5.4(b). Even
though the maximum values of the non-dimensional combustion rate or non-dimensional heat release rate
shown in Figure 5.4 are approximately the same. Similarly, the maximum pressure decreases with engine
leaning as CD; increases and the heat release slows down reaching a lower maximum value. This maximum

value of heat release is further shifted into the expansion stroke as depicted in Figure 5.4(b).
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Furthermore, as explained earlier in subsection 5.1.1, the maximum in-cylinder temperatures are
controlled to produce the same NOx value by controlling the air-intake with hydrogen addition. The
temperatures distinctly decrease and retard into the expansion stroke with increased lean-burn operation.
These effects on in-cylinder pressure and temperature variations match perfectly to those found using the
Seiliger process characterization. However, Wiebe-based characterization showed higher errors between the
simulated and measured values of performance parameters as seen from Table 5.2. The maximum error was
found to be around 5% for computed work, while combustion heat deviated from measured value by 2.4% at
maximum. These higher errors found for Wiebe-based characterization are further discussed in subsection
5.2.2. In this manner, the Wiebe modelling approach is used to characterize the H-NG combustion process by
using two combustion shape parameters and combustion durations of a double Wiebe function to define the
primary combustion and the late burn combustion stage. The double Wiebe function is also able to capture the
changes in late burn phase found in lean-burn NG and H-NG combustion.
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Table 5.2: Error percentages between the Wiebe-based combustion characterization simulation & measured values of
performance parameters for different H-NG fuel blends (OH-NG, 10H-NG) and NOx values (500 mg/Nms, 250 mg/Nm3 of
NOx) at 75% engine load

Pmax Tmax Work Net combustion heat Ps Te
NG @ 500 mg/Nm* NOx, 75% load -1.17 0.67 -4.72 -1.98 0.5 0.5
10H-NG @ 500 mg/Nm*NOx, 75% load | -1.5 0.68 -5.08 2.4 0.24 0.25
NG @ 250 mg/Nm® NOx, 75% load 0.85 0.69 -4.16 -0.85 1.34 135
10H-NG @ 250 mg/Nm® NOx, 75% load | 0.54 0.81 -4.72 -1.89 0.51 0.52

In this section, Seiliger and Wiebe modelling approaches were compared in terms of their ability to
characterize and capture the H-NG combustion process for different hydrogen percentages and engine leaning.
The Seiliger characterization process was able to accurately capture the variations in H-NG in-cylinder process
over five discretized stages. Similarly, the Wiebe-based characterization was also able to effectively capture the
variations in in-cylinder pressures and temperatures at every crank angle. However, it reached its limitations in
precisely capturing the H-NG combustion process due to unexpected variations in the combustion duration of
the second Wiebe function defining the late burn stage. Additionally, Wiebe-based characterization also
produced larger errors in the estimation of work output. Both Wiebe and Seiliger modelling approaches
showed that the addition of hydrogen strengthens combustion stability. The increase in combustion stability
was depicted in Wiebe modelling by the increased combustion rate or the decreased combustion duration
(CD;) and late combustion. The enhanced stability was also depicted via the Seiliger modelling approach by the
increase in Seiliger parameter ‘a’” and the decrease in Seiliger parameters ‘b’ and ‘c’. This enhanced combustion
stability due to hydrogen addition allows engine leaning to higher air-excess ratios, which expands the
operating window between the IMO TIER-III NOx limit (500 mg/Nm3 at 5% reference O,) and misfire in
comparison to only natural gas marine engines [6].

In this paper, pmax Tmax WOrk, net combustion heat, ps and Tg modelling parameters are presented for
the purpose of comparison between the two modelling approaches as these variables are vital for investigating
system integration, controls and load variations. Additionally, these performance variables are the common
parameters that can be obtained directly from both the modelling approaches as shown in Table Al.1 of
Appendix 1. Therefore, these parameters can be studied to compare the capabilities of the Seiliger and Wiebe
modelling approach in capturing the H-NG in-cylinder and combustion process. Other crank-resolved
parameters such as CA10, CA50, CA90, corresponding pressures, and temperatures along with the maximum
rate of pressure rise can also be important parameters for combustion analysis. Appendix 1 provides a
discussion about the estimation of these parameters for 20H-NG fuel blend at 75% engine load and 500
mg/Nm3 of NOx using the Seiliger and Wiebe modelling approaches.

5.2 Effects of different H-NG fuel blends and engine loads

To study the effects of hydrogen addition at a fixed engine load, first, the engine was controlled to operate at a
fixed NOx with only natural gas fuel. Next, hydrogen was added to replace a fixed volumetric percentage of
natural gas flow while controlling the air-intake to produce the same NOx value and the same engine load. This
led to a decrease in the incoming natural gas flow with an increase in air-excess ratio compared to the initial or
benchmark case of only natural gas operation. Therefore, at a fixed engine load and NOx value, all the effects
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of hydrogen addition on engine performance could be understood as deviations from the benchmark
performance of the engine operating on only natural gas. In this section, the H-NG combustion process is
studied in terms of deviations in Seiliger and Wiebe combustion parameters for different hydrogen blend
percentages and engine loads at a fixed NOx of 500 mg/Nm3 (at 5% reference O,). The trends of combustion
parameters for both the modelling approaches are discussed to understand their capabilities and limitations in
capturing H-NG combustion process over the engine load range. The values of performance parameters
simulated for different engine loads by the two combustion characterization modelling approaches are
compared with measured values.

To understand the deviations in combustion parameters, first, the combustion parameters are
computed for all H-NG fuel blends (5H-NG, 10H-NG and 20H-NG) and engine loads by applying the combustion
characterization approaches for Seiliger and Wiebe described in subsection 3.2 and 3.3. Next, the difference
between the combustion parameters for hydrogen blends and only natural gas is computed for each H-NG
blend at every load. This difference or delta in combustion parameters from the benchmark values of only
natural gas performance at a fixed load is used to account for the changes in the in-cylinder combustion
process due to hydrogen addition at that engine load.

In this study, the 75% load point is considered to be the nominal point for H-NG combustion as
explained in the methodology subsection. Table 5.3 shows the 9 test points of different hydrogen blend
percentages and engine loads used to understand the deviations in combustion parameters. The variations in
load are represented by variations in normalized natural gas flow due to their linear relationship. For this
purpose, the natural gas fuel mass injected per cylinder per cycle is normalized with respect to the nominal
natural gas fuel mass measured at 75% engine load for OH-NG fuel blend and 500 mg/Nm® of NOx. The delta in
Seiliger and Wiebe combustion parameters are presented as a function of the normalized natural gas fuel
(mng ™) and volumetric hydrogen blend percentage (Hy) to study their trends and impact on the H-NG in-
cylinder process over the engine load range.

Table 5.3: Tested hydrogen blend percentages and engine loads

Engine Load H-NG Blends NOx
[%] [mg/Nm’]

25 5,10,20 H-NG | 500

50 5, 10, 20H-NG 500

75 5,10, 20H-NG 500

5.2.1 Seiliger-based H-NG combustion modelling approach
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Figure 5.6: Three-dimensional surface representation of the delta in Seiliger parameters ‘a’, ‘b’ and ‘c’ as a function of the
normalized natural gas fuel mass and the volumetric hydrogen percentage.
Figure 5.6 shows the three-dimensional surface relationship for the deviations in Seilger parameters ‘a’, ‘b’ and
‘c’ as a function of the myg"®" and Hy. It is evident from Figure 5.6 that the delta in Seilgier parameter ‘a’
increases at low normalized NG fuel mass or load, reaches a maximum value and then decreases at higher
loads. The delta in Seiliger parameter ‘a’ goes on increasing with increasing hydrogen percentage at all loads.
As explained in subsection 5.1.1, this increase in the value of ‘a’ with increasing hydrogen percentage can be
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attributed to the increase in combustion heat release during stage 2-3 (at constant volume) due to the high
combustion rate of hydrogen. Contrary to the deviation in ‘a’, delta in Seiliger parameter ‘b’ becomes negative
with increasing hydrogen percentage. The delta in Seilgier parameter ¢ becomes increasingly negative with
increasing hydrogen percentage at all engine loads as seen from Figure 5.4, thus, reducing late combustion and
combustion instability. In this manner, the deviations in Seilgier combustion parameters follow expected trends
and can be easily understood for varying engine loads and hydrogen percentages.

The final value of a Seiliger parameter for an H-NG fuel blend and engine load is equal to the delta
value added over the benchmark value of the parameter for only natural gas fuel. Using the computed values
of Seiliger parameters, H-NG in-cylinder process is simulated for different engine loads and fixed 20 H-NG fuel
blend. Table 5.4 lists the error percentages between simulated and measured values of performance
parameters for varying engine loads. As seen from Table 5.4, Seiliger-based combustion characterization model
is able to capture the H-NG combustion process over the engine load range with about 2% or lower deviations
in estimations of work, exhaust pressure and temperature. Maximum in-cylinder pressure, temperature and
combustion heat values are accurately simulated.

Table 5.4: Error percentages between the Seiliger combustion characterization simulation & measured values of
performance parameters for 20H-NG fuel blend and 500 mg/Nm3 of NOx at 75%, 50% and 25% engine load

Pmax Tmax Work Net combustion heat Ps Te
20H-NG @ 500 mg/Nm* NOx, 75% load 0 -1.36e-04 -0.68 9.92e-05 -2.67 -2.27
20H-NG @ 500 mg/Nm® NOx, 50% load 0 -1.65e-04 -1.72 1.17e-04 -2.11 -2.1
20H-NG @ 500 mg/Nm® NOx, 25% load 0 -1.5e-05 -1.92 1.13e-04 -1.68 -1.65

Following the same above-described procedure, deviations in Wiebe combustion parameters are also found as
a function of myg™™" and Hy. Figure 5.7 shows the three-dimensional surface relationships for the deviations in
Wiebe parameters due to hydrogen addition and engine loading. The Wiebe shape factor m; decreased with
increasing load percentage. For a fixed engine load, the variations in primary combustion phase are small for
different H-NG fuel blends as shown in subsection 5.1.2. Appendix 5 presents an additional discussion on the
variations in m; and m, with load, hydrogen blend percentage and engine leaning. The delta of parameter m;
should become increasingly positive with increasing hydrogen percentage as the heat release increases by a
small margin. However, this trend is not followed for all hydrogen percentages and engine loads. This difficulty
in identifying a clear trend and estimation of Wiebe shape factor was also reported by Rousseau et.al [35]. The
delta in parameter m, increases in negative value with increasing hydrogen percentage at 75% engine load.
Thus, the decrease in the overall value of m, with increasing hydrogen would represent a decrease in late
combustion [46]. However, at some operating points of lower engine loads, the value of m, increased with
increasing hydrogen percentage relative to the benchmark values of only natural gas performance. Based on
the explanation given in subsection 5.1.2, this behaviour of m, is contrary to the expected trend of hydrogen
addition decreasing m, and reducing late combustion. Thus, both Wiebe shape factors showcase difficulty in
establishing clear tendencies at all loads and hydrogen percentages. Contrary to the shape factors, the delta in
combustion duration CD; shows a clear decreasing trend for increasing hydrogen percentage at all engine loads
as shown in Figure 5.7(c). This decreasing trend can be explained by the increasing combustion rate of the air-
fuel mixture as the hydrogen percentage increases. Similar to CD,, CD, also shows a general trend of decreasing
total combustion duration with increasing hydrogen percentage. However, this expected trend was not found
for all H-NG fuel blends at 75% engine load as seen from Figure 5.7(d) and also in subsection 5.1.2. This is due
to the difficulty in accurately determining the exact end of combustion and the shape of end of combustion.
Thus, the double Wiebe function-based combustion characterization process finds its limitation in identifying
clear trends of shape parameters and CD, for all fuel blends and engine loads.

Using the derived values of Wiebe combustion parameters, H-NG in-cylinder process is simulated for
different engine loads and 20 H-NG fuel blend. Table 5.5 lists the error percentages between simulated and
measured values of performance parameters for varying engine loads using the Wiebe modelling approach. As
seen from Table 5.5, double Wiebe function-based characterization model is able to capture the maximum
pressure and temperature values within 2% deviation, while the exhaust pressure and temperature values
deviate by a maximum of less than 3%. However, the errors in the estimation of work and net combustion heat
are higher than those found for Seiliger in the previous subsection, with a maximum error of about 5.2%. As
explained in subsection 4.2, the estimation of work and combustion heat is dependent on the fitted RCO,orm-
The accuracy of this simulated RCO,» depends on the accurate estimation of Wiebe combustion parameters,
which do not showcase clear tendencies with respect to load, hydrogen percentage and engine leaning. A small
deviation in fitted RCO,,m can produce errors in simulated work and heat.
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Figure 5.7: Three-dimensional surface representation of the delta in Wiebe combustion shape parameters ‘m,’ (a), ‘m,’ (b),
CD; (c) and CD, (d) as a function of the normalized natural gas fuel mass and the volumetric hydrogen percentage

Table 5.5: Error percentages between the Wiebe combustion characterization simulation & measured values of
performance parameters for for 20H-NG fuel blend and 500 mg/NmaofNOx at 75%, 50% and 25% engine load

Pmax Tmax Work Net combustion heat Ps Te
20H-NG @ 500 mg/Nm® NOx, 75% load -1.64 1.02 -5.20 -3.1 -0.47 -0.45
20H-NG @ 500 mg/Nm* NOx, 50% load -1.66 0.51 -5.22 -5.25 -2.94 -2.93
20H-NG @ 500 mg/Nm® NOx, 25% load -1.30 0.64 -4.26 -2.33 -0.05 -0.03

Based on the above-described characterization of H-NG combustion, Seiliger combustion parameters
showcase clear trends and good ability in capturing the H-NG combustion process variations for different H-NG
fuel blends, loads and engine leaning. By identifying clear trends in variations of combustion parameters,
parametric equations can be derived in future as a function of normalized natural gas fuel (load), volumetric
hydrogen blend percentage and air-excess ratio to capture the H-NG combustion process and engine
performance under varying test conditions that could not be tested experimentally. Furthermore, the derived
parametric equations for Seiliger and Wiebe combustion models can be combined with mean value engine
models to perform system integration, load variations and engine control studies, thus, extending the
application of the modelling approaches and research presented in this paper.

6 CONCLUSIONS AND RECOMMENDATIONS

This paper investigated and compared the capabilities of Seiliger and Wiebe-based modelling approaches to
characterize and capture the H-NG combustion process in a marine lean-burn Sl engine. The conclusions drawn
from this study are as follows:

e The study presented a detailed methodology to develop 0-D Seiliger and double Wiebe function-based
H-NG combustion characterization models based on engine measurements to study and capture the
combustion process for different H-NG fuel blends, engine loads and engine leaning. To simulate the
heat release process of H-NG fuel blends based on engine measurements, a single-zone, 0-D,
thermodynamic heat release rate (HRR) model was developed. The developed HRR model accounted
for the impact of high amount of trapped residual gas found in the zero valve overlap test engine. The
model also accounted for the increase in trapped mixture temperature due to the mixing of inducted
mass with the hot residual combustion gases trapped from the previous cycle. The HRR model formed
the first step towards the characterization of H-NG combustion using the Seiliger and double Wiebe
function-based modelling approaches.

e The study found that Seiliger parameters ‘a’, ‘b’ and ‘c’ represent different physical phenomenon in
the H-NG combustion process. Seiliger parameter ‘a’ can be directly related to the increase in
combustion rate with increasing hydrogen addition. Seiliger parameter ‘b’ signified a measure of
combustion stability while Seiliger parameter ‘c’ represented late combustion present in lean-burn
combustion.
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e A double-Wiebe function with combustion parameters ‘m,’, ‘m,’, ‘CD;’ and ‘CD,’ was presented to
characterize the H-NG combustion process. In the Wiebe characterization process, the second Wiebe
function helped capture the changes in late burn phase found in lean-burn NG and H-NG combustion.

e This study showed that the characterization of H-NG combustion using the Seiliger modelling
approach can be used to capture the H-NG in-cylinder combustion process with high accuracy.
Similarly, H-NG combustion can be simulated by using the Wiebe modelling approach with accurate
estimation of the in-cylinder pressures and temperatures, however, it produced higher deviations in
the estimation of work output and combustion heat for different H-NG fuel blends, engine leaning and
loads. The Wiebe-based approach produced a maximum error of about 5.2% for both work output and
combustion heat, while Seiliger error was less than 2% for both these variables.

e The better ability of Seiliger than Wiebe to capture the variations in H-NG combustion process for
different fuel blends, engine leaning and loads could be attributed to the following factors:

- Limitation of double Wiebe function in identifying clear trends of the Wiebe shape parameters and
the combustion duration of the second Wiebe function (CD,) for all fuel blends, engine leaning and
loads.

- Difficulty in the accurate fitting of normalized RCO.

e The H-NG combustion characterization process showed that maximum in-cylinder pressures and
temperatures decreased with engine leaning, while hydrogen addition at the same NOx emission
increased the maximum in-cylinder pressure values. The characterization process also showed that as
the air-intake is controlled, the engine produces almost similar values of maximum in-cylinder
temperatures to produce the same amount of NOx emissions. Therefore, the combustion due to
hydrogen addition could be controlled by governing the air-intake to control the maximum in-cylinder
temperatures to produce NOx emissions within IMO TIER-IIl NOx emission limits.

The following recommendations are presented for future work:

e The Seiliger and Wiebe modelling approaches presented in this paper can be combined with a mean
value open cycle model to produce combustion effects in sufficient detail while capturing total engine
performance dynamics. Such Seiliger and Wiebe-based MVEMs can be employed to study controls,
load variations, system integration, voyage simulations and even smart maintenance strategies for
ships.

e The authors recommend the Seiliger based approach due to its ability to accurately capture the
variations in the combustion process at all the crucial points with low computation effort due to the
discretized in-cylinder process.

e The presented methodology and modelling approaches could be applied to other alternative fuels and
automotive engines.

e Parametric equations can be derived to compute Seiliger and Wiebe combustion parameters as a
function of normalized natural gas fuel (load) and hydrogen percentage using regression fitting. This
will help develop generic and validated parametric equations that can be used to capture the H-NG
combustion process and engine performance under varying test conditions.
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APPENDIX 1: PARAMETERS SIMULATED BY THE SEILGIER AND WIEBE MODELLING
APPROACH

In this paper, Pmax Tmax WOrk, net combustion heat, pg and Tg modelling parameters chosen for the purpose of
comparison between the two capabilities of two modelling approaches as these are vital parameters for
simulation studies on system integration, controls and load variations. Other parameters such as pressure at
CA10, CA50 and CA90 along with the maximum rate of pressure rise and their corresponding crank angles can
be vital parameters for combustion characterization. However, it is vital to note that the choice of the
modelling approach is dictated by the modelling objective, which is followed by three other factors, i.e., the
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level of detail, modelling accuracy and computational effort. The Seiliger modelling approach provides
sufficient details of the in-cylinder and combustion process that can be accurately captured with variations in
operating parameters such as load, leaning and H-NG fuel blends along with low computational effort. This
makes the Seiliger modelling approach in combination with Mean Value Engine Models (MVEMs) ideal for
studying system integration, voyage simulations, engine control, load variations and smart maintenance of
ships. At the same time, it is vital to understand the inability of the Seiliger modelling approach in capturing
crank angle resolved information without the HRR model as shown in Table Al1.1. As seen from Table Al1.1, pmax,
Tmax WOrk, net combustion heat, pg and Tg are the common parameters that are directly available from both
the modelling approaches. Therefore, these parameters can be used to compare the capabilities of the Seiliger
and Wiebe modelling approach in capturing the H-NG in-cylinder and combustion process.
Table A1.1: Parameters simulated by the Seiliger and Wiebe modelling approach. A: Available, NA: Not Available, AWHRR:
Available with HRR model

Parameter Seiliger Wiebe
Pmax A A
Tmax A A
Work A A
Heat A A
Pe A A
Te A A
CA10 NA A
P@calo NA A
CA50 NA A
P@caso AwHRR A
CA90 NA A
P@cag0 AwHRR A
CA(C) NA A
P@cA(c) AwHRR A
CA(dp/dtmax) NA A
dp/dtpmax NA A
Tecaio NA A
Tecaso AwWHRR A
Tecas AwWHRR A
Tacac AWHRR A

Crank angle based information such as CA10, CA50 and CA90 can be determined using the double
Wiebe function. Additionally, the in-cylinder pressure values at CA10, CA50, CA90 and the maximum rate of
pressure rise can be determined using the Wiebe modelling approach. On the other hand, CA10, CA50 and CA
90 cannot be determined using Seiliger, since Seiliger is a 5-stage discretized in-cylinder model and not a crank
angle based model. Table Al.2 provides the error percentages between the double Wiebe function-based
combustion characterization simulation & measured values of performance parameters for 20H-NG fuel blend
and 500 mg/Nm3 NOx value at 75% engine load.

Table A1.2: Error percentages between the Wiebe combustion characterization simulation & measured values of crank
angle resolved parameters for 20H-NG fuel blend and 500 mg/Nm3 NOx values at 75% engine load.

CA10 | pgcase | CASO pecaso | A0 | pacaso | CA(dp/dtmax) | dp/dtmax | T@cao | Tecaso Tecago
Measured | 179.9 | 54.57 195.9 67.5 242 18.32 184.9 1.254 879.6 1346 1235
Wiebe 180.7 | 57.46 195.1 66.54 237.8 20.23 175 1.272 926.8 1303 1244
Error % 0.444 | 5.29 -0.408 -1.42 -1.74 10.45 5.354 1.435 5.36 -3.19 0.7234

As shown in Table Al.2, the double Wiebe function can be used to compute crank angle resolved information
with a maximum error of 10.45 % in the estimation of pressure at CA90. The error in estimation can be
attributed to the difficulty in accurately capturing the end of combustion and also the difficulty in the accurate
fitting of RCO as mentioned section 5.1.2 and section 4.2. Although, by definition, Seiliger cannot provide
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values of crank angles corresponding to CA10, CA50 and CA90, error percentages can be computed for
pressures and temperatures corresponding to CA10, CA50 and CA90 using Seiliger assuming the corresponding
crank angle positions are known from the HRR model as shown in Table Al.1. Table Al1.3 provides these error
percentages.
Table A1.3: Error percentages between the Seiliger combustion characterization simulation & measured values of crank
angle resolved parameters for 20H-NG fuel blend and 500 mg/Nm3 NOx values at 75% engine load. Note: Corresponding
crank angles are obtained from the HRR model

CA (¢ P@calo | P@caso | Pecaso | Paca) | dp/dtmax | Te@calo | Tecaso Tecaso | Teca()

Measured 217.4 54.57 67.5 18.32 39.3 1.254 879.6 1346 1235 1430
Seiliger NA 67.84 67.84 18.12 40.24 NA 740.1 1359 1221 1467
Error % NA 24.31 0.5 -1.09 0.865 NA -15.85 0.96 -1.13 2.58

Table Al.3 shows that Seiliger produces large errors for pressure and temperature estimation at CA10 as the
Seiliger process switches from stage 2 to 3 when CA10 occurs. On the other hand, Seiliger simulates pressures
and temperatures at CA50 and CA90 with good accuracy as these points lie close to Seiliger stages. The Seiliger
modelling approach is not capable of capturing the maximum rate of pressure rise as this value is infinity for
the Seiliger modelling approach by definition. In the Seiliger process, the end of combustion corresponds to the
end of the isothermal combustion stage, which is depicted by the Seiliger parameter ‘c’. Table Al.3 also
provides the error in estimation of pressure and temperature by Seiliger compared to the measured values at
point ‘c’.

To summarize the above discussion, although the Wiebe modelling approach provides additional crank
angle resolved information of the combustion process, the Seiliger modelling approach is capable of providing
sufficient details of the H-NG in-cylinder and combustion process while accurately capturing the variations in
the H-NG in-cylinder and combustion process for varying operating parameters with low computational effort.
The variations in the combustion process are not well captured by the Wiebe modelling approach as explained
in section 5.1.2 and 5.2.2 of the paper. Thus, both the Seiliger and Wiebe modelling approaches have their own
advantages and limitations, which can dictate the choice of the modelling approach.

APPENDIX 2: DERIVATION OF TRAPPED AIR-FRACTION

The derivation of trapped air mass fraction as a function of the residual gas mass fraction, air-excess ratio (A)
and the stoichiometric air-to-fuel ratio is as follows [48]:

The trapped air fraction (x,i) can be written as a function of the trapped residual gas fraction (xq;)
and trapped fuel fraction (xs),

Xy =(1=x0,) =X, A2.1
m, m m,
_ air,t _ rg.t . _ it .
where, X,  =——;X,, =——; X, =-—— m¢trapped mass
m m m

t t
Equation Al.1 can be written in the following manner,

mair,t — (1 _ mSg,f ) _ mf’t A2.2

m m

t t t

Multiplying both sides of equation A2.2 by the ratio of trapped air mass and trapped fuel mass,

mair,t A mair,t — (1 _ mrg,t ) . mair,t _ mf,t . m

m,mg, m,. - mg, ommg,

air,t

A2.3

Equation A2.3 can be simplified by writing the term as a function of stoichiometric air-to-fuel ratio and air-
excess ratio:

m

air g _ mair,mm . mair,l‘ — 6_1 A2.4
mf,t mf,t mair,min

Substituting equation A2.4 into equation A2.3, and using the mass fraction definitions:

Xy O A=(1=x,,) 0-A=x,, A2.5

Rearranging equation A2.5 gives,
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APPENDIX 3: DERIVATION OF TRAPPED MIXTURE TEMPERATURE FOR SI NG
ENGINE WITH ZERO VALVE OVERLAP

In a conventional 4-stroke engine with a positive valve overlap, the trapped mass (m;) is represented by
equation A3.1.

m,=m,, +m, +m,, A3.1

where, mjyq: air-fuel mass drawn into the cylinder during the induction stroke; m: residual mass of
combustion gas trapped from the previous cycle; m,.: part of scavenging mass retained after either the inlet or
outlet valve closing.

In a natural gas engine with zero valve overlap, there is no scavenging and, therefore, retained mass in
equation A3.1 is zero. Thus, the total trapped mass becomes

mt = mind + mrg,t A3.2

Each mass term in equation A3.2 is solved individually to calculate the trapped mixture temperature since the
trapped temperature has a combined effect of the increased induction temperature and temperature due to
mixing with the hot residual combustion gases trapped from the previous cycle. Starting with the total trapped
and applying the ideal gas equation, we get:

m :pz'Vt :pz'V1c
" RT RT

where, V,: trapped volume and is equal to the cylinder volume at the moment of inlet valve closing.
The trapped volume is estimated from crank angle measurements [47].

A3.3

Similarly, the induction mass is written as,

m. =pt'V;nd :pt'(Vlc_V/o)

ind A3.4
R ’ ];nd R ' 7—lv‘nd

where, p;: trapped pressure is obtained from measurements; R: gas constant; Vi,q: induction volume
between inlet valve opening and closing. In this engine with zero valve overlap, the inlet valve opens after the
exhaust valve closes, thus, starting the induction stroke. This induction stroke ends with the closing of the inlet
valve as shown in Table 2.2. The cylinder volumes at the time of inlet valve closing and opening can be
determined from geometrical formulations using the crank angle measurements.

In equation A3.4 the induction temperature (T;,g) is estimated in the following manner. During the
induction stroke as the mass enters the cylinder; its temperature will be higher than the temperature at inlet
manifold due to heat-pick-up from the inlet duct walls [67]. Therefore, the induction temperature is
determined from the measured manifold temperature (Tman) by using equation A3.5 [67],

Tnd :ginl .T;nl +(1_ginl).Tm A3.5

L. an

where, g;,: heat exchange effectiveness = 0.05; T;,: inlet manifold duct wall temperature = 400 K [67].

After determining the trapped and induction mass, the residual mass in equation A3.2 is derived. In
the test engine with zero valve overlap, the exhaust blowdown process (exhaust stroke) begins with the
opening of the exhaust valve and then ends with the closing of the exhaust valve. During the blowdown
process, the mass in the cylinder expands to pressure and temperature equivalent to the pressure and
temperature in the exhaust receiver manifold [67]. Thus, after the exhaust stroke or blowdown process, the
pressure and the temperature of the mass still remaining inside the cylinder is equal to the blowdown pressure
(Ppig) and blowdown temperature (Tpyg). In the experiments performed for this study, the pressure in the
exhaust receiver was measured, which is equivalent to the blowdown pressure. Assuming a polytropic
blowdown process, the blowdown temperature can be computed from the measured blowdown pressure and
the pressure at the moment of exhaust valve opening (pgo)-
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T z(pbld

bld

) - T, A3.6

EO

pEO

where, pgo is the pressure at the moment of exhaust valve opening obtained from in-cylinder pressure
measurements; ne: polytropic exponent; Tgo: in-cylinder temperature at the moment of exhaust valve opening.
It is calculated by applying the ideal gas equation at the moment of exhaust valve opening. At this point, the
mass in the cylinder (mgg) is equal to the trapped mass, since the in-cylinder mas is assumed to be constant
without any crevice mass losses.

T Pro Veo A3.7

EO =
R-mg,
After calculating the blowdown temperature, the trapped residual mass of combustion gas left after the
blowdown process or at the point of exhaust valve closing is given by,

-V
m,, = M A3.8
’ R'Tbld

where Vic is the cylinder volume at the time of exhaust valve closing and is determined from

geometrical formulations using the crank angle measurements.
To calculate the trapped temperature, equations A4.3, A4.4 and A4.8 are substituted in equation A3.2.

P Vie _p, Ve V) n Poig Ve A3.9

R'Tz - R.End R'szd

Although the gas constant is a function of the mixture composition, it changes minutely for trapped, induction
and residual mass, therefore, it can be assumed constant. By simply rearranging the equation A3.9, trapped
mixture temperature is determined as a combination of the heat pick-up during induction and the high
blowdown temperature of the residual combustion gas.

l_(VIC_VIO)_'_ (VEC'Pbld)

T, Vl 'an VI 'E'Tbld

t

A3.10

APPENDIX 4: SEILIGER PROCESS MODEL EQUATIONS

Table A4.1: Analytical correlations in the five-stage Seiliger process [37]

Seiliger Stage Volume Ratio Pressure Ratio | Temperature Ratio | Seiliger Parameters
1-2 L:r pz_rnc L: nc-1 re N
V C C T C
2 pl 1
T
2-3 L: 1 b _ a 3= a
V2 p2 T2
T
3-4 &: b by 1 4=} b
V3 p3 T3
T
4-5 Vi c Pi_ L5 .
V4 ps T4
V T -
5-6 <=1, s e =gl for Ne
VS p() T(:
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A4.2: Work and heat per unit trapped mass for the five stages of Seiliger process [37]

Seiliger Stage Work per unit mass [kl/kg] Heat per unit mass [kJ/kg]
1 1 1
1-2 W= - 'R'(Tz'Tl) q12:'[ - ]'R'(Tz'Tl)
n.-1 n-1 v-1
2-3
Wy = 0 ds = €, '(Ts - Tz)
34 Wy, = R'(T3 - T4) q;, = €, '(T4 - T3)
4-> w,.=R-T, -In(c) q,; = R-T, -In(c)
1 1 1
5-6 Wse = 'R'(Ts - Ts) q56:-[_- ]'R'(Ts 'Ts)
n, -1 y-1 n,-1

APPENDIX 5: VARIATIONS IN WIEBE SHAPE PARAMETERS

Figure A5.1(a) and Figure A5.1(b) show the non-dimensional combustion or heat release rate for different
values of m; and m, while the remaining Wiebe parameters are kept constant at values found for 10H-NG fuel
blend and 500 mg/Nm3 of NOx at 75% engine load. This can help understand the expected variations in heat
release as m; and m, change. In this analysis, each case of varying load, hydrogen percentage and engine
leaning has been discussed separately.

Case 1: Load

In [46], Ding used the double Wiebe function for diesel combustion with values of m; varying from
0.05 to 0.5. For this range of my, the non-dimensional combustion rate increased with decreasing m;. For the H-
NG combustion studied in this paper, the value of m; varied from 2.5 to 3.5. As seen from Figure A5.1(a), the
non-dimensional combustion rate during the primary phase of combustion increases as m, varies from 2.5 to
3.5. However, variations in m, impact the heat release during the primary phase of combustion. An increase in
value of m, means more heat is released in the late combustion phase and less is released during the primary
combustion phase and vice versa. This impact of m, on the primary phase of combustion is evident in Figure
A5.1(b) and helps understand the heat release during load variations.

Based on the HRR model analysis, the decrease in engine load reduced the heat released during late
combustion. The decrease in late combustion reduced the value of m, for lower loads, which increased the
non-dimensional heat released during the primary phase of combustion as seen from Figure 5.1(b). The
increased normalized heat release in the primary phase of combustion was accompanied by an increased m;
for lower loads. Therefore, m; decreased with increasing load as stated in section 5.2.2. However, this does
not mean that the absolute heat release during the primary phase of combustion is higher for lower loads. The
absolute value is a multiple of the non-dimensional heat release and the fuel mass, divided by combustion time
[46]. Since the fuel mass is low at lower loads compared to the mass at higher loads, the absolute heat release
is higher for higher loads even though the non-dimensional heat release is lower due to a lower value of m; and
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Figure A5.1: Non-dimensional combustion rate for increasing value of m;(a) and m,(b) while other Wiebe combustion
parameters are fixed at value found for 10H-NG fuel blend, 500 mg/Nm3 NOx at 75% engine load
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Case 2: Hydrogen percentage

In this case, m, decreases with increasing hydrogen percentage as hydrogen reduces late combustion.
A lower value of m, contributes to the heat release in the primary combustion phase as shown in Figure
A5.1(b). More non-dimensional heat is released in the primary combustion phase with hydrogen addition and
an increased value of m; as seen in Figure A5.1(a). However, this increment in m; was not found at all loads for
increasing hydrogen percentages as shown in Figure 5.7(b) and explained in section 5.2.2.

Case 3: Engine leaning

During engine leaning to lower values of NOx, more heat is released during the late combustion phase,
which is depicted by increasing m, as seen in Figure 5.4(a). Higher the value of m,, higher the non-dimensional
heat release in the last combustion phase and lower the heat released in the primary combustion phase, which
is evident from Figure A5.1(b). Thus, the increasing value of m, indicates deterioration of the combustion
process. Additionally, engine leaning was accompanied by a decreased value of m; as seen in Table 4.6.
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