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KEYWORDS Abstract Providing stable combustion of lean-burn natural gas engines was always a big

challenge, particularly during a low load operation. In transient sea conditions, there is an addi-

Esstston Ao tional concern due to irregular time-varying loads. Therefore, this study aimed at investigating

Methane slip; the part-load operation of a marine spark-ignition lean-burn natural gas engine by simulating

NOy; the entire engine. The engine’s essential components are modeled, including air manifold,

Part-load operation intake valves, fuel system, controllers, combustion chamber, exhaust valves, exhaust manifold
and turbocharger.

In steady-state, the results of emission compounds from modeling have been compared to

measured data from 25% to 100% loads. For transient conditions, for the sample time of about

50 min, the fuel flow and turbocharger output are selected from the vessel logged data and

compared with the simulation results. The model has shown the great potential of predicting

the engine response throughout the steady-state and transient conditions. Simulating the engine

at part-load transient condition showed that the unburned hydrocarbon formation, known as

methane slip in lean-burn gas engines, is more than the part-load steady-state. This increase

of methane slip is due to the combustion instability in lower loads and flame extinguishing

in such transient conditions. The engine measured data shows a double amount of methane slip

in a 25% load than the 100% load in steady-state. However, the simulation output in the

Lean-burn combustion;
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transient conditions confirms an increase in methane slip over four times than equivalent
steady-state load. Moreover, the lean-burn gas engine releases less NOx in part-load operation
in a steady-state due to lower in-cylinder temperature. In transient conditions, there is remark-
able instability in excess air ratio. Due to this instability, there is a rich mixture in instantaneous
time steps during loads up. Therefore, it will result in an unusually high amount of NOx, and
more than two times in comparison with the equivalent steady-state output.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Nomenclature

m mass flux

A cross-sectional flow area
A, flame front arca

Ag heat transfer surface area
D diameter

DF dual fuel

E, activation energy

EVO exhaust valve opening
GWP  global warming potential
H hydrogen

h total specific enthalpy
h. heat transfer coefficient
IvC intake valve closing

Kp pressure loss coefficient
M mass

N speed

NO nitrogen oxide

P pressure

Ry post-oxidation rate

Rg fuel burn rate

Sy laminar flame speed

Sr turbulent flame speed

T temperature

t time

u velocity at the boundary
UHC unburned hydrocarbon

Vv volume

BMEP  brake mean effective pressure
CcO carbon monoxide

CO, carbon dioxide

EGR exhaust gas recirculation
GHG greenhouse gas

MO international maritime organization
PID proportional-integral-derivative
PM particulate matter

PTI power take-in

PTO power take-off

Re, turbulent Reynolds number
rpm revolutions per minute

SOx sulfur oxides

VTG variable turbine geometry
Greek letters

[0) equivalence ratio

p density

1. Introduction

The importance of natural gas as a hydrocarbon-based
fuel for engines in marine applications is increasing
continuously due to the high thermal efficiency of burning
natural gas in a very lean mixture in lean-burn natural gas
engines.

In addition, during recent years, the International Mari-
time Organization (IMO) applied a maximum specified ni-
trogen oxide (NOx) and sulfur oxides (SOx) in various
regulations [1]. It has also defined an initial strategy on
reducing greenhouse gas (GHG) emissions from ships by
achieving net-zero GHG emissions from shipping by the
end of the 21st century by:

e Reducing total annual by at least 50% by 2050 compared
to 2008,

e Reducing carbon dioxide (CO,) emissions intensity per
transport by at least 40% by 2030, and by at least 70% by
2050.

Natural gas engines produce four main emissions: NOy,
CO,, carbon monoxide (CO) and unburned hydrocarbon
(UHC), which is mainly methane [2]. Natural gas contrib-
utes to relatively low particulate matter (PM) and zero SOx
[3]. Lean-burn spark-ignition gas engines with lambda (the
ratio of actual air/fuel ratio to stoichiometry ratio for a given
mixture) about 2 reduce the thermal load and the level of
NOx emission to meet the standard emission requirements
without an additional after-treatment system [4]. Therefore,
a low NOy emission and low knock probability due to the
low combustion temperature is the main advantages of the
ultra-lean natural gas engine [5,6]. Natural gas has chemical
properties with a high H/C ratio of around 3.7. Thus, by
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changing the fuel from diesel with a ratio of 1.8 to natural
gas, an immediate reduction of CO, is achievable. As a
result, the gas engines produce less CO, and even 20% less
than similar gasoline engines [7]. At lean equivalence ratios,
like for the lean-burn spark-ignition engine, a low amount of
CO can be achieved [8]. Moreover, the formation of CO
emission is high primarily when the engine operates close to
stoichiometric or during warm-up when the wall is cold.

Nevertheless, a major challenge in natural gas engines is
the volume of methane slip [9]. Global Warming Potential
(GWP) values relative to CO, is about 21—28 times in 100
years for methane [10]. Therefore, incorporating methane
slip as a CO, equivalent eliminates nearly all the advan-
tages of converting a diesel engine into a natural gas en-
gine [11]. Moreover, a lean-burn natural gas engine has a
narrow optimized operating area in a full load. A widened
operating area is only in low loads with low brake mean
effective pressure (BMEP), where the efficiency of the
engine is also lower. For an engine working in the maritime
industry, these two areas should be considered separately
and individually.

To enhance the combustion and reduce the lean-burn gas
engine’s methane slip, redesigning the engine was suggested
[12]. Since the main sources of the methane slip for this type
of engine are crevice volume, quenched flame, and gas
exchange process during valves overlap [13]; the improve-
ments mainly were viewed on these sources. Stenersen and
Thonstad [14] recommended two general strategies for
entering into a lower amount of methane slip region:

1. Primary measures related to engine design and operation,
2. Secondary measures, i.e., exhaust gas after-treatment.

The engine redesigning involves, but is not limited to,
lowering the crevice volume (dead volume) and using var-
iable valve timing to minimize the valve overlap. The latter
restricts the methane slip from the gas exchange process
significantly. There are always constraints in redesigning
strategies; for instance, the oil temperature should never
exceed 170° Celsius. Thus, a quenched flame near the
crevice volume, especially between the piston and the liner
is essential [15].

Exhaust after-treatment systems have already been
widely used to control the total emission of the engines. For
typical gas engines with a lean mixture, palladium and
platinum-based catalysts have shown a reliable performance
of both methane and formaldehyde reduction [16—18].
However, such instruments’ lifetime restricted the applica-
tion of an after-treatment system for marine engines [14].
Wirtsild reported acceptable methane conversion ratios in
marine engines, although they also stated that the main
challenge was the deactivation by sulfur [19].

In order to address the methane slip issue in marine gas
engines, design modification prevailed as the only practical
strategy. Installing a pre-chamber for stable combustion
[14], injecting the liquid diesel fuel as the pilot with 1%—
5% [20], and regulating the airflow by variable turbine

geometry (VTG) [21] are proposed to heighten the engine
performance and lowering the methane slip emission. Rolls
Royce reported a low methane slip engine with high sta-
bility for marine applications [22]. Besides, Wirtsild re-
ported a decline of approximately 15% in greenhouse gas
emissions using a spark-ignition gas engine. The improve-
ment could be achieved compared to the already low
emission levels of the Dual Fuel (DF) engine with the
lowest total cost of ownership along with the smallest
environmental footprint [23].

The influence of the methane slip reduction methods is
investigated in steady-state and mostly in full loads, and the
cumulative methane slip reduction is confirmed. However, a
real ship works in waves with a time-varying inflow on the
propeller and the engine. The engine’s response during the
transient load may entirely deviate from the steady condi-
tion. The consequences of imposing several sea waves with
different wave amplitudes, wave frequencies, and wave di-
rections remarked the influence of time-varying load on
methane slip and NOx formation. The flame quenching is
one of the key players for extra methane slip, and the rich
mixture was the main player of extra NOx [24]. Further
works are attempted to control the combustion around the
full load [25]. The transient conditions analysis explained
that the turbocharger’s mechanical delay is the primary
source of the out-of-range excess ratio. The lean combustion
is sensitive to the air-fuel ratio, and any divergence from the
setpoint results in further methane slips. With load drop in
transient conditions, extra boost pressure is delivered to the
cylinders, and the air-fuel ratio exceeds the setpoint. This
additional air is the main source of quenching flame and
methane slip. Multiple controlling systems were established
and concluded that the closed-loop and open-loop control-
lers always had a time delay. A fast response solenoid valve
with a proper orifice diameter fitted at the end of the intake
manifold could adjust the excess air ratio and discard almost
all additional methane slip. The only drawback of the pro-
posed method was a 50% higher amount of NOx. Retarding
spark ignition timing corrected the added NOy formation.

Part-loads operation of the engines affects the combus-
tion stability, emission formation, and thermal efficiency
[26]. Due to the non-developed flame propagation of lean
mixture in a DF engine using diesel and natural gas as the
fuels, indicated thermal efficiency is low. In addition, higher
CO and UHC emissions deteriorate all the advantages of
low emission DF engine [27]. One specific solution for the
DF engine is advancing diesel injection timing to increase
the pressure rise rate [28]. The effect of injection pressure on
natural gas/biodiesel dual-fuel engine at a low load condi-
tion demonstrated the advancement of the combustion sta-
bility and emission reduction due to the improved pilot fuel
atomization and shorter ignition delay [29].

For the lean-burn gas engines, installing a throttle for the
lower load (less than 30%) was proposed [30]. The pros and
cons of using throttle have already been investigated in
numerous works on both CI and SI engines [31,32]. The
intake-throttling device intensifies exhaust gas recirculation
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(EGR) injection by decreasing the pressure behind the
intake valve, and it effectively accelerates the natural gas
combustion [33]. In contrast, the engine’s efficiency de-
creases due to the pumping losses caused by the throttle’s
partial opening [34]. Therefore, installing a throttle valve to
regulate the air ratio throughout the engine loading is
refused. The influence of throttling for the lower loads
during harsh weather conditions is also an issue since the
load variation is usually faster than the throttle valve
response [35].

The literature found the gas engine’s response and the
formation of emission during the transient conditions.
However, they mainly focused on the full load with regular
sea waves. Despite all that research, they lacks studies
exploring to what extent the lean-burn gas engine can
operate at low loads. The present work aimed to underline
the lean-burn gas engine response and emission formation
during part-loads and irregular time-varying load. The
novelty of this study is showing the significance of lower
loads operation on combustion stability and emission for-
mation with a specific focus on methane slip comparing to
high load operation. The irregular fluctuated loads on the
propeller are according to an actual vessel journey.

The remainder of the paper is organized as follows: In
section 2, the simulation methodology with a focus on flame
and emission modeling is discussed. Next, the motivation
and limitation of this research are presented in section 3 and
4, respectively. Afterward, in section 5, the validation of the
model and the analysis of the results of the part-load oper-
ation are presented. Finally, section 6 draws the highlights
of the part-load operation of gas engines and concludes the
disparity between transient loading and steady-state
condition.

2. Establishment of the engine model

Engine modeling is a viable solution for predicting en-
gine thermal efficiency, fuel consumption, and emission
compounds formation. The advantages of doing modeling
than the on-board measurement are cost and time effec-
tiveness, and there is the possibility of tracking the engine
on a very short time scale.

Detailed modelings of the engine’s fundamental ele-
ments, such as intake and exhaust manifolds, intake and
exhaust valves, controllers, combustion chamber, fuel sys-
tem, and turbocharger, were taken into account by mathe-
matical equations and discretized control volume
implementations in this study. All the models are imple-
mented into the commercial GT-SUITE package. The most
important part of the modeling during the transient condi-
tions was combustion modeling. To predict the combustion
progress for the SI engine, the Slipuent flame model is
proposed [36]. The model has the potential of predicting the
combustion burning rate based on laminar (S;) and turbulent
(S7) flame speed. It was assumed that there are two zones,
burned and unburned zone, and the eddies of the unburned

zone are entrained in the flame front at a turbulent velocity
while the mixture of fuel and air is burning by laminar
velocity. The rate of transformation of unburned to the
burned zone is calculated by Eqgs. (1) and (2):

aMm,

= p,A4.(S S, 1
7 puAe(St + Sp) (1)
dM,, M, — M,
—_— = 2
dt T 2)

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

In order to calculate the laminar flame speed (S;), Hey-
wood [37] recommended Eq. (3) for several hydrocarbon
fuels:

T,

« P
St = (Bu+By(o— com)z)(F) () o (3)
0o Po
where for natural gas fuel [38]:
a=0.68¢>—1.7¢ +3.18 (4)
B= —0.52¢*+1.18¢ — 1.08 (5)

fpu 1s the dilution effect and is employed as:
fou=1—-0.754(1— (1 —0.754 x Du)") (6)

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

The time constant of combustion of fuel/air mixture
entrained into the flame zone (t) was calculated by Eq. (7):

4 7)

T=S—L

with the Taylor length scale of:
L;

h=a( ) (8)
and

_ PuliLs
Re;, = m 9)

and calculation of turbulent flame speed is done by Eq. (10):

1
r(i—f)Z) (10)

Sr="bu(1-—

Moreover, # and L; are turbulent intensity and turbulent
length scale, respectively [39].

Calculation of A4, is presented in Ref. [40].

Since the fluid flow is essential in determining the flow
dynamic delay and the turbocharger response, the equation
of conservation are involved in the conservation of mo-
mentum as well as Egs. (11) and (12) [36]. The dimensions
for all the pipes and junctions are implemented based on the
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designed components, and different discretized length scales
for the straight pipes and bends are chosen.

In all discretized volumes, Eqs. (11) and (12) generate
the mass and energy in each volume. With the available
volume and mass, the density can be calculated. Afterward,
the equations of state define density and energy as a function
of pressure and temperature, and the solution will be
continued iteratively.

dm

am _ 7 (11)
dt bounzdarie,v

dme dv .

7= _pE —+ Z (mh) _hcAs(Tﬂuid - Twall) (12)

boundaries

@ — dpA + Zboundaries(mu) - 4Cf%‘u‘ dXTA B KP(%pu|u|)A

dt dx

(13)

Pressure drop is calculated in all of the volumes, and heat
transfer is also modeled. More information is given in
Ref. [24].

Apart from the modeling of the components with fluid
flow, there were also required to study how the actuators and
control parameters influence in terms of engine stability.
The main target was to keep the engine in a determined
excess air ratio, and for this purpose, a closed-loop pro-
portional-integral-derivative (PID) controller was employed
on the turbine to regulate the VTG. This controller plays a
dominant role in regulating the air-fuel ratio, and thus, the
general response of the engine. Moreover, two other regular
PI controllers (PID with a coefficient of D = 0) are also set
a place:

e The fuel flow regulator with engine speed feedback,

e The throttle opening angle to restrict the airflow if the
load is lower than 30%.

In the present study, the focus is to recognize the engine
emission formation during part load where the load varia-
tion occurs in an area where the methane slip usually is
higher than other conditions. For this purpose, a predictable
model is used. The methodology for calculation of UHC
formation and the correctness of the method is extensively
described in Ref. [13]. In order to calculate the amount of
total mass of unburned fuel, Eq. (14) is employed:

wc
wo comb post_comb

my yo-ve is the mass of fuel injected in the combustion
chamber from intake valve opening to intake valve closing,
My comp 1S the amount of fuel which is burned during the
main combustion and 7y ,os:-comp 1 the mass of fuel which is
oxidized in post oxidation from the end of combustion to
exhaust valve opening.

The post-oxidation (post-comb) of unburned fuel is
based on reaction rate of Ry, according to Eq. (15).

__1600KxB

" el [ 102 (15)

where 4 and B are multiplier, and T is the mass-averaged
overall temperature, and Rg is the burn rate equal to dM./
dt calculated by the combustion model of Eq. (1).

The reported value for UHC is calculated by:

Ry = 20004Rse

S (RC x UHC,M,)] [6000ng

BSync =
ore = | Power,, n,

] (16)

where Power,, is brake power, n,. is revolutions per cycle, 2
for a 4-stroke engine. and R is:

RC=1_ M

(17)

Myotal

where m,, is the mass of burned species in the cylinder i at
the start of the cycle and m,,,,, is the total mass of all species
in cylinder i when the exhaust valve opens.

For the formation of NOx, Zeldovich mechanisms are
being employed [41]:

O0+N,=NO+N (18)
N+0,=NO+0 (19)
N+OH=NO +H (20)

where Eqgs. (18) and (19) are thermal NOy formation and
Eq. (20) is particular at near-stoichiometric conditions and
in fuel-rich mixtures. The reaction rate for the three mech-
anisms are:

380004

Kl = Fle Ty (21)
31504y

K2 = F2 Tbe Ty (22)

K3 = F3 (23)

For Eq. (18), Eq. (19), and Eq. (20), respectively. 4, and
A, are constant coefficients for tuning the modeling. T, is
the burned mixture temperature.

In order to calculate the unburned and burned zone
temperatures and pressure at each time step, the cylinder’s
contents are considered, including residual gases from the
previous cycle. The amount of fuel-air mixture transferred to
the burned zone is determined by the burn rate. Once the
chemical equilibrium calculation is carried out for the entire
burned zone, the new composition of the burned zone will
be determined, and the internal energy of each species is
calculated. Next, the energy of the burned zone is obtained
by summation over all of the species. By applying the en-
ergy conservation equation in the chamber, the new tem-
peratures and cylinder pressure of the unburned and burned
zone are obtained.
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Table 1  Model coefficients.

Item Symbol Value
Dilution factor A 1
Turbulent flame speed b 1.18
Taylor length scale a 1
UHC multiplier 1
Crevice volume fraction 0.01
NOx multiplier 1
Laminar flame speed B, 0.490
Laminar flame speed B —0.59
Laminar flame speed Om 1.390
Fi 7.6e10
F, 6.4¢6
F; 4.1el0

Table 1 provided the model coefficients being used in
Egs. (1)—(23). The schematic of all the influential compo-
nents being modeled and studied in this research can be
represented, as shown in Figure 1.

3. The motivation of present research

Taking the vessel journey’s temporal patterns into ac-
count, Figure 2 gives a histogram of the engine loading for
one month. The histogram algorithm shows that the engine
load, for the most part, has two ranges of the working area,
80%—100% and 30%—60%. Modeling and analysis of the
engine output, including the fuel consumption, combustion
efficiency, and emission compounds for the area closed to
the full load, 70%—100%, is already done [24]. Examining
the performance and emission of the entire journey is
difficult because of the simulation run time. Therefore, a
continuous 50 min of the engine loading was separated from

3 Inlet manifold

2 Intercooler
5 Block
8 Turbine

1 Compressor

4 Fuel

7 Exhaust manifold
10 Controllers box

6 Torque
9 Turbo shaft

Figure 1  Engine modeling schematic. The thick arrows indicate the
fluid flow passage, and the dashed arrows indicate the controllers’
elements, consisting of VTG, air throttle, and fuel flow by feedback
from the engine speed.

5= 1.05

N

Frequency
w

0
0 20 40 60 80 100 120
Torque/%
Figure 2 The torque percentage frequency of occurrence for 31

days of vessel operation in the sea.

this long vessel tour. The histogram of the loading is shown
in Figure 3. This time duration has between 25% and 85%
of loading and meets our requirements for examining the
engine loading in part loads.

Table 2 and Table 3 represented the vessel specifications
and medium-speed four-stroke natural gas engine, respec-
tively. The vessel is a cargo vessel owned by Nor Lines and
was constructed by Tsuji Heavy Industries in China, which
is fitted with nine cylinders Bergen B35:40 gas engine from
Rolls Royce Company.

The engine and the vessel logged data are available for
the entire journey, but not for the emission data. There is no
data available for the amount of methane slip, although
logging the emission output during the transient conditions
is not simple. The fastest instruments, such as the Flame

Table 2 Ship main specification.

Item Value
Length between perpendiculars/m 117.6
Breadth/m 20.8
Design draft/m 5.5
Design shaft submergence/m 33
Service speed/kts 15
Table 3  Engine specification.

Item Unit Value
Number of cylinders = 9

Cylinder bore mm 350
Cylinder stroke mm 400
Connecting rod mm 810
Maximum power kW 3940
Rated speed rpm 750

Fuel type = Natural gas
IVC (BBDC) CA 40

EVO (ATDC) CA 130
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250
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=
W
[}
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Figure 3  The torque percentage frequency of occurrence for almost
50 min of engine operation.

Ionization Detector FID sensor, have a response time and
cannot measure the emission compounds in the transient
loading. Air Pollution Monitor MEXA-1170HFID Series
made by HORIBA is an example. The instrument has a time
delay due to using sample gas analysis [42]. Therefore,
modeling is essential to address the influence of time-
varying load on emission formation, such as methane slip
and NOx.

Figure 4 represented the implemented torque during the
time. The red dashed line shows the logged data from the
vessel, and the blue line shows the imposed torque on the
simulation. This satisfactory overlap confirms that the en-
gine model followed the propeller load precisely.

4. Limitation

Generally, the concentration of the emission compounds
differs in chemical equilibrium rather than the detailed
chemical mechanism. Nevertheless, implementing the

40000 ‘ ‘
,,,,, Logged data
— Modeling output
30000
E
g
2
% 20000 - ~
=
10000 - =
| | | |
500 1000 1500 2000 2500 3000
Time/s
Figure 4  Implemented torque variation for almost 50 min based on

the propeller torque from the vessel.

detailed kinetics to find the emission level during combus-
tion and post oxidation needs considering hundreds of re-
actions. Therefore, the basic formation mechanism is
provided for the pollutants, and this simplification neglected
to address all the formation processes. In addition, the fuel
may react during the combustion process and form form-
aldehyde [43]. In the presence of hydrocarbon compounds,
a new formation of oxygenated hydrocarbon (OHC) may
occur [44]. This step is also simplified in the modeling, and
the only source of UHC is the amount of unburned fuel,
which is presented as methane slip.

In addition, the model is not validated for CO in different
loading points in steady-state. Thus, it is impossible to
consider its output for transient conditions. Moreover, CO
may form from incomplete combustion in a lean mixture
[45] and become an important output emission of lean
combustion. However, due to simplification in chemical
mechanisms, this process was skipped.

5. Results and discussion

A marine engine operates both in steady-state and tran-
sient conditions. During the steady-state, the torque and
speed are almost constant; hence, the other results do not
alter either. While under transient conditions, all elements
are influenced by the time-varying torque, such as engine
speed, fuel flow, boost pressure, airflow, intake temperature,
and in-cylinder pressure. The engine speed is typically an
output of the conditions, and in a marine application, it is an
output of vessel speed, gear-box ratio, the pitch of the
propeller, and the engine power. Since the whole propulsion
system was not modeled in the simulation, the speed was
given to the model as a target curve. In order to keep the
speed in an appropriate range, a PID system regulated the
fuel system to reach this target curve. It should be noted that
this curve acts like a captain’s desire to retain the vessel’s
velocity. The logged data, as well as the simulation output,
is shown in Figure 5. It can be seen that there was a small
negligible gap between the logged and the modeling data.

The fuel consumption of the engine in Figure 6 revealed
an immeasurable overlap between engine logged data and
modeling results. Nearly the same approach was found in
Figure 7. The air pressure of the intake manifold changed
from 1 bar to 2.5 bar in absolute, just with a bit more un-
certainty for simulation output. Two immediate reasons for
this uncertainty arises:

1. Simulation issue
2. Measuring issue

The simulation issue involves the turbocharger predic-
tion, which does not accurately predict the load’s shift,
resulting in a higher or lower boost amount. This inequality
may originate from the imposed look-up map or the ther-
modynamic equation simplification. However, looking at
Figure 5 at a time of 240 s shows that the engine speed
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quickly declined from 500 to nearly 430 rpm, while the
logged data of fuel flow and boost pressure have not
changed at this time. Since the logging occurs once each
second (which means one out of six cycles for the speed of
750 rpm), a significant number of the variation is never
recorded in the measuring of the output. Therefore, it can be
concluded that the measuring issue is more feasible than the
simulation issue.

The comparison of logged data and numerical output
during various loads and speeds confirmed the model’s
correctness during the transient conditions and the potential
of predicting the general engine outputs. Besides, the vari-
ation was observable in a shorter time scale with the
modeling. However, some developments in simulation
output may still be needed. For example, the boost pressure
in lower loads predicts around 1.05 bar on average, while
the logged data is 1.02. Although this small quantity is
negligible, 3% of the additional boost may contribute to a
more in-depth emission quantity.

To ensure the predictability of the emission model, the
results of the steady-state, which is provided by the manu-
facturer, are presented in Figure 8. The results are in good
agreement with the available data, and all errors between the
simulated and measured outputs are within acceptable
levels. Therefore, the models with the implemented tuning
coefficients in steady-state for UHC and NOyx have been
used for transient conditions.

The engine’s part-load operation can significantly alter
the amount of emission formation; thereby, methane slip
and NOy formation as the two primary emissions of lean-
burn gas engines are presented in Figure 9 and Figure 10.
During steady-state with a nominal load, almost 2% of
fuel remains unburned, which is believed as unburned
hydrocarbon emission. This quantity increases when the
engine load distances from the power curve or changes in
an oscillating condition. Interpretation of the results of
Figure 9 states that flame propagation has an uncertainty

800 1
Logged data

— Modeling output

700

500 ¥

400
500 1000 1500 2000 2500 3000
Time/s
Figure 5  Engine speed. The speed varies from about 500 rpm to

730 rpm in implemented transient condition.
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— Modeling output
= 400 '
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~ 200
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Time/s
Figure 6  Fuel flow. The consumed fuel by the engine is predicted

accurately throughout the transient condition.

even with a slight load shift throughout the part loads (1).
This uncertainty issued a large oscillation of the UHC
formation, and methane slip increased notably by several
apparent variations. It is worth noting that the first 200 s
can not be considered as the simulation output because
the model we have implemented requires almost 160 s to
reach a convergence to the values where initialized
parameters.

Between 1000 and 2000 s, when speed and torque
increased gradually and declined afterward, the UHC
amount was not constant, but there was less change on the
output (2). This stability demonstrates how the higher load
plays a dominant role in providing stable combustion.

As shown from (1), the same fluctuation occurs for the
area (3). As long as the load and speed are low, and the
engine is working in low loads, any slight variation on
propeller load results in a higher amount of methane slip.
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Figure 7  Boost pressure. The absolute pressure measured after the

intercooler confirms the correctness of the turbocharger modeling.
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Figure 10 indicates the total formation of NOx. As can be
seen, the only stable area of this compound formation is
between 1200 and 1800 s. The duration is when the engine
was working at 670 rpm and torque between 20,000 and
30,000 Nm. The result again confirms the improvement of
the engine response in full-load in comparison with a part-
load.

In the absence of quantitative airflow data, the main item
for recognizing the mechanisms is the simulation output.
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Figure 8  Comparison of measured data and engine simulation in
steady-state. The X-axis shows the load percentage, and the Y-axis
gives the measured-modeled output. The results are normalized by the
measured value in 100% load.

All the rotating components, such as a flywheel,
turbocharger shaft, and crankshaft, have a moment of
inertia. During transient conditions, acceleration or de-
acceleration of the rotating mass orders a different amount
of energy than the other components. The larger the mass
moment of inertia, the more significant the difference. For
example, if the load rises, a part of the energy will
accelerate the shafts to reach the new stable state. In
contrast, this delay in turbochargers appears with an
additional excess ratio when the load suddenly declines.
This excess ratio is a function of the largeness of load
variation and frequency of the propeller load. The incli-
nation of the air-fuel ratio for the implemented load is
shown in Figure 11. The ratio attempts to enter into the
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Figure 9  Methane slip. A significant variation occurs on total
methane slip when the engine slightly oscillates in lower load, shown
by (1) and (3).
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Figure 10  NOx formation increases even when the load is lower in
transient condition. An unstable combustion results in high excess air
ratio in short time scales and consequently a high in-cylinder com-
bustion temperature.
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setpoint area, while the load shift prevents the stability,
and the ratio fluctuates in a range of 30—32 mostly. During
the higher loads, only a high fluctuation on propeller load
influences the air-fuel ratio, while during part-load, strik-
ing variation occurs even with small load change.

Due to the unreadability of the data throughout the entire
time, we presented the average values by the necessity of
approximations.

Figure 12 and Figure 13 indicate the mean value of boost
pressure and consumed fuel in various loads and speeds.
Since the speed was less important than the load, the x-axis
presents the load percentage. The average value of the
simulation results was found good entire the loads, except
the fuel flow in minimum and maximum load, where there is
an almost 5% gap between the results. It must be high-
lighted that the load percentage was chosen in the most
stable moments. For example, 71% of the load is the
average of seconds from 1548 to 1675, almost 2 min, and
28.8% between 2406 and 2761, almost 6 min. Moreover,
68% of the load consumed more fuel than 70%. This
contrast stems from the engine speed difference, where the
power of 68% is higher than 70%.

The available emission logged data in Figure 14 and
Figure 15, which was already shown in Figure 8, implies a
continuous 750 rpm in several loads, while the simulation
output is for a range of speed from 500 to 750 rpm.
Therefore, with a rough comparison based on the load of the
engine, Figures 14 and 15 are provided. The logged data of
steady-state in Figure 14 determines that increasing the load
contributed to the lower quantity of methane slip, and this
trend is due to the developed combustion in higher loads,
where the methane slip quantity declined almost linearly to
half from 25% to 100%. It is worth noting that the data are
normalized based on the value in 100% load; hence the
values on the 100% load are equal to one. The simulation
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Figure 11  Air fuel ratio. The setpoint is 31, while during time

varying load, the air fuel ratio fluctuates between 20 in minimum and
40 in maximum. The higher excess ratio means higher methane slip,
and the lower excess ratio means higher amount of NOx.
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Figure 15  Average of NOx - a comparison of steady-state and

transient conditions.

output for transient conditions, however, showed a higher
number. The average value with a 28% load is almost four
times more than the measured data.

Comparing methane slip behavior for a different engine
but installed both on-board and test-bed measurements
showed almost the same output [30]. As the load becomes
more than 50%, the agreement was rather good in both in-
stallations. But for the loads lower than 25%, the difference
exceeded 400%. This rise in the methane slip quantity
highlights the importance of keeping the marine engine load
always in high loads.

Concerning Figure 15, a lower load produced a smaller
quantity of NOx during the steady-state. The reduction is
20% from full load to 25% load; however, NOx showed a
contrast procedure in the transient conditions and was
increased in lower loads. This contrasting behavior can be
explained again in the engine response due to the time-
varying load, where the air-fuel ratio suddenly declines to
a lower point than the setpoint.

In both Figures 14 and 15, a fitted curve, which ex-
plains the probable trend of the emission formation is
added by using a polynomial curve fitting method in
MATLAB by an order-fits of 4. It is immediately apparent
that the UHC formation after 70% load is not sensitive to
tiny load variation, and the value is equal to the steady-
state. With an approximation, the same occurs for the
NOx emission. Furthermore, there is a linear correlation
between NOyx formation and load decrease, while an
exponential function can be found for UHC. Therefore,
higher load variation in lower loads may increase the
methane slip predominantly.

6. Conclusion

In this research, a numerical model has been developed
to predict a lean-burn spark-ignition gas engine’s

response, such as fuel consumption, turbocharger
response, and emission formation in actual transient
conditions. Irregular time-varying load is implemented in
the modeling to examine the emission formation of the
engine during part-loads. Through this research, it is
concluded that:

e The data analysis from vessel journey showed the sig-
nificance of frequency of occurrence of part-load opera-
tion with a working area of 30%—60% for marine
engines.

e The engine modeling accurately predicted the fuel con-
sumption and air system performance during the time-
varying load.

e The simulation output tracked and presented any vari-
ance of the data, while the logged data may not record all
the fluctuations due to sampling time.

e The variation of air-fuel ratio during the transient con-
ditions showed that the engine response is more critical
in lower loads, and the excess air ratio significantly
changes with small load fluctuation.

e The amount of methane slip increases in lower loads both
in steady-state and in transient conditions. However, in
transient conditions, the load fluctuation results in more
rise in total methane slip.

e Small load fluctuation influences the amount of methane
slip if the load is lower than 70%. For full load operation,
the engine response is more resilient to the tiny variation.

e Despite the steady-state, NOy formation increases during
lower loads of transient conditions, and the average is
higher than the steady-state.

With this high level of methane slip and NOx from lean-
burn gas engines in real transient conditions of maritime
operation, this type of engine may not be classified as a
clean source of energy among other fossil fuels by taking
the CO, equivalent of methane into account. However, for
developing the combustion stability and reduce the emission
in low load operation, there are possible methodologies with
different costs and complexity:

1. Employing a hybrid propulsion system by providing power
take-off (PTO) in lower loads and power take-in (PTI) in
higher loads. This system maintains the engine on optimum
working area based on the power curve of the engine. The
drawback is increasing the cost, complexity, and demand
for larger space of the installation.

2. Adding high combustible additives such as hydrogen.
The addition of hydrogen proved an increase in burn rate
due to the higher flame speed of hydrogen, resulting in
more stable combustion in the lean limit. The drawback
is the control of the mixture to prevent any knock and
maximum pressure. Moreover, the most likely challenge
with hydrogen is the development of a new bunkering
infrastructure and suitable monitoring of the safety of
storage.
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