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Abstract - Due to the current emission legislation,
improving the marine propulsion system performance has
received considerable notice. Employing natural gas as the
primary energy source presented remarkable attention in
the lean-burn mixture. Lean combustion enhances the
thermal efficiency in a steady-state, but the engine in a
transient marine condition encounters a time-varying load
with high frequency and amplitude. The in-cylinder states
during the transient conditions are pretty different from
similar steady-state conditions. A significant part of this
difference is the response time of the engine components.
This study aimed to analyze the influence of the air throttle
and the turbocharger mass moment of inertia. The
examination was performed on a developed
thermodynamics model of a spark-ignition engine. The
model was verified with an imposed constant and transient
load. The influence of the air throttle is discussed in a
comparison of steady-state and transient conditions. The
importance of turbocharger inertia is discussed with several
coefficients on the mass moment of inertia.

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

NOX Nitrogen oxides

SOX Sulphur oxides

co Carbon monoxide

EGR Exhaust gas recirculation

EIVC Early intake valve closure

fmep Friction mean effective pressure
LNG Liquid natural gas

PM particulate matter

UHC Unburned hydrocarbon

1. Introduction

In recent years the market has indicated more
demand to clean and sustainable alternative fuels, and
natural gas has been regarded as a clean fuel with wide
availability. Burning natural gas has shown a
remarkable reduction in emission compounds,
including carbon monoxide (CO), nitrogen oxides
(NOx), and particulate matter (PM). With a higher ratio
of Hydrogen to carbon in natural gas properties
compared to conventional fossil fuel such as gasoline
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and diesel fuel, the engine will produce even 20% less
COs..

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

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

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

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

2. Simulation Method
2.1. Implemented Equations

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



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

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

Table 1: Engine specification

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

Fuel type - Natural gas

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

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

am

at = Zboundariesm

(1)

dme dv .
i _‘DE + Yboundaries(M H) — hAg (Tfluid -
Twan) (2)
) dxA 1
dm dPA"’Zboundaries(mu)_‘l'Cf £ uzlul %_ KP(EPuWDA
at dx

(3)

Where m is mass of volume, and m is the
boundary mass flux. 4 is the cross-sectional flow area,
and Ay is the heat transfer surface area.

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



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

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

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

y—1

Ahg = CPTtotal,in(I')RT -1 (4)
2
Ttotal,in =Ty + % (5)

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

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

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

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

I
For the turbine, the following equations are
employed:

1-y

AhS = CPTtotal,in(1 - PRT) (9)
hout = hin — Nslhg (10)

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

2.2. Validation

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

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

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

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

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

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

100 | 502 | 1 1 0 1 1 0
00

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

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

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

25 | 12513 | 1.3 29 20 | 20 0.5
00 | 74 | 34 1
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Fig. 2: Engine speed variation on 750 rpm and comparison
with the measured data shown by dotted curve.
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Fig. 3: Fuel flow comparison between measured data and
simulated model

3. Implemented Steady and Transient Torque

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

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

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

In addition, another wave characteristic was
considered for the turbocharger lag assessment. This
wave has a lower frequency and amplitude; then, it is
more understandable to recognize the mechanical lag
caused by the turbocharger. The implemented wave is
shown in Fig. 6.
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Fig. 4: Implemented steady-state loading for throttle
assessment.
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Fig. 5: Implemented dynamic loading calculated by a wave
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Fig. 6: Implemented dynamic loading for examining the

turbocharger lag.

4. Results and Discussion

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

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

In contrast, Fig. 9 shows that using a throttle
during the transient load was not adequate for
regulating the amount of air. This is indicated in the
figure using a circle. Therefore, the excess ratio always
exceeded the setpoint with or without throttle. The
combustion efficiency also shows the same pattern, as
shown in Fig. 10. Referring to the frequency of the
waves in Fig. 5 and based on the results, we can
conclude that this small time scale is extremely short
for the throttle to turn into convergence. Therefore, for
such high-frequency waves, a device with a more rapid
response is needed to provide acceptable stability.
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Fig. 7: Air fuel ratio variation during steady-state
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Fig. 10: Comparison of combustion efficiency in the engine
with and without throttle during transient condition
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The data obtained for the emission formation,
NOx and UHC, are broadly consistent with the
performance output's major trends. Fig. 11 and Fig. 12
displayed the variation of unburned hydrocarbon in
these two operational modes, with and without
throttle. These authors' previous work [14] revealed
that the UHC compound directly correlates with the
air-fuel ratio, and a higher amount of excess air ratio
deteriorated the combustion quality and resulted in
the flame quench. Besides, flame quench was one of the
three primary UHC sources in lean-burn spark-ignition
gas engines together with gas exchange and crevice
volume. Therefore, a significant part of the fuel
remained unburned when the excess ratio increased to
avalue more than the setpoint. When the load declines,
the fraction of unburned fuel will increase as well. As
shown in Table 2, the measure data proved that the
UHC quantity in 25% load is doubled compared with
100% load. Following the same trend in Fig. 11 shows
seven times UHC increases with a 5% load when the
engine is working in steady-state and with the throttle.
Skipping the throttle may increase the UHC up to 80
times higher value. This amount of unburned fuel
results in almost twice fuel consumption during the
lower loads. Hence, the significance of using a throttle
during lower loads can be proved in the emission
aspect as well, even though it is not beneficial in
transient conditions, as shown in Fig. 12.

Furthermore, NOx showed a contrast procedure
compared with the UHC compound, as shown in Fig. 13
and Fig. 14. This emission compound is deeply
relevant to the flame temperature [16]. With a higher
air-fuel ratio, the combustion chamber's thermal load
declined, and the amount of NOx was reduced. It worth
mentioning that in Fig. 13, there is a sudden reduction
for the 25% load for the engine output with a throttle.
Part of this reduction of NOx stems from the
unexpected higher air-fuel ratio, as was mentioned in
Fig. 7.
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4.2. Turbocharger Inertia

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

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

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



the same boost pressure, while during the load
reduction, more drop and more fluctuation is achieved
by low shaft inertia. Moreover, this figure confirms
that the available turbocharger shaft inertia,
coefficient 1, is chosen correctly. The blue line has the
minimum difference with higher inertia but a
noticeable distance to the lower inertia. This proves
that increasing the shaft inertia will not contribute to a
remarkable enhancement of boost pressure.
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Fig. 15: Turbocharger rotational speed variation with
various shaft moment of inertia.
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Fig. 16: Boost pressure after intercooler. A higher shaft
inertia gives less fluctuation on boost pressure during load
reduction.

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

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

and methane slip, UHC. The UHC is defined as the
unburned fuel of the combustion chamber, which has

not participated in the main combustion and post-

oxidation. It is used to evaluate how well a gas engine

converts the natural gas to work and heat. This

compound is a function of fuel-burning rate and main

chamber temperature. When the air excess ratio

increases, the burning rate of natural gas reduces, and
the maximum temperature decreases: the extra air
leads more lean mixture and further temperature
reduction. Consequently, lots of the fuel will not burn
during the main combustion process, and since the
temperature during post oxidation is low, a striking
increase of the methane slip is achievable. Comparing
the air-fuel ratio in Fig. 17 and Fig. 21 confirms how
influential is the air excess ratio. UHC increase to 100
means 100 times more quantity than the nominal
value in steady-state. This is one of the main reasons
for BSFC increase during lower loads. If this additional
fuel is trapped in the chamber or be controlled before
the load reduction, fuel consumption reduces
significantly.

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



216 to 222. Moreover, similar to the other figures, the
long time scale variation of NOx is in the same
frequency as the other figures, and it changes from
almost 0 in low loads to 7 in high loads. The trend is
shown in Fig. 22.
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Fig. 21: Unburned hydrocarbon formation. The load sudden
reduction resulted into higher fraction of fuel as unburned
and leave the combustion chamber without participating
the main combustion and post-oxidation.
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Fig. 22: NOx formation. NOx has a non variable value during
lower loads due to lower temperature, while it increased to
more than 7 times of steady-state. The higher the inertia,
the higher the NOx formation.

5. Conclusion

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

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

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

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

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

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

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