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Abstract: In this paper, a novel technical route, namely combining the low-pressure ex-
haust gas recirculation (LP-EGR) and variable compression ratio (VCR), is proposed to
address the inferior fuel economy for marine dual-fuel engines of low-pressure gas injec-
tion in diesel mode. To validate the applicability of the proposed technical route, firstly, a
zero-dimensional / one-dimensional (0-D/1-D) engine simulation model with a predictive
combustion model DI-Pulse is established using GT-Power. Then, parametric investigations
on two LP-EGR schemes, which is implemented with either a back-pressure valve (LP-
EGR-BV) or a blower (LP-EGR-BL), are performed to qualitatively identify the combined
impacts of exhaust gas recirculation (EGR) and compression ratio (CR) on the combustion
process, turbocharging system, and nitrogen oxides (NOx)-brake specific fuel consumption
(BSEC) trade-offs. Finally, an optimization strategy is formulated, and an optimization
program based on response surface methodology (RSM)—particle swarm optimization
(PSO) is designed with the aim of improving fuel economy while meeting Tier III and
various constraint conditions. The results of the parametric investigations reveal that the
two LP-EGR schemes exhibit opposite impacts on the turbocharging system. Compared
with the LP-EGR-BV, the LP-EGR-BL can achieve a higher in-cylinder pressure level. NOx-
BSFC trade-offs are observed for both LP-EGR schemes, and the VCR is confirmed to be
a viable approach for mitigating the penalty on BSFC caused by EGR. The optimization
results reveal that for LP-EGR-BV, compared with the baseline engine, the optimized BSFC
decreases by 10.16%, 11.95%, 10.32%, and 9.68% at 25%, 50%, 75%, and 100% maximum
continuous rating (MCR), respectively, whereas, for the LP-EGR-BL scheme, the optimized
BSFC decreases by 10.11%, 11.93%, 9.93%, and 9.58%, respectively. Furthermore, the corre-
sponding NOx emissions level improves from meeting Tier II regulations (14.4 g/kW-h)
to meeting Tier III regulations (3.4 g/kW-h). It is roughly estimated that compared to the
original engine, both LP-EGR schemes achieve an approximate reduction of 240 tons in
annual fuel consumption and save annual fuel costs by over USD 100,000. Although similar
fuel economy is obtained for both LP-EGR schemes, LP-EGR-BV is superior to LP-EGR-BL
in terms of structure complexity, initial cost, maintenance cost, installation space require-
ment, and power consumption. The findings of this study provide meaningful theoretical
supports for the implementation of the proposed technical route in real-world engines.

Keywords: marine two-stroke dual-fuel engine; low-pressure exhaust gas recirculation;
variable compression ratio; optimization; NOx-BSFC trade-off
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1. Introduction

The shipping industry plays an extremely vital role in promoting global economic
and trade development due to its merits of high loading capacity, superior safety, and
cost-effectiveness [1]. Nevertheless, the impacts of various gaseous emissions from engines
on the ecological environment cannot be ignored. These pollutant emissions mainly include
NOXx, sulfur oxides (SOx), hydrocarbon (HC), particulate matter (PM), carbon monoxide
(CO), and methane (CHy). In order to alleviate the adverse effects of shipping activities on
the environment, corresponding global and regional environmental protection regulations
have become stricter. The revised International Convention for the Prevention of Pollution
from Ships Annex VI, which was approved at the 58th session of the Marine Environment
Protection Committee and came into force on 1 July 2010, establishes International Maritime
Organization (IMO) Tier I, Tier II, and Tier III regulations on NOx emissions from marine
engines [2]. For marine engines with a rated speed of less than 130 RPM, the maximum
permissible NOx emissions limited by Tier I, Tier II, and Tier Ill are 17 g/kW-h, 14.4 g/kW-h,
and 3.4 g/kW-h, respectively [3]. Tier I and Tier II are global requirements, which are
applied to ships constructed on or after 1 January 2000 and 1 January 2011, respectively.
Tier I1I is applied to ships constructed on or after 1 January 2016, which necessitates a
substantial reduction in NOx by around 76% relative to Tier II for ships sailing in the
Emission Control Areas (ECAs) [4]. On 1 January 2020, a newly introduced limit on the
sulfur content of the fuel on-board the ships entered into force, namely “IMO 2020” [5]. The
sulfur content is restricted to below 0.50% m/m (mass by mass) for ships sailing outside
the ECAs, while the limit is 0.10% within the ECAs. With the global community paying
increasing attention to environmental protection, it is reasonable to believe that in the near
future, the regulations on pollutant emissions from shipping activities will be even stricter,
and more areas will be designated as ECAs.

For compliance with existing mandatory environmental regulations, marine engine
manufacturers and researchers have developed various emission-reduction technologies.
The regulations on SOx can be simply met by burning either low-sulfur fuel oil or clean
fuels. As for the NOx, several feasible technologies have been developed, mainly including
EGR, selective catalytic reduction (SCR), Miller cycle, water addition, and fuel injection
strategy [1,6]. Among these technologies, EGR is widely used by marine engines for meeting
Tier IIl regulations [7]. Extensive studies have been carried out focusing on the application
of EGR in marine diesel engines, which always face the problem of a high level of NOx
emissions. These studies cover both LP-EGR and high-pressure EGR (HP-EGR). Extensive
experimental investigations of EGR in marine diesel engines have been carried out by
marine engine manufacturers, including both shop tests and on-board verification [8-10]. It
is confirmed by the experimental results that EGR is capable of enabling marine engines to
meet Tier III regulations while maintaining the associated fuel penalty within an acceptable
range. In addition, many researchers have also carried out relevant studies by using
numerical simulation techniques. These studies not only involve using 0-D or 0-D/1-D
models to investigate the impacts of EGR on the overall performance of engines, but
also include computational fluid dynamics (CFD) models to analyze the effects of EGR
on the in-cylinder combustion process and the formation process of various pollutant
emissions [11-15]. To facilitate the development of the EGR control system, Alegret et al.
developed a mean value model of a marine large-scale two-stroke diesel engine equipped
with EGR and cylinder bypass valve [11]. This model demonstrates a fast simulation
speed and satisfactory predictive accuracy. Most importantly, it can well capture the main
dynamics of the engine. Using a validated 0-D/1-D model, Lu et al. conducted a parametric
study on a marine two-stroke diesel engine fitted with EGR and turbocharger cut-out
system [12]. It is found that when the capacity ratio of the large and small turbochargers
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is set to 70:30, the engine can achieve the lowest weighted BSFC. However, in order to
comply with the Tier III regulation, the operation of EGR results in a 2.6% penalty on the
weighted BSFC. Also based on a 0-D/1-D model, Wang et al. compared the performances of
LP-EGR and HP-EGR in a marine low-speed diesel engine [13]. With the same in-cylinder
peak pressure and the same level of NOx emissions, the power consumptions of both the
EGR blower and the engine BSFC with the LP-EGR are lower than that with the HP-EGR.
However, it is pointed out that the compactness and cost of the LP-EGR are inferior to
those of the HP-EGR. In [14], a numerical study on the combined application of EGR and
Miller cycle was carried out in a marine two-stage turbocharged diesel engine. The results
reveal that, compared with using only EGR, combining the two technologies can reduce
the NOx emissions and BSFC by 0.87 g/kW-h and 17.19 g/kW-h, respectively. In [15],
based on the CFD model of a marine two-stroke diesel engine, the impacts of EGR, boost
pressure, and fuel injection timing were studied. The results reveal that coupling EGR
with advanced fuel injection timing can improve the trade-off relationship between NOx
emissions and indicated specific fuel consumption. The findings of these previous studies
fully demonstrate that EGR is a viable technology that enables marine diesel engines to
meet Tier III regulations. However, due to the NOx-BSFC trade-off, the operation of EGR
inevitably leads to a deterioration in the engine fuel economy. Although the increase
in BSFC is not very significant, considering the characteristics of extremely high power
(ranging from several thousand kilowatts to as high as tens of thousands of kilowatts) of
marine large-scale diesel engines, the resulting increase in fuel costs cannot be overlooked.
This is the reason why, in some studies, EGR is applied in combination with other energy-
saving and emission-reduction technologies, such as Miller cycle, fuel injection strategy,
and water addition [14-16]. The main purpose is to improve the NOx-BSFC trade-off. To
fully leverage the potential of EGR in reducing NOx emissions while minimizing the fuel
penalty necessitates a collaborative optimization of the EGR rate and other engine setting
parameters. For example, a collaborative optimization of EGR and Miller cycle based on
PSO was carried out in [14]; an optimization method combining RSM, Bayesian neural
network, and non-dominated sequence genetic algorithm (NSGA) was proposed in [17].
It should be noted that most of the current research on LP-EGR focuses on the scheme
implemented by using the EGR blower (LP-EGR-BL), while there is little research on the
scheme implemented by using the back-pressure valve (LP-EGR-BV). The LP-EGR-BV
scheme adjusts the engine back-pressure to establish a pressure difference between the
turbine outlet and the compressor inlet, thus achieving the recirculation of exhaust gas
without consuming any additional power. It is very clear that LP-EGR-BV is superior to
LP-EGR-BL in terms of structural complexity, installation space requirement, and cost.
Therefore, carrying out relevant research on it holds certain practical significance.

In recent years, marine dual-fuel engines have increasingly gained the favor of
shipowners. This type of engine can burn diesel oil in diesel mode and natural gas in
gas mode. The carbon content of natural gas is significantly lower than that of diesel
oil, and it contains almost no sulfur content, making it an environmentally friendly fuel.
Specifically, for marine dual-fuel engines of low-pressure gas injection, the combustion
proceeds following the Otto cycle in gas mode. Owing to the lean premixed combustion,
an extremely low level of NOx emissions can be achieved, fully meeting Tier III regula-
tions. In contrast, in diesel mode, since the combustion is still the Diesel cycle, only Tier
II regulations can be met. For compliance with Tier III regulations in diesel mode, NOx
reduction technologies are required. As discussed in [7], considering that marine dual-fuel
engines typically operate in diesel mode only for a limited time, EGR is regarded as a
cost-effective technology for the diesel operation to meet Tier III regulations. For marine
dual-fuel engines of low-pressure gas injection, in order to avoid knocking in gas mode, a
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CR much lower than typical marine diesel engines has to be adopted. However, this will
greatly sacrifice the engine fuel economy in diesel mode, making BSFC significantly higher
than typical marine diesel engines. It can be speculated that the application of EGR will
exacerbate this situation. Hence, combining EGR with other technologies is necessary for
improving the NOx-BSFC trade-off.

In the field of automotive engines, VCR technology has been proven as a viable
solution to improve fuel economy for both compression-ignition diesel engines and spark-
ignition gasoline engines. The VCR mechanism of the VC-Turbo engine developed by
NISSAN can continuously adjust the CR from 8 to 14 [18]. When it is installed in the
INFINITI QX50 (front-wheel drive specification), compared with the V6 gasoline engine
equipped in the former QX50, the fuel efficiency improves by 35%. The findings of the
study carried out by Rufino and Ferreira reveal that with variable compression ratio and
displacement, an efficiency improvement of around 15% is achieved at part loads for
spark-ignition engines [19]. Similar findings on fuel economy improvement with VCR are
also reported in other studies [20-22]. Drawing on valuable experience from the existing
studies on the application of VCR in automotive engines, VCR is expected to be a promising
solution to improve the fuel economy of marine dual-fuel engines of low-pressure gas
injection. In diesel mode, the CR can be substantially increased to improve fuel economy,
while in gas mode, an appropriate lower CR can be set to avoid knocking. Moreover, in
either the diesel or gas mode, a higher CR can be adopted at low loads, while at high loads,
a lower CR can be used to avoid exceeding the permissible maximum in-cylinder peak
pressure or knocking. In this way, the optimization of engine fuel economy across the
entire load range can be achieved. Despite the potential of VCR in improving fuel economy,
there are few studies focusing on applying VCR to marine engines. Existing studies mainly
focus on investigating how the CR influences the operation of marine engines [23-25]. This
research gap may be due to the fact that diesel engines still dominate in the field of marine
engines and inherently operate without risk of knocking, thus allowing for employing high
CR to achieve high engine efficiency. In 2023, WinGD, a world-renowned manufacturer
of marine two-stroke engines, introduced VCR technology for marine two-stroke dual-
fuel engines of low-pressure gas injection [26]. However, more detailed specifics and
performance characteristics of this technology have not been found in the literature or
news reports.

Based on the introduction and discussion of existing research presented above, the
combination of EGR and VCR appears to be a highly effective solution for enabling marine
dual-fuel engines of low-pressure gas injection to comply with Tier III while achieving
satisfactory fuel economy in diesel mode. This constitutes the primary topic of this study.

Through the above analysis, corresponding research gaps can be identified. Although
extensive studies, both experimental and simulation ones, have been conducted to analyze
and investigate the effects of EGR or VCR on engine performance and emission characteris-
tics, little research has been carried out on the combined application of EGR and VCR in
internal combustion engines, especially marine large-scale engines. In some existing stud-
ies [13,27,28], while the performances of different EGR configurations have been compared,
generally speaking, they are only limited to the comparison between LP-EGR and HP-EGR.
There is a lack of studies comprehensively comparing LP-EGR schemes implemented with
either a back-pressure valve or EGR blower, respectively (for the sake of brevity, these two
types of LP-EGR are designated as LP-EGR-BV and LP-EGR-BL in this paper). To better
inform the real-world design choices of both ship owners and engine manufacturers, it is
necessary to conduct targeted studies to fill the abovementioned research gaps.

The novelty of this study includes the following: (a) A technical route, namely LP-EGR
combined with VCR, is proposed to address the inferior fuel economy of marine dual-fuel
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engines of low-pressure gas injection in diesel mode. (b) A meticulous engine performance
optimization strategy based on RSM-PSO is designed to fully exploit the potential of
combining LP-EGR and VCR in terms of energy conservation and emission reduction.
(c) A systematic comparison is made between the LP-EGR-BV and LP-EGR-BL schemes,
including a quantitative comparison of their impacts on the engine performance, as well
as a qualitative comparison in terms of structural complexity, initial costs, maintenance
costs, etc.

The main purpose of this study is to validate the applicability of combining LP-EGR
and VCR in a marine two-stroke dual-fuel engine through numerical simulations, aiming to
minimize the BSFC while complying with the Tier III regulations on NOx emissions. Firstly,
a 0-D/1-D simulation model of the target engine is developed using commercial engine
simulation software GT-Power (Version 2020). After carefully calibrating the model parame-
ters, this type of model is capable of providing accurate prediction results without requiring
extensive computational efforts [29,30]. This feature is very suitable for investigating the
whole-engine performance. Furthermore, aiming at the purpose of this study, the predictive
combustion model DI-Pulse is selected to simulate the in-cylinder combustion process due
to its capability of capturing the impacts of the variations in EGR rate and CR on the com-
bustion characteristics. Secondly, parametric investigations are performed to identify the
combined impacts of EGR rate and CR on the combustion process, turbocharging system,
and NOx-BSFC trade-off. This step is crucial for formulating a reasonable optimization
strategy, including the selection of optimization variables and determination of constraint
conditions. Then, based on a comprehensive consideration of the study’s purpose and
various factors influencing the safe, stable, and continuous operation of the engine, the
optimization strategy is formulated, which is defined as a constrained single-objective
optimization problem. Finally, an optimization program based on RSM-PSO is developed.
Similar methodologies have been adopted in many studies on engine optimization [31-33].
Optimization results are derived to evaluate and compare the performances of the two
LP-EGR schemes in terms of improving the fuel economy. In addition, a short discussion is
presented on how the findings of this study inform real-world design decisions from the
perspectives of commercialization potential, cost-effectiveness, and reliability.

2. Investigated Engine
2.1. Baseline Engine

A marine two-stroke dual-fuel engine of low-pressure gas injection is selected as the
baseline engine with its main specifications at MCR presented in Table 1. As discussed
in Section 1, this type of engine can operate in two modes, namely the diesel and gas
modes. Given the purpose of this study, only the diesel mode will be focused on in this
study. Unless otherwise specifically stated, all the results presented in this paper refer to
the diesel mode.

Table 1. Engine’s main specifications.

Parameter Unit Value
Cylinder Number - 6
Cylinder Bore mm 720
Stroke mm 3086
Speed at MCR RPM 69.1
Power at MCR kW 13,265
Mean Effective Pressure at MCR bar 15.3

Firing order - 1-6-2-4-3-5
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Scavenging Air Receiver

2.2. LP-EGR Schemes

There are two implementation schemes available for LP-EGR. One is based on the
back-pressure valve, whereas the other is based on the EGR blower. They are termed as
LP-EGR-BV and LP-EGR-BL in this study, respectively, and their layouts are illustrated in
Figure 1. For the LP-EGR-BV scheme, its principle is to adjust the engine back-pressure by
adjusting the opening degree or the cracking pressure of the back-pressure valve, thereby
achieving the recirculation of the exhaust gas from the downstream of the turbine to the
upstream of the compressor under the created pressure difference between them. For the
LP-EGR-BL scheme, it achieves the forced recirculation of exhaust gas through the operation
of the EGR blower, but this comes at the cost of additional electrical power consumption.

Exhaust Gas Receiver

Turbine

Turbine
(———

EGR
Blower
Back-pressure |

Valve

Cooler
Sov

Scrubber

Cooler

Scavenging Air Receiver

(a) LP-EGR-BV (b) LP-EGR-BL

Figure 1. Layouts of LP-EGR-BV and LP-EGR-BL schemes (SOV: shut-off valve, WMC: water
mist catcher).

3. Engine Model Description and Validation
3.1. Baseline Engine Model Description

The baseline engine model was developed with the 0-D/1-D approach by using the
commercial simulation software GT-Power. The model layout is presented in Figure 2.

The flow in the engine pipelines was modeled by the 1-D approach, which solves
the conservation of continuity, momentum, and energy equations in one dimension [34].
The 1-D approach discretizes every single pipe in the engine into one or more volumes,
which are connected by boundaries. It was assumed that the scalar variables (pressure,
temperature, density, etc.) are uniform within each volume, whereas the vector variables
(mass flux, velocity, mass fraction fluxes, etc.) are calculated for each boundary.

As for the working process within the cylinder, the 0-D approach was employed.
Among all the cylinder sub-models, the combustion model is of utmost importance due
to its significant influence on the prediction accuracy and predictive ability of the engine
model. In order to capture the impacts of the CR and EGR on the combustion, the predictive
combustion model DI-Pulse provided by GT-Power was used in this study [35]. According
to the modeling concept of DI-Pulse, the cylinder contents are divided into three zones
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including the main unburned zone, the spray unburned zone, and the spray burned zone.
In order to endow the model with predictability, the DI-Pulse applies some empirical or
semi-empirical sub-models to simulate the relevant processes during fuel injection and
combustion (injection, entrainment, evaporation, etc.). The basic governing equations of
the DI-Pulse are briefly introduced below [35].

Exhaust Air
Receiver

Scavenging Air
Receiver

NO.1 Cylinder

v Injector

NO.2 Cylinder

“Injector

Auxiliary
Blower

NO.4 Cylinder

“ Injector

NO.5 Cylinder

= Injector

Air Cooler

E Crank Train

A
Power W Propeller
Controller

— m— S DR, SR ) S |
Compressor I,:L " E] Turbine

Turbocharger Shaft

Figure 2. Layout of the baseline engine simulation model.

The fuel is added to the spray unburned zone once it is injected into the cylinder. The
fuel spray tip length S is calculated with the following equation:

8
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As the fuel spray penetrates, the surrounding gases of both unburned and burned are
entrained with the entrainment rate calculated as given in the following equation:

Aent MinjUinj du

a2 dr @

where men: and Miy; are the entrained and injected fuel mass, respectively; Cent is the
entrainment rate multiplier; u is the velocity at spray tip.

The ignition delay Tig, of the evaporated fuel-air mixture in the pulse is modeled with
the well-known Arrhenius expression as shown in Equation (3) and the ignition occurs
when the equal sign in Equation (4) holds:

3500

Tign = Cignpil'5 eXp(T)[OZ]_O'S ©)
1
dt =1 (4)
/ Tign

where Cig, is the ignition delay multiplier; p and T are the pulse density and temperature,
respectively; [O;] is the oxygen concentration.

After the ignition occurs, the combustion proceeds first in the form of premixed
combustion and then in the form of diffusion combustion. The corresponding combustion
rates are calculated according to Equations (5) and (6), respectively:

d
Premixed combustion : % = ComMpmk(t — tign)z f([O2]) (5)

where Mpm is the premixed mass; Cpm is the premixed combustion rate multiplier; k is the
turbulent kinetic energy; t;g, is the ignition time.

mqys¢

Diffusion combustion : I

= Cyemys

vk f([02]) 6)

cyl

where mg; is the air—fuel mixture mass available during this combustion stage; Cg¢ is the
diffusion combustion rate multiplier; V.y; is the cylinder volume.

In addition to the combustion model, it is also necessary to select and set up several
other cylinder sub-models. These sub-models are introduced briefly herein. The “S-shaped”
scavenging function, which defines the function relationship between cylinder residual
ratio and exhaust residual ratio, was used to describe the in-cylinder mixing of incoming
fresh air with in-cylinder burned gases during the scavenging process. The classical
Woschni correlation was used to calculate the heat transfer between the in-cylinder hot gas
and the cylinder head, cylinder wall, and piston. As for the engine friction mean effective
pressure, it was modeled with the Chen-Flynn engine friction model, which takes into
consideration the influences of both the in-cylinder peak pressure and piston speed. The
extended Zeldovich mechanism was used to predict the NOx emissions.

For the compressor and turbine in the turbocharging system, the look-up table method
was employed with the corresponding data derived from their performance maps. The
inputs of the compressor model include the turbocharger speed and the pressure ratio
across the compressor. The efficiency of the compressor and its flow rate are calculated as
outputs by interpolating the established look-up table. Consequently, the temperature at
the outlet of the compressor and its power can be calculated. As for the turbine model, its
input only includes the expansion ratio. The efficiency of the turbine and its flow coefficient
are also calculated through interpolation. In this study, the turbine was simplified into
a nozzle. Based on this simplification, the flow rate of exhaust gas flowing through the
turbine can be calculated according to the steady 1-D isentropic flow theory, and then, the
turbine outlet temperature and power can be determined. Since both the changes in EGR
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rate and CR affect the operation of the turbocharging system, the compressor may surge in
certain situations. Surge margin is used to evaluate the risk of surge, which is calculated
according to Equation (7):

. c mc,sg

m
SM = 7)

e
where 11, is the mass flow rate of the compressor; r'nC,Sg is the mass flow rate of the com-
pressor at the surge line.

The boosted air from the compressor is cooled by the air cooler before entering into
the cylinders. The air cooler was modeled by simplifying it into a series of pipes connected
in parallel. The pipe wall temperature is imposed as the desired air outlet temperature of
the air cooler, which is calculated according to the cooling efficiency and cooling water
temperature. It should be noted that a high heat transfer multiplier is set for the cooler pipes,
which allows sufficient heat transfer between the boosted air and cooler pipes. Therefore,
the cooler air outlet temperature can achieve the same value as that of the cooler wall pipes.

The model-based controller “ControllerDInject” in GT-Power was employed to realize
the power controller. It achieves the targeted brake power by adjusting the quantity of
cycle injected fuel.

In this study, different boundary conditions were selected and set for different re-
search objectives:

e  When validating the engine simulation model (Section 3.2), the measured engine brake
power was set as the target value of the power controller. The engine cycle injected
fuel quantity will be regulated by the power controller, thus enabling a fair comparison
between the prediction and measurement results of the engine power, speed, and
other performance parameters.

e  When carrying out the parametric investigations in Section 4, for the purpose of
eliminating the impacts of the cycle injected fuel quantity, the power controller was
removed. Therefore, the engine cycle injected fuel quantity was constant for each
simulation run at the same load point.

e In Section 5, when performing the optimization program, the power controller was
re-integrated into the engine simulation model. This is mainly because it is considered
that the optimization of engine performance should not influence the engine power
and speed. Therefore, the engine should maintain the same brake power and speed at
the same load point, which will make the optimization results more meaningful.

3.2. Baseline Engine Model Validation

As presented in Figures 3 and 4, the engine model was validated by comparing the
simulation and measurement results of the engine performance parameters under various
steady-state conditions and evaluating corresponding prediction errors. Measurement data
were derived from the engine shop trial report provided by the engine manufacturer. The
engine shop trial report was approved by both the China Classification Society and Lloyd’s
Register, which, to some degree, substantiates its trustworthiness.

As can be found from Figure 3, the variation trend of the simulation results of all the
examined engine performance parameters with the engine load is highly consistent with
that of the measurement results. It can be observed from Figure 4 that the relative errors
of most of the examined engine performance parameters are actually within +3%. Only
the relative errors of the in-cylinder compression pressure at 25% MCR and the exhaust
pressure at 75% MCR exceed the range of 3%, which are —3.10% and 3.66%, respectively.
Compared with the other engine operating parameters, the relative errors of the engine
speed and brake power are extremely small (not exceeding £0.13%), which is mainly
attributed to the power controller integrated in the model. This power controller takes
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the measured brake power as its target value, thus enabling the predicted brake power to
gradually approach the target value by adjusting the engine cycle injected fuel quantity.
For marine engines directly connected to the propeller, since they operate according to the
propeller law, the engine brake power has a one-to-one correspondence with its rotational
speed. Therefore, extremely small relative error is also obtained for engine speed. In
addition, it can also be found from Figure 4 that the relative errors of various engine
operating parameters are randomly distributed, and there is no phenomenon that certain

parameters are more sensitive than others.
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Figure 3. Comparison between the simulation and measurement results.

By referring to the existing literature, no explicit and commonly acknowledged stan-
dard for evaluating the prediction accuracy of the engine simulation model has been
found. Nevertheless, the international standard ISO 15550:2016 (International combustion
engines—Determination and method for the measurement of engine power—General
requirements) has brought inspiration for the evaluation of the prediction accuracy of the
engine simulation model [36]. In this standard, the permissible measurement deviations
of various engine performance parameters are provided. Among them, the permissible
deviation is £2% for engine speed, +3% for brake power, £3% for BSFC, £5% for in-
cylinder peak pressure, 5% for in-cylinder compression pressure, £2% for turbocharger
speed, 2% for scavenging pressure, =5% for exhaust pressure, and +4 K for scavenging
temperature. By comparing the results presented in Figure 4, it can be found that the
prediction errors are within the permissible deviation ranges specified in ISO 15550:2016. In
addition, by referring to the existing studies related to numerical investigations on marine
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engines, it is found that the prediction accuracy of the engine simulation model established
in this study is consistent with theirs [12,30,33,37].

4
25% MCR 50% MCR
i +3.66%
" 75% MCR 100% MCR
i Relative error =+3%
2+
5 i
s 1
-
5 N
o 0
A
H -
=
.
=~
-2 L
3 [ Relative error = —3% -3.10%

neng Pb BSFC ppeak pcomp Gi\e P Pe Ts

Figure 4. Relative errors of the simulation results with respect to the measurement results (1eng: engine
speed, Pp: brake power, BSFC: brake specific fuel consumption, ppeak: in-cylinder peak pressure,
Peomp: in-cylinder compression pressure, nyc: turbocharger speed, ps: scavenging pressure, pe:
exhasut pressure, Ts: scavenging temperature).

Validating the accuracy of the predicted in-cylinder pressure curves constitutes a
crucial step during validating the engine simulation model. In addition to the intuitive
in-cylinder pressure information, the pressure curves also implicitly contain important
information about the combustion process. However, the shop trial report from the engine
manufacturer does not provide the measurement results of in-cylinder pressure curves
under various load points. Therefore, it is impossible to carry out such validation, which
is undoubtedly a non-negligible limiting factor in this study. In fact, such a limiting
factor also exists in many simulation studies on marine large-scale two-stroke engines,
mainly because the experimental costs of such engines are extremely high. Instead, the
accuracy of the engine simulation model is validated by comparing the measurement
results and the prediction results of the engine performance parameters under various
steady-state operating conditions, which is also the validation method adopted in this
study [12,30,33,37]. Nevertheless, to demonstrate the prediction capability of the developed
engine simulation model, the corresponding simulated in-cylinder pressure curves are
calculated and presented in Figure 5. As can be observed from it, the shapes of the pressure
curves are consistent with the measurement results of marine large-scale two-stroke engines
as presented in existing studies [2,13]. Furthermore, given that the engine simulation model
demonstrates satisfied prediction accuracy for scavenging and exhaust pressures and in-
cylinder compression and peak pressures, which collectively shape the characteristics of
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the pressure curve, the reliability of the results presented in Figure 5 can be verified to a
certain extent.
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Figure 5. Simulated in-cylinder pressure curves at various load points.

Based on the above discussion, it can be considered that the established engine simu-
lation model exhibits acceptable prediction accuracy, which can be used with fidelity for
subsequent investigations.

3.3. Engine Model Extension

After validating the baseline engine model, it was extended by integrating the two
LP-EGR systems as well as the EGR controller (for regulating the EGR rate), and their
layouts are presented in Figure 6.

For the LP-EGR-BL scheme, a centrifugal compressor was selected as the EGR blower,
which was modeled with the same method as the compressor in the turbocharging system.
For the LP-EGR-BV scheme, the back-pressure valve was modeled using the template
“ThrottleConn” provided by GT-Power. By adjusting the throttle angle of the “Throttle-
Conn”, the engine back-pressure can be adjusted, thereby achieving the targeted EGR
rate. For eliminating the adverse influences of high-temperature exhaust gas on engine
performance, the EGR gas is cooled by using the EGR cooler in both schemes [38]. In this
study, the EGR cooler was modeled with the same method as that of the air cooler as
introduced in Section 3.1.



J. Mar. Sci. Eng. 2025, 13, 765 13 of 41

To Scavenging From Exhaust
Air Receiver Air Receiver

L
[
é
il

LP-EGR System
Yy EGR Cooler EGR Shutoff

EGR Mass Flow

) Rate N Back-pressure
Compressor 4 @ IQ] Valve

)
Mass Flow Rate Cs
EGR Rate Controller

1
i 1
i 1
i 1
E - EES Boie S GT-SUITEv2020 EGR Mass Flow Rate qks i
! EGR_Rate_Set Throttle Angle > [} :
: P EGR_Rate_Actual . :
| P —————— Compressor Mass * \

GT-SUITE Model 1

E EGR_Rate_Controller Flow Rate '

1
i Controller in| |
i Simulink | !
i 1

EGR Cooler

To Scavenging From Exhaust

Air Receiver Air Receiver
I:" — —T .

:'———— _______________________________________________________________

: LP-EGR System EGR Blower EGR Shutoff

! Valve

[H 1 j L & o< 8

i

I

I

I

I

EGR Mass Flow
Rate

Compressor

@ Mass Flow Rate

EGR Rate Controller

-C- EGR_Rate_Set GT-SUITEV2020
EGR_Blower_Speed » .
EGR_Rate_Actual

EGR Mass Flow Rate

EGR_Rate_Set

Compressor Mass

GT-SUITE Model 1 Flow Rate

EGR_Rate_Controller

Controller in
Simulink

A

(b) LP-EGR-BL scheme

Figure 6. Layout of the extended engine simulation model.



J. Mar. Sci. Eng. 2025, 13, 765

14 of 41

Since the exhaust gas is recirculated from the downstream of the turbine to the up-
stream of the compressor for both LP-EGR schemes, the EGR rate (mass fraction) is defined
according to the following equation:

m
PECR = —% (8)
me

where mggg is the mass flow rate of EGR gas.

For the LP-EGR-BL scheme, additional electrical power, which is typically provided
by the diesel generator set on-board the ship, is consumed by the EGR blower to forcefully
drive the recirculation of the exhaust gas. In this study, this part of power consumption is
also taken into consideration when calculating the BSFC. Therefore, the engine BSFC with
the LP-EGR-BL scheme is calculated with the following equation:

Py1-BSFCyen
geng + ggen Peng . BSFCeng + Ubl"?ger?
BSFCip EGR BL = P = P )
eng eng

where geng and ggen are the instantaneous fueling rates of the engine and the diesel generator
set (for driving the EGR blower), respectively; Peng and Py, are the power of the engine and
the EGR blower, respectively; BSFCeng and BSF Cgen are the BSFC of the engine and the
diesel generator set, respectively; 77, is the EGR blower efficiency; #7gen is used to account
for the efficiency losses during the power generation and distribution processes.

As for the EGR rate controller, it is of a proportional-integral (PI) type and is im-
plemented in Simulink (Version R2018b). The PI controller in Simulink receives signals
from GT-Power, including mass flow rates of both the EGR and compressor, to calculate
the actual EGR rate. By comparing the actual value of the EGR rate with the set value,
the deviation between them is calculated. Then, based on the PI algorithm, the control
signal is calculated and outputted to the GT-Power to target the desired EGR rate. For
the LP-EGR-BL scheme, the control signal is used to adjust the rotational speed of the
EGR blower, whereas for the LP-EGR-BV scheme, it is used to adjust the opening of the
back-pressure valve.

4. Parametric Investigations

In this section, parametric investigations are carried out with the aim of analyzing and
comparing the impacts of two LP-EGR schemes on the combustion process, turbocharging
system, as well as NOx-BSFC trade-off.

4.1. Effects of the Combined Application of LP-EGR-BV and VCR
4.1.1. Effects on Combustion Process

EGR influences the combustion process by altering the composition and thermody-
namic properties of the cylinder charge, while the CR exerts its effect by changing the
compression intensity of the cylinder charge. The impacts on the combustion process will
directly affect the engine performance and the formation of various types of emissions.
Figure 7 shows their combined effects on in-cylinder pressure and heat release rate (HRR)
at 75% MCR as a representative case.

As presented in Figure 7a, with a CR of 12.1, as the EGR rate increases from 10% to
30%, the in-cylinder pressure only decreases slightly during the compression stage. Similar
trends are also observed in [38]. On the one hand, this is because the operation of EGR
leads to a decreased scavenging pressure. On the other hand, it is due to the thermal effect
of EGR, that is, the mixing of fresh scavenging air with exhaust gas results in a higher
specific heat capacity of the cylinder charge [39]. However, during the combustion stage, a
more obvious distinction can be observed. This is mainly caused by the dilution effect of
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In-cylinder Pressure [bar]|

EGR [39]. The reduction in the quantity of oxygen within the cylinder hinders the mixing of
fuel and oxygen and slows down the burning speed as shown in Figure 7b, finally causing
the in-cylinder pressure to drop. Specifically, the peak pressure drops from 100.8 bar
to 90.9 bar. However, the position of the peak pressure does not change significantly,
remaining approximately at 14° crank angle (CA) after top dead center (ATDC). With an
30% EGR rate, an increase in the CR can significantly elevate the pressure level, not only
during the compression stage but also during the combustion stage as shown in Figure 7a.
During the compression stage, it is mainly due to the cylinder charge being subjected to
more intense compression. As the CR gradually increases, the compression pressure even
exceeds the pressure rise caused by combustion, meaning that the peak pressure is equal
to compression pressure. On this basis, because of the promoting effect of increased CR
on the burning speed as presented in Figure 7b, the pressure level during the combustion
stage is significantly elevated. With a 30% EGR rate, as the CR elevates from 12.1 to 25, the
peak pressure changes from 90.9 bar to 202.1 bar. Even when increasing the CR from 12.1
to 17, the pressure level increases significantly, fully compensating for the decline in the
pressure level caused by EGR.
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Figure 7. Effects of EGR and CR on combustion process at 75% MCR: (a) In-cylinder pressure,
(b) Apparent gross heat release rate (LP-EGR-BV scheme).

In fact, the in-cylinder pressure level of an engine reflects, to a certain extent, its
ability to convert the thermal energy released by fuel combustion into mechanical energy.
That is, the higher the pressure level, the stronger the work capacity. This is also the main
reason why, in some studies, the engine fuel economy deteriorates due to the operation of
EGR [2,39]. Therefore, although EGR can effectively reduce the NOx emissions, the BSFC
increases inevitably, which is the well-known NOx-BSFC trade-off. From the above results,
it is expected that the VCR (by increasing the CR) can compensate for the deterioration of
in-cylinder pressure level caused by EGR, thereby improving the fuel economy. However,
there are still two points that need to be noted. Firstly, as shown in Figure 7a, the peak
pressure increases significantly with the rise in CR, which may go beyond the maximum
value specified by the engine manufacturer. This, in turn, will have an adverse impact on
the safety, reliability, and stability of the engine. However, from another perspective, if the
mechanical strength of the engine can be enhanced, the potential of VCR in improving fuel
economy can be better exploited. But this also requires that the adopted VCR mechanism
is capable of providing the required CR adjustment range. Secondly, an increase in the
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CR is often accompanied by a rise in the temperature of the cylinder charge. Since the
formation of NOx is highly sensitive to the temperature rise, increased NOx emissions are
usually observed [40]. From this perspective, the application of VCR will partially offset
the effectiveness of EGR in reducing NOx. Based on above discussions, it can be concluded
that in order to make full use of the capabilities of EGR in reducing NOx and VCR in
improving fuel economy, a corresponding optimization program needs to be carried out to
seek the optimal settings of the EGR and VCR systems. This is also one of the main topics
in this study.

4.1.2. Effects on Turbocharging System

Figure 8 presents the turbine performance map used to describe its working charac-
teristics (the data in this figure are normalized due to commercial confidentiality). The
turbine flow coefficient and efficiency are solely determined by the turbine expansion ratio.
The flow coefficient initially increases rapidly with the increase in expansion ratio, but the
increasing rate begins to decelerate when the expansion ratio increases to approximately
2.5. The turbine efficiency shows a pattern where it initially increases and then decreases
with the highest efficiency obtained when the expansion ratio is approximately 2.5. For the
LP-EGR-BV scheme, since the targeted EGR rate is achieved by adjusting the engine back-
pressure, the operation of the turbine will inevitably be affected. This will further influence
the operation of the whole turbocharging system as well as the engine performance.
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Figure 8. Turbine performance map.

Based on the ideal gas equation of state, the turbine inlet pressure is mainly determined
by the quantity and temperature of exhaust gas accumulated in the exhaust manifold. As
the engine back-pressure increases for achieving a higher EGR rate, the engine’s exhausting
process encounters greater resistance, which generally results in decreased quantities of
both intake air and exhaust gas. Meanwhile, for the investigated case, an increased EGR
rate results in a deterioration of engine thermal efficiency, thereby causing a rising potential
in the exhaust gas temperature. As shown in Figure 9, the turbine inlet pressure decreases
with increased EGR rate likely due to a reduced exhaust gas flow rate, which offsets the
rising potential in the temperature. Since the turbine expansion ratio is defined as the
ratio of the pressure at the turbine inlet (i.e., exhaust manifold pressure) to the pressure at
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the turbine outlet (i.e., engine back-pressure), with the increase in EGR rate, the turbine
expansion ratio decreases due to the reduction in turbine inlet pressure and the increase
in outlet pressure as presented in Figure 10a. As the turbine is simplified into a nozzle in
this study, the turbine flow rate can be calculated according to the steady 1-D isentropic
flow theory, which mainly depends on the expansion ratio, flow coefficient, and flow
area. Because the flow area is a fixed value and both the turbine expansion ratio and
flow coefficient decrease with the increase in EGR rate, the turbine flow rate decreases
accordingly as presented in Figure 10b. As for the temperature drop across the turbine,
it mainly depends on the turbine expansion ratio and efficiency. The temperature drop
generally increases with the increase in turbine efficiency and expansion ratio. For the
turbine under investigation, within the variation range of expansion ratio, although the
turbine efficiency increases as the expansion ratio decreases, the variation magnitude is
minimal, not exceeding 1%. Therefore, its impact on the temperature drop is not significant.
The reason why the temperature drop decreases with the increase in EGR rate as presented
in Figure 10c mainly stems from the reduction in turbine expansion ratio. Ultimately, as
both the turbine flow rate and temperature drop decrease with the increase in EGR rate,
the turbine power exhibits a decreasing trend as shown in Figure 10d. When the EGR
rate increases from 10% to 50%, the turbine power decreases by 15.02%, 12.64%, 10.67%,
and 9.71% with a CR of 12.1, 17, 21, and 25, respectively. The results presented herein
are consistent with the findings of the study conducted by Sapra et al., who investigated
the influences of the back pressure on the performance of a marine medium-speed diesel
engine [41]. In addition, in terms of the impacts on the operation of the turbine, the LP-EGR-
BV and HP-EGR schemes are consistent. The results carried out by Wang et al. reveal that
as the EGR rate increases, both the turbine flow rate and power decrease at various load
points [13]. The primary reason lies in the fact that both EGR schemes cause the turbine
expansion ratio to decrease. For HP-EGR, the back-pressure hardly changes. Since the
exhaust gas is extracted upstream of the turbine, it causes the inlet pressure of the turbine
to drop, which ultimately leads to a decreased turbine expansion ratio.
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Figure 9. Effects of EGR and CR on turbine inlet pressure at 75% MCR (LP-EGR-BV scheme).

It can be found from Figures 9 and 10 that the variations in CR also have a significant
impact on the operation of the turbine. With the same EGR rate, an increase in the CR
generally leads to an improved engine thermal efficiency. As a result, both the exhaust gas
temperature and the total exhaust gas energy available for the turbine decrease. Conse-
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quently, turbocharger speed decreases, leading to a reduction in the quantities of both intake
air and exhaust gas. Since both the exhaust gas temperature and the quantity of exhaust
gas accumulated in the exhaust manifold decrease, the turbine inlet pressure decreases
as the CR increases, which consequently leads to a reduction in the turbine expansion
ratio. Consequently, the turbine flow rate, temperature drop across the turbine, and power
decrease as the turbine expansion ratio decreases. The underlying mechanisms of these
effects have been explained in the preceding paragraph. As the CR elevates from 12.1 to 25,
the turbine power decreases by 15.48%, 13.59%, and 10.20% with a EGR rate of 10%, 30%,
and 50%, respectively.
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Figure 10. Effects of EGR and CR on the operation of turbine at 75% MCR: (a) Turbine expansion
ratio, (b) Turbine mass flow rate, (c) Temperature drop across the turbine, (d) Turbine Power (LP-
EGR-BV scheme).

The above results demonstrate that both the EGR and CR have significant influences
on the operation of the turbine. The direct cause of these influences can be attributed to the
changes in the turbine expansion ratio. As for the impact of EGR on the turbine expansion
ratio, it stems from its simultaneous influence on both the turbine inlet and outlet pressures,
whereas only the turbine inlet pressure is affected by the variation in CR. In addition, it
should be noted that the increase in CR will further exacerbate the decline in turbine power
caused by the operation of EGR. It is possible that when the EGR rate and CR increase to
a certain extent, the turbine fails to reach the required power, resulting in an insufficient
amount of scavenging air and leading to incomplete combustion. In this situation, it is
necessary to rematch the turbocharger to meet the engine’s requirement of the amount of
scavenging air.

The changes in turbine power caused by the variations in the EGR rate and CR will
consequently lead to changes in turbocharger speed and further have an impact on the
operation of the compressor as presented in Figure 11. It can be found that as the EGR
rate and CR increase, the operating points of the compressor move towards the regions
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of lower pressure ratio and flow rate. With a CR of 12.1, when the EGR rate increases
from 10% to 50%, reductions of 0.029, 0.12, 0.21, and 0.23 in the pressure ratio are observed
at 25%, 50%, 75%, and 100% MCR, respectively; meanwhile, the flow rates decrease by
0.65 kg/s, 1.61 kg/s, 2.46 kg /s, and 2.56 kg/s, respectively. With a 30% EGR rate, as CR
increases from 12.1 to 25, the pressure ratio decreases by 0.12, 0.27, 0.28, and 0.26 at 25%,
50%, 75%, and 100% MCR, respectively; meanwhile, the flow rate decreases by 1.19 kg/s,
191 kg/s, 1.74 kg/s, and 1.46 kg /s, respectively. The variations in the pressure ratio and
flow rate directly influence the engine scavenging pressure, thereby resulting in changes
in the quantity of cylinder charge, which, in turn, affect the combustion process and NOx
formation process. Throughout the whole variation range of EGR rate and CR, compressor
efficiency does not exhibit significant deterioration at each load point. At 25% MCR, the
compressor efficiency remains around 80%, while at 50%, 75%, and 100% MCR, it stays
approximately 84%. At 25%, 50%, and 75% MCR, although the changes in the EGR rate and
CR lead to variations in the compressor surge margin as shown in Figure 11, the operating
points of the compressor still remain sufficiently far from the surge line, ensuring stable
operation of the compressor. At 100% MCR, despite the fact that increasing the CR can
slightly increase the surge margin, it significantly decreases as the EGR rate increases. Since
the surge margin of the baseline engine is inherently small at 100% MCR, as the EGR rate
gradually increases, it is likely to fall below 15%. This is highly detrimental to the safety
and stability of the compressor. Hence, in practical applications, the applied EGR rate
needs to be limited at high loads for preventing compressor surge.
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Figure 11. Effects of EGR and CR on the operation of compressor (LP-EGR-BV scheme).

In general, for the engine under investigation, within the entire variation range of CR
and EGR rate, the performance of the compressor is acceptable. The air mass flow rate
does not decrease significantly, the efficiency still remains at a relatively high level, and the
surge margin is still within a relatively safe range. Therefore, there is no need to rematch
the turbocharger. Considering the high cost of the marine large-scale turbocharger, this is
of great importance for the upgrading and renovation of existing engines.
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4.1.3. Effects on NOx-BSFC Trade-Off

The NOx-BSFC trade-off can be clearly identified from Figure 12, which presents their
variations with the EGR rate and CR.

—— CR=12.1(BSFC) —— CR=17(BSFC) —— CR=21(BSFC) —— CR=25(BSFC)
------- CR=12.1(NOx) _------ CR=17(NOx) _------ CR=21(NOx) _------- CR=25(NOx)
205 18 = 215 - 10
amolb 50% MCR

!
—
N

a 25% MCR

N

=

S
T

205 -
200 -
195
=190 |
o0

1
N

5
Brake Specific NOx Emissions [g/kW-
C

190

W-h]

185
Zisof
A

15|
|
165}

160
40 50 10 20

BSFC [g/kW-h]
5
Brake Specific NOx Emissions [g/kW-h]

165 5 0

10 20 40 50

30 30
215 EGR Rate [%] EGR Rate [%]

mfc 75% MCR 110

240 -d 100% MCR

205
200

230 +

=
°
Py
N
18]
S
T

—_
9
S
N
=
e
T

—
@
9

SFC [g/kW-h]
~
=3
=

Tier III Limit

180
175
170
165
160

BSFC [g/kW-h]

B!
—_
e
S

Brake Specific NOx Emissions [g/kW-h]
Brake Specific NOx Emissions [g/kW-h]

5 10
EGR Rate [%] EGR Rate [%]

Figure 12. Effects of EGR and CR on BSFC and NOx emissions: (a) 25% MCR, (b) 50% MCR, (c) 75%
MCR, (d) 100% MCR (LP-EGR-BV scheme).

The influences of the EGR and CR on NOx emissions mainly stem from their impacts
on the air-fuel equivalence ratio and maximum burned zone temperature. As presented
in Figure 13, the maximum burned zone temperature significantly decreases as the EGR
rate increases because of the thermal and dilution effects of EGR, whereas it increases
as the CR increases mainly because of the faster burning speed and the cylinder charge
being subjected to more intense compression. Since both the increases in the CR and
EGR rate decrease the quantity of cylinder charge, the air—fuel equivalence ratio decreases
correspondingly as shown in Figure 14. The effects of EGR on the maximum burned zone
temperature and the air—fuel equivalence ratio are consistent with the results observed
in [42]. In addition, it should be noted that, as shown in Figure 14, even in the most extreme
case, where the compression is equal to 25 and the EGR rate is equal to 50%, an air—fuel
equivalence ratio of approximately 1.4 can still be achieved. This ensures, to a certain
extent, that the fuel can be fully burned.

In Figure 12, the gray dash—dotted line represents the Tier III regulations on NOx
(3.4 g/kWh), thus allowing for determining the EGR rate required for meeting the Tier
III regulations with different CRs under various load conditions. As shown in Figure 12,
the EGR rate required for meeting Tier III increases as the CR increases, whereas the
corresponding engine BSFC decreases. As shown in Figure 15, as the CR increases from
12.1 to 25, an additional 5.51%, 2.01%, 4.73%, and 4.03% of EGR rate is required at 25%, 50%,
75%, and 100% MCR, respectively. However, as shown in Figure 16, the corresponding
BSFC decreases by 11.73%, 12.96%, 11.81%, and 11.82%, respectively, recovering to the
level of typical marine large-scale two-stroke diesel engines [43,44]. Therefore, for the
investigated engine, the integration of VCR appears to be a viable approach to improve the
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NOx-BSFC trade-off when employing EGR for meeting the Tier III regulations. It should be
noted that increasing the CR significantly elevates the in-cylinder pressure level, especially
the peak pressure, which may exceed the permissible maximum value regulated by the
engine manufacturer. However, for ensuring safe engine operation, lowering the CR will
lower the in-cylinder pressure level and impair the fuel economy. Therefore, in order
to fully exploit the capabilities of the EGR in reducing NOx and the VCR in improving
fuel economy, it is necessary to further formulate a reasonable optimization strategy by
a thorough consideration of optimization objectives and various constraint conditions.
Conducting such optimization work can help determine the optimal setting parameters of
the engine, which is a crucial step in engine calibration [45].
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Figure 13. Effects of EGR and CR on maximum burned zone temperature at 75% MCR (LP-EGR-
BV scheme).
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Figure 14. Effects of EGR and CR on air-fuel equivalence ratio at 75% MCR (LP-EGR-BV scheme).
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Figure 15. EGR rate required for compliance with Tier III regulation with CRs of 12.1 and 25 (LP-
EGR-BV scheme).
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Figure 16. BSFC when complying with Tier III regulation with CRs of 12.1 and 25 and relative change
between the two cases (LP-EGR-BV scheme).

4.2. Effects of the Combined Application of LP-EGR-BL and VCR
4.2.1. Effects on Combustion Process

Figure 17 presents the in-cylinder pressure and HRR for two LP-EGR schemes with
different CRs and EGR rates. As observed from Figure 17a, except for the case with a CR
of 12.1 and 10% EGR rate, the in-cylinder pressure level with LP-EGR-BL is greater than
LP-EGR-BV, primarily due to two reasons. Firstly, as the EGR rate increases, the scavenging
pressure increases for LP-EGR-BL, whereas it decreases for LP-EGR-BV. Therefore, with
the same CR and EGR rate, the in-cylinder pressure with LP-EGR-BL will be higher
than that with LP-EGR-BV at the start of compression, which further propagates into
the subsequent compression, combustion, and expansion stages. Secondly, also due to
the higher scavenging pressure, a higher quantity of cylinder charge can be obtained with
LP-EGR-BL, thereby leading to a higher quantity of oxygen within the cylinder. This
helps to accelerate the burning speed (as indicated by Figure 17b), further elevating the
pressure level during the combustion stage. With a CR of 12.1 and 10% EGR rate, no
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significant differences in the curves of in-cylinder pressure and HRR between two LP-EGR
schemes can be detected from Figure 17b. This is mainly because the low EGR rate does
not significantly influence the scavenging pressure and the quantity of oxygen within the
cylinder. As for the influences of CR on the combustion process, the LP-EGR-BL scheme is
consistent with the LP-EGR-BV scheme.
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Figure 17. Comparison of the influences of EGR and CR on combustion process between LP-EGR-BV
and LP-EGR-BL: (a) In-cylinder pressure, (b) Apparent gross heat release rate.

As discussed in Section 4.1.1, the in-cylinder pressure level, to a great extent, deter-
mines the engine’s capability to convert the fuel energy into mechanical work. The engine
efficiency generally improves with a higher pressure level. Therefore, it is expected that
LP-EGR-BL will exhibit higher efficiency than LP-EGR-BV. However, it should be noted
that the improvement in engine efficiency comes at the cost of additional electrical power
consumed by the EGR blower. Electrical power is generally supplied by the diesel generator
set on-board the ship. To make a fair comparison of fuel economy between the two LP-EGR
schemes, the fuel consumed to generate the electrical power required for the operation
of the EGR blower should also be taken into account [12]. Emphasis should be placed on
whether the operation of the EGR blower will cause a significant deterioration in engine
fuel economy.

4.2.2. Effects on Turbocharging System

In contrast to the LP-EGR-BV scheme, it can be found from Figure 18 that for the
LP-EGR-BL scheme, as the EGR rate increases, the compressor operating point shifts in
the direction of higher flow rate and pressure ratio. Taking 75% MCR as an example, as
the EGR rate increases from 10% to 50%, the compressor flow rate increases by 0.82 kg/s,
1.09kg/s, 1.33 kg/s, and 1.52 kg /s with CRs of 12.1, 17, 21, and 25, respectively. Meanwhile,
the pressure ratio increases by 0.12, 0.17, 0.19, and 0.21, respectively. This will contribute to
higher scavenging pressure and quantity of cylinder charge, thereby partially compensating
for the reduction in compressor flow rate caused by the increase in CR. As shown in
Figure 18, limited by the maximum rotational speed of the selected EGR blower, when
the CRs are 12.1 and 25 at 100% MCR, the maximum achievable EGR rates are 43.9% and
45.6%, respectively. Although a further higher EGR rate cannot be achieved, the findings of
existing studies reveal that for typical large marine two-stroke diesel engines, an EGR rate
of around 30% is sufficient for complying with Tier III [8,12,13]. Within the entire variation
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range of CR and EGR rate, there is no obvious deterioration in the compressor efficiency
with the compressor operating points still remaining in the high-efficiency region. At 25%
MCR, the compressor efficiency remains around 81%, while at 50%, 75%, and 100% MCR,
it ranges between 83% and 85%. In addition, as can be observed from Figure 18, at various
load points, the operating points of the compressor move approximately along a straight
line. Therefore, the surge margin basically remains at the original level, which ensures that
the compressor is capable of operating safely and stably.
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Figure 18. Effects of EGR and CR on the operation of compressor (LP-EGR-BL scheme).

For the LP-EGR-BL scheme, the EGR blower can be considered as playing a role in
promoting the engine’s intaking and exhausting processes. Therefore, with the increase
in EGR rate through elevating the EGR blower speed, both the quantities of the intake
air and exhaust gas increase, thus causing more exhaust gas accumulated in the exhaust
manifold. Although the engine thermal efficiency generally decreases as the EGR rate
increases, consequently leading to a rising potential in the exhaust gas temperature (i.e., the
turbine inlet temperature), the results presented in Figure 19a indicate that the turbine
inlet temperature does not exhibit significant changes with the variations in EGR rate.
The maximum change is less than 3K at various conditions of CRs. This is because the
increased quantity of exhaust gas “dilutes” the temperature rise potential. Therefore, based
on the ideal gas equation of state, if the quantity of exhaust gas in the exhaust manifold
increases and its temperature remains essentially unchanged, the exhaust gas pressure,
i.e., turbine inlet pressure, increases with the increase in the EGR rate as presented in
Figure 19b. Since the engine back-pressure remains almost unchanged for the LP-EGR-BL
scheme, the turbine expansion ratio also increases as the EGR rate increases. Because the
turbine flow area is fixed and the flow coefficient increases with the expansion ratio, the
turbine flow rate increases as the EGR rate increases as presented in Figure 19¢c. Because
both the turbine inlet temperature and turbine efficiency do not significantly change with
the variation in EGR rate, the temperature drop across the turbine also remains relatively
unchanged. As a result, the turbine power increases as the EGR rate increases as shown in
Figure 19d. Taking 75% MCR as an example, as the EGR rate increases from 10% to 50%,
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the turbine power increases by 5.21%, 7.72%, 9.54%, and 11.6% with a CR of 12.1, 17, 21,
and 25, respectively.
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Figure 19. Effects of EGR and CR on the operation of turbine at 75% MCR: (a) Turbine inlet tempera-
ture, (b) Turbine inlet pressure, (c) Turbine mass flow rate, (d) Turbine power (LP-EGR-BL scheme).

The influences of the EGR on both the operation of the turbine and compressor
presented in this section are consistent with those observed in the existing literature [13].
In addition, the influences of the CR are consistent with that of the LP-EGR-BV. For the
LP-EGR-BL scheme, the operation of EGR can compensate for the decline in turbine power
caused by the increased CR. However, this also comes at the cost of additional electrical
power consumed by the EGR blower.

4.2.3. Effects on NOx-BSFC Trade-Off

For the LP-EGR-BL scheme, the NOx-BSFC trade-off can also be identified from
Figure 20, where the engine BSFC both with and without considering the power consumed
by the EGR blower are presented. Undoubtedly, taking into account the power consumed
by the EGR blower leads to a penalty on BSFC according to Equation (9). It can be found
that the BSFC penalty is subjected to the EGR rate, CR, and engine load. The difference
in BSFC with and without considering the EGR blower power becomes larger as the EGR
rate increases. This is mainly because a higher EGR rate requires more quantity of exhaust



J. Mar. Sci. Eng. 2025, 13, 765

26 of 41

gas to be recirculated, which, in turn, leads to more electrical power consumed by the EGR
blower. It can also be observed from Figure 20 that, with the increase in engine load, the
difference in BSFC gradually becomes larger. With the increase in engine load, the quantity
of engine intake air increases. For achieving the same EGR rate, the required quantity of
exhaust gas increases accordingly, thus leading to higher EGR blower power. In addition,
the variation in the CR also has an impact on the EGR blower power. As the CR increases,
the quantity of intake air decreases due to the reduction in scavenging pressure. Therefore,
the required quantity of exhaust gas for achieving the same EGR rate decreases accordingly,
which, in turn, leads to a reduction in the EGR blower power.
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Figure 20. Effects of EGR and CR on BSFC and NOx emissions: (a) 25% MCR, (b) 50% MCR, (c) 75%
MCR, (d) 100% MCR (LP-EGR-BL scheme).

Figure 21 presents the EGR rate required for meeting Tier III regulations for the LP-
EGR-BL scheme. By comparing Figures 15 and 21, it is observed that with the same engine
load and CR, the EGR rate required for meeting Tier III regulations is very close with
the difference not exceeding 1%. This indicates that for the two LP-EGR schemes under
investigation, their effectiveness in controlling the NOx emissions are almost the same. As
can be found from Figure 21, for complying with Tier III regulations, the required EGR
rate does not exceed 30% at 25% MCR, whereas it is only around 20% at other load points.
Combining the results shown in Figure 20, it is inferred that with these EGR rates, there
will not be a significant penalty on BSFC. Figure 22 presents the corresponding BSFC when
complying with Tier III regulations. As can be found from this figure, taking into account
the electrical power consumed by the EGR blower does not cause a significant penalty on
BSFC, not exceeding 1 g/kW-h.
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Figure 21. EGR rate required for compliance with Tier III regulation with CRs of 12.1 and 25 (LP-
EGR-BL scheme).
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Figure 22. BSFC when complying with Tier III regulation with CRs of 12.1 and 25 (LP-EGR-
BL scheme).

For the LP-EGR-BL scheme, since the corresponding EGR system is located on the
low-pressure side of the engine and the exhaust gas pressure is low, the power consumed
by the EGR blower is not high. The EGR blower power corresponding to the EGR rate
shown in Figure 21 is generally no more than 40 kW. It is expected that higher EGR blower
power will be required in the case of a HP-EGR scheme. Nevertheless, the research by
Lu et al. reveals that for the HP-EGR scheme, even when the EGR blower power is taken
into account, the resulting BSFC penalty is only around 1.5 g/kW-h [12]. This means
that whether it is LP-EGR or HP-EGR, the operation of the EGR blower will not have a
significant impact on the engine fuel economy. This is mainly because, for large marine
two-stroke engines, their power at MCR can usually reach over ten thousand kilowatts. In
comparison, the EGR blower power is much smaller.
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5. Engine Performance Optimization
5.1. Formation of Optimization Strategy

To make full use of the capabilities of EGR in reducing the NOx emissions and VCR in
enhancing the engine efficiency, a meticulously designed optimization study is necessary.
To this end, the optimization objective, optimization variables, and constraint conditions
need to be determined.

In this study, the optimization objective is to minimize the engine fuel consumption
while ensuring the engine to meet the Tier IIl regulations in diesel mode. Similarly to other
studies, BSFC is used for evaluating the fuel consumption performance in this study.

Besides the EGR rate and CR, for achieving a satisfactory optimization result, the fuel
injection timing (FIT) and exhaust valve closing (EVC) timing are additionally chosen as
the optimization variables. This is because, according to the findings of existing studies,
they have significant impacts on both the pressure level and charge quantity within the
cylinder, respectively, which consequently influence both the BSFC and the formation of
NOx emissions [15,46].

To ensure that the engine is able to operate safely and stably, formulating reasonable
constraint conditions is necessary. In this study, a total of three constraint conditions were
set. Firstly, the Tier Il regulations on NOx emissions should be fully complied with, i.e., the
brake specific NOx emissions (bsNOx) should not exceed 3.4 g/kW-h. Then, in-cylinder
peak pressure should not exceed the allowable maximum value, which is set at 180 bar in
this study. The purpose is to prevent the engine from experiencing excessive mechanical
loads, which could damage the engine’s structure. Finally, to ensure the stable operation
of the compressor, a constraint on the minimum surge margin is specified, which is set
to 15% in this study [13]. However, it should be noted that the constraint on the surge
margin is only applied at 100% MCR. This is because at 100% MCR, the original surge
margin (before optimization) is already close to 15%. On the contrary, at 25%, 50% and
75% MCR, the original surge margins are much greater than 15%. Therefore, the possibility
of surge is relatively low. Besides the NOx emissions, peak pressure, and surge margin,
constraint conditions are set for other engine operating parameters in some similar studies.
For example, upper limits are specified for the exhaust gas temperature at the turbine inlet,
whereas lower limits are specified for the air—fuel equivalence ratio [42]. It must be noted
that the improved engine fuel economy stems from the improvement in engine efficiency.
A higher engine efficiency implies that a higher proportion of fuel energy is converted into
mechanical work, resulting in lower energy remaining in the exhaust gas. As a result, the
exhaust gas temperature at the turbine inlet and the turbocharger rotational speed will still
be lower than the specified upper limits since they are already within the allowable limits
before optimization. In addition, the findings of the parametric investigations reveal that
within the variation ranges of the selected optimization variables, the air—fuel equivalence
ratio is capable of ensuring the injected fuel burns completely. Therefore, in this study,
there is no need to set the minimum air—fuel equivalence ratio as a constraint condition.

Based on the above discussions, the optimization strategy is formulated, which is
defined as a constrained single-objective optimization problem as follows:

Optimization objective : min BSFC = f(x) (10)
Optimization variables : x = (7, ¢EGR, &inj, ¥EVC, ) (11)

Ppeak = 81 (X) < 180 bar
Constraint conditions : bsNOx = g»(x) < 3.4g/kW-h (12)
SM = g3(x) 2 15%
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where ppeax denotes the in-cylinder peak pressure; SM denotes the surge margin; x de-
notes the vector of optimization variables; y denotes the compression ratio; ¢gcr denotes
the EGR rate; a;y; and agyc denote the fuel injection and EVC timing, respectively; f in
Equation (10) denotes the function of BSFC in relation to the optimization variables; g1,
82, and g3 in Equation (12) denote the functions of ppeax, bsSNOx, and SM in relation to the
optimization variables.

As for the constraint conditions specified in the optimization strategy, they are imple-
mented in the form of the penalty function during the optimization process. The constrained
optimization problem is transformed into an unconstrained optimization problem through
the penalty function. For the feasible solution (satisfying constraints), the fitness value is
directly set to the objective function value. However, for the infeasible solution (violating
constraints), the penalty function is used to significantly increase the fitness value of the
infeasible solution, so that it will be eliminated in subsequent iterations.

Based on the formulated optimization strategy, it becomes possible not only to find
the optimal engine settings that achieves satisfied engine fuel economy while complying
with Tier III, but also to achieve a fair and objective comparison between the two LP-EGR
schemes since the same optimization objective, optimization variables, and constraint
conditions are employed.

5.2. Optimization Program

The procedure of the optimization program is shown in Figure 23, and a brief intro-
duction is provided herein:

e The RSM is applied to establish the functional relationships between the engine
response variables and decision variables with the required data generated by the
engine simulation model. The Box-Behnken Design (BBD), one of the most commonly
used methods for the design of experiments, is employed to create the response
surfaces. With BBD, 3 levels are specified for each factor, and 29 simulation runs are
carried out for every case. Three evaluation indicators, including R? (coefficient of
determination), adj—R2 (adjusted R?), and pred—R2 (predicted R?), are used to assess the
precision of the derived RSM-based regression models [47]. In addition, an analysis of
variance (ANOVA) is performed to evaluate the significance of the derived regression
models. Tables 2 and 3 provide the corresponding analysis results for LP-EGR-BV and
LP-EGR-BL, respectively. As can be observed from the two tables, all the values of R?
and adj-R? are greater than 0.95, most of which are close to 1, implying that the derived
regression models can fit the existing data well and there is no over-fitting problem. In
addition, the adj-R? is also in reasonable agreement with the corresponding pred-R?
with the difference less than 0.2, indicating the satisfactory prediction ability of the
regression models for new data [48]. It can also be confirmed that all the derived
regression models are statistically significant since their corresponding p-values are
less than 0.0001. As a result, the obtained RSM-based regression models can be used
with fidelity for the subsequent optimization procedures.

e Based on the formulated optimization strategy and the RSM-based regression models,
the PSO algorithm is applied to find the optimal engine settings that achieve the best fuel
economy under the premise of meeting Tier IIl and the specified constraint conditions.

e  The simulation results of selected engine response variables are calculated by applying
the engine settings derived from the PSO to the engine model. Then, the accuracy of
the optimization results is validated through comparing them with the simulation
results. Table 4 presents the corresponding relative errors. In this table, a relative error
with a negative sign indicates that the optimization result is less than the simulation
result, whereas a positive sign means the optimization result is greater than the
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Step 1: RSM @

simulation result. As can be found from Table 4, the accuracy of the optimization
results is acceptable with most of the relative errors falling in the range of +4%.
Compared with other engine performance parameters, the relative errors of bsNOx
are relatively larger. This is mainly because, due to the small absolute value of bsNOx,
a small absolute error can lead to a large relative error. Taking the LP-EGR-BL scheme
at 75% MCR as a example, although the relative error of bsNOx is extremely large
(—12.97%), the absolute error is only —0.51 g/kW-h. It should be noted that the
deviations between the optimization and simulation results are inevitable, which is
mainly attributed to two reasons. Firstly, when deriving the regression models based
on RSV, it is impossible to take into account all the factors influencing the engine
performance. Secondly, when developing the engine simulation model, assumptions
and simplifications are always made to reduce the model complexity.

Although the optimization results derived from the PSO algorithm can strictly meet
the specified constraint conditions, due to the existence of prediction deviations,
the simulation results obtained by the engine simulation model may not satisfy the
constraint conditions, that is, the bsNOx exceeds 3.4 g/kW-h and the in-cylinder peak
pressure exceeds 180 bar. To address this issue, the optimization results of engine
settings derived from the PSO algorithm are manually adjusted so that the simulation
results are capable of complying with the specified constraint conditions. Since the
deviations between the optimization and simulation results are not significant, the
magnitude of manual adjustment is also minimal with the impact on BSFC of no more
than 0.3 g/kW-h.

Optimization strategy formulation
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Figure 23. Flow chart of the optimization program.
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Table 2. Results of regression analysis and ANOVA (LP-EGR-BV scheme).

R? Adjusted R”?  Predicted R?  F-Value p-Value
25% MCR
BSFC 0.9988 0.9976 0.9930 821.26 <0.0001
bsNOx 0.9954 0.9909 0.9736 217.59 <0.0001
Peak Pressure 0.9998 0.9996 0.9988 4809.81  <0.0001
50% MCR
BSFC 0.9998 0.9996 0.9988 4730.26  <0.0001
bsNOx 0.9769 0.9538 0.8669 42.26 <0.0001
Peak Pressure 0.9997 0.9993 0.9980 2941.22  <0.0001
75% MCR
BSFC 0.9995 0.9990 0.9971 1957.28  <0.0001
bsNOx 0.9878 0.9756 0.9297 80.93 <0.0001
Peak Pressure 0.9990 0.9980 0.9942 1000.22  <0.0001
100% MCR
BSFC 0.9987 0.9973 0.9923 750.07 <0.0001
bsNOx 0.9848 0.9697 0.9127 64.95 <0.0001
Peak Pressure 0.9952 0.9904 0.9725 208.26 <0.0001
Surge Margin 0.9992 0.9983 0.9952 1202.13  <0.0001

Table 3. Results of regression analysis and ANOVA (LP-EGR-BL scheme).

R? Adjusted R*  Predicted R*  F-Value p-Value
25% MCR
BSFC 0.9984 0.9967 0.9906 609.65 <0.0001
bsNOx 0.9960 0.9920 0.9768 247.48 <0.0001
Peak Pressure 0.9998 0.9996 0.9988 4935.51 <0.0001
50% MCR
BSFC 0.9995 0.9990 0.9971 1979.95 <0.0001
bsNOx 0.9926 0.9852 0.9574 134.17 <0.0001
Peak Pressure 0.9997 0.9995 0.9985 3821.68 <0.0001
75% MCR
BSFC 0.9785 0.9569 0.8760 45.44 <0.0001
bsNOx 0.9963 0.9925 0.9785 267.19 <0.0001
Peak Pressure 0.9802 0.9605 0.8861 49.58 <0.0001
100% MCR
BSFC 0.9973 0.9945 0.9842 364.41 <0.0001
bsNOx 0.9955 0.9910 0.9740 220.34 <0.0001
Peak Pressure 0.9956 0.9913 0.9748 227.88 <0.0001
Surge Margin 0.9991 0.9983 0.9950 1160.54 <0.0001

Table 4. Validation results of the optimization results.

LP-EGR-BV Scheme

25% MCR 50% MCR 75% MCR 100% MCR
BSEFC 0.04 —-0.18 —0.26 —-0.41
bsNOx —-2.99 —-5.91 —1.81 3.15
Peak Pressure 0.37 —0.84 0.25 —-0.76

Surge Margin - - - —0.91
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Table 4. Cont.

LP-EGR-BL Scheme

25% MCR 50% MCR 75% MCR 100% MCR
BSFC 0.07 —0.16 —0.59 —0.16
bsNOx 1.02 —1.60 —12.97 —3.39
Peak Pressure 0.10 —0.61 3.10 0.14
Surge Margin - - - -0.47

5.3. LP-EGR-BV Versus LP-EGR-BL

Based on the formulated optimization strategy and optimization program, a fair
comparison between the two investigated LP-EGR schemes becomes possible. Figure 24
presents the optimization results of the engine settings, whereas the resulting BSFC and
brake efficiency are provided in Figure 25.
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Figure 24. Optimization results of the engine settings: (a) Compression ratio, (b) Fuel injection timing,
(c) EGR rate, (d) EVC timing.

Because of the significant impact of CR on the BSFC, for the two LP-EGR schemes,
the CR is significantly increased at each load point as shown in Figure 24a. At 25% and
50% MCR, CR is elevated to the permissible maximum value of the specified adjustable
range of the VCR mechanism. This indicates that at the two load points, it is possible to
further improve the engine fuel economy by elevating the CR, but this is restricted by the
adjustable range of the VCR mechanism. At 75% and 100% MCR, although the optimized
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Brake Specific Fuel Consumption [g/kW-h]

CR also increases significantly, it does not reach the permissible maximum value of the
specified adjustable range of the VCR mechanism. This is mainly because further increasing
the CR could cause the peak pressure to exceed the permissible maximum value specified
in this study. As observed from Figure 24b, for the two LP-EGR schemes, the optimized
FIT is advanced to varying degrees at each load point. Advancing the FIT generally leads
to the advancement of combustion. As a result, the in-cylinder pressure level elevates,
thereby improving the engine fuel economy. It should be noted that both increased CR
and advanced FIT generally result in increased NOx. Therefore, as shown in Figure 24c,
the NOx emissions are required to be lowered by EGR for meeting the Tier III regulations.
For marine two-stroke engines, appropriately advancing the EVC timing can increase the
effective CR, whereas retarding the EVC timing can be used to implement the Miller cycle to
reduce the NOx. As observed from Figure 24d, at 25%, 75%, and 100% MCR, the optimized
EVC timings are delayed to varying degrees, whereas at 50% MCR, it is advanced.
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Figure 25. Optimization results of the engine BSFC and brake efficiency: (a) BSFC, (b) Brake efficiency.

As shown in Figure 25a, through performing the optimization program, the engine
fuel economy is significantly improved, recovering to the level of typical marine diesel
engines [43,44]. For the LP-EGR-BV scheme, compared with the baseline engine, the opti-
mized BSFC decreases by 10.16%, 11.95%, 10.32%, and 9.68% at 25%, 50%, 75%, and 100%
MCR, respectively, whereas, for the LP-EGR-BL scheme, the optimized BSFC (taking into
account the electrical power consumed by the EGR blower) decreases by 10.11%, 11.93%,
9.93%, and 9.58%, respectively. These results indicate that if only the fuel economy is taken
into consideration, the two LP-EGR schemes when used in combination with VCR are
equivalent. Consistent to the decrease in BSFC, the optimized engine brake efficiency im-
proves significantly as shown in Figure 25b, reaching the level of typical marine large-scale
two-stroke diesel engines, around 50%.

Table 5 presents the optimization results of the NOx emissions and some other pa-
rameters related to the safety and stability of the engine. After optimization, the NOx
emissions level of the investigated engine improves from meeting Tier II (<14.4 g/kW-h)
to Tier Il regulations (<3.4 g/kW-h). As for the peak pressure, compressor surge margin,
turbocharger speed, and turbine inlet temperature, all of them are lower than the specified
maximum limits or within a reasonable range. In addition, the air-fuel equivalence ratio
after optimization can also ensure the complete combustion of the fuel within the cylinder.
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Table 5. Optimization results of engine operating parameters.
Scheme Brake-Specific NOx In-Cylinder Peak Surge Turbocharger  Air-Fuel Equiva-  Turbine Inlet
Emissions [g/kW-h] Pressure [bar] Margin [%] Speed [RPM] lence Ratio [-] Temperature [K]
25% MCR
LP-EGR-BV 3.40 120.1 70.7 6103 2.43 544
LP-EGR-BL 3.37 121.8 72.0 6178 244 539
50% MCR
LP-EGR-BV 3.37 179.4 31.8 9118 2.27 615
LP-EGR-BL 3.32 179.9 32.1 9168 2.27 611
75% MCR
LP-EGR-BV 3.38 179.4 314 11,563 1.98 641
LP-EGR-BL 3.39 174.4 31.8 11,706 1.93 635
100% MCR
LP-EGR-BV 3.29 179.9 20.0 13,416 1.78 706
LP-EGR-BL 3.38 179.7 20.0 13,498 1.87 702

For the LP-EGR-BL scheme, the impacts of the power consumed by the EGR blower
on BSFC are also presented in Figure 25a. The results indicate that the power consumption
of the EGR blower does not contribute to obvious penalty on BSFC, generally not exceeding
0.5 g/kW-h, which is mainly due to the low power level of the EGR blower. Figure 26
presents the operating parameters of the EGR blower at each load point. At 25%, 50%,
75%, and 100% MCR, the pressure ratio is 1.0085, 1.0075, 1.0193, and 1.0376, respectively,
whereas the corresponding power is 3.18 kW, 2.91 kW, 8.64 kW, and 22.69 kW, respectively.
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Figure 26. Operating parameters of the EGR blower (LP-EGR-BL scheme).

For the two LP-EGR schemes, although they are very close in terms of fuel economy,
the differences in their implementation schemes lead to obvious disparities in initial cost,
maintenance cost, structural complexity, etc. Table 6 compares the two LP-EGR schemes
from multiple aspects. In terms of structural complexity, the LP-EGR-BV scheme is superior
to the LP-EGR-BL scheme. The structure of the LP-EGR-BV is simple, only requiring a back-
pressure valve and associated control mechanisms. In contrast, the LP-EGR-BL scheme
requires a complex and precise blower, motor, and their control system. This inherently
leads to higher initial costs for the LP-EGR-BL compared to the LP-EGR-BV. Furthermore,
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given that the EGR blades are exposed to a harsh high-temperature environment over
long-term operation and must counteract corrosion and abrasion caused by sulfides and
particulates in the exhaust gas, the blades require specialized coatings and advanced
surface treatment processes [12,13]. This significantly exacerbates the already high initial
costs of the LP-EGR-BL scheme. To ensure the reliable operation of the EGR blower, it
necessitates regular cleaning of the blower blades and replacement of bearings and seals. In
contrast, the LP-EGR-BV only requires periodic cleaning of the valve body and seal integrity
inspections. Consequently, the maintenance cost of the LP-EGR-BL is higher than that of
the LP-EGR-BV. The LP-EGR-BL scheme has a significantly larger volume compared to the
LP-EGR-BYV, resulting in a higher installation space requirement. This becomes critical for
small ships with limited engine room space, which cannot be overlooked. Consequently,
for retrofitting existing marine engines, the LP-EGR-BV is a more practical solution due
to its smaller demand for installation space. Another obvious difference between the
two LP-EGR schemes is that the LP-EGR-BL requires additional consumption of electrical
energy to drive the EGR blower. Although the findings of this study demonstrate that both
LP-EGR schemes can achieve comparable fuel economy, this is the result of meticulous
optimization of engine setting parameters.

Table 6. Comparison between two LP-EGR schemes.

Structural o Maintenance Installation Power Fuel
Scheme . Initial Cost .
Complexity Cost Space Consumption Economy
LP-EGR-BL Complex High High Large Yes Simil
LP-EGR-BV Simple Low Low Small No tmar

Through the above analysis, it can be preliminarily inferred that the LP-EGR-BV
scheme is a more economical and practical solution, but this still requires on-board ship
verification under real operating conditions. As for the superiority of the two schemes
in terms of control precision and response speed, dedicated and comprehensive research
needs to be carried out.

6. Informing on Real-World Design Decisions

In this section, how the findings of this study inform real-world design decisions
is explored mainly from three perspectives, namely commercialization potential, cost-
effectiveness, and reliability, which are of significant concern to both ship owners and
engine manufacturers.

The results presented in Section 5 demonstrate that the combination of LP-EGR and
VCR can effectively improve the fuel economy of the marine dual-fuel engines of low-
pressure gas injection in diesel mode; meanwhile, Tier III regulations can be fully met.
It is also expected that satisfactory energy-saving and emission-reduction effects can be
achieved when operating in gas mode. This is highly attractive to shipowners. Furthermore,
considering that the EGR technology is already highly mature in the marine engine sector
and WinGD’s VCR technology has gradually entered commercialization, the technical route
proposed in this study, namely LP-EGR combined with VCR, is technically feasible and
holds significant commercial potential.

To evaluate the cost-effectiveness of the proposed technical route, consider the fol-
lowing scenario: a ship with the engine investigated in this study as its propulsion plant
operates a total 7000 h annually. The navigation durations at 25%, 50%, 75%, and 100%
MCR are 1050 h, 1050 h, 3500 h, and 1400 h, respectively. The fuel used is marine diesel oil
priced at USD 430 per ton [37]. Table 7 provides the estimated annual fuel consumption
and fuel cost for the original engine and the two LP-EGR schemes. As shown in this table,
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compared to the original engine, both LP-EGR schemes achieve an approximate reduction
of 1200 tons in annual fuel consumption and save annual fuel costs by over USD 500,000.
Even if it is assumed that the engine operates in diesel mode for only one-fifth of its lifetime,
the corresponding annual fuel consumption and fuel costs can be saved by approximately
240 tons and USD 100,000, respectively. Assuming a ship’s lifecycle of 20 years, the total
fuel cost savings would exceed USD 2 million. Taking into account that the gas mode will
also benefit from the application of the proposed technical route, the corresponding savings
in fuel costs will be more substantial. Compared to the initial and maintenance costs of the
LP-EGR and VCR mechanisms, the reduction in fuel costs is substantial, thus confirming
that the technical route proposed in this study offers highly attractive cost-effectiveness.

Table 7. Estimated annual fuel consumption and fuel cost.

Engine Tvpe Annual Fuel Annual Fuel Consumption = Annual Fuel Cost Annual Fuel Cost
8 yp Consumption [t] Reduction [t] [USD] Reduction [USD]
Original engine 11,871.59 - 5,104,784.76 -
LP-EGR-BV 10,648.45 1223.14 4,578,832.97 525,951.79
LP-EGR-BL 10,676.85 1194.74 4,591,046.70 513,738.06

EGR technology has been utilized in marine engine applications for over ten years, and
its reliability has been thoroughly demonstrated through extensive real-world operational
experience [8-10]. However, VCR technology has only recently begun to be commercialized
in the field of marine engines. Considering that the VCR mechanism is continuously
subjected to high pressure arising from the in-cylinder combustion, this poses substantial
challenges to the mechanical strength, operational stability, and sealing integrity of the
hydraulic driving system. Therefore, the reliability of VCR technology still requires further
on-board tests.

7. Conclusions

In this paper, a numerical study was carried out to investigate the applicability of
LP-EGR combined with VCR in improving the fuel economy of marine two-stroke dual-fuel
engines of low-pressure gas injection in diesel mode. The main findings are summarized
as follows:

e  Compared with the LP-EGR-BV scheme, a higher in-cylinder pressure level can be
obtained with the LP-EGR-BL scheme but at the cost of additional power consumed
by the EGR blower. Nevertheless, due to the low exhaust gas pressure in the LP-EGR
system, the increase in BSFC caused by the operation of EGR blower does not exceed
1g/kW-h.

e  Although the two LP-EGR schemes exhibit completely opposite impacts on the tur-
bocharging system, the compressor can achieve a satisfactory efficiency. At 25% MCR,
the compressor efficiency remains around 80% and 81% for LP-EGR-BV and LP-EGR-
BL schemes, respectively. At 50%, 75%, and 100% MCR, it stays approximately 84% for
LP-EGR-BV, while it ranges between 83% and 85% for LP-EGR-BL. The surge margin
is also maintained within the reasonable range. Furthermore, an adequate quantity
of scavenging air can be provided to ensure that the injected fuel burns completely.
This fully demonstrates that the existing turbocharging system can be well matched
with LP-EGR and VCR, and there is no need for re-matching. This is crucial for the
renovation and upgrading of existing engines.

e  The optimization results reveal that the two LP-EGR schemes are capable of achieving
a similar improvement in fuel economy. For the LP-EGR-BV scheme, compared with
the baseline engine, the optimized BSFC decreases by 10.16%, 11.95%, 10.32%, and
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9.68% at 25%, 50%, 75%, and 100% MCR, respectively, whereas, for the LP-EGR-
BL scheme, the optimized BSFC decreases by 10.11%, 11.93%, 9.93%, and 9.58%,
respectively. Furthermore, after optimization, the level of NOx emissions improves
from only meeting the Tier II regulations (14.4 g/kW-h) to being able to meet the Tier
III regulations (3.4 g/kW-h).

e  The results of the qualitative analysis indicate that the LP-EGR-BV scheme is superior
to the LP-EGR-BL scheme in terms of structural complexity, initial cost, maintenance
cost, installation space requirement, and power consumption. Only considering the
above aspects, LP-EGR-BV is a more promising solution. However, a further in-depth
study is needed to compare the two LP-EGR schemes in terms of dynamic performance,
response speed, control accuracy, and reliability.

e  The technical route proposed in this study demonstrates considerable economic ben-
efits. Even if it is assumed that the investigated dual-fuel engine operates in diesel
mode for only one-fifth of its lifetime, the corresponding annual fuel consumption and
fuel cost will be saved by approximately 240 tons and USD 100,000, respectively. This
is very attractive to shipowners.

The findings of this research confirm that the combination of LP-EGR and VCR can
effectively enhance the fuel economy of marine dual-fuel engines of low-pressure gas
injection in diesel mode while complying with the Tier III regulations on NOx emissions.
In addition, it is also expected that the technical route presented in this study provides
valuable insights for optimizing the performance and emissions of automotive and large-
scale power generation engines.

Although encouraging results were obtained in this study by numerical simulation, the
adopted 0-D/1-D modeling approach still has limitations that cannot be ignored. First of all,
it is difficult for the 0-D/1-D approach to accurately predict the combined impacts of EGR
and VCR on the engine pollutant emissions including HC, CO, and PM, which, like NOx,
are also important for evaluating the performance of the engine emission characteristics.
In addition, limited by the predictive ability of the 0-D/1-D approach, it is impossible to
comprehensively analyze the dynamic characteristics of the in-cylinder flow field. Secondly,
when establishing the 0-D/1-D engine simulation model in GT-Power, in order to reduce
the model complexity, necessary simplifications and assumptions are made. This is highly
likely to result in deviations between the final optimization results and actual results, which
cannot be overlooked.

After fully recognizing the limitations of the 0-D/1-D modeling approach adopted in
this study, the direction of future research can also be preliminarily determined. Combined
with the 0-D/1-D simulation results, CFD simulation research should be conducted to
comprehensively evaluate the impacts of the combination of EGR and VCR on engine
power, economic, and emission characteristics. At the same time, the relevant underlying
mechanisms must be understood to fully exploit the potential of the combination of EGR
and VCR in terms of energy conservation and emission reduction. If the experimental
conditions permit, statistical analysis will be conducted to validate the significance of the
improvements observed in this study. In addition, this study only focuses on the diesel
mode of the investigated marine dual-fuel engine. In future research, the applicability of
EGR combined with VCR in gas mode will be explored by extending the established 0-D/1-
D engine model. This will require incorporating models of the pre-chamber, natural gas
admission valve, pilot fuel injector, and adopting a predictive combustion model tailored
for jet-ignition natural gas engines.
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Abbreviations

Abbreviations

0-D Zero-dimensional

1-D One-dimensional

ANOVA Analysis of variance

ATDC After top dead center

BBD Box-Behnken Design

CA Crank angle

CFD Computational fluid dynamics

CHy Methane

CcoO Carbon monoxide

CO, Carbon dioxide

CR Compression ratio

ECAs Emission Control Areas

EGR Exhaust gas recirculation

EVC Exhaust valve closing

FIT Fuel injection timing

HC Hydrocarbon

HP-EGR High-pressure exhaust gas recirculation

HRR Heat release rate

IMO International maritime organization

LP-EGR Low-pressure exhaust gas recirculation

LP-EGR-BL Low-pressure exhaust gas recirculation implemented with the blower

LP-EGR-BV Low-pressure exhaust gas recirculation implemented with the back-pressure
valve

MCR Maximum continuous rating

NOx Nitrogen oxides

NSGA Non-dominated sequence genetic algorithm

PI Proportional-integral

PM Particulate matter

PSO Particle swarm optimization

RSM Response surface methodology

SCR Selective catalytic reduction

SOx Sulfur oxides

VCR Variable compression ratio
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Nomenclature
Variables related to the optimization process

BSFC Brake specific fuel consumption, g/kW-h

bsNOx Brake specific NOx emissions, g/kW-h

Ppeak In-cylinder peak pressure, bar

SM Surge margin, %

X Vector of optimization variables

XEVC Exhaust valve closing timing, °CA ATDC

i Fuel injection timing, °CA ATDC

01 Compression ratio

¢EGR EGR rate, Y%

Variables related to the combustion model

Cas Diffusion combustion rate multiplier

Cent Entrainment rate multiplier

Cign Ignition delay multiplier

Cpm Premixed combustion rate multiplier

k Turbulent kinetic energy, m?/s?

mgys Air-fuel mixture mass available during diffusion combustion stage, kg
Ment Entrained mass, kg

Mini Injected fuel mass, kg

Mpm Premixed combustion mass, kg

[05] Oxygen concentration, mol/m3

S Fuel spray tip length, m

t Time, s

tign Ignition time, s

T Pulse temperature, K

t Breakup time, s

u Velocity at spray tip, m/s

Uinj Velocity at injector nozzle, m/s

Veyt Cylinder volume, m3

Tign Ignition delay, s

P Pulse density, kg/m3

Variables related to the model of turbocharging and EGR system
BSFCeng Brake specific fuel consumption of the engine, g/kW-h
BSFCgen Brake specific fuel consumption of the generator set, g/kW-h
BSFCrp gGr B Brake specific fuel consumption of the engine with the LP-EGR-BL scheme, g/kW-h
Seng Instantaneous fueling rate of the engine, g/h

Sgen Instantaneous fueling rate of the generator set for driving the EGR blower, g/h
e Compressor mass flow rate, kg/s

Mc,sg Compressor mass flow rate at the surge line, kg/s
MEGR Mass flow rate of EGR gas, kg/s

Peng Power of the engine, kW

Py Power of the EGR blower, kW

bl Efficiency of the EGR blower, %

Efficiency used to account for the power losses during the power generation

Tgen and distribution processes, %
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