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ABSTRACT

This study aims to investigate the impact of the High Pressure Selective Catalytic Reduction system (SCR-
HP) on a large marine two-stroke engine performance parameters by employing thermodynamic
modelling. A coupled model of the zero-dimensional type is extended to incorporate the modelling of the
SCR-HP components and the Control Bypass Valve (CBV) block. This model is employed to simulate
several scenarios representing the engine operation at both healthy and degraded conditions considering
the compressor fouling and the SCR reactor clogging. The derived results are analysed to quantify the
impact of the SCR-HP on the investigated engine performance. The SCR system pressure drop and the
cylinder bypass valve flow cause an increase of the engine Specific Fuel Oil Consumption (SFOC) in the
range 0.3—2.77 g/kWh. The thermal inertia of the SCR-HP is mainly attributed to the SCR reactor, which
causes a delayed turbocharger response. These effects are more pronounced at low engine loads. This
study supports the better understanding of the operating characteristics of marine two-stroke diesel
engines equipped with the SCR-HP and quantification of the impact of the components degradation on
the engine performance.

© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With over 80% of global trade volume and more than 70% of its
value being carried by ships and handled by seaports worldwide
(UN, 2017), maritime transport is widely acknowledged for its key
importance to global trade and economy. However, the maritime
industry growth resulted in environmental challenges mainly
caused by the exhaust emissions of marine engines and the societal
need for reducing of the greenhouse gases and other harmful
emissions including the nitrogen oxides (NOx), sulphur oxides
(SOx), unburnt hydrocarbons and particulate matters (Zhang et al.,
2019a; Chen et al., 2019). To reduce the NOx emissions from marine
engines, the International Maritime Organisation (IMO) has
established limits and identified Emission Control Areas (ECAs)
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(IMO, 2008). In January 2016, the IMO Tier III regulations for NOx
emissions were enforced in North America ECA, whereas it should
take effect in Northern Europe ECA including Baltic Sea, North Sea
and English Channel in January 2021 (Gu and Wallace, 2017; IMO,
2017).

To comply with the stricter NOx Tier Il emission limits, various
NOx reduction technologies for marine diesel engine including
selective catalytic reduction (SCR), exhaust gas recirculation (EGR),
the use of alternative fuels, operational settings control, direct
water injection (DWI), fuel-water emulsion (FWE) and intake air
humidification, have been researched, developed and implemented
by the engine manufacturers (Praveena and Martin, 2018; Gholami
et al., 2020; Gan et al., 2020; Lamas et al., 2013; Spath, 2020). The
EGR technology can reduce the NOx emissions by up to 40% (Wang
et al., 2020a), whereas the SCR technology demonstrated a poten-
tial to reduce NOx emissions by more than 90% (Praveena and
Martin, 2018; Vignesh and Ashok, 2020). The SCR systems include
a catalytic reactor, where the NOx is converted to nitrogen and
water vapour by using ammonia as a reducing agent, which is
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typically produced by the injection of urea-water solution. The
reactor catalyst consists of blocks with a large number of channels,
providing a large surface area, in which the catalytic process takes
place.

The most typical configurations of the SCR system include the
high pressure system (SCR-HP) and the low pressure system (SCR-
LP) (MAN B&W, 2019; Um, 2019). The SCR-LP system is installed
downstream the engine turbocharger turbine, which provides
flexibility in the system installation and has a small impact on the
engine performance. However, due to the requirement for a rela-
tively high temperature for the SCR process, additional equipment
such as heaters is needed, which renders the SCR-LP system more
complicated. In addition, the SCR-LP system cannot normally be
used for high sulphur fuels, which are typically used in marine two-
stroke engines. In the latter case, an additional SOx scrubber system
is required to ensure the compliance with the existing SOx emis-
sions regulations.

The SCR-HP system is installed in the engine high pressure side,
i.e., upstream the engine turbocharger turbine. Depending on the
engine operating conditions, the exhaust gas temperature before
the turbine can reach values 50—175 °C higher than the tempera-
ture in the low pressure side (downstream turbine). Hence, the
SCR-HP system does not require an additional heating device,
which renders the SCR-HP system arrangement more compact.
However, it is expected to impact the engine performance and
transient response due to the SCR components pressure drop, the
variation of the exhaust gas temperature caused by the injected
urea-water solution evaporation and the reactions taking place in
the catalyst surface, as well as the additional thermal and fluid
inertias of the exhaust receiver and the SCR catalyst system.

For SCR systems shipboard applications, a considerable number
of research studies focused on new catalyst materials (Zhang et al.,
2019b; Liet al.,, 2020; Wang et al., 2019; Cho, 2017; Jung et al., 2017),
reaction mechanisms (Wang et al., 2020b; Ye et al., 2016; Zhu et al.,
2018, 2019a; Xi et al., 2019), chemical reactions modelling (Nielsen
and Pedersen, 2019; Moon et al., 2014; Choi et al., 2015a) and
design optimisation (Zhu et al., 2019b, 2019¢; Sung et al., 2020; Yu,
2016; Choi et al., 2015b; Zhang et al., 2019a) to improve the effi-
ciency of NOx emissions reduction rather than the SCR system
thermal behaviour. Chen and Wang, 2012, 2014 developed a
control-oriented temperature dynamic model for a diesel engine
equipped with a complete set of after-treatment systems including
Diesel Oxidation Catalyst (DOC), Diesel Particulate Filter (DPF), and
Urea-Based Selective Catalytic Reduction (SCR) system. In Ref. (Park
et al., 2014), the effect of static mixer geometry on flow mixing and
pressure drop in marine SCR applications was investigated. In Ref.
(Pedersen et al., 2016), a simple thermodynamic model of the SCR
reactor used to verify that a functional mockup interface (FMI) can
be used for co-simulation of embedded SCR control software and
for control software development is reported. The output temper-
ature of the SCR was modelled as the relationship between the
reactor throttle valve (RTV) position, the flow through the reactor
and the input temperature of the SCR.

Studies investigating the influence of SCR system on the marine
two-stroke diesel engines performance are limited. In Ref. (MAN
B&W, 2019), the thermal inertia caused by the SCR system on
marine two-stroke diesel engine was discussed and appropriate
countermeasures were proposed. In Ref. (Foteinos et al., 2019), an
SCR model predicting the transient thermal response of a SCR-HP
system for a Tier Il marine two-stroke diesel engine was pre-
sented. Foteinos et al. (2020) presented a coupled model of the
marine propulsion plant with an SCR system and studied the
response of a direct-drive large marine two-stroke engine with SCR
operating in waves. Zhu et al. (2020) investigated the effects of the
scavenging bypass and the turbine exhaust bypass modules on the
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exhaust gas temperature and pressure of a low-speed marine diesel
engine.

The application of the SCR system in marine two-stroke diesel
engines is more challenging than respective applications in heavy-
duty four-stroke engines due to the demand for a relatively high
temperature for the SCR process. At temperature levels below the
minimum required temperature, ammonium bisulphate (NH4HSOy4,
hereafter denoted as ABS) is formed, which accumulates in the SCR
reactor causing the reactor clogging. Even though the reactor is
placed upstream the turbine, the exhaust gas temperature will still
be too low at low loads. To increase the temperature, a cylinder
bypass branch from the scavenge air receiver to the turbine inlet is
required. The bypass air flow is controlled by the Cylinder Bypass
Valve (CBV). With the CBV open, the air trapped into the cylinders is
reduced, thus, resulting in the exhaust gas temperature increase
retaining the temperature above the required level. However, this
also increases the engine fuel consumption.

The common failures of marine diesel engines without the SCR
system were investigated by simulation in References (Hountalas,
2000; Nahim et al., 2016; Rubio et al., 2018). These studies results
indicated that the turbocharger degradation has a great impact on
engine performance parameters. Thus, it is expected that the
turbocharger components degradation will also affect the perfor-
mance of the SCR-HP system. In addition, the SCR reactor degra-
dation and partial clogging also impacts the engine performance
parameters along with the after-treatment system effectiveness.

This study aims at investigating the operation of a marine two-
stroke diesel engine with a SCR-HP system and a cylinder bypass
valve in order to quantify the impact of the after-treatment system
on the engine performance parameters and reveal the interactions
between the engine subsystems/components. In addition, a num-
ber of engine operating scenarios are investigated using fuels with
different sulphur content and considering degraded conditions, in
particular, the turbocharger compressor and the SCR reactor partial
clogging. This study employs an existing thermodynamic model of
the zero-dimensional type that adequately represents the engine
operation. This model was extended to incorporate models for the
SCR system and the CBV along with its control, for which the
minimum temperature set point is calculated as function of the
sulphur content and the exhaust receiver pressure. To the best of
the authors’ knowledge, this is the first study investigating the two-
stroke engine along with the SCR system and the CBV with its
control system, whilst considering engine components degrada-
tion. The analysis presented in this study leads to the better un-
derstanding of the involved phenomena in the engine and its
components as well as the interactions between the engine com-
ponents, underlying the critical operating parameters at both
healthy and degraded conditions.

The remaining of this study is structured as follow. In Section 2,
the employed engine model and its extension to incorporate the
SCR system model and the CBV block model are described. In
Section 3, the model validation by comparing with experimentally
measured data is discussed. The simulated case studies along with
the derived results are presented and discussed in Section 4. The
last section summarises the main findings and the conclusions
drawn from this study.

2. Model description
2.1. Engine modelling

The zero-dimensional and the mean value approaches are the
most widely used for the marine diesel engine modelling mainly

because of their low computational effort and capability of
achieving satisfactory simulation accuracy (Xiang et al., 2019;
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Theotokatos, 2018; Shen et al.,, 2020). The mean value models
(MVM) require lower computational cost (compared to zero-
dimensional models), however they cannot predict the in-
cylinder parameters variations. The zero-dimensional models
describe the cylinder processes on crank angle basis and can predict
the in-cylinder parameters variations. Typically, they represent
with sufficient accuracy the engine fuel consumption capturing the
cylinder pressure variation, in comparison with the MVMs. Hence, a
zero-dimensional modelling approach is adopted in this study, the
principles of which are described in (Tang and Zhang, 2017a) and
(Tang and Zhang, 2017b). The main governing equations are pro-
vided in the following sub-sections.

2.1.1. Cylinder processes modelling

The working processes within the engine cylinders include
different stages and thermodynamic characteristics. One zone is
considered for the case of the cylinder closed cycle, whereas a two-
zone approach is assumed for the open cycle as delineated below.
The energy conservation provides the following equation for the
calculation of the in-cylinder temperature time derivative in each

considered zone:
dm,
“dr )
(1)

(d& + %hsz _
dt dt
where dms,/dt is the scavenging air mass flow rate entering the
cylinder, hs; is the specific enthalpy of scavenging air, dmg./ dt is the
exhaust gas mass flow rate exiting the cylinder, hg, is the specific
enthalpy of the exhaust gas exiting the cylinder, p; is the in-
cylinder pressure, which can be calculated according to the ideal
gas state equation, dV;/dt is the cylinder volume time derivative, u
is the specific internal energy of gas in the cylinder, dm,/ dt is the
time derivative of the in-cylinder gas mass, dQy/dt is the combus-
tion heat released into the in-cylinder gas, and dQy,/ dt is the heat
transfer from the in-cylinder gas to the cylinder walls. The com-
bustion heat release rate and the heat transfer coefficient are
calculated by employing the double-Wiebe function (Ghojel, 2010)
and the Woschni empirical formula (Woschni, 1967), respectively.
The scavenging process in this study is described by a two-
phase, two-zone model (Benson, 1977; Sigurdsson, 2011; Dang
and Wallace, 1992; Tang, 2018). It assumed that the scavenging
process in the first phase is the displacement scavenging, consid-
ering one mixing zone and one displacement zone as shown in
Fig. 1(a). In the second phase of the scavenging period, one mixing
zone and one short-circuit zone are considered, as shown in
Fig. 1(b).

ar._ 1
dt — mgc,

dQuw dv,

dmyge
hee =gy ~Pgp -

dt

2.1.2. Scavenging air and exhaust gas receivers modelling

The engine receivers are modelled as open thermodynamic
systems with a constant volume (Heywood, 1988). The mass and
energy conservations were considered to derive the equations for
the calculation of the receiver working medium mass and tem-
perature time derivatives, respectively.

For multi-cylinder diesel engines, the total mass flow rate
exiting the scavenging air receiver is the sum of the mass flow rates
entering the engine cylinders. The mass flow rate entering the
exhaust gas receiver is the sum of the mass flow rates exiting the
engine cylinder. In this study, the heat transfer is only considered in
exhaust gas receiver. The pressure of each receiver is calculated
according to the ideal gas state equation.

2.1.3. Turbocharger components modelling
Several methods of various complexities are wused for
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Fig. 1. Schematic diagram of the employed two-phase, two-zone scavenging model.

investigating the performance of turbocharger components
(Galindo et al., 2013). The adiabatic nozzle modelling approach
(Watson and Janota, 1982), which represents the turbine as a
nozzle, is employed herein for the calculation of the turbine mass
flow rate as function of the turbine pressure ratio and the effective
geometric area. The compressor is modelled by employing the
steady state compressor map in a digital form. The compressor
mass flow rate is calculated by interpolation (Theotokatos and
Tzelepis, 2015; Shen and Zhang, 2020) as function of the turbo-
charger speed. The generated turbine power is calculated according
to the flowing equation:

. k-1
Pt:thpTent (1 —Htk ) (2)

where m; is the turbine mass flow rate, ¢, is the exhaust gas specific
heat capacity at constant pressure, T, is the temperature of exhaust
gas entering the turbine, 7, is the turbine efficiency, II; is the tur-
bine pressure ratio, and k is the ratio of specific heats of the exhaust
gas.

The absorbed compressor power is calculated by the following
equation:

Pe=mccpTa—

)

where 1 is the compressor mass flow rate, ¢, is the air specific
heat capacity at constant pressure, Ty is the air temperature at the
compressor inlet, 7. is the compressor isentropic efficiency, and 11,
is the compressor pressure ratio.

The air temperature at the compressor outlet is calculated ac-
cording to the following equation:

1 k-1
e ()
Ne

The compressor degraded condition is taken into account by
considering the compressor isentropic efficiency reduction as re-
ported (Hountalas, 2000). This reduction is mainly caused by
changes in geometry, which causes a drop in the power absorbed
by the compressor and further affects the performance of the diesel
engine. The impact factor . is introduced into the model to
simulate compressor degradation as the following equation:

(4)
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Nef = KeNen (5)
where k. represents the degree of compressor degradation, which
is set to 0.8 in this study, 7. is the compressor isentropic efficiency
in the degraded conditions, 7., is the compressor isentropic effi-
ciency in healthy conditions.

2.2. SCR system modelling

A SCR modelling approach reported in (Foteinos et al., 2019,
2020) is adopted and integrated with the zero-dimensional engine
model. The SCR system is divided into three primary components,
namely the vaporizer, the SCR reactor, and the pipe connecting the
vaporizer and the reactor. The input parameters considered by the
model are shown in Fig. 2 and include the exhaust gas temperature
Te, the exhaust gas pressure p,, the exhaust gas mass flow rate i,
and the urea mass flow rate myreg. In addition, the geometric
characteristics of each component (vaporizer, pipe, and reactor) are
required as input to the model.

2.2.1. Vaporizer modelling

The vaporizer is considered as a volume containing exhaust gas,
in which the urea solution is injected. The energy rate flowing in
the vaporizer mainly consists of five parts, namely Q'eth Q'exhom,
Qg—w» Qeny» and Qgy,,, Which are shown in Fig. 3 (Foteinos et al.,
2019).

Q'eth and Qeth represent the energy rate of the exhaust gas
entering and exiting the vaporizer, which are described by the
following equations:

(6)

Qexh,-n = MexpCoexh Texh,»,,

(7)

Qexhout = mexh Cexh Texhout

where m,,;, is the mass flow rate of the exhaust gas entering the
vaporizer volume, ¢,y is the exhaust gas specific heat capacity at
constant pressure, Ty, , i the temperature of the exhaust gas
exiting the vaporizer, and Ty, is the temperature of the exhaust
gas entering the vaporizer.

Q'gﬁw considers the convective and radiative heat losses from
the exhaust gas to the vaporizer wall, which can be calculated ac-
cording to the following equation:

r Myrea

T Te
Vaporizer ]4— Pe
. ‘ m,
Q(),/',»k’ Urea Decomposition
(endothermic reaction)
. NOXx reduction
Qv ‘ (exothermic reaction)
~
Trout
Reactor | prout
Tin Ti’lr

Fig. 2. SCR system modelled components.
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Fig. 3. Energy flow in the vaporizer.
3 4 4
Qg = NgwAew(Texh — Tw) + 0eg—wAgu (Toy — ) (8)

where 74, is the convective heat transfer coefficient between the
exhaust gas and the vaporizer wall, Agy, is the inner surface area of
the wall in contact with the gas, ¢ is Stefan—Boltzmann constant,
egw i emissivity between the exhaust gas and the wall, T, is the
temperature of the exhaust gas in the vaporizer volume, and Ty, is
the wall temperature.

Q.n, Tepresents the heat losses from the wall to the environ-
ment, which is obtained by the following equation:

Tw - Tamb

Q=0 Tams
e Ry + Rins + Renw

9)

where Ty, is the ambient temperature, R, and R;,s are thermal
resistances of the conduction through wall and insulation layers,
respectively, and Rep, is the thermal resistance due to convection
between the external wall and the environment.

The equations for the time derivatives of the exhaust gas and
wall temperature in the vaporizer can be obtained using the con-
servation of energy:

dTexh _ 1 N . . .

dr m <Q3Xhm - Qexhaut - anw - QChwap> (10)
dTw 1 . .
T g 28w T Qen) (1)

where m,,, is the exhaust gas mass, which is calculated using the
ideal gas state equation, m,, is the mass of the vaporizer, cy is the

specific heat capacity of the wall, and Qchmp represents the energy

loss due to the endothermic reaction of the urea evaporation and
decomposition, which is calculated by the following equation
(Foteinos et al., 2019):

Qch

= MeynCoxin (0.034 L+ 240mMyreq) (12)

vap
where L denotes the engine load percentage (0—100), myeq is the
urea mass flow rate (kg/s), which is found to vary linearly with
engine load according to the following equation (Foteinos et al.,
2019):
Myrea = Qurea(0.00023 L+ 0.004) (13)
where ayreq is the model calibration factor that depend on the
engine type.

In this study, the volume of the pipe is merged into the volume
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of the vaporizer, and the gas temperature change in the pipe is no
longer calculated separately, which can reduce the amount of
model calculations. Since the material and the adiabatic heat
treatment of the pipe is the same as that of the vaporizer, and
endothermic or exothermic reactions in the pipe are not expected
to take place, the calculation accuracy of the model will not be
affected. Hence, the exhaust gas reactor inlet temperature is the
same as the vaporizer outlet temperature.

2.2.2. SCR reactor model

The SCR reactor contains the catalytic reduction material, which
will affect the energy transfer in the SCR reactor. The energy flow in
the SCR reactor mainly includes seven parts, namely Qeth Qeth,r,
Qg—w» Qg—c» Qc—w, Qeny, and Q. Which are shown in Fig. 4
(Foteinos et al., 2019).

Q'eth and Qexhom respectively represent the energy rate of the
exhaust gas entering and exiting the SCR reactor, which is calcu-
lated as Eqs. (6) and (7).

Q'gﬁw represents convective and radiative losses from the
exhaust gas to the wall, which can be calculated as Eq. (8).

anc represents the convective and radiative heat losses from
the exhaust gas to the catalyst block, which can be calculated ac-
cording to Newton's law of cooling and Stefan-Boltzmann law:
Qg—»c = ngcAgC(Texh —Tear) + Ugg—wAgC (T:xh - Télat) (14)
where 7, is the convective heat transfer coefficient between the
exhaust gas and the catalyst block, &g ¢ is emissivity between the
exhaust gas and the catalyst block, Tey is the catalyst block tem-
perature, and Agc is the total catalyst surface area in contact with
the exhaust gas, which is calculated by the equation below:

Agc = Aspec Vcat (15)
where Vg is the catalyst volume, and Agpec is the specific surface
area which is a characteristic catalyst value.

Q._ represents the heat flow from the catalyst block to the
reactor wall through conduction and is calculated according to the
following equation:

S ~ Tear — Tw
Qew="F—

(16)

where Rc_  is the thermal resistance for conductive heat transfer
between the catalyst block and the wall

Qecny is the heat transfer rate from the wall to the environment,
which is obtained by Eq. (9).

Tenv
Insulation
Wall 1 Twa[ 1 Qenv
.g—>w Q.c—>w
Qexh» : Q
m L hl
) —y T =)
+QChrea

Fig. 4. Energy flow in the SCR reactor.
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The following equations for the calculation of the time de-
rivatives of the exhaust gas, wall temperature and the catalyst block
in the SCR reactor were derived by using the energy conservation:

AT oxn _ 1
dt Mexh Cexh

(Qexny, — Qextpye =~ Qe—w — Qg—c +Qehy,,)

(17)
A Mg B Qe Qen) "
dTeee 1 (Qg—»c—Qcaw) (19)

dt  MeaeCear

where mg; is the mass of the catalyst block, cq is the specific heat
capacity of the catalyst block, and Qchm represents the energy
added to the gas due to the exothermic SCR reactions. This heat rate
is calculated according to the following equation (Foteinos et al.,
2019):

Qeh,,, = MexhCext (0.07L + 78Myreq) (20)

The exhaust gas flow through the cells of the catalyst block is
treated as laminar, and the pressure drop per unit length is calcu-
lated by using the following Hagen—Poiseuille equation (Tsinoglou
et al., 2004):

28.
——QnLcarpv

2
dh

Apscr = (21)

where «;, is a correction factor, u is the exhaust gas dynamic vis-
cosity that is a function of the temperature, v is the velocity of the
exhaust gas through the effective area of catalyst block, L. is the
length of catalyst block, and dj, is the hydraulic diameter of each
catalyst cell.

2.2.3. SCR reactor degradation model

The SCR-HP system component degradation considerably affects
the engine response (MAN B&W, 2019). The SCR catalyst elements
will gradually lose their ability to reduce the NOx emissions. The
catalyst lifetime depends on several parameters including the en-
gine load, the operational time, the employed fuel, the exhaust gas
composition and temperature as well as the catalyst material. To
maintain the required reactor efficiency, the catalyst elements
should be replaced periodically according to the requirements of
the catalyst supplier. In addition, incomplete combustion products
(such as carbon deposits contained in the exhaust gas) and the ABS
(formed at low temperatures) accumulate in the reactor catalyst
block causing its clogging, which increases the SCR-HP system
components pressure drop (losses), thus affecting the engine per-
formance and transient response.

The reactor degradation is investigated by simulation to quan-

tify its impact on diesel engine performance. The factor kscg is
introduced into the SCR-HP system model to simulate the impact of
the reactor clogging on the pressure drop of the SCR-HP system.
Hence, the correction factor in Eq. (21) is replaced by the following
factor:
0 = KsCR On (22)
where kscg represents the degree of the catalyst block clogging
and is set to 2 in this study, whereas «;, is the correction factor of Eq.
(21) at normal operating conditions of the SCR-HP system (without
clogging).
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2.3. Cylinder bypass valve (CBV) block modelling

This section describes the modelling of the CBV block to calcu-
late the CBV opening ¢cpy, and the cylinder bypass valve air flow
rate mcg providing as input the setting value of the required min-
imum temperature Tg;. The model also calculates the turbine inlet
temperature Ty,,. The function diagram of the CBV block is shown in
Fig. 5.

2.3.1. Minimum temperature setting

Previous studies typically considered fixed the required mini-
mum temperature for the effective operation of the SCR system in
marine two-stroke marine diesel engines. The values of 300 °C and
320 °C were considered for the exhaust gas minimum temperature
in Ref (Foteinos et al., 2020). and (Zhu et al., 2020), respectively,
whereas the minimum temperature was considered 200 °C for the
marine four-stroke diesel engine reported in Ref. (Xiao et al., 2019).
In fact, when the fuel sulphur content is equal or less than 0.1%, a
temperature of approximately 310 °C would be sufficient. At low
exhaust gas pressure, the required minimum temperature must be
lower. The minimum temperature required to avoid the formation
of ABS can be estimated as function of the fuel sulphur content and
the exhaust gas pressure according to Fig. 6, which was adapted
from (Theotokatos and Tzelepis, 2015). The high pressure curve
(4.0 bar) and the low pressure curve (1.5 bar) correspond to the
typical values of the exhaust receiver pressure for marine two-
stroke engines operating at high and at low loads, respectively.

It is assumed that the required minimum temperature for the
normal SCR system operation has a linear relationship with the
exhaust gas pressure in the case of a fuel with a specific sulphur
content. Hence, the required minimum exhaust gas temperature is
calculated according to the following equation:

g Ty — T,
(pr, —pr) (Ty L)+TL

T.
set PH —PL

(23)

where T is the setting value of the required minimum tempera-
ture, py,, is the pressure of the exhaust gas entering the SCR reactor,
p is the exhaust receiver pressure at low load, py is the exhaust
receiver pressure at high load, T; is the required minimum tem-
perature corresponding to p;, Ty is the required minimum tem-
perature corresponding to py.

The pressure/temperature (P/T) module shown in Fig. 5 is used

m, M,
pr[n proui pfin

[Vaporizer]: - >{ Reactor —24—3{ Turbine

prer=m: 1 S

| Pry, Trin

L :

| ’ ) :

: | p/T |T“'{ PID }q)””

! CBV block

[ Scavenge air receiver

Fig. 5. Function diagram of CBV block model.
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Table 1
P/T module input parameters.
py [bar] py [bar] T, [°C] Ty [°C]
LS Fuel 1.5 4.0 281 304
HS Fuel 15 4.0 324 352

for the Tser calculation. This module uses as input the py,, as well as
the p;, py, Ti, Ty corresponding to 0.1% sulphur fuel (low sulphur
(LS) fuel) and 3.5% sulphur fuel (high sulphur (HS) fuel) estimated
from Fig. 6. The estimated values of the p;, py, T;, Ty for LS and HS
fuels are summarised in Table 1. The temperature response will be
delayed as a result of possible delay in the CBV control and the
thermal delay of the engine and its SCR system. To prevent the
reactor inlet temperature from reducing below the required mini-
mum temperature threshold due to these delays, the P/T module
set the Tser 5°C greater than the values corresponding to the cal-
culations according to Table 1.

2.3.2. CBV control and parameter calculation

The Proportional-Integral-Differential (PID) module shown in
Fig. 5 is used for the adjustment of the required exhaust gas min-
imum temperature by controlling the CBV opening, which is the
output of this module. The input of the PID module is the setting
value of the required minimum temperature Ts,r as described in the
previous section and the reactor inlet temperature T;,. The
following equation is employed for the calculation of the CBV
opening:

de(t)
dt

t
K;
bcpy =Kpe(t) + Tl [e(t)dt + KTy (24)
1 .

0
where Kj, K; and K, are the proportional, integral and derivative

gains respectively, and e(t) is the error value defined by the
following equation:
e(t)=Tser — Tp, (25)

The mass flow of air bypassed from the cylinder mcp is calcu-
lated by the following equation (Zhu et al., 2020):
mCB = ¢CBVmsz (26)

where g, is the scavenge air mass flow rate.
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The exhaust gas temperature at the turbine inlet is calculated by
considering the mixing of exhaust gas and cylinder bypass air as an
adiabatic mixing process. The application of the energy conserva-
tion provides the following equation for the turbine inlet temper-
ature calculation (Alegret et al., 2015):

Tti" — mCBCP5T3.+ erPrT"out (27)
M Cp,
where Ty, is the turbine inlet temperature, ¢p,, ¢y, and cp, are the
specific heat capacity at constant pressure of the reactor outlet gas,
the cylinder bypassed air and the turbine inlet gas, respectively, Ts
is the scavenging air temperature, T, is the reactor outlet tem-
perature, m; is the reactor mass flow rate and, m; is the turbine
mass flow rate, which is calculated by the following equation:

me = Mg + My (28)

2.4. Engine integrated model

The integrated model of the marine two-stroke diesel engine
with the SCR-HP system and the CBV block was developed in the
Simulink environment. The block diagram of the engine integrated
model is shown in Fig. 7. Each block corresponds to a component of
the modelled diesel engine. The “cylinders” block consists of six
blocks (one for each engine cylinder). It should be noted that the
SCR system operation can be cut off by using the Reactor Sealing
Valve (RSV). When RSV is closed, the exhaust gas is directly for-
warded to the turbine through the Reactor Bypass Valve (RBV).

The ode2 (Heun) solver based on the improved Euler formula is
used in the Simulink model. A fixed step approach was employed
with the time step set to 0.002 s. To facilitate the management of
the model initial parameters, all the initial parameters are stored in
file, which is called at the initial step of the Simulink model.
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3. Model validation
3.1. Engine model validation

The marine two-stroke electronically controlled diesel engine
MAN B&W 6S50ME-C8.2 was selected for investigation in this
study. The engine main characteristics at the Maximum Continuous
Rating (MCR) point are presented in Table 2.

The engine model was calibrated and validated at 25%, 50%, 75%
and 100% load using the engine test data. The simulation results are
shown in Fig. 8 and Fig. 9. For all the engine parameters, the relative
percentage errors between the simulation results and the
measured data were found to be less than +2.4%. This denotes that
the model can predict with sufficient accuracy the engine perfor-
mance parameters and therefore, it can be employed with fidelity
to investigate the scenarios investigated in this study.

3.2. SCR system model validation

In this section, the SCR system model validation is presented.
The main geometric characteristics of the SCR system are adopted
from the references (Foteinos, 2019, 2020) and are shown in
Table 3.

Due to the influence of the endothermic and exothermic re-
actions in the SCR system, the thermodynamic properties of the

Table 2

Engine main characteristics.
Parameters Values
Cylinder number [-] 6
Cylinder diameter [m] 0.5

Stroke [m] 2

Power at MCR [kW] 8280

Speed at MCR [rpm] 127

Pmax at MCR [MPa] 17

Firing order [-] 1-5-3-4-2-6

pa:Ta:ﬁic pauTanm[‘
P P g
Compressor [@------ - T/C shaft  [«€----- tooe. Turbine |«
A .
; ~ : , Ty, ,m
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Fig. 7. Block diagram of the engine integrated model.
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exhaust gas flowing through the SCR system will significantly vary.
The endothermic reaction of urea decomposition in the vaporizer
causes the temperature of the exhaust gas flowing through the
vaporizer to decrease. The exothermic catalytic reduction reaction
in the reactor increases the temperature of the exhaust gas flowing
through the reactor. The temperature changes of the exhaust gas
flowing through the vaporizer and the reactor at 25%, 50%, 75% and
100% loads are validated against the measurement data reported in
reference (Foteinos et al., 2019). The coupled model is used as a
validation platform for the thermodynamic performance of the SCR
system model.

The simulation results are shown in Table 4, where T, is the
vaporizer outlet temperature (the reactor inlet temperature T;, ),

666

International Journal of Naval Architecture and Ocean Engineering 13 (2021) 659—673

Table 3

SCR main characteristics.
Parameters Values
Vaporizer
Length [m] 5.68
Diameter [m] 0.85
Insulation thickness [m] 0.125
Insulation thermal conductivity [W/mK] 0.15
Specific heat capacity [J/kgK] 600
Pipe (connecting vaporizer and reactor)
Length [m] 3.41
Diameter [m] 0.54
Insulation thickness [m] 0.125
Insulation thermal conductivity [W/mK] 0.15
Specific heat capacity [J/kgK] 600
Reactor
Length [m] 6
Diameter [m] 2.54
Insulation thickness [m] 0.125
Insulation thermal conductivity [W/mK] 0.15
Specific heat capacity [J/kgK] 600
Catalyst volume [m3] 8.02
Catalyst mass [kg] 3500
Catalyst specific area [m?/m?3] 698
Catalyst specific heat capacity [J/kgK] 1020

T, is the reactor outlet temperature. The exhaust gas temperature
decrease AT, in the vaporizer is found to be around 2—6 K, while
the exhaust gas temperature increase AT; in the reactor is around
5—17 K depending on engine load. In the reference (Foteinos et al.,
2019), the temperature reduction of the exhaust gas in the vapor-
izer is around 2—7 K, whilst the temperature increase in the reactor
is around 4—17 K depending on engine load. It was deduced that the
derived simulation results of the SCR system performance param-
eters are in agreement with the measurement data reported in
(Foteinos et al.,, 2019). This finding confirms the fidelity of the
developed model allowing for its use for the investigated cases
presented in the following section.

4. Results and discussion
4.1. SCR-HP system influence on the engine performance

To study the influence of the SCR-HP system on the considered
marine two-stroke diesel engine performance, the following three
case studies were investigated for engine loads 25%, 50%, 75% and
100% loads: (a) engine without SCR system operating with HS fuel
complying with the Tier Il NOx limits; (b) engine with the SCR
system installed operating with LS fuel complying with the Tier III
NOx limits, and; (c) engine with the SCR system installed operating
with HS fuel complying with the Tier IIl NOx limits. It was assumed
that the HS and the LS fuels have the same lower heating value.

The derived simulation results are presented in Fig. 10 and in
Table 5. It is deduced that the engine with the SCR system installed
(operating either with HS or LS fuel) results in higher engine spe-
cific fuel oil consumption (SFOC) at all loads, with the additional
SFOC (ASFOC) being pronounced for the 25% load. For the engine
with the SCR-HP system installed, the HS fuel operation (case study

Table 4

Exhaust gas temperature changes through the SCR system components.
Load [%] e [kg[s] pe [bar] Te[K] T, [K] AT, [K] Ty, [K] AT [K]
25 6.48 1.37 543.7 514.2 -25 545.7 4.5
50 10.68 2.00 602.7 599.6 -3.1 607.4 7.8
75 15.51 297 616.6 6125 —4.1 624.7 12.2
100 19.40 3.91 666.0 660.9 -5.1 676.9 16
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Fig. 10. Predicted engine SFOC for the three investigated case studies.

(c)) resulted in slightly higher engine SFOC. This behaviour is
justified by considering the derived performance parameters pre-
sented in Table 5. The setting value of the required minimum
temperature T When using HS fuel is about 40 °C higher than the
Tser when using LS fuel. Hence, for the case of the HS fuel, the CBV
opens (¢cpy increases by reducing the engine loading), resulting in
higher cylinder bypass air flow rate. For the case of the LS fuel, the
CBV opens only at 25% load achieving an opening of 13.8%,
compared to 42.8% for the HS fuel operation. It must be noted that
the exhaust gas receiver temperature depends on the ambient
temperature (lower ambient temperature results in lower exhaust
gas temperature). Thus, the CBV opening also depends on the
ambient temperature (lower ambient temperature is expected to
result in greater CBV opening). In this study, the ambient temper-
ature was assumed to be 14.8 °C (as measured in the engine trial).

The following values were predicted for the engine SFOC in-
crease compared to the case study (a) SFOC: 0.3—1.59 g/kWh for the
case study (b); 0.3—2.77 g/kWh for the case study (c). Even for the
cases where the CBV valve is closed (LS fuel, 50—100% loads), the
engine SFOC increases in comparison with the respective SFOC of
the engine without the SCR system.

Fig. 11 provides the cylinders pressure drop and the engine air
mass flow rate without the SCR system (case study (a) denoted as
Tier Il in this figure) and the engine with the SCR system (case study
(b) or (c) denoted as Tier III) with the CBV closed. Compared to the
Tier I mode, the cylinders pressure drop and air mass flow rate in
the Tier IIl mode decrease (greater reductions are obtained as load
reduces). The decrease in the mass of air through the cylinders will
cause a decrease in cylinders maximum pressure, which, in turn,
causes an increase of the engine SFOC, accordingly. Therefore, the
SCR-HP system installation results in increasing engine SFOC and
has a greater impact on engine performance at low loads even in
cases where the cylinder bypass valve is closed.

When the exhaust gas temperature is lower than the minimum
temperature required by the reactor, the CBV opens, and part of the
scavenging air is directly bypassed to the turbine inlet, thus
affecting the engine performance parameters. Fig. 12 presents the
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closed CBV.

simulation results of the engine parameters corresponding to
various CBV openings (0%, 13.8% and 42.8%) at 25% load for the case
study (c). These results are used to analyse the influence of the SCR-
HP system and the cylinder bypass on engine scavenging perfor-
mance. The cylinder bypass causes a drop in the scavenging air
pressure resulting to a decrease in the air mass flow rate air through
the cylinders, which has an impact on engine performance. The CBV
opening leads to a slight increase in the exhaust gas and scavenging
air receiver pressures, but the engine cylinder pressure drop (dif-
ference between the scavenging air pressure and the exhaust
receiver pressure) decreases. With increasing the CBV opening, the
cylinder pressure drop becomes smaller, which in turn affects the
engine performance (the cylinder scavenging becomes less effi-
cient). The reduction of the cylinders air mass flow rate results in a
higher exhaust gas temperature, thus allowing for retaining the
exhaust gas temperature above the minimum temperature level
required by the SCR reactor operation. However, the CBV opening
results in increase of the engine SFOC.

4.2. Influence of SCR-HP system on engine exhaust gas temperature

The vaporizer and reactor of the SCR-HP system introduce sig-
nificant thermal and flow inertias between the exhaust receiver

Table 5
Simulation results for the case studies (b) and (c).
Load [%] LS Fuel HS Fuel
ASFOC [g/kWh] Tsee[°C] Tr, [°Cl dcpy[%] mcplkg/s] ASFOC [g/kWh] Tset[°C] Ty, [°Cl bev[%] mcglkg/s]
25 1.59 285.1 285.1 138 0.84 2.77 3283 3283 42.8 230
50 0.60 290.5 326.6 0 0 0.79 334.7 334.7 3.8 039
75 0.46 299.6 339.5 0 0 0.58 345.5 345.5 1.9 0.29
100 0.30 317.7 387.9 0 0 030 356.0 387.9 0 0
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Fig. 12. Predicted engine parameters corresponding to CBV openings 0%, 13.8% and
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and the turbocharger turbine, thus causing the turbocharger
delayed response during engine load changes. In this section, the
SCR system model was employed to perform simulation runs for all
the investigated engine loads to study the influence of the SCR-HP
system on the exhaust gas temperature, taking into account a
fluctuating exhaust gas temperature term added to the predicted
exhaust gas receiver temperature. In this part of the study, it is
assumed that the CBV remains closed. The period and amplitude of
this fluctuating term was selected to be 1000 s and 20 K, respec-
tively, as such conditions represent a typical dynamic behaviour for
the investigated engine in cases of adverse weather conditions
according to Ref. (Foteinos et al., 2019, 2020).

The derived simulation results including the exhaust gas tem-
peratures in various locations of the SCR system are presented in

668

International Journal of Naval Architecture and Ocean Engineering 13 (2021) 659—673

100% load Trout 50% load Trom
— — —100% load Trin — — —50% load Trm
_____ 100% load Tvm — == 50% load Tvin
75% load Tr 25% load Tr
out out
— — —75% load Trl_n — — —25%load Trl_n
————— 75% load Tv . ——=25%load Tv .
m m
660
640
M 620
[5)
5 600
j=
g 580
5
& 560
540
520
0 1000 2000 3000 4000
Time (s)

Fig. 13. Derived exhaust gas temperature variation at various locations of the SCR
system at 25%, 50%, 75%, 100% loads.

Fig. 13, where T, is the vaporizer inlet temperature (equal to the
exhaust gas receiver temperature T ). The reactor inlet temperature
T, exhibits only a slight delay and reduction in the oscillation
amplitude compared to the vaporizer inlet temperature. However,
the reactor outlet temperature Ty, exhibits a significant delay and a
reduced oscillation amplitude compared to the vaporizer inlet
temperature. This demonstrates that the thermal inertia of the SCR-
HP system is mainly caused by the reactor.

The thermal inertia of the reactor is greater than the thermal
inertia of the vaporizer, which is mainly attributed to the catalyst
block thermal inertia and mass (Foteinos et al., 2019). More details
reflecting the thermal inertia of the SCR-HP system at 25% load are
illustrated in Fig. 14, which provides the predicted temperature
variations at 25% load including the vaporizer wall temperature T,,,,
the reactor wall temperature T;,, the rector catalyst block tem-
perature T;,. It can be observed that when T;,, is higher than T;,,
the catalyst block is heated by the exhaust gas (the exhaust gas is
cooled), and vice versa. Due to the thermal inertia of the catalyst
block, the reactor outlet temperature variation is delayed and its
oscillation amplitude is significantly reduced compared to the
reactor inlet temperature.

Fig. 15 shows the ratios of the fluctuation delay and amplitude
reduction of the reactor outlet temperature to the vaporizer inlet
temperature. The ratio of the delay time is calculated as the reactor
outlet temperature delay time divided by the oscillation period
(1000 s). The ratio of the amplitude is calculated as the reactor
outlet temperature amplitude divided by the vaporizer inlet tem-
perature amplitude (20 K). It can be observed that as the engine
load reduces, the reactor outlet temperature delay increases,
whereas the of the reactor outlet temperature amplitude ratio
decreases. The temperature delay is greatly affected by the engine
exhaust gas mass flow rate (Foteinos et al., 2019). Low exhaust gas
mass flow rates will slow down the reactor catalyst heating and
cooling processes, causing greater delays. It is deduced that at low
loads the SCR-HP system has a greater impact on the engine
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Fig. 15. Ratios of the delay and amplitude reduction of the reactor outlet temperature.

exhaust gas temperature variation, which causes a more delayed
turbocharger response. The impact of the SCR-HP system on the
engine response at low loads can be mitigated by the appropriate
sizing of the electric driven auxiliary blower to retain the required
air mass flow.

4.3. Operation with degraded SCR system components

To investigate the impact the degraded SCR system (a partially
clogged reactor as described in Section 2.2.3) on the engine per-
formance, simulation runs were performed at 25%, 50%, 75% and
100% loads considering the following two case studies: (a) engine
with the SCR system using low-sulphur fuel (Tier III (LS)), and; (b)
engine with the SCR system using high-sulphur fuel (Tier III (HS)).
Fig. 16 shows the respective percentage differences in various
performance parameters as well as the BSFC difference compared
to their respective values at healthy conditions (without SCR
reactor degradation).

The results demonstrate that the degraded SCR system leads to
the reductions of the turbocharger speed (from 1% to 20%), as well
as the scavenging air receiver and exhaust gas receiver pressure, in
both case studies (a) and (b) (from 0.5% to 3.5%, apart from the case
of 100% load where a very slight increases in the scavenging and
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exhaust gas receivers pressures are exhibited). The fouled reactor
conditions reduce the engine cylinders difference leading to the air
mass flow rate decrease, and thus, the scavenging efficiency dete-
rioration. The compressor and turbine characteristics impact the
turbocharger equilibrium and this, the compressor and turbine
operating points, which eventually affect the engine performance
parameters.

It can be observed from Fig. 16 that the turbocharger speed
reduction becomes greater as the engine load reduces (0.6%
reduction at 100% load; reduction greater than 14% at 25% load).
The turbocharger speed decrease causes the decrease of the air
mass flow rate, which, in turn, leads to the exhaust gas temperature
increase. However, the variation trend of exhaust temperature does
not completely match that of the air mass flow rate. This is
attributed to the reduction of the CBV opening that attenuates the
deterioration of engine performance affected by the degraded SCR
system. Except for the 25% load of case study (b), the CBV remains
closed, as the exhaust gas temperature is higher than the lower
limit required at the reactor inlet. The relative change of the CBV
opening between the healthy and degraded conditions (shown in
Table 6) affects the exhaust gas temperature change as well as the
BSFC change (greater relative reduction of the CBV opening results
in lower increase of the exhaust gas temperature). Thus, the
exhaust gas temperature increase is lower for the case study (b) at
25%, 50%, and 75% loads, compared to the same loads of in case
study (a). The engine BSFC change (between the healthy and fouled
SCR operation) also exhibits similar trends with the exhaust gas
temperature.

Since the SCR system pressure drop has a significant impact on
the marine diesel engines performance, it should be an important
performance indicator for the SCR system health. The SCR system
pressure drop should be retained to the lowest possible level by
implementing appropriate countermeasures.

4.4, Operation with compressor degradation

To investigate the impact of the compressor degradation
(described in Section 2.1.3) on the engine and its SCR system per-
formance, simulation runs were performed at 25%, 50%, 75% and
100% loads for the following three cases: (a) engine without the SCR
system (Tier II); (b) engine with the SCR system using low-sulphur
fuel (Tier III (LS)), and; (c) engine with the SCR system using high-
sulphur fuel (Tier III (HS)). The predicted engine performance pa-
rameters are presented in Fig. 17 and Fig. 18. The vertical axes of the
plots presented in Fig. 17 represent the percentage change of the
parameters from their values at the respective healthy condition
(without compressor degradation).

The results show that the engine performance parameters are
significantly affected by the investigated compressor conditions
(compressor isentropic efficiency reduced by 20%). This leads to the
reduction of the engine receivers pressures, the turbocharger speed
and the air mass flow rate, resulting in the reduction of the
maximum cylinder pressure, which is associated with the increase
of the engine SFOC, as well as the increase of the exhaust gas
receiver temperature. It is observed that the engine parameter
changes at 25% load slightly differentiate in comparison with the
respective changes at the other operating points (50%, 75% and
100% loads). This is attributed to the operation of the electric driven
blower activation, which reduces the impact of the compressor
degradation on the engine performance parameters. In the Tier II
mode, the compressor degradation caused the air flow decrease by
23.8%, 24.3% and 25.7% at 100%, 75% and 50% load, respectively. As
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Fig. 16. Predicted engine parameters under the SCR reactor degradation.

Table 6
CBV opening for the case studies (a) and (b).
Load [%] LS Fuel HS Fuel
Healthy ¢cpy[%] Degraded ¢cpy[%] Healthy ¢cpy[%] Degraded ¢cpy[%]
25 138 0 42.8 24.5
50 0 0 3.8 0
75 0 0 1.9 0
100 0 0 0 0

the load decreases, the degree of influence for air flow becomes
greater. Due to the effect of the auxiliary blower operation, the air
flow reduction rate is only 21.1% at 25% load, which is less than the
observed reductions in the other loads.

The engine SFOC increases around 2 g/kWh for 50—100% loads;
the configurations with the SCR system result in slightly lower
ASFOC, which is attributed to the effect of the SCR system energy
addition. For the case of 25% load, the engine configurations with
the SCR system exhibited a considerably lower ASFOC, especially in
the case of HS fuel, only a slight increase of 0.04 g/kWh was pre-
dicted. For the latter case, the exhaust gas temperature that was
found to be higher than the minimum required at the reactor, thus
the CBV was kept closed. The compressor degradation results in
increasing the exhaust gas temperature, which, in turn, deduces the
CBV opening leading to a closed CBV valve in several cases. This
causes the attenuation the compressor degradation effect on the
engine SFOC.

Fig. 19 presents the reactor inlet temperature T;,, and the setting
value of the required minimum temperature T, for the reactor for
the cases (b) and (c). It can be observed that at all engine loads, Ty,
is higher than T, resulting in a complete closing of CBV. As the
CVB remains closed, T;,, in cases (b) and (c) are equal and the ASFOC
(originally caused by the cylinder bypass flow) almost zeroes, thus
compensating part of the SFOC increase caused by the compressor
degradation. In addition, it is worth noting that T, exceeds the
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upper NH3 oxidation limit of 500 °C at 100% load. Therefore, severe
compressor degradation may cause the diesel engine exhaust gas
temperature to be too high, exceeding the upper limit of the
operating temperature of the SCR system.

The cause for the lower ASFOC for the cases (b) and (c)
(compared with case a) was further analysed. The predicted CBV
openings for the case of the engine (without compressor degra-
dation) with the SCR system using LS and HS fuels in Tier Ill mode
are presented in Table 5. When T;,, is higher than Ty due to the
compressor degradation, the CBV is completely closed. At 25% load,
the CBV opening decrease in case (c) (HS) considerably exceeds the
respective CBV opening decrease in case (b) (LS). As a result, the
ASFOC due to compressor degradation in case (c) is significantly
lower than that in case (b), whereas for the Tier Il operation
(without SCR system), the ASFOC exhibits the highest value as the
CBV system does not exist. Similar behaviour, but less pronounced,
is exhibited at 50% and 75% loads.

5. Conclusions

This study investigated the operation of a large marine two-
stroke engine with the Selective Catalytic Reduction (SCR) system
for various healthy and degraded conditions by employing an in-
tegrated model that sufficiently represents the engine components,
the high pressure SCR (SCR-HP) system components and the



D. Lu, G. Theotokatos, J. Zhang et al.

I Tier 11 [N Tier 111 (LS) [ENNNNN Tier ITI (HS) |

Maximum Cylinder Pressure

20— : : '

Turbocharger RPM

[70]

Air Mass Flow Rate

[70]

-40 ' : . :
Scavenging Air Receiver Pressure

[%]

Scavenging Air Receiver Temperature

el |

Exhaust Gas Receiver Pressure

Exhaust Gas Receiver Temperature

25

50 75
Engine Load [%]

100

Fig. 17. Predicted engine performance parameters under compressor degradation.

Cylinder Bypass Valve (CBV) block. The engine model employed the
zero-dimensional approach and was validated against the engine
experimental data. The SCR-HP system model sufficiently repre-
sented this system operation as revealed from its validation against
measured data reported in the pertinent literature. The CBV block
was modelled to control the cylinder bypass flow for retaining the
SCR reactor inlet temperature above its required minimum level.
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Fig. 18. Additional SFOC of the engine under compressor degradation.
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Fig. 19. Ty, and Tse of the reactor under compressor degradation.

The setting value of the required reactor minimum temperature
was calculated based on the exhaust gas pressure and fuel sulphur
content to realistically represent the actual SCR system operation.
The SCR reactor clogging and the compressor fouling were inves-
tigated to identify their impact on the engine performance. The
main findings of this study are summarised as follows.

The derived results demonstrated that for the engine equipped
with the SCR system, the engine Specific Fuel Oil Consumption
(SFOC) increased in the range 0.3—1.59 g/kWh for the case of low
sulphur fuel, whereas the corresponding SFOC increase was
0.3—2.77 g/kWh for the case of high sulphur fuel. The SFOC increase
was more pronounced at low loads, where the cylinder bypass
valve opening is adjusted, so that the exhaust gas temperature
reaches the reactor minimum temperature set point, which de-
pends on the sulphur content.

The reactor outlet temperature exhibited a significant delay and
a reduced oscillation amplitude compared to the reactor inlet
temperature; the thermal inertia of the SCR-HP system is mainly
attributed to the reactor. At low loads, the SCR-HP system has a
greater impact on the engine exhaust gas temperature variation,
causing a more delayed turbocharger response. The impact of the
SCR-HP system on the engine response at low loads can be miti-
gated by the appropriate sizing of the electric driven auxiliary
blower to retain the required air mass flow.

The SCR reactor partial clogging introduced a pressure drop,
which caused the increase of the engine SFOC and the exhaust
temperature. The effect will be attenuated due to reduction of the
CBV opening, which is more pronounced when the engine operates
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using high-sulphur fuel. The SCR system pressure drop is an
important performance indicator and must be retained to the
lowest  possible level by implementing appropriate
countermeasures.

The compressor degradation reduces the cylinders air flow rate,
thus increasing the exhaust gas temperature, which causes the
reduction of the CBV opening, and partially mitigates the SFOC
increase for the case of the engine equipped with the SCR system.
At 25% load, the engine SFOC increased by 0.04 g/kWh for the high
sulphur fuel, whereas the respective increase was 2.08 g/kWh for
the engine without the SCR system. At 100% load, the compressor
degradation may cause the SCR reactor inlet temperature to exceed
the upper limit of 500 °C (which is required for the normal reactor
operation), thereby reducing the SCR reactor effectiveness.

This study supports the better understanding of the operating
characteristics of marine two-stroke diesel engines equipped with
the SCR-HP system and quantification of the components degra-
dation impact on the engine performance. Moreover, it provides
insights for the structural optimisation of the SCR-HP system and
the control of marine two-stroke diesel engines equipped with the
SCR-HP system. Furthermore, the developed model can be used for
the development of the engine room simulator.
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