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Abstract: The scavenging process is an important part of the two-stroke engine operation. Its
efficiency affects the global engine performance such as power, fuel consumption, and pollutant
emissions. Slow speed marine diesel engines are uniflow scavenged, which implies inlet scavenging
ports on the bottom of the liner and an exhaust valve on the top of the cylinder. A CFD model of
such an engine process was developed with the OpenFOAM software tools. A 12-degree sector of
the mesh was used corresponding to one of the 30 scavenging ports. A mesh sensitivity test was
performed, and the cylinder pressure was compared to experimental data for the analyzed part of the
process. The scavenging performances were analyzed for real operation parameters. The influence
of the scavenge air pressure and inlet ports geometric orientation was analyzed. The scavenging
process is analyzed by means of a passive scalar representing fresh air in the cylinder. Isosurfaces that
show the concentration of fresh air were presented. The variation of oxygen and carbon dioxide with
time and the axial and angular momentum in the cylinder were calculated. Finally, the scavenging
performance for the various operation parameters was evaluated by means of scavenging efficiency,
charging efficiency, trapping efficiency, and delivery ratio. It was found that the scavenging efficiency
decreases with the engine load due to the shorter time for the process. The scavenging efficiency
increases with the pressure difference between the exhaust and scavenging port, and the scavenging
efficiency decreases with the increase in the angle of the scavenging ports. It was concluded that
smaller angles than the industry standard of 20° could be beneficial to the scavenging efficiency. In
the investigation, the charging efficiency ranged from 0.91 to over 0.99, the trapping efficiency ranged
from 0.54 to 0.83, the charging efficiency ranged from 0.78 to 0.92, and the delivery ratio ranged from
1.21 to 2.03.

Keywords: CFD simulation; large marine engine; scavenging process; sector mesh

1. Introduction

Sea transport was always very important for the world economy, since it is the most
economical if the cost per ton of goods and per distance is the benchmark. The most
efficient power device for the ship is the large, slow speed, two-stroke, diesel engine. The
greenhouse gas emissions and other pollutants from fossil fuel combustion are an important
topic. The maritime transport focused on the problem from the year 2000 [1], and after it,
the topic became more and more important and the emission limits ever stringent. The
NOx emissions have to be cut by 75% in most coastal areas from the year 2016. Even if
there are some other competing technologies, the two-stroke engine remains practically
the leading propulsion solution for many cargo ship types. The usual scavenging method
for this type of engine is the uniflow scavenging. On the top of the cylinder, there is a
centrally mounted, hydraulically operated exhaust valve. On the bottom of the liner, there
are radially located scavenging ports that are opened when the piston moves to the bottom
dead center and uncovers the ports. The scavenging process is essential for expelling the
combustion products and replacing them with fresh air from the scavenging receiver. The
scavenging ports are oriented with an angle (usually 20°) to the radial direction. This
induces a swirling motion to the entering fresh air. The swirling motion enhances the
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scavenging process, liner cooling, and the mixing of the fuel with the air. Scavenging is
influenced by the engine geometry, valve and port opening timing, and pressure difference
between the scavenging receiver and exhaust duct [2]. The process is characterized by
two typical problems: short-circuit losses and mixing. Short-circuit consists of escaping
some of the fresh-air charge directly to the exhaust, and mixing means that there is a small
amount of residual gases that remain trapped without being expelled. The process is hard
to investigate because of the size and price of such engines and the relative scarcity of test
engines worldwide. This is the reason for which CFD (Computational Fluid Dynamics)
is the right tool to investigate the dynamics of the large marine diesel engine scavenging
process. There are different types of commercial software that allow CFD analysis of engine
processes. There are also some open-source projects that offer CFD analysis. OpenFOAM
is such an open source, free of charge, CFD collection of solvers and libraries written in
C++ [3]. For its availability, flexibility, and the collaboration between users, it is a good
platform to use to approach uncommon CFD problems. Engine scavenging simulation
needs to allow moving boundaries (piston and valve), variable surface inlet port, and all
that with a very large domain. The solver engineFoam (a part of OpenFoam) was used as a
basis for the simulations presented in this article [4,5].

Similar problems were analyzed by several authors. Lamas et al. [6] analyzed the scav-
enging process on a uniflow scavenged large marine engine by means of a CFD simulation.
They used the ANSYS Fluent commercial software. To validate the numerical model, the
in-cylinder pressure was compared with experimental measurements. The same authors
in [7] performed a similar analysis on an opposed piston, two-stroke, diesel engine. They
reported the influence of the number of inlet and exhaust ports, their configuration, and
their inclination to the radial direction on scavenging performances. Sigurdsson et al. [8]
developed an accurate CFD model of the scavenging flow in a marine diesel engine. The
STAR-CD commercial software was used for the simulations and a 12° sector of the domain
was simulated, corresponding to one of the thirty scavenging ports. The model was vali-
dated by comparing the tangential velocity for different discretization schemes and mesh
densities and by comparing the simulated pressure to the experimentally measured one.
They presented a detailed analysis of the scavenging flow and the conjugate heat transfer
calculations for the piston crown.

Andersen in his PhD thesis [9] and in the series of related articles [10-12] performed
a large marine engine scavenging process analysis. He used the OpenFOAM simulation
software with the sliding interface and parallel computing functionality to get an advanced
model of an experimental, two-stroke marine diesel engine. The model was validated
by comparison to in-cylinder velocity measurements obtained with the Particle Image
Velocimetry technique. The scavenging performances were analyzed for different operation
points for various scavenge pressures and various scavenging port angles. A simple model
to predict the scavenging process in marine two-stroke engines was derived.

Another thesis that analyzes the two-stroke engine scavenging process with Open-
FOAM is that by Jonsson in [13]. In his report, he presents the methodology and the results
of simulations of the flow in a stratified charged two-stroke engine. OpenFOAM was used
for the simulations, and the results were compared to those obtained with commercial
1D and 3D software. Xu et al. [14] analyzed the swirl-loop scavenging process in an air-
craft, two-stroke diesel engine. They observed the influence of the arrangement of the
scavenge ports angles on engine performance. Particle Image Velocimetry experiments and
Computational Fluid Dynamics (CFD) simulation are adopted to obtain the in-cylinder
flow patterns.

Ghazikhani et al. [15] performed an experimental analysis of the influence of ethanol
additives on a two-stroke engine performance, including on scavenging performances.
Foteinos et al. [16] developed a phenomenological, three-zone, two-stroke engine scaveng-
ing model based on CFD simulation results. Ma et al. in [17-19] performed different analy-
sis of the scavenging process of an opposed-piston folded cranktrain diesel engine. The
tracer gas method is used to validate the accuracy of the scavenging profile. Wu et al. [20]
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analyzed the scavenging process of a two-stroke, free-piston engine. They used a 3D CFD
model to investigate and optimize a wide range of parameters and obtained an 11% gain in
scavenging efficiency. Jia et al. [21] analyzed the influence of valves and scavenging ports
timing on the performance of a free-piston engine using Ricardo WAVE software. There
were several other authors [22-25] that improved the understanding of the two-stroke
engine scavenging process. Other investigations focus on advanced CFD methods that
are used for complex marine problems based on implicit large eddy simulation and high-
order methods [26-28]. Some important numerical details on low Mach number flows are
presented in [29-31].

In the present paper, a CFD simulation of the gas exchange process during the scav-
enging of a large marine, two-stroke engine was performed. The free, open-source software
OpenFOAM was used with a simplified sector mesh. The complex mesh (moving piston,
moving valve, variable scavenging port area) was handled without sophisticated mesh
manipulation procedures. Instead of using slidingInterface boundaries to connect and
disconnect to the scavenging ports, the pressureDirectedInletVelocity boundary of the
variable area was used. The short simulation time gave an opportunity to perform the
simulation of several different cases.

After the introduction section where a contest and literature review were provided,
the mathematical background is presented, including the scavenging parameters that were
used. In the same section, some details about the engine used were provided alongside the
description of the mesh generation process. Finally, in the second section, the validation
of the model and the simulation procedure is provided. In the third section, the results
are reported and discussed for the different operating regimes. First, the engine operation
on different loads, then the scavenging process for different pressure differences among
the scavenging and exhaust receiver, and finally, the influence of the scavenging port
angle on the scavenging performance. The last section summarizes the conclusions of the
analysis performed.

2. Materials and Methods
2.1. Mathematical Model

The OpenFOAM software was used to carry out the simulations. It is an open-source
compilation of code written in the C++ programming language aimed to solve the Navier—
Stokes equations based on the finite volume method [32]. In particular, the engineFoam
solver was used. The transport equation for mass, momentum, sensible enthalpy, and
chemical species are described by the following:

dp .
a pu —
(g:l) + V-(puu) = [-Vp+ V-T] — V-pu"u", @
a(pﬁ) N N
ot +V<puh) :ﬁp"'v'(aV}l—ph’u’)_‘_Q, 6)
il Y; I S
(gt 1) + V(Wyz) = VPFVYZ + Ri — val u, (4)

where p is the density, u is the gas velocity, p is the pressure, T is the sheer stress tensor, / is
the specific enthalpy, A is the fluid conductivity, c, is the specific heat capacity at constant
pressure, Q is a heat source, Y; is the species mass fraction of specie i, I' is the species
diffusion coefficient, and R is the reaction rate of specie i [33]. The overlined notation
stands for the average value, while the double quotation marks denote the fluctuating
components due to turbulence.
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In order to track the concentration of fresh scavenging air, an equation for tracking a
new passive scalar S was introduced:

9(pS)

—5> + V-(puS) = V-pI'VS — V05" ®)

The unknown Reynolds stresses (last term of the momentum equation) are solved by
employing the Boussinesq hypothesis that is based on the assumption that in turbulent
flows, the relation between the Reynolds stress and viscosity is similar to that of the stress
tensor in laminar flows, but with increased (turbulent) viscosity:

—— ou; aLl] 2
— Vepu"uj" = Vt(aTCj + 871,) - g(Pk‘H‘t

auk
Txk )‘S ijrs (6)
where y; is the turbulent viscosity and k is the turbulent kinetic energy. The Reynolds
stresses are closed with the standard k — ¢ turbulence model. The model solves two
additional transport equations: one for the turbulent kinetic energy k and the other for
its dissipation rate e. With k and ¢, the turbulent viscosity can be determined by the
following relation:
K2

He = Pu 7)
where ¢, is a model constant.

In order to evaluate the scavenging process, several parameters are used. They can
be implemented in CFD code since the air mass flow over the inlet scavenging ports can
be integrated. Moreover, it can be distinguished between the fresh air entered to the
cylinder and the combustion products remaining from the previous combustion phase.
These parameters are as follows: the scavenging efficiency, a direct measure of the ratio of
fresh air to mixture in the cylinder at the moment of the closure of the exhaust valve,

mass of delivered air retained
mass of trapped cylinder charge’

Hscav = (8)
the charging efficiency, which is the measure of the amount of scavenging air delivered, and
the theoretical mass of air needed to fill the cylinder at ambient pressure and temperature,
or in the case of turbocharged engines such as the large marine two stroke engine, at the
conditions in the scavenging receiver,

_ mass of delivered air retained
~ swept volume - ambient density’

Heh (9)

the trapping efficiency, which is the measure of the fresh air that escapes to the exhaust
port, the ratio of delivered air retained and the total mass of delivered air,

mass of delivered air retained
mass of delivered air

Mtrap = (10)
and the delivery ratio, which is the measure of total delivered air and the theoretical air
mass needed to fill the cylinder at ambient conditions,

DR — mass of dehver.ed air (11)
swept volume - ambient density

Furthermore, the average momentum of air in the cylinder can give a picture of
the engine process during the combustion gas replacement. The angular momentum is
computed in the code as:

Mo = /rp.vq,dv, (12)
1%
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while the axial momentum is computed as

M, = / p-0.dV. (13)
14

2.2. Engine Description

The engine studied in this paper is the MAN 6550MC, a 6-cylinder, uniflow scavenged,
two-stroke diesel engine aimed for ship propulsion. Its main characteristics are presented
in Table 1, while a section drawing is presented in Figure 1. This engine was chosen in the
present study since some measurement data, the geometry, and some working parameters
were available to the authors. Each cylinder has a centrally mounted, hydraulically operated
exhaust valve on the top. On the bottom of the liner, there are 30 scavenging ports that
are oriented with an angle of 20° with respect to the radial direction, in order to induce a
swirling motion of the fresh air. The engine is turbocharged, and the pressure in the inlet
manifold varies with load. The pressure difference between the inlet and exhaust manifold
is the driving force that promotes scavenging air flow through the cylinder.

Table 1. Technical data of the engine MAN 6S50MC.

Engine MAN 6S50MC
Bore 500 mm
Stroke 1910 mm
Number of cylinders 6
Power 8656 kW
Rotational speed 121 min~!
BMEP ! 18 bar
BSFC 2 171 g/kWh
Compression ratio 17.2

! Brake Mean Effective Pressure; 2 Brake-Specific Fuel Consumption.

Figure 1. A section drawing of the low speed, two-stroke marine diesel engine MAN 6S50MC.
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The engine process is described in the following paragraph and represented in Figure 2.
It starts around the top dead center (TDC) about 0° CA (crank angle) when after the fuel
injection, the fuel is mixed with air and the combustion process starts. This is a very
important and complex part of the process, and it is the core of the energy conversion
from the chemical energy in the fuel to the mechanical energy of the crankshaft. It is
directly responsible for pollutants formation, but it is usually analyzed separately from
the scavenging part of the process. Combustion happens during the expansion, when
the piston moves toward the bottom dead center (BDC). After the combustion is over,
the exhaust valve opens (EVO—exhaust valve open). The pressure in the cylinder is
higher than that in the exhaust port, and the combustion products flow due to the pressure
difference to the exhaust during the blow down phase. The piston proceeds to the BDC,
and the pressure decreases. The piston uncovers the inlet ports (IPO—inlet ports open)
and the fresh air enters from the scavenging receiver to the cylinder through the angled
ports, pushes the remaining exhaust gases to the exhaust port, and cools the liner. At the
end of the scavenging, the piston covers the ports (IPC—inlet ports closed) and pushes the
mixture of air and the remaining combustion gases to the top of the cylinder during the
push-out phase. After the closing of the exhaust valve (EVC—exhaust valve closed), the
new compression begins.

TDC
0°CA

Compression

EVC

BDC
180°CA

Figure 2. The uniflow scavenged two-stroke engine process.

2.3. The Computational Mesh and Simulation Details

The mesh was built with Gmsh, the open source, 3D mesh generator, which can use
parametric, text-style input. This allowed building different meshes in short time in order
to have different valve lift and to test different mesh densities. There is an OpenFOAM
utility, gmshToFoam, that translates Gmsh meshes to OpenFoam format. In order to save
computing time, only a 12-degree sector was modeled, with cyclic boundaries, since the
same pattern of the inlet scavenging port is repeated 30 times. A 3D hybrid mesh was used,
which means that most of the parts are modeled with structured polyhedral elements. Some
regions, such as the piston bowl, are modeled with tetrahedral elements. The domain is
subject to a great deformation during the whole engine cycle; however, only the lower part
of the piston run is simulated. Hence, only the deformation of the mesh is applied without
topological changes. The push-out and the blow-down phases are modeled with several
meshes, with different valve lift, and the results are mapped from mesh to mesh. The
scavenging phase is modeled with a constant valve lift. The height of the inlet boundary
changes as the piston moves. The “pressure directed inlet velocity” type of inlet boundary
condition is used in order to specify the pressure on the inlet and the direction of the velocity
that results from the pressure difference. This strategy was used instead of modeling the
scavenging ports with the more complex sliding interfaces. The mesh, with enlarged valve
and piston bowl details, is shown in Figure 3.
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Exhaust port
mesh detail

Piston bowl mesh detail

Central uxis\ Inlet port

faces

Bottom view of the mesh

Piston

Figure 3. The computational mesh with schematic insertions of the components, the exhaust port,
and piston bowl zones enlarged and the bottom view of the mesh.

In order to check the independence of the results on mesh density, a mesh density
sensitivity analysis was performed. Three meshes were used for the scavenging process.
The first mesh had 9030 cells, the second had 13,195 cells, and the third had 21,280 cells. The
differences among the cases between the results are within 5% along the scavenging process
as regards cylinder pressure, fresh air fraction, and axial and tangential momentum. Hence,
in order to save computational time and preserve precision, the intermediate mesh was
used for the further simulations. This resulted with an average cell size of about 0.015 m.
The duration of the simulation was about 150 min on a 3.6 GHz processor. The diagram of
the total fresh air fraction in the cylinder (fresh air mass [kg]/total mass in cylinder [kg])
for the meshes with different cell numbers is presented in Figure 4. The Euler numerical
scheme was used to solve the time derivative, while the gradient and divergence terms
were solved with Gauss linear numerical schemes. The species transport was solved with a
Gauss upwind numerical scheme. Table 2 brings the main information about boundary
conditions. Pressure is set to zeroGradient on all the boundaries except for presout and
inlet. The values for these boundaries can be seen in Table 3.
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Figure 4. Influence of mesh density (number of cells) on the total fresh air concentration (fresh air
mass [kg]/total mass [kg]) in the cylinder.

Table 2. Boundaries specifications for the simulation.

Boundary Type T (K)
piston movingWallVelocity 575
liner fixedValue 475
cylinderHead fixedValue 550
exhaustPort fixedValue 475
presout fixedValue case dependent
valveStem fixedValue 475
inlet pressureDirectedInletVelocity case dependent
valve fixedValue 475
frontAndBack cyclic -
axis symmetryPlane -

Table 3. Simulation boundary conditions and initial settings.

Engine Load 25% 50% 75% 100%
RPM (min~1) 76 96 110 121
Scavenge air pressure (bar) 1.39 2.03 2.76 3.55
Scavenging receiver temperature (°C) 26 29 34 41
Exhaust receiver pressure (bar) 1.3 1.86 2.51 3.26
Turbine inlet temperature (°C) 308 327 346 404
Initial cylinder pressure (bar) 8 8 8 8
Initial cylinder temperature (°C) 400 400 400 400

2.4. Validation

The experimental measurements of the scavenging process of large marine 2-stroke
engines are complex and scarce. For a complete validation, the tracking of fluid speeds
or flows at inlet ports and outlet valve should be applied. Hult et al. [34] used a Particle
Image Velocimetry (PIV) setup to obtain the quantified data on the in-cylinder velocity
during the scavenging process in large two-stroke marine engines. In the lack of such
detailed experimental results, cylinder pressure history is used to validate to some extent
the simulation data. Usual pressure history diagrams are made in order to evaluate the
closed part of the engine process that includes combustion with maximum pressures well
over 100 bar. Hence, the resolution and precision in the low-pressure (scavenging) part of
the process is limited. A comparison of the cylinder pressure for the scavenging interval
for the different engine load cases is reported in Figure 5. It can be seen that the pressure
is, as expected, between that of the scavenging and exhaust receiver, as shown in Table 3,
while the typical pressure oscillations are not reproduced by the simulation. It is clear that
such a comparison of average domain pressure of the simulation to the measured pressure
in a sensor spot is not hard evidence of the validity of the scavenging performance results,
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but it is often the best that can be done. This, in combination with the fact that the results
obtained are similar to those obtained in other published works is retained as sufficient to

proceed with the analysis.

8 25%, simulation’
50%, simulation

7t 75%, simulation ———
100%, simulation

25%, measurement
50%, measurement
75%, measurement

5 L 100%

, measurement

A

Cylinder pressure [bar]
I~

150 160 170 180 190 200 210
Crank angle [°CA]

Figure 5. Cylinder pressure comparison for the scavenging interval.

3. Simulation Results and Discussion
3.1. Influence of Engine Load on the Scavenging Process

Some of the main initial and boundary conditions for the simulated loads are reported
in Table 3. CFD simulations can track single chemical species and since the concentration
of CO; and O; are of great importance in the engine combustion process, the concentration
of these species is calculated and tracked in the present work. The initial values of the
concentrations in the cylinder after the previous combustion process and the values of the
concentrations in the scavenging air are reported in Table 4.

Table 4. Typical compositions of inlet air and exhaust gases.

Inlet Air (%) Diesel Exhaust (%)
N> 76.6 67
O, 23.4 10
CO, 0 12
H,O 0 11

In the current section, the simulations for different engine loads are performed based
on the initial and boundary conditions from Table 3. The cases are 25%, 50%, 75%, and
100% of the specified maximum continuous rating. To match the propeller curve for
the appropriate ship speed, by varying the fuel injected, all engine parameters change:
the engine speed (RPM), the cylinder pressures and temperatures, turbocharger speed,
scavenge air, and exhaust gases temperature and pressure, and after a certain period,
the engine part temperatures. All these boundary conditions influence the scavenging
performances, which are presented as follows. In Figure 6, a longitudinal section of the
cylinder is shown for the moment CA = 200°, with scavenging air represented in blue and
exhaust gases in shades of green to red. Fresh air propagation is presented for the different
loads from the left-hand side to the right: 25%, 50%, 75% and 100%. It can be seen that
for the lower engine loads, the cylinder volume is efficiently filled with fresh air (dark
blue area). Only the region at the cylinder center under the exhaust valve retains some
remainder of the exhaust gases. For the higher loads, the exhaust gas region is wider, and
higher concentrations of exhaust gas remain under the exhaust valve. It can be explained
by the slower engine speed at lower loads, so the fresh air has more time at disposition to
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push the exhaust gas from the cylinder through the exhaust valve. Even if the pressure
difference between the scavenging and exhaust receiver, and hence the driving force for
the scavenging process, is greater for bigger loads, the longer period at disposition for the
process is the dominant factor.

Figure 6. Fresh air propagation for the moment CA = 200° for the loads of 25%, 50%, 75%, and 100%,
from left to right. The depicted contours represent fresh air concentration (fresh air mass [kg]/total
mass [kg]).

In Figure 7, the variation of concentration of O, and CO;, the main species responsible
for the combustion process, is presented. This kind of analysis is possible with CFD
simulations, since they can track single species. It can be seen that the concentration of
O; has a faster rise for the low load cases. Consequently, also the concentration of CO,
decreases faster for the lower load cases.

0.25

02, 25% —+—
02, 50% —s—
02, 75% —x—
02, 100% —a—
co2, 25%
coz, 50% —e—
coz, 75%
coz, 100% —a—

02 and co: concentrations

005 | K

0 EedsRtSedasa

150 160 170 180 190 200 210
Crank angle [°CA]

Figure 7. The variation of the concentration of O, and CO; over time for different engine loads.

The axial momentum of the working media through the cylinder is shown in Figure 8.
The results do not show a clear influence of the load, as it was the case for the oxygen and
carbon dioxide concentrations. For the 25% and 100% cases, there is negative momentum
just after the opening of the scavenging ports, while for the other cases, there is a positive
peak in this period. This can be explained by the fact that there are different driving forces
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that influence the fluid flow motion in the cylinder that interfere with each other: (1) there
is the downward motion of the piston which induces a downward flow until the bottom
dead center; (2) after the opening of the exhaust valve, there is an important pressure
difference between the exhaust gases in the cylinder and the gases in the exhaust port,
which induces a series of pressure—velocity oscillations along the axial direction of the
cylinder; and (3) the pressure difference between the exhaust port and the scavenging port.
The superposition of these driving forces can explain the chaotic influence of engine load
on axial momentum. Nevertheless, in the later phase of the scavenging process, when
the influence of the pressure difference between scavenging and exhaust port becomes
prevalent over other driving forces, the higher load cases show higher axial flow.

40

25%
10 f 50%
75%

100% —=

Axial momentum [kgm/s]
o

150 160 170 180 160 200 210
Crank angle [°CA]

Figure 8. The variation of axial momentum over time for different engine loads.

The same theory is used to explain the chaotic behavior of the angular momentum
presented in Figure 9. The momentum is positive for all the cases, since the scavenging
ports are drilled with an angle of 20° with respect to the radial direction. This gives a
rotational (swirl) motion to the scavenging air, which promotes a better washing of the
exhaust gases, better air-to-fuel mixing, and liner cooling. However, the higher engine load
does not result in a more intense swirling motion. In the first part of the scavenging process,
the lower load case results in higher angular momentum, and the highest load results in
the lowest angular momentum. In the second part of the process, the intermediate loads
of 50% and 75% result in higher angular momentum. It is not intuitive, but it could be
explained by the shorter time at disposition to develop the swirling flow pattern for the
higher load cases or by a stronger influence of turbulent dissipation.

The scavenging parameters for different engine loads are presented in Table 5. In
the first row, the delivered air mass is reported, which increases with engine load. The
scavenging efficiency and the scavenging efficiency at the moment of the scavenging port
closure are reported in the second and third row. It decreases with engine load mostly
because of the shorter period for the process at higher RPM. The scavenging efficiency
reflects the situation seen in Figures 6 and 7. The charging efficiency reported in the next
row shows a maximum value for the load of 50%, after which it decreases until 0.84 at
100% load. The delivery ratio, presented in the following row, decreases with the load
increase. The trapping efficiency, presented at the bottom of Table 5, increases with the
engine load.
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25%
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Figure 9. The variation of angular momentum over time for different engine loads.

Table 5. Scavenging parameters for different engine loads.

Engine Load 25% 50% 75% 100%
Mye (kg) 0.0309 0.0398 0.0504 0.05456

scav 0.997 0.979 0.968 0.931
Nscav,IPC 0.996853 0.977621 0.966 0.917707

Nch 0.883 0.924 0.901 0.840

DR 2.031 1.679 1.563 1.315

Ntrap 0.544 0.688 0.721 0.798

3.2. Influence of the Pressure Difference on the Scavenging Process

At higher engine loads, the pressure difference between the scavenging and the
exhaust port is higher, as can be calculated from Table 3. At lower loads, the pressure
difference is lower, but then there is more time at disposition for the process, so scavenging
is more efficient. Nevertheless, on the lowest loads, an electric motor-powered blower
is used to supply a sufficient pressure difference. A more efficient turbocharger could
supply fresh air at a higher pressure. In the present section, the influence of the variation
of scavenging pressure separated from all other influences is analyzed. All the initial and
boundary conditions are set as in the 100% load case from the previous section except for
the inlet and outlet pressure, which are set as in Table 6.

Table 6. The pressure difference resulting from pressure in the scavenging and in the exhaust receiver.

Pressure Difference (bar) 0.25 0.3 0.35
Inlet pressure (bar) 3.5 3.55 3.6
Exhaust pressure (bar) 3.25 3.25 3.25

The influence of the pressure difference on the scavenging process can be seen in
Figure 10, where a longitudinal section of the cylinder is shown for the moment CA =200°,
with scavenging air represented in blue and exhaust gases in shades of green to red. It can
be seen that an increased pressure difference promotes a faster propagation of fresh air and
clearly smaller areas of burned gas under the exhaust valve.
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Figure 10. Fresh air propagation for the moment CA = 200° for the cases with pressure difference
0.25, 0.3, and 0.35 bar respectively, from left to right. The depicted contours represent fresh air
concentration (fresh air mass [kg]/total mass [kg]).

The same trend is reflected by the increase in oxygen concentration and decrease in
carbon dioxide concentration over time, as shown in Figure 11. The oxygen concentrations
are higher, and the carbon dioxide concentrations are lower for the cases with greater
pressure difference.
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RS
02 | et ]
015 | ]

‘02, Ap=0.25 bar ——
02, Ap=0.30 bar —s—
02, Ap=0.35 bar —%—

coz, Ap=0.25 bar —a—

coz, Ap=0.30 bar o 1
coz, Ap=0.35bar —e—

0.05

02 and coz concentrations]

0 i i
150 160 170 180 190 200 210

Crank angle [°CA]

Figure 11. The variation of the concentration of O, and CO, over time for different pressure differences.

Figure 12 shows the variation over time of the axial momentum in the cylinder. As
expected, it is more intense for the cases with bigger pressure difference over the whole
analyzed period. For all the cases, the axial flow increases after the scavenging port opening,
stays intense during the maximum port opening, and decreases gradually before the port
closing. The angular momentum, as shown in Figure 13, is also more intense for the cases
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with a greater pressure difference between the scavenge and exhaust receivers. The swirl
motion develops gradually after the port opening and reaches its maximum only after

50° CA.
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Figure 12. The variation of axial momentum over time for different pressure differences.

150

160 170 180 190 200 210
Crank angle [°CA]

Angular momentum [kgm m/s]

e iy
R R

0p=0.25bar —+—
Op=0.30 bar
1 Ap=0.35 bar

150

Figure 13. The variation of angular momentum over time for different pressure differences.
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Table 7 summarizes the influence of the pressure difference between the scavenging
and exhaust port on the scavenging process. In the first row, the mass of fresh air that
flows over the inlet boundary is integrated over time during the opening of the port. The
increase in the pressure difference of 40% (from 0.25 to 0.35) results in the increase in mass
flow of 19.3%. This results in a scavenging efficiency increase of 1.4% (from 0.928 to 0.942)
at the moment of exhaust valve closure. At the moment of scavenging port closure, the
scavenging efficiency increase is 3.8%. The charging efficiency is increased by 4.4%. The
delivery ratio is increased by 16%. The trapping efficiency decreases with a bigger pressure
difference, in this case by 7.6%.
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Table 7. Scavenging parameters for different pressure differences.

Pressure Difference

ban 0.25 0.30 0.35
Mol (Kg) 0.0506 0.0557 0.0604
Hscav 0.928 0.931 0.942
HscavIPC 0.9016 0.9218 0.9369
Neh 0.821 0.844 0.865
DR 1.237 1.342 1.435
teap 0.830 0.787 0.754

3.3. Influence of the Scavenging Port Angles on the Scavenging Process

In this section, the influence of the scavenging port angle against the normal direction
is analyzed, as shown in Figure 14.

Figure 14. The scavenging port angle against the normal direction.

The industry standard is 20°. However, it is supposed that smaller angles could
decrease the swirl motion and the centrifugal force that is responsible for pushing fresh
air toward the liner walls. This would decrease the walls’ cooling effect and air mixing
with fuel. On the other hand, it could enhance the expelling of the burning products that
remain in the central region under the exhaust valve. The cylinders with scavenging port
angles of 0°, 10°, 20°, and 30° were simulated. This was achieved by specifying the inlet
port velocity direction vector, as specified in Table 8. In Figure 15, the spread of the fresh
scavenging air into the cylinder for different scavenging port angles is presented. It can be
clearly seen that for lower port inclination, a greater portion of the cylinder is scavenged,
and the quantity of remaining combustion products is lower. The fresh air that enters the
cylinder has a greater density than the hot combustion products. Hence, the swirl motion
that is a consequence of tangentially drilled ports generates a centrifugal force. This force
influences more the higher density air, which is pushed toward the walls, while the hot
gas remains in the central region. The hot gases remain trapped under the exhaust valve.
Moreover, for the 20° and 30° port angle cases, a portion of combustion products remains
trapped at the bottom of the cylinder.

Table 8. Scavenging parameters for different scavenging port angles.

Port Angle 0° 10° 20° 30°
Inlet velocity components -1,0,0 —-0.98,0.17,0 —0.94,0.34,0 —0.87,0.5,0
Mmye (kg) 0.05996 0.05813 0.05456 0.05051
Hscav 0.971 0.972 0.931 0.912
scav,IPC 0.967 0.953 0.918 0.879
fch 0.9203 0.8965 0.8397 0.7842
DR 1.4452 1.4013 1.31499 1.2176

Ntrap 0.7960 0.7997 0.7982 0.8051
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Figure 15. Fresh air propagation for the moment CA = 200° for the cases with scavenging port angles
of 0°, 10°, 20°, and 30° respectively, from left to right. The depicted contours represent fresh air
concentration (fresh air mass [kg]/total mass [kg]).

Figure 16 shows the variation of CO, and O, concentration during the scavenging pro-
cess. The graph summarizes what can be seen in Figure 14: the replacement of combustion
gases with fresh air is more efficient for scavenging ports with smaller angles to the normal
direction. It can be seen that the concentration of O, rises fastest for the case with radial
ports (0° inclination) and slowest for the 30° ports.
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Figure 16. The variation of the concentration of O, and CO, over time for different scavenging
port angles.

Figure 17 shows the axial momentum for different scavenging port angles. It can be
seen that the lower angles develop a greater axial momentum. In other words, the average
velocity of the fluid in the cylinder is greater in the positive z-direction, toward the exhaust
valve. This is consistent with Figures 15 and 16, since this momentum is responsible for the
gas exchange process.
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Figure 17. The variation of axial momentum over time for different scavenging port angles.

The angular momentum, or swirl intensity, is presented in Figure 18. The graph shows
that for greater inclination angles, the angular momentum rises faster and reaches higher
values, as expected. The swirl intensity rises until the moment CA = 190°, after which it
remains almost constant or decreases slightly. It is unclear why even the 0° angle port case
gets a small angular momentum in the same direction, and it continues to increase even
after CA = 190°. The more intense swirl motion for greater port angles can explain the
smaller intensity of the axial momentum. The velocity of the scavenging air is directed
so that it supports the swirling motion, and the energy is consumed to maintain the
swirl. Less energy is used to push the fluid to the exhaust port, which results in smaller
axial momentum.
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Figure 18. The variation of angular momentum over time for different scavenging port angles.

The influence of the scavenging port angle on the scavenging performance is sum-
marized in Table 8. With a greater angle, the delivered mass of air through the ports
decreases slightly because of the rising of the flow resistance. This adds to the smaller
axial momentum and results in a decrease in scavenging efficiency for bigger angles. The
charging efficiency decreases from 0.9203 to 0.7842 and the delivery ratio decreases from
1.4452 to 1.2176. The trapping efficiency, on the other hand, increases by a small amount
with the increase in the port angle. The results indicate that the industry standard of 20°
scavenging port inclination could be decreased as far as scavenging efficiency is concerned.
The result is also supported to some extent by other papers [9]. However, the swirling
motion is important also for air-fuel mixing and cylinder liner cooling.
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4. Conclusions

A CFD model of a slow speed, large marine diesel engine was built with the use
of an OpenFOAM software package. The engine uniflow scavenging process was ana-
lyzed using a 12-degree sector mesh. The mesh density sensitivity was analyzed, and the
cylinder pressure was compared to the experimental measurement results. The following
were found:

- The open-source, free software package offers enough power and flexibility to allow
the simulation of such a complex flow problem. The complexity consists of a large
calculation domain with moving boundaries.

- The problem of the size of the domain was attenuated by the use of cyclic boundaries
and the simulation of just a 12-degree sector that embraces one of the 30 scavenging
ports. The “pressure directed inlet velocity” type of inlet boundary condition is
used instead of modeling the scavenging ports with sliding interfaces. Furthermore,
a moderate mesh density proved to be adequate for the problem. It reduced the
simulation domain and calculation time and allowed simulating many different cases.

- The scavenging efficiency decreases with engine load but remains high enough for an
efficient combustion. It is explained mostly by the shorter time available for the process
because of the higher RPM. On the other hand, the driving forces responsible for the
scavenging process, similarly to the pressure difference and the axial momentum,
increase with load, but the effect is attenuated by the shorter time available.

- The increased pressure difference between the inlet and exhaust improves all the
scavenging parameters. Only the trapping efficiency is decreased, since more air is de-
livered. However, in practice, this method would require a more efficient turbocharger
or more energy to power it.

- Theincrease in the angle to the radial direction of the scavenging ports increases the
angular momentum of the fluid in the cylinder at the expense of the axial momentum
that drives the fluid exchange. As a consequence, the scavenging performances
decrease. It can be concluded that the industry standard of 20° scavenging port
inclination could be decreased as far as scavenging efficiency.

- A pocket with remaining combustion gases is always found in the central region
just under the exhaust valve. The region is bigger for higher loads, lower pressure
difference, and greater scavenging port angle. In the worst cases, a pocket is found
also in the cylinder center at the top of the piston.
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