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A B S T R A C T

In this paper, the main aim is to examine the performance of turbulence models to shed light on the effect
of turbulence modeling in capturing different in-cylinder phenomena under large two-stroke marine engine-
like conditions. The Unsteady Reynolds Averaged Navier–Stokes (URANS) and Large Eddy Simulation (LES)
turbulence models are utilized. The LES and URANS results are compared with experimental data, in which
LES and URANS models show similar accuracy in capturing the pressure and heat release with a moderately
better accuracy in the LES case. The predicted gas temperature at the liner wall is approximately 45% higher
for URANS than LES during the expansion stroke, which may lead to different sulfuric acid formation and heat
transfer prediction. The LES model predicts a 34% higher average swirl than that in the URANS case which
leads to an earlier and a stronger interaction between the flame and the spray, decreasing the oxidation of
the emissions. Due to the higher predicted in-cylinder temperature in the LES case, the NO emission amount
at exhaust valve opening time (EVO) is 7% higher in the LES case. At EVO, the CO emission in the LES case
is predicted to be 3-fold higher than that in the URANS case due to less oxidation of CO in the post oxidation
stage in the LES case. The second cycle LES simulation shows that the solutions after the scavenging process
are in-sensitive to the initial conditions.
1. Introduction

Large two-stroke marine engines are the main source of propulsion
in the cargo ships [1]. The commonly used fuel in these engines is
heavy fuel oil (HFO) which contains sulfur as impurity that leads to
the formation of sulfur oxides (SOx) and sulfuric acid (H2SO4). Due to
more stringent regulations imposed by the International Maritime Or-
ganization (IMO) in recent years, substantial efforts have been carried
out to achieve cleaner and more efficient large two-stroke marine diesel
engines [2]. A comprehensive understanding of the in-cylinder combus-
tion is required to meet this target. There are a few experimental studies
on large two-stroke marine engines. However, only limited information
on the flame and emission formation were reported [3,4]. Therefore,
three-dimensional (3D) computational fluid dynamic (CFD) modeling
can be considered as a complementary tool to gain more insights into
the in-cylinder phenomena. Nonetheless, an accurate CFD modeling of
the complex physics, including the modeling of swirling turbulent flow
and combustion, is challenging and requires careful attention to setup.

Turbulent combustion in combustion engines inherently involves
a wide range of turbulent length and time scales [5]. The vortices
created by the turbulent flow enhance the species, momentum, and
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energy transports inside the cylinder. Meanwhile, these vortices can
also affect the mixture formation, flame propagation, and post-flame
reactions [6]. Therefore, an accurate treatment of the turbulent flow is
essential when modeling these engines. There are two commonly used
turbulence modeling methods in simulating combustion engines: the
Unsteady Reynolds Averaged Navier–Stokes (URANS) and the Large
Eddy Simulations (LES) models [7]. In URANS, the Navier–Stokes
equations are solved in their time-averaged form [8]. Furthermore,
turbulence is assumed to be isotropic which is debatable for swirl and
tumble flows inside the cylinder [6]. In LES, a spatial filtering operation
is applied to the Navier–Stokes equations [8] where large vortices,
which are crucial for transport processes, are solved directly. For the
modeling of the combustion process in engines, LES can supply more
detailed and accurate flow fields than that in the URANS including
accurate air–fuel mixing, and cycle-to-cycle variation (CCV) [9]. If LES
is executed on coarse grids for resolving only very large eddies it
is frequently referred to as Very Large Eddy Simulation (VLES), if a
blending between LES and URANS is part of the numerical solution, it
is called Detached Eddy Simulation (DES) [6]. Details of different LES
vailable online 25 July 2022
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models and their applications in internal combustion engines can be
found in [9–11].

It has been shown in multiple studies that the simulated results of
combustion engines and swirling flows using LES and URANS models
are different. Swirling flows were simulated in [12,13] with both LES
and URANS methods and compared to laser-optical measurements. A
good agreement with the measured flow field was found for both meth-
ods, but the amount of turbulent kinetic energy was reported as being
under-predicted for URANS, and the solution was considered as too
diffusive. Comparison of LES and URANS in modeling of diesel spray
combustion also showed that LES is better at capturing certain emis-
sion formation phenomenon [14] and combustion characteristics [15]
than URANS. Performance of LES and URANS turbulence models were
compared by Karrio et al. [7] in simulating compression ignition (CI)
engines of different sizes. They observed that the LES model can
predict much more flow structures than the URANS turbulence model.
However, both the LES and URANS models were found to predict the in-
cylinder pressure with similar accuracy. They also concluded that their
LES case predicted a higher maximum temperature, which resulted in
a higher NO prediction in the small size (bore = 111 mm) and middle
size (bore = 200 mm) CI engines. However, they did not study the
combustion process in the large bore engine (bore = 460 mm). A direct-
injection, spark-ignition engine was investigated in [16] with the aim to
evaluate the impact of CCV on the flow field and mixture preparation
at the spark plug. The authors concluded that LES is a valid method
to investigate engines with respect to flow and mixture preparation.
Zhou et al. [17] compared LES and URANS results in modeling the
non-reacting spray in a constant volume vessel as well as a Caterpillar
heavy-duty CI engine. Based on their results, the predicted liquid and
vapor penetration lengths by LES were in a good agreement with
experimental data, while URANS underpredicted the vapor penetration
length by 25%. They also found that increasing the in-cylinder swirl
ratio from 0.5 to 2.5 significantly affects the spray penetration and fuel
vapor distribution. Bottone et al. [18] applied LES, URANS, and DES to
simulate multiple cycles of a motored case of diesel engine. They found
that CCV variation can be identified by LES, while the highest CCV
occurs during the intake and compression strokes which is expected to
change the injection and combustion processes. By comparing the LES
and DES results, they observed that the variations in the local velocity
profile were larger for LES, both in terms of intensity and spatial resolu-
tion. Their results also showed that the DES approach used in their work
was more dissipative than LES, and as a consequence lower turbulence
levels and smaller CCVs were obtained. Besides diesel engines, there are
also various studies on the comparison of LES and URANS in simulating
CI dual-fuel engines [19,20]. Xu et al. [19] performed LES and URANS
simulation of diesel–methanol dual-fuel combustion in a CI engine and
compared their results with experimental data. They observed that the
URANS model showed good prediction for cases with methanol ratio up
to 51%, but underpredicted engine pressure traces at methanol ratios
higher than 60%. Kakaee et al. [20] performed a comparative study
using LES and URANS turbulence models on a dual-fuel natural gas-
diesel Reactivity Controlled CI engine. Their results showed that the
LES and URANS model gave almost similar predictions of cylinder pres-
sure and heat release rate at lower natural gas mass fractions. However,
the LES model demonstrated an improved capability in predicting the
auto-ignition of natural gas and pollutant formation as compared to
that from the URANS model at higher natural gas mass fractions. A
comparative cold flow analysis between URANS and LES performed
for cycle-averaged velocity and turbulence predictions [21]. Based on
the results, both URANS and LES simulations of the full and partial
geometry (without intake and exhaust plenums) were able to capture
the overall mean flow trends qualitatively; but the intake jet structure,
velocity magnitudes, turbulence magnitudes, and its distribution were
more accurately predicted by LES for the full geometry simulations.
2

They recommended URANS simulations of the partial geometry were
good enough for capturing overall qualitative flow trends for the en-
gineering applications. However, if one is interested in getting better
prediction of velocity magnitudes, flow structures, turbulence magni-
tudes, and its distribution, they must resort to perform LES simulations
of the full geometry. The general conclusion from the literature is that
URANS differs from the more detailed LES with respect to turbulent
kinetic energy and local distribution of flow field [22]. The prediction
of complex phenomena like auto-ignition or emissions formation and
oxidation strongly depends on local instantaneous fields (composition,
temperature) that cannot be accurately predicted by mean quantities
predicted by URANS [22].

The aforementioned studies are all for light and heavy duty engines
which have relatively smaller bore size than that in a large marine
engine. There are limited LES studies of the large two-stroke marine
engines. Hemmingsen et al. [23] simulated the scavenging process in a
simplified scale model of a uni-flow scavenging, two-stroke engine [24]
using LES and URANS models without considering the combustion
process. They concluded that LES was able to predict the vortex break
down and the tangential velocity profile more accurately than the
URANS. Nemati et al. [25] performed LES and URANS simulations
of the scavenging process in a marine test engine and, subsequently
compared their results with experimental data [3]. Their results re-
vealed that LES predicted a tangential velocity profile which is more
consistent with the experimental data than than that predicted by
URANS. The present study serves as an extension of the previous
work [25] by considering the combustion and expansion processes.
To the authors’ knowledge, a comprehensive comparison between LES
and URANS turbulence models in simulating flow, combustion, and
emission characteristics in large two-stroke marine engines have yet to
be studied.

The main objective of this study is to examine the performance of
turbulence models when simulating large two-stroke marine engines.
This is carried out to shed light on the effect of turbulence modeling in
capturing different in-cylinder phenomena in a large two-stroke marine
engine. Therefore, the main differences between LES and URANS in
predicting the flow characteristics, flame–wall interaction, flame–spray
interaction, temperature distribution, and formation and oxidation of
emissions are studied. The remaining part of the paper is organized as
follow. The test engine specifications used in the experimental tests is
first presented. It is followed by the description of the implemented
numerical methods and chemical mechanism. In the results section
the numerical setup is first validated against the experimental data.
Then, the flow distribution before fuel injection is compared between
LES and URANS. Thereafter, the flame formation and development, as
well as flame–wall interaction are analyzed. The formation trend of the
emissions are also compared between LES and URANS. In addition to
this, a second cycle is performed using only LES to evaluate the CCV.
Finally, the conclusions from the present work are highlighted in the
last section.

2. Numerical modeling

2.1. Engine specifications

The CFD simulations are carried out on a research two-stroke ma-
rine engine. The engine load of 25% is investigated in the present study
and our previous study [25]. This is because the flow measurements by
particle image velocimetry (PIV) were only carried out under 25% load
by Hult et al. [3]. At higher loads the optical measurements were not
possible due to the deposits from the lubrication and combustion pro-
cess. [3]. It worth highlighting that the simulated operating conditions
are not representatives of the real engine operation under the optimized
conditions. This is because the injection and other operating conditions
were adjusted to perform optical PIV measurements of the in-cylinder
flow [3]. In the experimental test, both the laser and camera used
for PIV were mounted directly onto the engine in order to minimize
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Fig. 1. (a) Detailed geometry of the combustion chamber and (b) cross section of the computational grid near the location of the injectors. Nozzle hole locations, direction, and
numbering are shown in (b). The horizontal line in the left picture (a) shows the location of cross section plane in the right picture (b).
Table 1
Two-stroke marine diesel engine specifications and operating conditions in this study.

Parameter Value

Bore 500 mm
Stroke 2200 mm
Connecting rod 2885 mm
Engine load 25%
Engine speed 77.5 rpm
Diesel nozzle hole diameter 1.05 mm
Start of injection 362 CAD ATDC
Injection duration 10 CAD
Number of injectors 2
Number of nozzle holes on each injector 4
Number of scavenge ports 30
Scavenge port angle 20◦

the effect of vibrations on the optical alignment. Zirconium oxide
particles were employed for seeding and were introduced through the
scavenging box. Velocity measurements were performed over the entire
engine cycle, except during the peak of combustion. Tangential and
axial velocity components were measured on laser sheets and the cycle-
averaged values were reported [3]. Two injectors are set at opposite
sides in the cylinder, while each injector consists of four nozzle holes.
The geometry and mesh of the combustion chamber as well as the
location and direction of the injectors are presented in Fig. 1. The
combustion chamber has a mesh size of 0.005×𝐷, where 𝐷 is the bore
diameter. The region near the diesel injector has a more refined mesh
size of 0.0025×𝐷 and the mesh size near the wall is refined to achieve
the required 𝑦+ values (𝑦+ < 5) for the wall treatment during the
combustion and expansion processes. A mesh convergence study can be
found in Appendix B. Adaptive time stepping is used with the maximum
Courant number below 0.5 [1,26]. Details of the engine specifications
are presented in Table 1.

2.2. Numerical simulation models

3-D CFD simulations are performed using the CFD software STAR-
CCM+ version 16.06.008-R8 [30]. A full engine cycle simulation, in-
cluding the scavenging, compression, combustion, and expansion pro-
cesses, is performed using the LES and URANS turbulence models. The
simulates are initiated from exhaust valve opening (EVO). It should be
mentioned that the numerical results and discussion of the scavenging
process using LES and URANS models is presented in our previous
study [25]. The initial species in the scavenging box is considered to be
air (a mixture of N and O ), while the initial species in the cylinder and
3

2 2
exhaust duct are considered to be combustion products, which consists
of N2, O2, H2O and CO2 (assuming the air–fuel equivalence ratio of 𝜆 =
2.1). The scavenging box inlet is set as a pressure boundary condition
with time-dependent data from experimental measurements [25]. On
the other hand, the outlet at the exhaust is set as pressure boundary
condition with a time-averaged value of Poutlet=1.4 bar. A no-slip con-
dition is applied to all wall boundaries. The initial tangential velocity
inside the cylinder is computed based on a second-order polynomial
equation function fitted onto the experimental data [3,25]. The initial
axial velocity is set as a linear velocity profile, where it starts from zero
in the vicinity of the exhaust valve and increases linearly to be equal to
the piston velocity as it approaches the piston bowl. Additional infor-
mation about the boundary conditions during the scavenging process
can also be found in [25]. The turbulent flow is modeled using the
Realizable two-layer 𝑘 − 𝜖 model [31] in the URANS case, while the
LES case uses the wall-adaptive local eddy-viscosity (WALE) sub-grid
scale model [32].

To obtain the RANS equations, each solution variable 𝑋 in the
instantaneous Navier–Stokes equations is decomposed into its mean, or
averaged, value 𝑋 and its fluctuating component 𝑋′ [30]:

𝑋 = 𝑋 +𝑋′ (1)

The decomposed Reynolds averaged mean continuity and momen-
tum equations for a Newtonian fluid can be expressed, using Einstein
summation and Cartesian coordinates, in conservative form [33] with:

𝜕𝜌
𝜕𝑡

+ 𝜕
𝜕𝑥𝑗

(

𝜌�̃�𝑗
)

= 0 (2)

𝜕𝜌�̃�𝑖
𝜕𝑡

+ 𝜕
𝜕𝑥𝑗

(

𝜌�̃�𝑗 �̃�𝑖
)

= −
𝜕𝑝
𝜕𝑥𝑖

+
𝜕𝜏𝑗𝑖
𝜕𝑥𝑗

(3)

where 𝑥𝑖 is the spatial coordinate, �̃�𝑖 is the density-weighted velocity,
𝑝 is the pressure, 𝜌 is the Reynolds averaged density, and 𝜏𝑗𝑖 is the
stress tensor. The tilde denotes a density-weighted variable and the
overbar denotes a Reynolds averaged mean. Using the Boussinesq
approximation, the stress tensor is defined as:

𝜏𝑖𝑗 ≈ 2�̃�𝑒𝑓𝑓

(

1
2

(

𝜕�̃�𝑖
𝜕𝑥𝑗

+
𝜕�̃�𝑗
𝜕𝑥𝑖

)

− 1
3
𝜕�̃�𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗

)

(4)

where 𝛿𝑖𝑗 is the Kronecker delta, the effective viscosity is defined as
�̃�𝑒𝑓𝑓 = �̃�𝑡+ �̃�, where �̃�𝑡 is the turbulent viscosity and �̃� is the molecular
viscosity. In the present work Realizable two-layer 𝑘 − 𝜖 model is
used to close the equations. This model combines the Realizable 𝑘 − 𝜖
model with the two-layer approach. The coefficients in the models are
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Fig. 2. Calculated ignition delay time (IDT) as a function of temperature (𝑇 ) for 𝑛-heptane using the Pang (skeletal) [1] and Zhang (detailed) mechanisms [27]. Equivalence ratio
(𝜙) is 1 in (a) and (b) while 𝜙 = 0.5 in (c). Measurement data in (a) and (c) are from shock tube experiments reported in [28,29], respectively.
identical, but the model gains the added flexibility of an all-𝑦+ wall
treatment.

LES is an inherently transient technique in which the large scales
of the turbulence are directly resolved everywhere in the flow domain,
and the small-scale motions are modeled. One justification for the LES
technique is that by modeling ‘‘less’’ of the turbulence, and explicitly
solving for more of it, the error in the turbulence modeling assumptions
is not as consequential. Each solution variable 𝑋 is decomposed into a
filtered value 𝑋 and a sub-filtered, or subgrid, value 𝑋′:

𝑋 = 𝑋 +𝑋′ (5)

The WALE Subgrid Scale model [32] is a more modern subgrid
scale model that uses a novel form of the velocity gradient tensor in
its formulation. Validations using Simcenter STAR-CCM+ have shown
that the WALE model is seemingly less sensitive to the value of model
coefficient than the Smagorinsky model [30]. Another advantage of
the WALE model is that it does not require any form of near-wall
damping and it automatically gives accurate scaling at walls [34,35].
The mixing-length formula for the subgrid scale viscosity is defined as

�̃�𝑡 = 𝜌𝛥2𝑆𝑤 (6)

where the filter width is defined as

𝛥 = 𝐦𝐢𝐧(𝑘𝑑, 𝐶𝑤𝑉
1∕3) (7)

where 𝑑 is the distance to the nearest wall, 𝑘 in Karman constant of
0.41, 𝐶 is subgrid viscosity coefficient of 0.544, and V is the volume
4

𝑤

of the cell. The deformation parameter is defined as

𝑆𝑤 =
(𝑆𝑑
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𝑑
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where
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using the deformation tensor defined as
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1
2

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
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and

𝛺𝑖𝑗 =
1
2

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)

(11)

All walls are considered to be adiabatic to investigate the flame–
wall interaction in Section 3.4. To model the interaction between the
liquid spray and in-cylinder gas, the Lagrangian-parcel Eulerian-fluid
approach is used. The initial droplet size distribution of the spray
is assumed to have a Rosin-Rammler distribution [36]. The Reitz–
Diwakar model is applied to simulate the secondary breakup [37].
In addition, the Ranz–Marshall correlation is utilized to calculate the
heat transfer between the liquid and gas phases [1,38]. The fuel tem-
perature is set to 400 K. In this study, 𝑛-heptane is considered as the
surrogate fuel for diesel due to the similar cetane numbers for diesel
and 𝑛-heptane [1,39]. The liquid properties of fuel are represented
by tetradecane (C H ) [1]. The well-stirred reactor (WSR) model
14 30
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Fig. 3. Comparison of (a) measured and calculated in-cylinder pressure (𝑃 ) and heat release rate (HRR) by LES and URANS and (b) average temperature (𝑇 ) in the LES and
URANS cases.
Table 2
List of numerical models used in the simulation.

Description Model

URANS model Realizable 𝑘 − 𝜖
LES model WALE
Combustion model WSR
Initial droplet size distribution Rosin-Rammler
Secondary liquid breakup Reitz–Diwakar
Heat transfer for liquid spray Ranz–Marshall
NO emission Extended Zeldovich
Soot emission Soot two-equation model

is employed in this study, where the model assumes a homogeneous
mixture in each cell [40–42]. The soot two-equation model is used
to model the soot formation and oxidation [43]. A list of utilized
numerical models in the present study is presented in Table 2.

2.3. Chemical mechanism

A skeletal 𝑛-heptane mechanism (henceforth known as the Pang
mechanism), consisting of 32 species and 72 reactions [1], is utilized
to represent the oxidation of 𝑛-heptane. The Pang mechanism includes
the extended Zeldovich reactions for the NO formation modeling and
has been used in previous marine engine CFD studies [1,26,44]. To
evaluate the performance of the Pang mechanism at the operating
conditions considered in the present study, zero-dimensional (0-D) tests
are conducted using the ANSYS CHEMKIN-PRO software [45]. The
tests are carried out at an ambient pressures of 45 bar, 55 bar, 65 bar,
and 75 bar, which cover the range of operating pressure during the
diesel fuel injection. The ignition delay time (IDT) is defined here as
the time when the maximum rate of temperature rise in the system
is achieved [46]. The Pang mechanism performance in a 0-D test for
prediction of 𝑛-heptane IDT is presented in Fig. 2. The results are
compared with shock tube experimental data [28] and [29] as well
as a detailed 𝑛-heptane mechanism by Zhang et al. [27] for different
operating conditions. The equivalence ratio (𝜙) is set to stoichiometric
conditions (𝜙 = 1) in Fig. 2a,b while 𝜙 is equal to 0.5 in Fig. 2c. From
Fig. 2, the Pang mechanism performs reasonably well in predicting IDT
at low temperatures (lower than 900 K). As the in-cylinder average tem-
perature is around 850 K before the fuel injection, it can be suggested
that the Pang mechanism is able to capture the in-cylinder ignition
process. At lean conditions (𝜙 = 0.5) the results of Pang mechanism
deviates from the experimental data and detailed Zhang mechanism.
However, the Pang mechanism predicts the IDT reasonably well in the
temperature range of 850–900 K which is the in-cylinder temperature
during diesel injection.
5

Fig. 4. Tangential velocity (𝑈𝜃) before fuel injection at 360 CAD ATDC in the LES
and URANS cases. (a) Volume rendering of 𝑈𝜃 . (b) Radial profile of averaged 𝑈𝜃 as a
function of distance from the cylinder center (𝑋).

3. Results and discussion

3.1. Validation of models by LES and URANS

For model validation, the in-cylinder pressure and heat release rate
(HRR) profiles are compared against the experimental data. Fig. 3a
shows a good agreement for both the LES and URANS cases with
deviation less than 2% and 4% in the compression pressure and peak
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Fig. 5. Comparison of spatial distribution of (a) CH2O and (b) OH in the LES and URANS cases. The outlines show the cylinder liner and valve seat on the cylinder cover.
pressure, respectively. The deviations in the compression and peak
pressures are presented in Table 3. The positive and negative values in-
dicate the over-prediction and under-prediction, respectively. Based on
Table 3, LES and URANS models have a similar accuracy in capturing
the pressure with a moderately better accuracy in the LES case than that
in the URANS case. Karrio et al. [7] performed numerical simulations
for small and middle size CI engines using LES and URANS where their
results showed a similar accuracy in the prediction of cylinder pressure
with respect to the experimental data. It is shown in Fig. 3a that the
HRR profile starts to rise earlier in the URANS case than that in the
LES case. This is caused by the higher in-cylinder temperature in the
URANS case before diesel injection at 362 CAD ATDC (Fig. 3b) which
leads to faster evaporation and shorter IDT. The HRR value is slightly
higher in the URANS case at later CADs after around 375 CAD ATDC
which indicates a higher post combustion rate in the URANS case.

For comparison of simulated combustion duration by LES and
URANS models, CA10, CA50, and CA90 which are the crank angles that
10%, 50%, and 90% of heat release happens are reported in Table 4.
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Table 3
Deviation from experimental pressure results in the LES and URANS cases.

Model Error in compression pressure [ %] Error in peak pressure [ %]

LES +0.8 −1.4
URANS +1.2 −3.9

Table 4
Combustion durations in the LES and URANS case. CA10, CA50, and CA90 correspond
to the crank angle when 10%, 50%, and 90% of heat release is achieved, respectively.

Model CA10 CA50 CA90

LES 365.14 369.30 377.80
URANS 364.85 369.48 380.20

Based on The results, CA10 and CA50 are almost similar for LES and
URANS with slightly advanced CA10 for URANS. However, CA90 is
retarded for URANS which shows longer predicted combustion period
by URANS model.
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After validating the pressure and HRR, further analyses are carried
out in subsequent sections to elucidate the difference in the flow,
combustion, and emissions between the LES and URANS cases.

3.2. Flow characteristics before fuel injection

In this section, the flow characteristics prior to diesel fuel injection
is studied. The tangential velocity (𝑈𝜃), which is an indication of
the swirl flow is studied due to its effect on the air–fuel mixing and
combustion [26]. 𝑈𝜃 is compared at 360 CAD ATDC for the LES and
URANS cases by producing the volumetric rendering of the 𝑈𝜃 field
(Fig. 4a). The velocity values lower than 17.5 m∕s are clipped. The LES
model predicts a higher swirl than the URANS approach (cf. Fig. 4a).
This is also clearly seen in Fig. 4b, which shows the radial profile of
the averaged 𝑈𝜃 . From Fig. 4b, the average value of tangential velocity
along the radial distance for the LES case is shown to be 34% higher
than that of the URANS case. It is also shown in Fig. 4b that the LES
model predicts a uniform radial profile [25] for 𝑈𝜃 which leads to
a more intense central vortex whereas URANS predicts a solid body
rotation profile. This leads to the LES case predicting a higher 𝑈𝜃 than
the URANS case at the cylinder center region (−10 cm < X < 10 cm).
For example, at distances of 2.5 cm and 5 cm from the center of the
cylinder, the LES 𝑈𝜃 are predicted to be 230% and 70% higher than
that in the URANS case, respectively. The higher turbulence viscosity
in the URANS case (which will be discussed later) may lead to lower
tangential velocities in the central regions of cylinder and solid body
rotation profile for tangential velocity. It is known that URANS based
methods are inaccurate for the description of highly rotating flows [23,
47,48]. It can also be seen from Fig. 4a and b that 𝑈𝜃 is symmetric in
the URANS case, while it is asymmetric in the LES case where 𝑈𝜃 is
higher at the left hand side of the cylinder. It is worth mentioning that
in the experimental study by Hult et al. [3], the tangential velocity was
measured at two distances (98 mm and 195 mm) from the center of the
cylinder. It was observed that after closing the valve, the value of 𝑈𝜃 is
almost similar at these two distances from the center which is consistent
with the uniform profile of 𝑈𝜃 obtained in the LES case. A similar
uniform profile for 𝑈𝜃 was also observed in another experiment based
on a dynamic small scale model of a two-stroke engine [24]. Based
on these results and our previous study [25], it can be concluded that
LES and URANS predict different swirling flow. Therefore, modeling
of the scavenging process is crucial in large two-stroke marine engines
for comparison of LES and URANS and comparison of closed cycle of
the engine is not enough for comparison of turbulence modeling in the
large two-stroke marine engine.

3.3. Flame characteristics

As shown in the previous section, the different turbulence models
yield significantly different swirl flow. This is expected to lead to
different air–fuel mixtures, and subsequently discrepancies in the com-
bustion. To study the combustion and flame characteristics in the LES
and URANS cases, the spatial distribution of formaldehyde (CH2O) and
hydroxyl radical (OH) are presented in Fig. 5. All the layers are semi-
transparent to allow inspection of the variation of species concentration
during the fuel injection process. The mass fraction values lower than
the minimum values (0.001 for CH2O and 0.0003 for OH) are clipped
from the presentation. CH2O is a combustion product of the first
stage ignition and a marker of regions where low-temperature (cool-
flame) chemistry is underway. As depicted in Fig. 5a, CH2O is formed
upstream of the flame and remains in the same location close to the
injectors. This suggests that the low temperature reaction zone is not
highly affected by the flow. It is worth mentioning that, since fuel jets
originated from nozzle holes 1 and 5 (refer to Fig. 1 for numbering of
the nozzle holes) are injected aligned with the direction of swirl, the
CH O cloud for these jets are slightly longer than others.
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Fig. 6. Comparison of flame–jets interaction in the LES and URANS cases.

OH distribution shows the high temperature reactions region which
is an indication of the diffusion flame. As seen from Fig. 5b, the flame
length in the LES case is longer than that in the URANS case. This
difference between the LES and URANS cases is more apparent at 366
and 367 CADs ATDC. One of the main reasons could be the higher swirl
in the LES case than the URANS case which leads to further penetration
of the flame. The further penetration of the diesel flame in the LES
case will change the flame–wall interaction and flame–jets interaction
in comparison to the URANS case.

From Fig. 6, the diesel is shown to be convected inside the cylinder
by the swirling flow and, eventually reaches to the location of the
injector in the opposite side. By comparing the temperature distribution
in the LES and URANS cases, it can be observed that the flame front
interacts with the diesel spray at an earlier CAD in the LES case than
that in the URANS case. Such interaction occurs close to the end
of the diesel injection in the URANS case. This difference between
LES and URANS cases is attributed to the different predicted radial
profiles of tangential velocity in these cases (Fig. 4b). The solid body
rotation profile for URANS case has a lower swirl, especially in the
regions close to the cylinder center as shown in Fig. 4. The direct
effect of this interaction between the flame and the diesel jets are two-
folds. The interaction in one hand, increases the evaporation rate of
the injected fuel which enhances the combustion rate. On the other
hand, it also affects the air entertainment process of the spray flame,
which subsequently leads to richer mixture and affects the combustion
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Fig. 7. Comparison of the average gas temperature (𝑇 ) at the (a) cover, (b) valve, (c) piston, and (d) liner wall in the LES and URANS cases. Note that adiabatic wall boundary
condition is assumed in the aforementioned walls of the domain.
process. As a consequence, the interaction may also affect the oxidation
of emissions which is further elaborated in Section 3.6.

3.4. Flame–wall interaction

Due to the differences in the flow field (see Section 3.2), the flame
development towards the walls of the combustion chamber may differ
in the LES and URANS cases. Therefore, the flame–wall interaction is
investigated for the LES and URANS cases. In this study, all walls have
been considered as adiabatic to investigate the flame–wall interaction.
Average gas temperature at the wall for four different walls of the
domain (labeled in Fig. 1) are presented and compared for both the
LES and URANS cases (cf. Fig. 7). It is suggested that the flame location
in relation with the cover is comparable for both the LES and URANS
cases based on Fig. 7a. Although discrepancies are observed in the gas
temperature at the valve and piston in the early combustion phase
between the LES and URANS cases, the differences become insignificant
after approximately 400 CAD ATDC (Fig. 7b and c).

The most considerable difference between the predicted gas temper-
atures for the LES and URANS cases is at the liner wall. As depicted
in Fig. 7d, after approximately 390 CAD ATDC, the predicted gas
temperature at the liner wall for the LES case starts to deviate from the
URANS case. This temperature continuously decreases in the LES case
during the expansion stroke, while in the URANS case the temperature
decreases and reaches a plateau after 390 CAD ATDC. The average gas
temperature at the liner wall for the URANS case is approximately 45%
higher than that of the LES case from 410 to 488 CAD ATDC (488 CAD
ATDC is the exhaust valve opening time (EVO)).
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It is worth mentioning that two additional LES and URANS cases
with constant liner wall temperatures are tested as well (not shown)
for an engine operating condition in which the wall temperatures are
set according to the measured data [1,49]. It is observed that the heat
transfer from the liner is lower in the LES case than that in the URANS
case due to lower temperature at the vicinity of the liner wall in the
LES case. Therefore, a similar trend is observed for the adiabatic and
constant liner wall temperature cases for the prediction of the near liner
wall temperature.

The liner temperature plays a significant role in the condensation
of sulfuric acid (H2SO4) on the liner in the conventional diesel marine
engines [44,49]. Furthermore, the gas temperature in the near liner
wall region has a significant effect on the H2SO4 vapor formation [26].
As such, this difference may lead to different predicted values for H2SO4
formation and condensation rates.

To elaborate more on this, the gas temperature at the liner wall
as well as the gas temperature and turbulent viscosity ratio inside
the cylinder at different CADs are presented in Fig. 8. The turbulent
viscosity ratio is defined as the ratio of the turbulence viscosity to the
laminar viscosity. The gas temperature at the liner wall is completely
different in the LES and URANS cases at 400, 430, and 450 CAD ATDC
(cf. Fig. 8a). Low temperature regions of the in-cylinder gas in the
URANS case are only located at the cylinder head (as indicated by black
arrows in Fig. 8b). On the other hand, low temperature regions are
found along the liner wall region in the LES case. The gas temperature
profile in the LES case is observed to be uniform in a large region close
to the center of cylinder, but has a steep reduction in the region beside
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Fig. 8. Comparison of (a) gas temperature at the liner wall under adiabatic wall boundary condition, (b) gas temperature inside the cylinder, and (c) turbulent viscosity ratio in
the LES and URANS cases. (b) and (c) are presented on a cross-sectional plane across the cylinder.

Fig. 9. Comparison of (a) average NO mass fraction (𝑌 NO) and its production rate (�̇� NO), (b) maximum (𝑇max) and average temperature (𝑇 ) in the LES and URANS cases.
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Fig. 10. Discrete probability density function (PDF) of equivalence ratio (𝜙) for cells with a temperature higher than 2000 K at (a) 368 CAD ATDC and (b) 369 CAD ATDC.
Fig. 11. Comparison of average soot volume fraction (SVF) and its production rate
( ̇SVF) in the LES and URANS cases. Green arrow shows the second peak of soot emission
due to flame–jets interaction for LES case. Orange arrow indicates the presence of
higher soot in the URANS case at later stage.

the liner wall. The uniform temperature distribution in the LES case
is probably due to the higher mixing than that in the URANS case. On
the other hand, in the URANS case, the gas temperature in the center of
cylinder is high and then gradually decreases towards the region beside
the liner wall. This difference could be attributed to turbulent viscosity
ratios predicted in the LES and URANS cases. As depicted in Fig. 8c,
the URANS model predicts a higher turbulent viscosity ratio which
implies a higher turbulent viscosity. This leads to a stronger thermal
diffusion towards the liner wall and, thus, a higher gas temperature
at the liner wall. While in the LES case, the near wall region which
is cooled down by the expansion of cylinder is not highly affected by
the high temperature region in the center due to the weaker thermal
diffusion towards the liner.

3.5. Formation of emissions

In this section, the formation of emissions in the large two-stroke
marine diesel engine predicted by the LES and URANS models are
compared. The nitrogen oxide (NO), soot, and carbon monoxide (CO)
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emissions are investigated here. It is reported that the amount of
unburned hydrocarbon (UHC) emissions is lower than 0.3 g/kWh for
large marine engines [50]. Therefore, the results of HC emissions are
not reported in the current study.

3.5.1. NO emission
The temporal evolution of the average NO mass fraction (𝑌 NO),

its production rate (�̇� NO), maximum temperature (𝑇max), and average
temperature (𝑇 ) are presented in Fig. 9 for the LES and URANS cases.
The better air–fuel mixing process predicted by the LES model leads
to a higher combustion intensity than that in the URANS case after
around 366 CAD ATDC (HRR plots in Fig. 3a). To further elaborate,
the discrete probability density function (PDF) of the equivalence ratio
(𝜙) is presented in Fig. 10 for the cells with a temperature higher than
2000 K. The temperature range of 𝑇 > 2000K is used because it is the
range with high thermal NO formation. The larger amount of air–fuel
mixture at stoichiometric condition (𝜙 = 1) in the LES case leads to
higher 𝑇max and 𝑇 , which subsequently results in a higher �̇� NO and 𝑌 NO.
The NO amount at EVO is around 7% higher in the LES case than the
URANS case. It was also shown in [7] that LES predicts a higher NO
than URANS for the small and middle size CI engines. After the end of
the injection, �̇� NO decreases for both turbulence models. After around
390 CAD ATDC, 𝑇max and 𝑇 in the URANS case is slightly higher than
that in the LES case due to higher late combustion rates for URANS (cf.
Fig. 3).

3.5.2. Soot emission
Average soot volume fraction (SVF) and its production rate ( ̇SVF)

are compared for the LES and URANS cases in Fig. 11. The peak SVF
which occurs around 369–370 CAD ATDC is lower for the LES case than
that of the URANS case. To further elaborate, the discrete probability
density function (PDF) of the equivalence ratio (𝜙) is presented in
Fig. 12 for cells with a temperature between 1600 K and 2000 K. This
temperature range is used as it is the range with high soot formation
(not shown). The larger amount of fuel-rich mixture within the tem-
perature range of 1600K < T < 2000K for the URANS case than that
of the LES case suggests a higher soot formation in the URANS case,
which agrees with the results depicted in Fig. 11. Furthermore, it can
be seen from Fig. 13a which shows the temporal evolution of the OH
for the LES and URANS cases, that the OH species for the URANS case
is lower than that of the LES case after around 366 CAD. These results
imply that the soot oxidation process is relatively weaker in the URANS
case than that in the LES case.
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Fig. 12. Discrete probability density function (PDF) of equivalence ratio (𝜙) for cells with a temperature higher than 1600 K and lower than 2000 K at (a) 368 CAD ATDC and
(b) 369 CAD ATDC.
Fig. 13. Comparison of (a) average OH mass fraction (YOH) and (b) soot oxidation rate (SOR) at 375 CAD ATDC in the LES and URANS cases.
It is worth mentioning that there is a second peak in the ̇SVF
diagram around 369.5 CAD ATDC for the LES case which is indicated
by a green arrow in Fig. 11. This second peak is attributed to the
interaction between the flame and diesel jets (Fig. 6) which leads to a
reduction in the soot oxidation rate. On the other hand, in the URANS
case, the flame front reaches the location of the injector later when the
fuel injection is almost finished. Hence, the second peak in the ̇SVF is
not apparently seen in the URANS case. This difference between LES
and URANS may be larger in higher loads as the injection duration
is longer in higher engine loads which leads to stronger interaction
between the flame and diesel jets.

The URANS model continues to predict a higher soot at the later
stage (indicated by the orange arrow in Fig. 11) due to the consistently
lower oxidation of soot emission. This can be evidently seen from
Fig. 13b that the soot oxidation rate in the URANS case is lower than
that in the LES case at 375 CAD ATDC. Yet, the soot levels become
negligible for both the LES and URANS cases after 390 CAD ATDC. The
evolution of soot cloud distribution is presented in Fig. 14. At 363 CAD
ATDC, the onset of soot formation can be seen. Comparing the soot
cloud and the OH cloud in Fig. 5 at 365 and 367 CAD ATDC, indicates
that the soot cloud is embedded by the diffusion flame. Therefore,
the interaction between the diffusion flame and the spray affects the
oxidation rate of soot.
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3.5.3. CO emission
Comparison of the average CO mass fraction (𝑌 CO) and its produc-

tion rate (�̇� CO) in the LES and URANS cases are presented in Fig. 15.
The peak 𝑌 CO in the LES case, which occurs around 370 CAD ATDC for
both cases, is lower than that in the URANS case which is due to the
better air–fuel mixing and the higher combustion rate in the LES case as
discussed earlier (cf. Fig. 10). However, after approximately 390 CAD
ATDC, 𝑌 CO in the LES case is higher than the predicted 𝑌 CO by the
URANS model due to the lower oxidation rate for the LES case at later
CADs. At EVO, the predicted 𝑌 CO in the LES case is 3-fold higher than
that of in the URANS case.

Fig. 16 shows the side view of the volumetric rendering of CO mass
fraction. The mass fraction values lower than 0.001 are clipped from
the contours. These contours are presented at 390 CAD ATDC where
the predicted CO between LES and URANS starts to deviate, at 405 CAD
ATDC, and just before the EVO at 488 CAD ATDC. From the figure,
the spatial distributions are predicted to be similar between the LES
and URANS cases at 390 CAD ATDC. At later CADs, CO distribution
moves down with the piston. The main difference in the predicted CO
distribution using LES and URANS models is that the CO cloud is more
confined in the URANS case. The higher turbulence viscosity in the
URANS case (Fig. 8c) may lead to stronger mass and species transfer
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Fig. 14. Comparison of spatial distribution of soot volume fraction in the LES and
URANS cases. The outlines show the cylinder liner and valve seat on the cylinder
cover.

between the center and outer layers of the in-cylinder gas. This may
explain the higher oxidation of CO in the URANS case at later CADs. On
the other hand, the trapped CO inside the center region of the LES case
is not easily oxidized due to lower turbulence viscosity, thus leading to
a higher average CO at EVO.

3.6. LES of the second engine cycle - Effect of initial conditions

In this section, a second engine cycle is simulated with the LES
model. Based on the literature, LES has the ability to capture the cycle
to cycle variation (CCV) of the engine [21,22,51–56]. This is because
of resolved velocity field and the resolved turbulence intensity, which
is found to be the main cause of CCV and affects the early flame kernel
growth [55] especially in premixed combustion. Therefore, only LES
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Fig. 15. Average CO mass fraction (𝑌 CO) and its production rate (�̇� CO) in the LES and
URANS cases.

Fig. 16. Comparison of spatial distribution of CO emission for LES and URANS
cases. All the layers are semi-transparent to allow inspection of the variation of CO
concentration.

model is utilized to simulate the second cycle of engine. All of the
boundary conditions are set to be the same as the first cycle. Therefore,
only the influence of the initial conditions is investigated in this section.
Results of second cycle are presented in Appendix A. The results of the
second cycle (tangential velocity, temperature and pressure) are shown
to be close to the first cycle after the scavenging process. Therefore,
it can be concluded that initial conditions are less important than the
associated scavenging process when simulating these type of engines,
assuming that the same boundary conditions are imposed. It should
be highlighted that these observations may be limited to the current
simulated operating conditions.

4. Conclusion

In this work, effect of turbulence modeling on the numerical sim-
ulation of combustion and emission formation in a large two-stroke
marine diesel engine is evaluated. Both Unsteady Reynolds Averaged
Navier–Stokes (URANS) and Large Eddy Simulation (LES) turbulence
models are utilized for simulating large two-stroke marine engines. A
reasonably good agreement has been achieved between the numerical
and experimental data for both turbulence models, in which LES and
URANS models show similar accuracy in capturing the pressure and
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heat release with a moderately better accuracy in the LES case. The LES
model also predicts a higher swirl than the URANS model especially in
the regions close to the center of the cylinder. The average value of
swirl for LES case is 34% higher than that of the URANS case. Due to
the stronger swirl flow for the LES case, the predicted flame length is
longer and flame–diesel jets interaction is stronger in the LES case. The
flame–wall interaction is different in the LES and URANS cases due to
difference in the predicted in-cylinder flow by these models. The main
difference is observed in the predicted near liner wall temperature. The
average gas temperature at the liner wall under adiabatic boundary
condition is predicted to be approximately 45% higher for URANS than
LES at later CADs (410–488 CAD ATDC) due to the difference in the
predicted turbulent viscosity. This temperature difference may lead to
different sulfuric acid formation and heat transfer prediction. Due to
the higher predicted in-cylinder temperature in the LES case, the NO
emission amount at the EVO is 7% higher in the LES case as compared
to the URANS case. The interaction between the flame and diesel jets
decreases the soot oxidation rate in the LES case during interaction
time. However, the soot oxidation rate is consistently higher in the LES
case after the end of injection due to higher OH. At EVO, the LES model
predicts 3-fold higher CO emissions as compared to the URANS model
due to the lower oxidation rates in the LES case at later CADs. Finally,
the LES simulations of the second cycle reveal that the initial conditions
are less important than the scavenging process which has a significant
effect on the in-cylinder velocity field and thermodynamic properties .

5. Abbreviations

Abbreviations Description
0-D Zero-dimensional
3D Three-dimensional
ATDC After top dead center
CAD Crank angle degree
CCV Cycle-to-cycle variation
CFD Computational fluid dynamic
CI Compression ignition
CH2O Formaldehyde
CO Carbon monoxide
CO2 Carbon dioxide
D Diameter
DES Detached Eddy Simulation
EVO Exhaust valve opening
H2SO4 Sulfuric acid
HFO Heavy fuel oil
HRR Heat release rate
IDT Ignition delay time
IMO International Maritime Organization
LES Large eddy simulation
NO Nitrogen oxide
OH Hydroxyl
PDF Probability density function
PIV Particle image velocimetry
SOx Sulfur oxides
SVF Soot volume fraction
SOR Soot oxidation rate
𝑈𝜃 Tangential velocity
UHC Unburned hydrocarbon
URANS Unsteady Reynolds averaged Navier–Stokes
VLES Very Large Eddy Simulation
WALE Wall-adaptive local eddy-viscosity
WSR Well-stirred reactor
𝜙 Equivalence ratio
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𝜆 Air–fuel equivalence ratio
Fig. A.1. Radial profiles of the averaged tangential velocity (𝑈𝜃) as a function of
distance from cylinder center (𝑋) for the first (1st) and second (2nd) cycles of engine
simulated by LES model.

Table B.1
Mesh convergence study.

Case Mesh size in domain
[mm]

Mesh size in refinement
zone [mm]

Base mesh 2.500 1.250
Coarse 50% 3.750 1.875
Coarse 100% 5.000 2.500
Fine whole 1.250 1.250
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Appendix A. LES of the second engine cycle

The results of second engine cycle simulation using LES are pre-
sented here. The predicted radial profiles of the tangential velocity (𝑈𝜃)
for the first and second cycles og the engine are presented in Fig. A.1.
The 𝑈𝜃 profiles of the first and second cycles are comparable to one an-
other. The average in-cylinder pressure and temperature as two of the
main governing thermodynamic properties in the internal combustion
engines simulations are presented in Fig. A.2. It is shown that the CFD
simulation predicts higher in-cylinder pressure and temperature at EVO
than the considered initial conditions at the start of simulation in the
first cycle. However, after opening the scavenging ports, the average in-
cylinder pressure and temperature of the second cycle become closer to
the values of first cycle until both cycles have almost the same values.
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Fig. A.2. Comparison of in-cylinder (a) average pressure (𝑃 ) and (b) temperature (𝑇 ) for 1st and 2nd engine cycles.
Fig. B.1. Predicted average pressure (P) for different mesh sizes.

Appendix B. Mesh convergence study

A mesh convergence study is carried out. As the nozzle hole diame-
ter is 1.05 mm, smaller cell sizes than 1.25 mm were not feasible as the
volume fraction of fluid per cell during the injection of fuel would have
exceeded limit of 90%. Therefore, two coarser meshes with the mesh
sizes of 50% and 100% larger than the base size are tested. In addition
to this, another case is tested where the whole domain is refined to have
a cell size of 1.250 mm. It should be mentioned that the refinement of
the whole domain leads to around 5-times more computational cells at
TDC than the base mesh case. The information about the base mesh
size and the mesh size in the refinement zone is reported in Table B.1.

The pressure profile and NO emission as the most important emis-
sion of these engines based on IMO regulations are compared for
different meshes in Figs. B.1 and B.2. Fig. B.1 shows the pressure
profile for the LES and URANS turbulence models with different mesh
configurations. From Fig. B.1, it is shown that the LES cases with
coarser mesh overpredict the peak pressure. Meanwhile, the LES case
with fine mesh in whole domain shows comparable pressure prediction
as the LES base mesh case. This implies that the mesh convergence is
attained with a mesh size of 1.25 mm for the LES case. Also the mesh
size of coarse 100% over predicts the NO emission. It also can be seen
in Fig. B.2 that difference between the base mesh and fine mesh is less
than 1%. Therefore, the base mesh is selected in the current study for
LES (see Table B.1).
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Fig. B.2. Predicted NO emission for different mesh sizes.

Fig. B.3. Predicted average gas temperature (T) at the liner for different mesh sizes.

As for the URANS case, it can be seen that the results from the base
mesh and coarse meshes are similar to one another in terms of the
pressure and the NO profiles. This implies that URANS does not require
fine mesh to capture the combustion and NO emission characteristics
in large two-stroke marine engines. However, to provide a one-to-one
comparison with the LES model, the same base mesh is also used for
URANS model.
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Average gas temperature at the liner wall is presented for different
meshes in Fig. B.3. This figure shows that the LES cases with coarse
mesh overpredict this temperature considerably. This is because of
different flame development in the LES cases with coarse meshes.
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