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Abstract: Particulate matter (PM) is a major pollutant in the exhaust of marine diesel engines,
which seriously endangers human health and the atmospheric environment, and how to reduce
particulate matter emissions from marine engines has become a key research direction in the field
of environmental protection and diesel engines. In this study, we analyzed the components and
sources of PM from marine engines and conducted tests on the performance of Wärtsilä 20DF Diesel
Particulate Filter (DPF) catalysts to verify the capture efficiency, gaseous pollutant removal rate,
regeneration effect and the relationship between carbon loading and pressure loss of DPF catalysts in
the context of Tier III emission regulations. The results showed that PM emissions of 20DF in diesel
mode after adding the DPF system meet the requirements of the regulatory limit, but the pressure
drop of the engine increases after adding the DPF system. Therefore, numerical simulation was
used to optimize the DPF structure by evaluating the system velocity field, flow field distribution
uniformity and system pressure drop to improve the pressure drop.

Keywords: marine diesel engine; particle capture; low-pressure loss; optimization

1. Introduction

In recent years, with the rapid development of the shipping industry, marine diesel
engines have become the main source of air pollution in port cities, their exhaust pollutants
affect the flow of the atmosphere and affect the global environment. Marine diesel engine
emissions have become an important source of atmospheric pollution [1]. PM is one of
the main pollutants in diesel engine exhaust emissions, which can be suspended in the
atmosphere for a long time and is extremely harmful to human respiratory and blood
circulation systems, while it is easy to enter the ship ventilation pipeline system and pollute
the living environment of the crew [2]. As the main pollutant of ship diesel engines, the
problem of PM purification is getting more and more attention. The installation of DPF
is the most effective measure to reduce exhaust PM and has been the focus of research
in recent years [3,4]. As a large shipping country, China’s ports are mostly concentrated
in densely populated areas, such as the Pearl River Delta, Bohai Sea, etc. The pollution
hazards caused by PM in the exhaust of ship engines are more serious, and the treatment
of particulate matter emissions has become a top priority.

Currently, the United States, the European Union and China have all established
ship emission regulations that set emission limits for PM [5,6]. On 22 August 2016, the
Ministry of Environmental Protection of China issued regulations limiting the emission
of PM from ship engines. Phase 1 emission limits have been officially implemented on
1 July 2018. Phase 2 emission limits have been implemented from 1 July 2021. Under the
environmental protection trend of preventing air pollution from ships, it is necessary to
research marine diesel engine PM emission control technology in order to cope with the
increasingly stringent regulatory requirements.

MTU Germany has developed a compact particle trap for yacht diesel engines that
can be integrated into the diesel engine system and also has a sound-deadening function.
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The particulate removal efficiency can reach over 90% and the regeneration is catalytic.
The U.S. Emission Control Manufacturers Association has designed a DPF+SCR (Selective
Catalytic Reduction) system for marine 2-stroke diesel engines with an average particulate
matter and NOx removal efficiency of over 90% for 200 h of operation, and regeneration is
by injection fuel-assisted regeneration.

Some foreign research institutes have studied DPF technology for marine diesel en-
gines. Yamamoto et al. [7] from Osaka Prefectural University, Japan, studied the capture of
particulate matter by DPF and the regeneration of DPF on an 800 kW marine diesel engine
by bypassing 5% of the exhaust gas at 25% load and achieved high capture efficiency. To
cope with emission regulations, DPF is often used in combination with SCR to remove both
PM and NOx from the exhaust gas, and SCR-DPF systems have removal efficiencies of 92%
and 92–97% for NOx and PM at full load, respectively.

Yamada et al. [8] initially explored the generation process of VOCs during DPF regen-
eration by bench tests, and the results showed that the VOCs with small relative molecular
masses were first separated from DPF in the early stage of DPF regeneration, and the
large molecular components were gradually separated from DPF as the DPF temperature
increased. Mueller et al. [9] studied the PM characteristics and temporal evolution from
a marine diesel engine with fuel-switching capability and found that emissions of PM,
organic matter, sulfate and inorganic elements were significantly higher when burning
heavy fuel oil compared to burning regular diesel.

The MARINE-X system of DCL in the United States includes a wall-flow filter, a back-
pressure and temperature monitoring system. The filter element is a catalytic ceramic filter,
with passive regeneration and P→M removal efficiency of more than 90%. The system has
been used in ferries, luxury yachts and tugboats. Particle trap technology in the market is
more mature and the particulate trap efficiency is high, all reaching more than 90% [10].
Different ships and diesel engine models use different regeneration technology methods of
particulate trap devices. For China to carry out the development of particulate trap devices
has some reference significance.

Some research institutes and universities mainly focus on theoretical aspects of par-
ticulate matter management, such as structural optimization, performance improvement
and modeling analysis of catalysts [11,12]. Chinese scholars have less research on DPF for
marine diesel engines and mainly focus on DPF trapping and regeneration for automotive
engines [13,14]. The structural optimization of catalysts focuses on the filter carrier and
catalyst formulation, loading, and coating process; the performance enhancement focuses
on the soot oxidation rate; the modeling analysis can study the internal state of catalysts
and further improve the understanding of NO2-related reactions as well as soot oxidation
and pressure drop.

CFD technology has developed rapidly in recent years, and the use of numerical
simulation can effectively reduce costs and shorten the development cycle [15,16]. Many
scholars generally use experimental or numerical simulation methods, focusing on the
DPF capture efficiency, exhaust back pressure and regeneration strategy [17]. For example,
scholars from Tongji University in Shanghai used GT-Power software to simulate the influ-
ence of DPF structural parameters on pressure drop and capture efficiency. Some scholars
from the Wuhan University of Technology have designed a post-treatment technology
plan for diesel fuel injection regeneration that integrates burner regeneration and catalytic
regeneration and proposed a two-stage exhaust heating strategy with burner warming
as the mainstay and fuel injection warming in front of the diesel oxidation catalyst as a
supplement. However, the above studies were conducted on the bench of land-based diesel
engines, and there is a lack of corresponding studies in the face of the special use scenarios
of marine diesel engines.

In summary, the current research on diesel particulate reduction devices in China
is mainly focused on theoretical and simulation aspects, and less research has been con-
ducted in the area of diesel particulate reduction management for marine engines [18–20].
Therefore, it is of great practical significance to carry out research on marine diesel engine
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particulate matter emission control technology and form a perfect PM control technology
and device for ocean-going and inland river vessels to meet the challenges of interna-
tional regulations on marine diesel engine PM emission. Therefore, it is necessary to carry
out research on marine diesel PM control technology, complete the development of PM
control devices, and form a PM reduction program applicable to many types of marine
diesel engines.

In order to cope with the increasingly stringent marine particulate emission regulations
and their treatment needs, this paper has carried out performance testing and structural
optimization of low-pressure loss marine particulate trap reactors for different regions
and different ship types. It has also completed diesel engine bench tests to fully verify
the performance and reliability of DPF, optimized the low-pressure loss DPF structure
of marine diesel engines through CFD simulation, and finally formed the best marine
particulate treatment solution to further promote the transformation and upgrading of the
shipping industry to green.

2. Engine Test System and CFD Model Description
2.1. Engine Test System

The DPF capture and regeneration process is influenced by many factors such as
engine exhaust flow, exhaust temperature and gas fraction, etc. The engine’s original
exhaust test was first conducted to obtain the exhaust conditions required for the numerical
simulation. The engine used for the test was a marine Wärtsilä 20DF (dual-fuel) engine
with the main technical parameters shown in Table 1. When operating in gas mode, the
Wärtsilä 20DF engine itself complies with IMO Tier III regulations and does not require any
secondary exhaust gas cleaning system. In addition, when running on gaseous fuels, sulfur
oxide and CO2 emissions are significantly reduced, resulting in smoke-free operation, and
CO2 emissions are reduced by nearly 20%, eliminating the need for any harmful secondary
purification systems.

Table 1. Technical Main data for Wärtsilä 20DF engine.

Parameter Value

Engine type W6L20DF
Application AUX(D2)

Bore 200 mm
Stroke 280 mm

Cylinder Number 6
Rated speed 1200 r/min
Rated power 1060 kW

Compression Ratio 12
Methane number (MN) ≥80

In diesel mode, the Wärtsilä 20DF engine fully complies with the IMO Tier II exhaust
emission regulations contained in Annex VI of MARPOL 73/78. Wärtsilä 20DF Engine
and DPF test system are shown in Figure 1. E2 cycle is used for this test. The ambient
temperature during the test was 15 ◦C.

The DPF filter used is cordierite material, and the main parameters are shown in
Table 2. The test system built is mainly composed of a diesel engine, dynamometer, exhaust
gas analyzer, etc. The detection instruments used in the test are shown in Table 2.

The DOC and DPF catalysts were arranged in the DPF reactor in the direction of
airflow, and the DOC catalyst package is shown in Figure 2 and the DPF catalyst package
is shown in Figure 3. DOC+DPF Catalyst design parameters are shown in Tables 3 and 4.

2.2. Evaluation Index of Particle Trap

To quantify the inhomogeneity of the temperature distribution of the catalyst inlet
cross-section, the root-mean-square deviation coefficient of the catalyst inlet cross-section tem-
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perature is used to express the inhomogeneity of the cross-section temperature, respectively;
the larger the inhomogeneity, the more unfavorable the cross-section DPF regeneration.
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Table 2. Properties of engine-tested equipment.

Tested Equipment Type Manufacturer Accuracy

Dynamometer G630 Cence, Changsha, China -
Gas analyzer AMA i60 AVL List GmbH, Graz, Austria ±10.000 P/cm3

Intake flowmeter GFF20 GEFRUN, Provaglio d’Iseo, Italy ±1.5%FS
Fuel consumption meter FC2210 Cence, Changsha, China ±0.2%FS

Exhaust gas sampler SPC478 AVL List GmbH, Austria -
Particle weighing room RXCH500 RXTECH, Beijing, China ±1%FS
Particle weighing scale MAS2.7S-0CE-DF Sartorius, Göttingen, Germany ±0.1 µg

Differential pressure sensor PMD55 E+H, Lörrach, Germany ±0.01%FS
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Table 3. DOC Catalyst design parameters.

Parameter Value

Manufacturer Grace Davison
Carrier material Cordierite

Recommended temperature 300–500 ◦C
Overall dimension 150 × 150 × 75 mm

Cell density 200 cpsi
Noble metals content 5 g/tf3

Design space velocity 51,746 h−1

Number of layers 16 (4 × 4)

Table 4. DPF Catalyst design parameters.

Parameter Value

Brand Grace Davison
Carrier material Cordierite

Recommended temperature 350–550 ◦C
Overall dimension 150 × 150 × 300 mm

Cell density 200 cpsi
Noble metals content 5 g/tf3

Design space velocity 14,000 h−1

Number of layers 16 (4 × 4)

In order to quantitatively analyze the inhomogeneity of the temperature distribution
in the catalyst inlet section of the reactor, the inhomogeneity of the ammonia concentration
distribution is expressed by the root mean square deviation coefficient of the mass fraction
of ammonia concentration in the reactor outlet section. When the inhomogeneity is greater
than 1, the inhomogeneity is no longer applicable, indicating that the uniformity of ammo-
nia concentration distribution is very poor, i.e., the mixing effect of the mixing method is
poor; its calculation formula is shown in Equation (1).

σ2 =

[
∑(Ni−N0)

2

n−1

]0.5

N0
(1)

where: Ni is the mass fraction of ammonia concentration at each sample point on the
section; N0 is the actual average mass percentage of the section; n is the number of sample
points; ∑(Ni − N0)2 is a summation of the velocity variance for each point.
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2.3. DPF Model Establishment

In order to study the gas flow and distribution effect of the reactor as well as the
reactor drag loss, the flow field inside the reactor was simulated and optimized using
Fluent software; the reactor structure consisted of a deflector, inlet deflector cluster, DOC
deflector cluster and outlet deflector cluster according to the catalyst arrangement and
design requirements.

CFD calculation adopts the standard k-ε model, considering the effect of temperature,
the inlet is massflow-inlet, the inlet is 2.505 kg/s, and the temperature is 648 K (375 ◦C); The
outlet is pressure-outlet; the Mass percentage of each component of flue gas: CO2-7.66%;
N2-72.76%; O2-14.25%; H2O-5.32%; The average molecular weight of trace gas is 28.46. The
average density of flue gas is 0.526 kg/m3, the specific heat capacity at constant pressure
is 1.156 kJ/kg·K, the thermal conductivity is 0.0574 W/m·k, and the viscosity coefficient
is 31.25 × 10−6 Pa·s.

The honeycomb ceramic used by DPF is a kind of porous media material. The two
adjacent channels are alternately blocked at the inlet and outlet. Therefore, after the
exhaust enters from the inlet channel, it can only pass through the porous ceramic wall and
discharge from the adjacent outlet channels, while the particles are trapped on the porous
wall. The porous media model is used to simulate the resistance loss of the catalyst area.

The honeycomb ceramic used in the DPF is a porous media material with two pores
adjacent to each other, and the inlet and outlet are alternately blocked. Therefore, the
exhaust gas entering from the inlet orifice can only pass through the porous ceramic wall
and exit through the adjacent outlet orifice, while the particulate matter is trapped in the
porous wall. The viscosity resistance coefficient of the catalyst is 1.581 × 107 1/m2, the
inertia resistance coefficient is 0.132, and the porosity is 0.683.

3. Results and Discussion
3.1. PM Capture Efficiency of the DPF System

In order to evaluate the effect of DPF systems on diesel exhaust particulate matter
capture, the PM ratio emissions before and after a DPF system under different diesel engine
load conditions were tested separately, and the PM measurement results after a DPF system
were compared with the limit values of Chinese regulation GB15097. The test data are
shown in Table 5.

Table 5. PM emission measurement and exhaust gas parameters of a diesel engine with different loads.

Engine Load
PM

Emission
before DPF

PM
Emission
after DPF

PM Capture
Efficiency

Reactor
Pressure

Loss

Exhaust Gas
Temperature

Exhaust Gas
Air Velocity
in Reactor

Space
Velocity in

DOC
Catalyst

Space
Velocity in

DOC
Catalyst

Unit (g/kWh) (g/kWh) (%) (Pa) (◦C) (m/s) (h−1) (h−1)

100 0.432 0.2765 36.00 4656 404.5 3.24 174,017 43,504
75 0.5683 0.1866 67.17 3358 385.5 2.83 152,211 38,052
65 0.6417 0.1713 73.31 2891 372 2.58 138,667 34,666
50 0.7637 0.1878 75.41 2293 332 2.13 114,776 28,694
25 1.1148 0.2428 78.22 1471 306.5 1.59 85,575 21,393
0 1.237 0.2180 82.38 971 211.5 1.14 61,552 15,388

As can be seen from Table 5, when the diesel engine load increased, the flue gas flow
rate in the DPF system reactor increased and the air velocity of DOC catalyst and DPF
catalyst also increased. The design airspeed of the DOC catalyst is 51,746/h and the design
airspeed of the DPF catalyst is 14,000/h. During the test, the airspeed of the DOC catalyst
at 100% load is 174,017/h and the airspeed of the DPF catalyst is 43,504/h, both of which
are much higher than the design airspeed of the catalyst.

At different loads, the PM sampling filter paper before and after the DPF system is
shown in Figure 4, under different load conditions of the diesel engine. The PM emission
in diesel engine flue gas was reduced after adding the DPF system.
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Figure 4. Comparison of diesel engine exhaust gas sampling filter paper before and after DPF.

PM emission and PM removal efficiency of flue gas before and after the DPF system
is shown in Figure 5. As shown in Figure 5, the PM emissions in diesel engine flue gas
decreased after the addition of the DPF system under different load conditions of diesel
engines. With the increase in diesel engine load, the PM capture efficiency of diesel engine
flue gas started to decrease, and the particle capture efficiency is 82.38% at 10% load and
decreased to 36% at 100% load.

Energies 2023, 16, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 5. PM emission and PM removal efficiency of flue gas before and after DPF system. 

On the one hand, the reason for the decreased efficiency of DPF at 100% engine load 
is due to the DPF being too small. The air velocity increases and the residence time of the 
gas on the catalyst surface becomes shorter and lower. On the other hand, due to the in-
crease in diesel engine load, the flow rate of flue gas in the reactor increases and the pres-
sure drops before and after it also increases, which leads to the increase in kinetic energy 
of the particles in the flue gas, resulting in the reduction of the filtering ability of DPF 
catalyst for the particles and the decrease in PM capture efficiency. 

The specific emission values of PM in Table 5 were weighted and compared with the 
regulatory limits. The measured value of PM weighted emission before DPF is 0.8509 
g/kWh, and after DPF is 0.2115 g/kWh. According to the results, the original emissions of 
the diesel engine and the emissions after the DPF system cannot meet the limit require-
ments of the first and second stages of the regulation. 

The removal efficiency of the DPF system catalyst for gaseous pollutants in diesel 
engine exhausts is shown in Figure 6. During the test, the diesel engine operating condi-
tion is 65% load, and the diesel engine flue gas temperature is 340 °C. 

THC NOx NO NO CO CO O
0

100

200

300

400

500

600

700

Em
is

sio
n 

co
nc

en
tra

tio
n 

(p
pm

/%
)

Emissions

 Before DPF
 After DPF

2 2 2

 
Figure 6. Removal efficiency of DPF system catalyst for gaseous pollutants. 

As shown in Figure 6, the DPF system catalyst has an obvious removal effect on total 
hydrocarbon (THC), CO and NO in diesel engine flue gas, with a removal efficiency of 
88.50%, 95.73% and 42.25%, respectively; At the same time, the content of NO2 and CO2 in 
diesel engine flue gas increases, while the content of NOX in flue gas has little change. This 
is because THC, CO2 and NO in diesel engine flue gas undergo catalytic oxidation reac-
tions under the action of DOC catalyst to generate CO2, H2O and NO2. Then, NO2 oxidizes 
the particulate matter captured on the catalyst carrier under the action of the DPF catalyst 
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On the one hand, the reason for the decreased efficiency of DPF at 100% engine load is
due to the DPF being too small. The air velocity increases and the residence time of the gas
on the catalyst surface becomes shorter and lower. On the other hand, due to the increase
in diesel engine load, the flow rate of flue gas in the reactor increases and the pressure
drops before and after it also increases, which leads to the increase in kinetic energy of the
particles in the flue gas, resulting in the reduction of the filtering ability of DPF catalyst for
the particles and the decrease in PM capture efficiency.

The specific emission values of PM in Table 5 were weighted and compared with
the regulatory limits. The measured value of PM weighted emission before DPF is
0.8509 g/kWh, and after DPF is 0.2115 g/kWh. According to the results, the original
emissions of the diesel engine and the emissions after the DPF system cannot meet the limit
requirements of the first and second stages of the regulation.

The removal efficiency of the DPF system catalyst for gaseous pollutants in diesel
engine exhausts is shown in Figure 6. During the test, the diesel engine operating condition
is 65% load, and the diesel engine flue gas temperature is 340 ◦C.
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As shown in Figure 6, the DPF system catalyst has an obvious removal effect on total
hydrocarbon (THC), CO and NO in diesel engine flue gas, with a removal efficiency of
88.50%, 95.73% and 42.25%, respectively; At the same time, the content of NO2 and CO2
in diesel engine flue gas increases, while the content of NOX in flue gas has little change.
This is because THC, CO2 and NO in diesel engine flue gas undergo catalytic oxidation
reactions under the action of DOC catalyst to generate CO2, H2O and NO2. Then, NO2
oxidizes the particulate matter captured on the catalyst carrier under the action of the DPF
catalyst to generate CO2 and NO for particulate matter capture and regeneration. The
amount of NO2 generated by DOC catalytic oxidation exceeds the amount of NO2 required
for carbon particle regeneration on the catalyst carrier, Therefore, the NOX content after the
DPF reactor is almost unchanged from that before the DPF reactor, while the NO decreases
and the NO2 increases.

3.2. DPF System Active Regeneration Effect Test

In order to test the active regeneration performance of the DPF system catalyst, the
diesel engine working condition was controlled at 65% load and the flue gas temperature
was adjusted to 140 ◦C (much lower than the re-livability temperature of this type of
catalyst) for about 240 min, and then the flue gas temperature was increased sequentially to
determine the regeneration effect of the DPF system by measuring the pressure difference
between the two ends of the DPF reactor. The test procedure was recorded as shown in
Table 6, and a total of one carbon loading condition and two regeneration cycles were
performed, and the test results are shown in Figure 7.

Table 6. DPF regeneration performance test process record.

Number Test Condition Test Working Conditions Time of Duration

1 Carbon load condition 65% Load, Tinlet = 140 ◦C 180 min

2 First cycle regeneration

50% Load, Tinlet = 280 ◦C 30 min
65% Load, Tinlet = 300 ◦C 60 min
65% Load, Tinlet = 320 ◦C 90 min
65% Load, Tinlet = 340 ◦C 45 min

3 Second cycle regeneration

65% Load, Tinlet = 230 ◦C 38 min
65% Load, Tinlet = 280 ◦C 29 min
65% Load, Tinlet = 300 ◦C 26 min
65% Load, Tinlet = 320 ◦C 23 min
65% Load, Tinlet = 340 ◦C 29 min
65% Load, Tinlet = 360 ◦C 18 min
65% Load, Tinlet = 380 ◦C 13 min
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Figure 7. DPF regeneration effect test.

As shown in Figure 7, when the DPF reactor inlet flue gas temperature is 140 ◦C, the
pressure drop at both ends of the reactor has been increasing with the increase in running
time, and then the temperature of the diesel engine is increased to 280 ◦C, and the reactor
pressure loss still rises. When the flue gas temperature rises above 300 ◦C, the pressure
drop at both ends of the DPF reactor starts to decrease, and the DPF starts to regenerate.
With the increase in temperature, the rate of decrease in pressure difference between the
two ends of the DPF reactor increases, and the efficiency of DPF regeneration increases.

During the DPF regeneration effect test, the operating condition of the diesel engine
was adjusted to 65% load and the flue gas temperature was adjusted to 230 ◦C before
and after the carbon load and after the first and second regeneration cycle test process,
respectively, and the differential pressure of the DPF reactor was measured, and the results
are shown in Figure 8.
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Figure 8. Change of reactor pressure loss during DPF regeneration effect test.

It can be seen from Figure 8 that the reactor pressure loss increased after the DPF
system was carbon loaded, and after the regeneration test was performed, the reactor
pressure loss decreased. The combined test results in Figures 8 and 9 show that this type of
DPF catalyst regenerates well, and the regeneration temperature range is above 300 ◦C (the
upper limit of the regeneration temperature of the DPF catalyst was not tested because the
maximum temperature of the test working condition diesel engine is 380 ◦C), which is in
good agreement with the design value of the DPF system catalyst, and the regeneration
efficiency of the DPF system increases with the increase in temperature.
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In order to repeat the verification and durability test of the active regeneration effect
of the DPF catalyst, after completing the active regeneration effect test of the DPF system
as shown in Table 6, three carbon loading and regeneration cycles were continued. The test
results are shown in Figure 9.

As shown in Figure 9, the increase in exhaust gas temperature brings about the
increase in pressure drop loss inside the DPF filter body, the larger the carbon load, the
larger the pressure drop generated, and the trend of temperature change with pressure
drop is non-linear. This is due to the increase in temperature, the increase in energy in the
gas, the intensification of gas motion, viscosity, and resistance to flow; at the same time, the
increase in temperature reduces the gas density, increases the gas volume flow rate, and
accelerates the flow rate, thus increasing the pressure drop loss along the way. The good
active regeneration performance of the DPF system has been proved during many carbon
loading and regeneration cycle tests on the catalyst of the DPF system.

3.3. Number-Size Distribution and Pressure Loss in DPF Systems

Particulate mass is the main index to evaluate marine engine particulate emission.
Figure 10 shows the number-size distribution of PM from 20DF engine under 25% load.
From the results, it can be seen that the particulate matter in the experiment under 25%
load condition is concentrated in the region of 1.1–2.1 µm and 4.7–5.8 µm, and the DPF is
effective in reducing the particulate matter in the region of 4.7–5.8 µm.
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From Figures 11 and 12, it can be seen that the number-size distribution of PM from
the 20DF engine is under 50% and 75% load. The effect of DPF on particle reduction in the
1.1–4.7 µm region is obvious. Under 75% load condition, the particulate matter emission
increases. In this experiment, the particulate matter is concentrated in the 2.1–5.8 µm
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region, and the DPF has an overall significant effect on the reduction of particulate matter
in the 20DF engine. For the 4-stroke diesel engine with the increase in load, the particulate
emission rate increases gradually from 50% medium load to a higher load of 75%, which
is because the increased fuel consumption by the increase in diesel engine load is mainly
used for diffusion combustion, and most of the dry carbon smoke is produced in the
diffusion combustion stage, therefore, the PM rate increases significantly under the high
load condition.
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The correspondence between the carbon density of the catalyst carrier and pressure
loss of the DPF is shown in Figure 13. As shown in Figure 13, the pressure loss of the DPF
system is linearly related to the carbon loading of the catalyst, and the pressure loss of the
reactor increases with the increase in the carbon density of the catalyst carrier.
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As can be seen from Figure 14, When the diesel engine load is 25%, the pressure loss of
the reactor is variable and fluctuates around 1472 Pa. The carrier used by DPF is a porous
medium material. After the exhaust enters from the inlet channel, it can only pass through
the porous ceramic wall and exit from the adjacent outlet channel, while the particles are
trapped on the porous wall. The DPF system can effectively remove the particulate matter
emissions in the flue gas of the marine diesel engine, and the regeneration of the particulate
matter in the DPF system can be achieved in different ways according to the differences in
the exhaust characteristics of the diesel engine.
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3.4. Reactor Flow Field and Catalyst Inlet Velocity Distribution Optimization

The DPF device in the experiment has the problem of high-pressure drop at 100%
engine load, and further CFD simulation optimization is needed. The pressure drop results
of the simulation model are kept the same as the experiments, so as to ensure that the CFD
model can be used to optimize the internal flow field of the DOC+DPF reactor. The DPF
system design requirements are velocity inhomogeneity ≤ 0.15 at DOC inlet cross section,
homogeneity ≥ 0.85 reactor pressure loss ≤ 2200 Pa. In order to achieve the design goals of
the DPF system, seven proposals (Case 1–Case 7) were compared to optimize the flow field
inside the reactor.

The CFD optimization objectives are as follows: (1) To design a reasonable reactor
structure, size, deflector or deflector plate arrangement position and combination form
to make the uniformity at the DOC inlet section meet the design requirements given
the reactor parameters (flue gas temperature, flow rate, DOC and DPF catalyst size and
quantity). (2) Optimize the reactor size parameters and deflector arrangement position
to meet the design requirements in terms of pressure loss of the reactor while satisfying
the objective (1).

Optimization Case 1: Based on the original design scheme (no deflector, inlet deflector,
DOC deflector and outlet deflector), the distance in front of the DOC catalyst inlet cut-off
is increased to 300 mm. The velocity inhomogeneity of the reactor DOC inlet section and
all other sections, the velocity distribution of the reactor DOC inlet section and the reactor
pressure loss are shown in Figure 15.

As seen in Figure 15, after the DOC distance of the conventional reactor increases, a
high-speed zone of about 16 m/s will be formed at the center of the DOC inlet cross-section.
The velocity inhomogeneity of the DOC inlet cross is 0.382, and the velocity distribution is
not uniform; the reactor pressure loss (except for DOC and DPF catalyst) is 406.5 Pa. It can
be seen that after the DOC inlet distance of the conventional reactor increases, the reactor
flow effect slightly decreases and fails to achieve the optimization target.
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Figure 15. Case 1: Velocity distribution when the distance before the DOC catalyst inlet section is 300 mm.

Optimization Case 2: Adding deflector clusters. On the basis of the conventional
design scheme (no deflector, inlet deflector, DOC deflector and outlet deflector), the dis-
tance in front of the DOC catalyst inlet section is increased to 300 mm. The reactor DOC
inlet cross-section velocity inhomogeneity and reactor pressure loss are slightly increased,
and the flow effect is decreased. However, to facilitate the arrangement of the inlet de-
flector and the DOC deflector, the distance in front of the DOC catalyst inlet cutoff is still
300 mm. The velocity inhomogeneity of the reactor DOC inlet section and other sections,
the velocity distribution of the reactor DOC inlet section and the reactor pressure loss are
shown in Figure 16.
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Figure 16. Case 2: Flow effect of the reactor after adding deflector cluster.

It can be seen from Figure 16 that after adding deflector clusters to the reactor, a
high-speed zone of about 12 m/s will be formed at the DOC inlet section near the flue
gas inlet side, and a low-speed zone of 0 m/s will be formed at the center of the section.
The velocity inhomogeneity of DOC inlet section is 0.232, and the velocity distribution
inhomogeneity is reduced but still does not meet the standard. The reactor pressure loss is
351.5 Pa. It can be seen that after adding deflector clusters the reactor flow effect increased
but failed to meet the standard.

Optimization Case 3: Adjustment of the DOC deflector cluster. After adding the inlet
deflector cluster, DOC deflector cluster and outlet deflector cluster in the conventional
reactor, the reactor flow effect increased, but a high-speed zone of about 12 m/s is formed
in the DOC inlet section near the flue gas inlet side, and a low-speed zone of 0 m/s is
formed in the center of the section. Mainly the DOC deflector near the flue gas inlet side
blocked the flue gas, therefore, the DOC deflector cluster needed to be optimized and
adjusted. The velocity inhomogeneity of the DOC inlet section and all other sections, the
velocity distribution of the reactor DOC inlet section and the reactor pressure loss are
shown in Figure 17.

As can be seen from Figure 17, after adjusting the DOC deflector cluster (removing the
flue gas inlet side), the high-speed zone of about 12 m/s near the flue gas inlet side of the
DOC inlet section disappeared, and the low-speed zone of 0 m/s is formed at the center
of the section to expand outward. The velocity inhomogeneity of the DOC inlet section
is 0.182, and the velocity distribution inhomogeneity is reduced but still did not meet the
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standard. The reactor pressure loss is 306.3 Pa. It can be seen that the reactor flow effect
increased after adjusting the DOC deflector cluster but failed to meet the standard.
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Figure 17. Case 3: Flow effect of reactor after adjusting DOC deflector cluster.

Optimization Case 4: Adding deflector. The reactor flow effect increased after adjusting
the cluster of DOC deflectors but failed to meet the standard, and the optimization effect
of purely adjusting the deflectors on the reactor flow field distribution is not obvious;
therefore, the deflectors were added to the flue gas inlet side. The velocity inhomogeneity
of the DOC inlet section and each other section, the velocity distribution of the reactor DOC
inlet section and the reactor pressure loss are shown in Figure 18.
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Figure 18. Case 4: Reactor flow effect after adding deflector.

It can be seen from Figure 18 that after adding the inlet deflector, the DOC inlet section
is close to a small range of high-speed zone of about 11 m/s at the flue gas inlet side, and
a low-speed zone of 0 m/s is formed at the center of the section to expand outward. The
non-uniformity of velocity at DOC inlet section is 0.163, and the non-uniformity of velocity
distribution is reduced, but still not up to standard. The reactor pressure loss is 616.3 Pa. It
can be seen that after adding the inlet deflector, the flow effect of the reactor increased, but
failed to reach the standard, but the pressure loss increased significantly.

Optimization Case 5: Adjusting the deflector position. After adjusting the DOC
deflector cluster, the reactor flow effect rose, but failed to meet the standard, and the
optimization effect of simply adjusting the deflector on the reactor flow field distribution
is not obvious; therefore, the deflector was added to the flue gas inlet side; the velocity
inhomogeneity of the DOC inlet section and each other section, the velocity distribution of
the reactor DOC inlet section and the reactor pressure loss are shown in Figure 19.

After adjusting the inlet deflector from Figure 19, the high-velocity zone of the DOC
inlet section near the flue gas inlet side of about 10 m/s was reduced and a relatively
high-velocity zone of about 7 m/s was formed. The low-velocity zone of 0 m/s formed
at the center of the section expanded outward and disappeared, and the low-velocity
zone of 0.5 m/s in the section increased. The velocity inhomogeneity of the DOC inlet
section is 0.165, and the change of velocity distribution inhomogeneity was not obvious
and still did not meet the standard. The reactor pressure loss is 543.3 Pa. It can be seen
that after adjusting the inlet deflector, the range of high-velocity region above 10 m/s and
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low-velocity region at 0 m/s decreased, the velocity distribution converged to the average
velocity, and the reactor pressure loss decreased.
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Figure 19. Case 5: Reactor flow effect after adjusting the deflector position.

From the analysis of the flow line in Figure 19, it can be seen that the second deflector
of the inlet deflector cluster directs most of the flue gas close to the inlet side, therefore, it
is necessary to adjust the position and angle of the second deflector of the inlet deflector,
i.e., the deflector is shifted to the inlet side and the angle of the deflector is increased from
30 degrees to 45 degrees.

Optimization Case 6: As mentioned above, the inlet deflector cluster needs to be
adjusted. The velocity inhomogeneity of the DOC inlet section and each other section,
the velocity distribution of the reactor DOC inlet section and the reactor pressure loss are
shown in Figure 20.
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Figure 20. Case 6: Adjust the flow effect of the inlet deflector cluster reactor.

As seen in Figure 20, after adjusting the inlet deflector cluster (the position and angle
of the second deflector of the inlet deflector should be adjusted), a relatively high-speed
zone of about 6 m/s was formed in the DOC inlet cross section near the flue gas inlet side,
and the low-speed zone of 0.5 m/s disappeared in the cut-off cross-section. The reactor
pressure loss is 546.3 Pa. It can be seen that after adjusting the inlet deflector cluster, the
velocity distribution of the DOC inlet section converged to the average velocity; and the
reactor pressure loss did not increase. In order to further improve the velocity uniformity
of the DOC inlet section, a relatively high-velocity zone of about 6 m/s was eliminated
from the DOC inlet section near the flue gas inlet side (due to the large inlet ring inlet of the
inlet deflector, which resulted in a central high-velocity flow). Therefore, the inlet deflector
inner ring inlet diameter and angle need to be adjusted, i.e., the inlet inner ring angle is
increased from 15 degrees to 20 degrees, and the inner ring inlet diameter is reduced from
50 mm to 35 mm.

Optimization Case 7: As mentioned before, the inner ring of the deflector needs to
be adjusted. The velocity inhomogeneity of the DOC inlet section and each other section,
the velocity distribution of the reactor DOC inlet section and the reactor pressure loss are
shown in Figure 21.
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Figure 21. Case 7: Adjustment of the flow effect of the inner ring reactor of the deflector.

As seen in Figure 21, after adjusting the inner ring of the inlet deflector (the angle of
the inlet inner ring increased from 15 degrees to 20 degrees, and the diameter of the inlet
inner ring decreased from 50 mm to 35 mm), the relatively high-speed area of about 6 m/s
formed on the inlet side of the DOC inlet section near the flue gas inlet became 4 m/s.
The velocity inhomogeneity of the DOC inlet section is 0.137, and the velocity distribution
inhomogeneity decreased and met the standard. The reactor pressure loss is 545.3 Pa. It
can be seen that after adjusting the inner ring of the inlet deflector, the velocity distribution
of the DOC inlet section tends to the average velocity, and the reactor pressure loss does
not increase. The reactor design meets the requirements.

In summary, the optimization of reactor flow field distribution by simply adjusting the
deflector is not obvious through the comparison of the above seven proposals. Figure 22 il-
lustrates the total pressure loss of the DPF system. The reactor flow effect slightly decreased
after the distance of the DOC inlet of the conventional reactor increased. After adjusting the
inlet deflector cluster, the velocity distribution of the DOC inlet section converged to the
average velocity, and the reactor pressure loss did not increase. After adjusting the inner
ring of the inlet deflector, the velocity distribution of the DOC inlet section converged to
the average velocity. The total pressure loss of the DPF system was low, and the DOC+DPF
reactor design met the requirements.
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Figure 22. Total pressure loss of DPF system.

4. Conclusions

In this paper, the Wärtsilä 20DF engine performance test and structure optimization of
a low-pressure loss marine diesel particulate filter had been completed. CFD numerical
simulation method was used to optimize the DPF structure through the evaluation indexes
of the system velocity field, flow field distribution uniformity and system pressure drop.
The main conclusions are listed as follows:



Energies 2023, 16, 4336 17 of 18

(1) The particulate matter emissions of the diesel engine after adding the DPF system
meet the requirements of the regulatory limit, and the back pressure of the diesel
engine increases after adding the DPF system. The DPF system has good active
regeneration performance and has achieved regeneration after repeated verification.

(2) DOC+DPF catalyst scheme has an obvious removal effect on gaseous pollutants CO
and THC in diesel engine exhaust gas, with removal rates of 95.73% and 88.50%,
respectively. It has an obvious removal effect on NO, but the content of NO2 in flue
gas after the reactor increases, and the total amount of NOx does not change.

(3) This type of DOC+DPF catalyst scheme has a good trapping effect on diesel engine
PM emissions. The designed catalyst space velocity value and PM trapping efficiency
can reach 82.38%. With the increase in catalyst space velocity and reactor flow rate,
the PM trapping efficiency of the DPF catalyst decreases.

(4) Numerical simulation is a powerful tool for optimizing flow field, flow field distri-
bution uniformity and system pressure drop. After CFD optimization, the new DPF
structure can already achieve the expected design goals.
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