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ABSTRACT

A feasibility examination was conducted on a wet-scrubber system designed in this study to
investigate the exhaust gas treatment efficiency of a wet-scrubber system equipped with a diesel
engine. This preliminary investigation limits to evaluate the feasibility of the wet scrubber system
in decreasing smoke. The influence of multiphase flow configuration in wet-scrubbing
aftertreatment systems on emission formation is an interesting topic in the field of exhaust gas
aftertreatment. It is our initial attempt to investigate the influence of multiphase flow
configuration in a wet-scrubbing hybrid aftertreatment system on key pollutants emitted from
Diesel engines in the future. This wet scrubber works by spraying water into the exhaust gas
stream. The engine was tested at three-speed conditions (1,500 rpm, 1,800 rpm, and 2,000 rpm,
respectively) while varying its torque from 15 to 30 N.m. The results show that under these
operating conditions, the smoke level after the scrubber decreases by up to 50%. Please note
that only fresh water was used in this study, and the impact of catalysts that could further
decrease exhaust gas pollution will be investigated in future studies. The water droplets serve as
a medium for capturing and collecting the soot particles present in the exhaust gas. Through
collisions, the water droplets cause the soot particles to adhere to their surfaces, a process
known as impaction. Additionally, the larger water droplets can facilitate coagulation or
agglomeration of the particles, resulting in their enlargement and enhanced capture efficiency.
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1. INTRODUCTION

Compression ignition engines have been traditionally powered by fossil diesel, but the
increasing environmental regulations on emissions have led to the adoption of alternative fuels
such as compressed natural gas (CNG), liquefied natural gas (LNG) and biofuels [1, 2]. These
alternative fuels generally have lower sulfur and particulate emissions compared to traditional
fossil counterparts, resulting in reduced air pollution. However, the use of alternative fuels alone
may not be enough to meet the stringent emission regulations. Wet scrubbers are widely used in
the marine industry to treat exhaust gas and reduce emissions of sulfur oxides (SOx), nitrogen
oxides (NOx), HC, and particulate matter. This system may also prove useful for treating exhaust
gas from generators and/or engines operating in environments with limited airflow, such as
underground mines or basements.

Wet scrubbers are typically classified as low-energy scrubbers, which generate large liquid
surfaces to interact with gas. Wet scrubbers work by spraying water with or without chemical
additives into the exhaust gas stream, which reacts with the pollutants to neutralize them [3, 4].
The influence of multiphase flow configuration in wet-scrubbing hybrid aftertreatment systems
on emission formation is a topic of significant research interest in the field of diesel engine
emissions and aftertreatment. Multiphase flow refers to the simultaneous presence of two or
more phases, such as a liquid and a gas, within a system. In the context of wet-scrubbing hybrid
aftertreatment systems, multiphase flow refers to the flow of exhaust gases mixed with a
scrubbing liquid through the system [5]. When utilizing wet scrubbers, the type of fuel used can
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have a significant effect on the performance and efficiency of the scrubber system. For example,
the lower sulfur content in LNG can result in reduced sulfur oxide emissions, but it also reduces
the reaction efficiency of the scrubber system. On the other hand, biofuels have different
combustion characteristics compared to fossil fuels, and the scrubber system may need to be
adjusted to handle the different exhaust gas composition. The use of alternative fuels in marine
engines and the utilization of wet scrubbers for exhaust gas treatment have both had a significant
impact on reducing emissions from the shipping industry. However, it is important to consider
the compatibility between the fuel and scrubber system and to make necessary adjustments to
ensure optimal performance and compliance with emission regulations.

One example is using the scrubbing aftertreatment systems in marine engines that operate
through the interaction of multiple flows. The hot exhaust containing toxic gases is neutralized
through interaction with either a gaseous flow (dry scrubbing) or a liquid flow (wet scrubbing).
Wet scrubbers often use seawater or freshwater with or without catalysts [6]. Hybrid scrubbers
can use either seawater or freshwater and operate in either open-loop or closed-loop modes [6].
Wet and dry-heat scrubbers are the most commonly used systems for reducing marine engine
exhaust temperatures [7]. Wet scrubbers are effective at reducing both NOx and SO2 emissions
from marine engine exhaust while also lowering the exhaust temperature and quenching flames
and sparks at an acceptable engine back pressure.

Studies [8-10] have shown that the configuration of the multiphase flow in the wet-scrubbing
hybrid aftertreatment system can significantly affect the efficiency of the system in reducing
emissions. Different flow patterns, such as bubbly, dispersed, and annular flows, can have a
significant impact on the mass transfer and reaction kinetics within the system. Bubbly flow, for
example, can lead to large fluctuations in the concentration of pollutants and reduced mass
transfer efficiency, while dispersed flow can increase the overall surface area for mass transfer
and improve the reaction kinetics.

In the current literature, there are two main groups of studies on scrubbing systems used in
marine vessels: (i) those that focus on fundamental systems using pure reference gases as inputs
(SOx, NOx) and exclude the engines [11, 12], and (ii) those that directly examine the
neutralizing efficiency using engine testbeds or ongoing ships [13]. Group (i) has the advantage
of well controlling the input toxic components and catalyst types and concentrations, and it is
useful for developing models to describe emission formations. However, engine testbeds can
provide a more practical examination of the conditions. Although the multiphase flow
arrangements and liquid-gas interactions in wet scrubbers are known to directly affect the
exhaust treatment efficiency, there is a lack of studies on this topic.

This study focuses on particulate matter (PM) emission, and it is notable that some
terminologies are used to refer to this pollutant, including black carbon, soot, PM, VOC, PAHs,
AL, and smoke number. Black carbon is the non-volatile carbonaceous engine exhaust particles
that are associated with a complex mixture of organic compounds. The terms "black carbon™ and
"soot" are commonly used interchangeably in the technical community, however, their
phenomena are often inconsistent, sometimes meaning particulate, sometimes meaning a non-
volatile or insoluble particulate, and sometimes meaning just a carbonaceous fraction. The
following definition probably helps to clarify: soot, a main component of engine particles,
consists of black carbon (non-volatile) and volatile organic compounds (VOC) (including
primarily polycyclic aromatic hydrocarbons (PAHS) and aliphatic hydrocarbons (AL)).

The smoke number is a measure of the amount of soot or smoke emitted from diesel engines.
It is used to evaluate the level of particulate matter emissions from diesel engines, which can
have negative effects on air quality and human health. Smoke number measurements can be used
to assess the effectiveness of diesel engine emission control systems, such as diesel particulate
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filters (DPFs) or diesel oxidation catalysts (DOCs), in reducing particulate matter emissions.
Smoke number measurements are typically performed using a smoke meter, such as the testo-
308 used in this study. In this study, smoke number measurements were used to evaluate the
effectiveness of the scrubbing system designed to reduce soot emissions.

In this study, an experimental system was developed to investigate the exhaust gas treatment
efficiency of a wet scrubber system used in diesel engines. This feasibility study focuses on the
effectiveness of reducing smoke when utilizing the scrubber, and only fresh water was used in
this study. This is our initial attempt to investigate the influence of multiphase flow configuration
and the catalysts in a wet-scrubbing hybrid aftertreatment system on emission treatment
efficiency in the future.

2. Experiment description

The experiment was carried out on an engine testbed equipped with various measurement
tools. Engine load and speed were controlled using an electric brake (#4), as depicted in figure 1.
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Figure 1. Schematic of experiment system:

1. Diesel engine; 2. Driveshaft; 3. Encoder; 4. Electric brake; 5. Liquid resistor; 6. Controller;
7. Computer; 8. Exhaust analyser (Testo-308); 9. AVL-733S Fuel Balance;
10. Indication and control panel; 11. Connecting box; 12. Exhaust gas thermocouple;
13. Lubricant oil thermocouple; 14 & 15. Inlet and outlet cooling water thermocouples;
16. Radiator; 17. Wet scrubber.

Fuel consumption was measured using an AVL-733S Fuel Balance (#9). Engine torque and
speed were continuously recorded using a LabVIEW code. The wet scrubber (#17, as shown in
figure 1 and figure 2b) sprays water into the exhaust gas stream, which reacts with pollutants to
neutralize exhaust gases. Exhaust gases before and after passing through the wet scrubber were
monitored using an E-8500 Plus exhaust analyzer (#8) and a possible smoke tester (Testo-308) to
measure the smoke level. In this study, only the smoke number measured using the Testo-308
will be reported. The resulting measurements will be analyzed to evaluate the scrubber's
treatment efficiency. It should be noted that not all of the equipment shown in figure 1 may be
utilized in this feasibility study. The entire system is presented as a reference, showcasing its full
capacity for future investigations. Figure 2 displays a photo of the Testo-308 and a schematic of
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the wet scrubber that was developed in this study. Figure 2b illustrates the gas-liquid multiple
flow arrangement. The wet scrubber is a closed-loop system that neutralizes hot exhaust
containing toxic gases by interacting with the liquid flow through a process known as wet
scrubbing. Catalysts were not tested in these preliminary tests.
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a. Testo-308 b. Wet scrubber
Figure 2. Schematic of experiment system:
a. Testo-308; b. Configuration of the wet scrubber (item #17 shown in figure 1).

1. Liquid tank; 2. Drain plug; 3. Separated plate; 4. Filter; 5. Liquid level observation;
6. Liquid tube; 7. Cap; 8. Electric pump; 9. Liquid tube; 10. Connectors; 11. Injectors;
12. Reaction chamber; 13. Scrubber-engine exhaust pipe connector; 14. Filter.

The engine was tested at 1,500 rpm, 1,800 rpm, and 2,000 rpm of engine speed while varying
its torque from 15 to 30 N.m. A speed of 1,500 rpm is a typical operating condition for electric
generators. 1800 rpm is the rated speed of the engine tested. For this preliminary study, these
testing conditions are sufficient for our initial effort to examine the feasibility of the treatment
system. The conditions are summarized in table 1. For each measurement, the engine was
maintained under the stationary conditions listed in table 1, and the measurement was conducted
following the Testo-308 operating procedure. Each measurement was performed for a duration of
30-60 seconds during each stationary condition of the engine.

Table 1. Engine testing condition.

Modes | Speed (rpm) | Torque (N.m)
1 1,500 15, 20, 25 & 30
2 1,800 15, 20, 25 & 30
3 2,000 15, 20, 25 & 30

3. RESULTS AND DISCUSSION

Smoke levels were measured by the Testo-308 before and after the scrubber and were
analyzed to obtain the reduction fraction shown in figure 3 versus engine torque. The results
clearly indicate that the scrubber significantly decreases smoke levels across all engine
conditions investigated in this study, with a reduction fraction ranging from 35% to 50%. This
demonstrates the high smoke treatment efficiency of the scrubber. However, as engine torque
increases, the efficiency decreases significantly. This is expected because the exhaust flow rate
increases with engine torque. In this study, a constant liquid flow rate was used, which suggests
that the gas-to-liquid interaction decreases with engine torque. Therefore, adding a function to
adjust the scrubber’s liquid flow rate with torque may improve its smoke treatment efficiency,
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especially at high engine loading fractions. When considering the interaction between water and
soot in the scrubber, the wet scrubber's mechanism of impaction, coagulation, and capture
effectively eliminates soot particles from the engine exhaust. As the soot enters the scrubber,
which contains water, it gets rapidly cooled down and quenched. The water droplets serve as a
medium for capturing and collecting the soot particles present in the exhaust gas. Through
collisions, the water droplets cause the soot particles to adhere to their surfaces, a process known
as impaction. Additionally, the larger water droplets can facilitate coagulation or agglomeration
of the particles, resulting in their enlargement and enhanced capture efficiency.

This finding is in a good agreement with a previous report [14] that examined the use of a
condensational growth-assisted venturi scrubber for controlling soot particle emissions. Based on
experimental evidence, it is suggested in [14] that the adsorption of water molecules on the soot
surface overcomes the effects of hydrophobicity and line tension. This promotes the
condensation of water on the soot surface, resulting in a higher nucleation rate, even under low
supersaturation conditions.
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Figure 3. Smoke number versus engine torque.

Figure 4 shows the smoke reduction ratio versus engine speed, which was used to assess the
smoke treatment efficiency. The results demonstrate that engine speed has a significant impact
on treatment efficiency, with higher engine speeds resulting in lower efficiency. This can be
attributed to the increase in exhaust gas velocity with engine speed, which decreases the gas-to-
liquid interaction. This highlights the importance of gas-liquid interaction time in neutralizing
exhaust gas pollutants. Further investigations are necessary to examine the role of gas-liquid
interaction time for other exhaust concentrations, including HC, NOx, and CO..
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Figure 4. Smoke number versus engine speed.
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4. CONCLUSIONS

In this study, an experimental system was developed to investigate the efficiency of a wet-
scrubber system installed in a diesel engine in treating exhaust gases. The scrubber system sprays
water downward into the exhaust gas flow to decrease pollutant levels before releasing them into
the atmosphere. Smoke levels were monitored before and after the scrubber using a Testo-308
device to evaluate its treatment efficiency.

Our initial attempt is to investigate the influence of the multiphase flow configuration in a
wet-scrubbing hybrid aftertreatment system on emission formation from a diesel engine in the
future. The engine was tested at three speed conditions (1,500 rpm, 1,800 rpm, and 2,000 rpm,
respectively), while varying its torque from 15 to 30 N.m. The results show that under these
operating conditions, the smoke level after the scrubber decreased by up to 50%. Investigating
gas-to-liquid flow arrangements and/or catalysts in the scrubbing liquid could help improve
treatment efficiency. Therefore, further research in these topics may be useful.
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TOM TAT
Nghién ctru hig¢u qua ciia bd xir Iy khi thai Kiéu scrubber wét lip trén dong co diesel

Bai bdo nghién cizu danh gid hiéu sudt xir ly khi thai cho bg xu 1y khi thai kiéu
scrubber w6t dwoc ché tao dé trung hoa cdc chat gay o0 nhiém cia dong co diesel. H¢
thong scrubber va hé thong thit nghiém da dwoc thiét ké, ché tao va Iap dat d@é khao sat
hiéu qua xu Iy khi thai cua hé théng loc khi wot duoc ldp dat trong dong co diesel hang
ngng. Hé thong scrubber wét nay hoat déng bang cach phun nwée vao dong khi thai dé
trung hoa cdc chdr gdy é nhiém. Anh hwdng cia cau hinh dong chdy da pha trong hé
thong xir Iy kiéu scrubber wot doi voi sy hinh thanh khi thai la mot chii @é dwoc quan tam
nghién ciru trong linh viec phat thai trong do co dong co diesel. Nghién cuu nay danh gia
tinh kha thi cua thiét bi trong viéc gidam cdc loai khi thdi chinh nhuw NOx, khoi va HC. Bai
bdo nay trinh bay veé hiéu qua xi 1y khai tir dong co diesel khi sir dung bg scrubber. Pay la
né luc ban dau dé nghién ciru tong thé anh huéng ciia cach bo tri dong chdy da pha trong
hé théng dén hiéu qua cua viéc xit |y khi thai tir dong co Diesel trong déi Véi cac logi khi
thai. Pong co di dwoc thir nghiém & cac ché dg toc dé 1,500; 1,800 va 2,000 vong/phut,
dong thoi thay doi mé-men xodn tir 15 dén 30 N.m. Két qud cho thay, ¢ diéu kién vin hanh
nay, dg khéi sau bé xir |y Kni thdi giam téi 50%, HC. Piéu nay la do su twong tdc giita khi
thai va dong chdt léng bén trong thiét bi scrubber. Xin luu ¥ rang nghién ciru nay chi sir
dung nude ma chuwa danh gid tdc dong ciia cdc chat xiic tae dén viéc xit |y 6 nhiém. Vin dé
nay sé dig'c nghién ciru chi tiét trong twong lai.

Tir khoa: Khi thai dong co; Xt ly khi thai; Scrubber wot.
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