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Abstract

A new version of “Rules for the Prevention of Air Pollution Caused by 

Ships” published by International Maritime Organization (IMO) on January 

1, 2015. The regulation stipulated that the allowable emissions of sulphur 

oxides from ships in the Global Emission Control Area (ECA) was reduced 

from 1% to 0.1%, and the limitation on sulfur oxides in fuel oil used on 

board ships operating outside designated emission control areas will be 

reduced to 0.5%. Many technologies have been developed to meet the 

sulfur oxides limits by shipowners. Many types of devices are installed to 

reduce emission and to increase power efficiency, such as turbocharger, 

economizer, SCR, heat recovery system, catalytic converter, and scrubber 

etc. A turbocharger is a type of turbine-driven forced induction installation 

used to increase the power and efficiency of an internal combustion engine 

by intaking more air into the combustion chamber. SCR is a method for 

converting NOx into N2 and H2O in the presence of a catalyst. An exhaust 

heat recovery system is a technology that translates thermal losses in the 

exhaust pipeline into energy to save fuel and reduce CO2 emissions. 

Economizers are mechanical installations intended to reduce energy 

consumption or to preheat a fluid. A catalytic converter is a type of 

exhaust emission control device, and it is designed to convert toxic gases 

and pollutants into less toxic pollutants from the exhaust gas of an internal 

combustion engine by catalyzing a redox reaction. 
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Installing a marine exhaust gas scrubber is the best measure with the 

lowest cost and higher efficiency to convert NOX into N2. Through a series 

of chemical and physical reactions, scrubber can clean up SOX and 

particulates produced by diesel engines. Many researches have been put 

into different types of scrubbers. As one of the best measure, scrubber 

technologies have been developed and commercialized for low speed 

engines.

  In this research, it was discussed that the influence of two different 

types of scrubber structures on pressure drop and flow streamlines. 

Pressure drop is a target related to the efficiency and power of diesel 

engine, and the flow streamlines is a target related to the duration for 

which the exhaust gas and cleaning water are in contact. It was also 

discussed the influence of the nozzle location and quantity on the cleaning 

water distribution. The length and number of horizontal and vertical baffles, 

and the number and location of nozzles were calculated and analyzed. The 

optimal inner structure was found out after fluid analysis of the scrubber 

for small marine engine, which shows that an inner structure with a baffle 

length ratio of 0.6 with two baffles was considered optimal in the case of 

a horizontal scrubber, and a baffle length ratio of 0.7 with two baffles was 

considered optimal in the case of a vertical scrubber. The result shows that 

the horizontal location is better than the vertical location, and the case of 

the six nozzles has the best performance in analyzing the influence of the 

nozzle location and quantity.    

KEY WORDS: Scrubber, Baffle, Nozzle, Pressure drop, Streamline, Optimal structure
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Chapter 1 Introduction

1.1 Background

On January 1st, 2015, the International Maritime Organization (IMO) had 

officially implemented “The International Convention for the Prevention of 

Pollution From Ships” (MARPOL Annex V1). The conventional stipulation that 

the allowable emissions of sulphur oxides from ships in the Global Emission 

Control Area (ECA) will be reduced from 1% to 0.1%. 

Fig. 1 Map of emission control areas

Fig. 1 shows the area of ECA in the world [1]. So far, Denmark, Finland, 

the Netherlands, Sweden and Norway which are the countries in ECA had 

announced they would increase the SOX emissions monitoring and penalties 

soon. Denmark would detect SOX emissions from ships in the air through 

unmanned aerial vehicle sniffing technology and the installation of fixed 
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sniffer devices under the bridge to detect whether sulphur content has 

dropped from 1% to 0.1%, and would use the latest portable onboard 

measurement tools to increase the frequency of fuel sample collection and 

monitoring. The similar measurement were introduced in Finland, the 

Netherlands and other countries. 

This regulation forces ship operators to use all necessary measures to 

reduce sulphur oxide emissions. Marine fuels emit sulfur oxides, nitrogen 

oxides and particulates into the atmosphere during combustion, which will 

pollute the ecosystem. In 2011, according to the “MARPOL Annex VI” 

approved by IMO. It allowed ship operators to reduce pollutant emissions by 

changing fuel specifications, types, or using exhaust gas scrubbers. The 

agreement not only stipulated the limit maximum emissions of pollutants 

worldwide, but also imposed stricter standards on designated sea areas. 

According to Fig. 2, since 2015, in North America, the Baltic Sea, the North 

Sea and the Caribbean Sea, the upper limit of sulphur oxide emissions for 

marine vessels has been reduced from 1% to 0.1%. In all European waters 

except ECA, the upper limitation sulphur oxide emissions from ships will be 

reduced by 0.5% and further reduce to 0.1% by 2020, and the new criterion 

of 0.5% sulphur oxide emissions by 2020 or 2025 will come into effect 

globally. For most new ships, installing exhaust gas scrubbers would save a lot 

of money if they planned to sail for longer periods of time at ECA. A 1100 

TEU container ship fitted with an exhaust gas scrubber will be refunded for 

three years if it has been operating within the ECA.
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Fig. 2 The evaluation of global sulphur legislation

In order to reduce the sulfur oxide content in ship exhaust gas, many ship 

operators had taken action. Nowadays, there are three main measures to 

control the emission of sulfur oxides from ships. One is to use low sulfur oil, 

the other is to replace dual fuel engine for ships, and the third is to install 

exhaust gas scrubber. The use of low sulfur oil could also increase the cost 

of shipping operators, given that crude oil prices could rise sharply in the 

future. The installation of marine exhaust gas scrubber is the most economical 

and effective scheme in addition to the use of low sulfur oil. Exhaust gas 

scrubber can use seawater or fresh water to clean ship exhaust gas. The 

sulfur oxide is basically removed from the exhaust gas as well. This 

technology allows ship operators to continue using heavy oil instead of 

expensive light diesel. Solvang which is a ship company in Norway installed 

exhaust scrubbers for two liquefied natural gas (LNG) ships built by Hyundai 

Heavy Industries. Det Forenede Dampskibs Selskab (DFDS) which is a 

shipbuilder in Danmark installed exhaust scrubbers on twenty-one ships at a 

cost of about 140 million dollars in 2017. Carnival, which is a leading luxury 

cruise operator, announced in 2016 that it would invest 400 million dollars to 

install exhaust scrubber for seventy cruise ships. With the expansion and 

increase of ECA in the world and the imposing requirements for 
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environmental protection, the orders of many scrubber companies for ship 

scrubbers have increased dramatically. The market of ship exhaust gas 

scrubber may be entering a golden period of development. Wachelan recently 

announced that it had received an order for a total of ninety-four exhaust 

gas scrubber units for forty-five ships, involving new shipbuilding and 

conversion projects. Afalavat had recently signed a contract with Seif, the 

largest shipping company in the Netherlands, and to provide it with the 

world's largest marine exhaust gas scrubbers.

1.2 Performance of exhaust gas scrubber  

There are many technologies to reduce emissions, which are shown in   

Fig. 3. Installing an exhaust gas scrubber has high cost performance by 

comparing with other methods. The “MARPOL Annex” makes the market of 

ship exhaust gas scrubber flourish. However, some experts still questioned the 

installation of large and expensive scrubber equipment on the ship. The chief 

executive officer of Maersk Line, which is a shipping company, said in public 

that it might not make much sense to install such expensive and large 

equipment for container ships. He said that there were a number of reasons 

for his questioning, including the large area occupied by the exhaust scrubber, 

which was not cost-effective for container ships with high requirements for 

the utilization of cabin capacity. When a scrubber separates sulphur from the 

exhaust gas, the disposal of residue will also produce certain expenses and so 

on. These will significantly increase the cost of ship operators. 
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Fig. 3 Emission reduction technology for marine diesel engines 

The experts said it is better to install a exhaust gas scrubber in tankship 

than container. The space of container ship is limited. It is not suitable to 

install large scrubber, and the cost of refit is very high. By contrast, the 

tankship has much more room to install equipment. At the same time, the 

size of the ship is also the factor of installing exhaust scrubber. It is cheaper 

to install scrubbers on large ships. More factors need to be analyzed when 

install exhaust gas scrubber to operational ships than new ships. Types of 

ship, size, design and structure of ships should also be taken into account. In 

addition, the use time of ECA and the annual fuel consumption of ships 

should be considered in the selection of exhaust gas scrubber. To deal with 

the residue after washing, the EEC Shipowner Association recently called for 

further clarification of ship exhaust gas scrubber regulations. The association 

said the scrubber used seawater to remove sulfur oxides from ships and then 
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released sea water back into the sea, which could still cause damage to the 

environment. Therefore, the approval process of the product should be 

adjusted and reflected in IMO conventions. It is the regulatory uncertainty and 

possible processing costs that make Maersk Line, the European Container 

Company and other companies less motivated to install exhaust gas scrubbers 

or delay plans to install them.

However, installing an exhaust gas scrubber is a better choice in terms of 

cost and effectiveness, compared with other ways to control the sulphur oxide 

emissions in ships. Besides installing exhaust scrubber, ship operators can 

reduce sulfur oxide emissions by using light diesel or liquefied natural gas 

(LNG). At present, the price of conventional fuel used in navigation is about 

650 dollars per ton, while the price of light diesel oil is 1050 dollars per ton. 

There is an evidence that the cost of cargo transportation will rise by nearly 

30% by using a marine light diesel alternative to the Baltic spur line, and that 

the long-term use of low sulphur diesel may also cause damage to equipment 

such as engines. While it is technically feasible for ships to use LNG, the cost 

of construction or alteration is high. At the same time, the addition of LNG 

storage tanks will reduce the cargo loading space, and supply facilities are 

immature. These will greatly increase the cost of operators. The research 

showed that some of the exhaust gas scrubbers have experience of working 

for ten thousands of hours, and the effect of sulfur oxide removal is obvious. 

The device pumps water or fresh water or chemicals into the sea to remove 

sulphur oxide from turbine exhaust gas, as well as most of soot and 

particulate matter. Therefore, the installation of ship scrubber is still a 

relatively high cost performance program.
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1.3 Prospect of scrubber market 

There had been 30% or 40% of new ships installed with exhaust gas 

scrubber till 2016, which created a market of 10 billion euros. As shown in 

Fig. 2, the new rule on sulphur oxide emission of 0.5% by 2020 or 2025 will 

come into effect globally, even approach to 0.1% in some EU ports and 

America except ECA [1][2]. All strict rules will make the market of ship 

exhaust gas scrubber expand dramatically further. This huge market promotes 

the rapid development of ship scrubber technology, and many ship companies 

spare no effort in developing products, passing classification society 

certification, competing for orders, purchasing enterprises for resource 

integration, and so on. For example, GTM in Greece, Langh Shipping in 

Finland and other companies have passed classification society certification for 

their exhaust gas scrubbers, while Yala International Company is acquiring a 

63% stake in GTM, expanding its business scale in ECA. With the promotion 

and implementation of the “SOX Limitation Convention”, the market of 

exhaust gas scrubber will be flourish.
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Chapter 2 Investigation on the performance of baffles in a 

small scrubber 

2.1 Calculation methods and conditions

2.1.1 Structure of scrubber

Many equipments are installed in an internal combustion engine to reduce 

emissions and increase thermal efficiency. A turbocharger is a type of 

turbine-driven forced induction installation used to increase the power and 

thermal efficiency of an internal combustion engine by intaking more air into 

the combustion chamber [3]-[5]. SCR is a method for converting NOX into N2 

and H2O in the presence of a catalyst. It is widely used in diesel engines to 

reduce NOx. Kuroki et al. studied a type of commercial-scale indirect plasma 

and chemical hybrid system that was fifteen times more economical than the 

conventional SCR system [6]. An exhaust heat recovery system is a technology 

that translates thermal losses in the exhaust pipeline into energy to save fuel 

and reduce CO2 emissions. Kyriakidis et al. optimized a model of a waste heat 

recovery system for a two-stroke marine diesel engine [7]. Economizers are 

mechanical installations intended to reduce energy consumption or to preheat 

a fluid [8]. Acatalytic converter is a type of exhaust emission control device, 

and it is designed to convert toxic gases and pollutants into less toxic 

pollutants from the exhaust gas of an internal combustion engine by 

catalyzing a redox reaction [9]. A scrubber is an important installation in an 

internal combustion engine for reducing SOx emissions. Many studies on 

scrubbers have been conducted [10]-[13]. Bal et al. studied the fluid flow 

behavior and the effect of different parameters on pressure drop in a Venturi 

scrubber [8]. In this research, it is concerned with the influence of two 
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different types of scrubber structures on pressure drop and streamlines. 

Pressure drop is closely related to the power and efficiency of the engine, 

and the behavior of the flow streamlines is related to the duration for which 

the exhaust gas and cleaning water are in contact [14]-[17]. By using ANSYS 

to simulate the scrubber with horizontal and vertical baffles, respectively. The 

testing variables are the length, number, and the distance of baffles. 

According to the data of two groups of model, the optimal structure was 

discovered. under exhaust gas of 1000 Pa.

This siumlation was based on the actual size of marine scrubber tower and 

the working speed of diesel engine. The model was modeled by NX9.0 and 

use ANSYS CFX to do the fluent calculation. We found out the relation 

between pressure drop, streamline distance and the length of baffles, the 

number of baffles under four different velocities of exhaust gas. Two types 

of scrubber models were used in this simulation. Both volumes were 60 L. We 

calculated the velocities of ideal exhaust gas are 7.44 m/s, 10.62 m/s, 13.8 

m/s, and 16.98 m/s according to the flow rate generated by D4AK-C diesel 

engine. The diameter of inlet and outlet pipes are 100mm. Horizontal scrubber 

is 1000mm in length, 300mm in width and 200mm in height. Vertical scrubber 

is 400mm in length, 200mm in width and 750mm in height. The testing 

variables are the baffle length and number. The specification of two 

scrubbers are shown in Table 1, and Table 2.
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Number of baffle 0 2 4 6
Length of scrubber  

L1 [mm]
400

Length of baffle     

l1 [mm]

l1/L1 0.5 0.6 0.7 0.8

l1 [mm] 200 240 280 3200

Gap between baffles 

[mm]
92

Number of baffle 0 2 4 6

Length of scrubber  

L2 [mm]
1000

Length of baffle     

l2 [mm]

l2/L2 0.5 0.6 0.7 0.8

l2 [mm] 500 600 700 800

Gap between baffles 

[mm]
100

Table 1 Specifications of vertical scrubber

Table 2 Specifications of horizontal scrubber

Two types of scrubbers were used in the calculation. The volumes were 60 

L. The two-dimensional and three-dimensional patterns were set up by NX 

9.0. The sectional views are shown in Fig. 4 and Fig. 5. The 

three-dimensional views of horizontal scrubbers are shown in Fig. 6-Fig. 9, 

and the three-dimensional views of vertical scrubbers are shown in         

Fig. 10-Fig. 13. 
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Fig. 4 Sectional view of vertical scrubber

  

Fig. 5 Sectional view of horizontal scrubber



12

            

   Fig. 6 3D-view of vertical         Fig. 7 3D-view of vertical              

   scrubber with no baffle            scrubber at two baffles         

   Fig. 8 3D-view of vertical        Fig. 9 3D-view of vertical               

  scrubber at four baffles           scrubber at six baffles
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Fig. 10 3D-view of horizontal scrubber with no baffle

Fig. 11 3D-view of horizontal scrubber at two baffles

Fig. 12 3D-view of horizontal scrubber at four baffles

Fig. 13 3D-view of horizontal scrubber at six baffles



14

Engine speed [rpm] Flow rate [] Velocity [m/s]

700 70 7.44

1000 100 10.62
1300 130 13.8

1600 160 16.98

2.1.2 Calculation conditions

The test was simulated under four different flow rate generated by a diesel 

engine D4AK-C. This simulation considered the gravity. Here are the 

mathematical formulas, and the specifications of flow rate and velocities of 

exhaust gas are shown in Table 3. 

Table 3 Specifications of exhaust gas

Continuous Equation 




 ∇ ∙                                                        (1)

Momentum Equation




 ∇ ∙ ⊗  ∇  ∇ ∙                                   (2)

  ∇  ∇   

∇ ∙                                            (3)

Energy Equation




 ∇ ∙   ∇ ∙ ∇   ∇                               (4)

                                                                (5)  

U is velocity vector, γ is stress, SM is momentum, T is temperature, δis a 
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Item []
Empty 
[Pa]

Ratio0.5 
[Pa]

Ratio0.6 
[Pa]

Ratio0.7 
[Pa]

Ratio0.8 
[Pa]

Flow Rate-70 129 128 128 138 155

Flow Rate-100 259 254 257 276 321

Flow Rate-130 427 424 422 459 512

Flow Rate-160 637 629 625 679 760

unit matrix, ρ is density,  p is pressure, h is enthalpy, λ is heat conduction 

ratio, v is volume, u is internal energy and SE is the generated energy. SST 

(Shear Stress Transport) model is used to calculate turbulent flow.

The Turbulent Viscosity 

  



max 









                                                   (6)

The Blending Function

 max





                                                (7)  

  tanh 

                                                          (8)

k is turbulence kinetic energy,  is specific dissipation rate,  is density, S 

is the strain rate magnitude,  is compensation factor.

2.2 Analysis of scrubber with horizontal baffles

2.2.1 Analyzing baffle's lengths

After simulating scrubbers with two different length of baffles and empty 

one respectively. The simulation results are shown in Table 4, and Fig. 14. 

Table 4 Pressure drop of vertical scrubber with different length of baffles
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Fig. 14 Pressure drop of vertical scrubber with                            

  different length ratios of baffles

According to Fig. 14, with the increase of gas flow rate, the pressure drop 

increased with the increase of baffle length. At a flow rate of 70, with 

the increase of baffle length from 0 to ratio 0.8, There was no obvious 

change in pressure drop, which remained at 130Pa. At a flow rate of 100 

, the pressure drop of empty scrubber is 259Pa, and Pressure drop of 

scrubber with length ratio of 0.5 is 254Pa. Ratio 0.6 one is 257Pa. It indicated 

that with increase of baffle lengths, there was no obvious change in pressure 

drop. However, when the baffle length increased from ratio 0.7 to 0.8, the 

pressure drop increased from 276Pa and 321Pa as well. It indicated that the 

pressure drop had a low increase level with the increase of baffle length. At 

a flow rate of 130, with the increase of baffle length, The pressure 

drop of empty scrubbers, scrubber in ratio 0.5, and scrubber in ratio 0.6 had 

no significant change and maintained at about 425Pa. From ratio 0.6 to ratio 

0.8, Pressure drop emerged an increasing trend. At a flow rate of 160, 
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Item []
Empty 
[m]

Ratio0.5 
[m]

Ratio0.6 
[m]

Ratio0.7 
[m]

Ratio0.8 
[m]

Flow Rate-70 1.58 1.47 1.99 1.85 2

Flow Rate-100 1.11 1.41 1.9 1.74 1.7

Flow Rate-130 1.89 1.95 2.08 1.50 2.46

Flow Rate-160 1.44 1.35 1.97 1.62 2.57

the increase trend of pressure drop is same as in 130. There was no 

big difference from empty to ratio 0.6. The increase level was high from 

length ratio of 0.6 to 0.8. It could conclude that the baffle length should be 

less that ratio 0.6 when designing the small horizontal scrubber. After 

simulation by ANSYS, the streamline distance of scrubber with horizontal 

baffles are shown in Table 5, and Fig. 15.  

Fig. 15 Streamline distance of vertical scrubber with                   

different length ratios of baffles

Table 5 Length of streamline with different length ratios of baffles 
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Streamline distance indicates the mixing time of exhaust gas and cleaning 

water. The longer streamline distance is, the longer mixing time is. According 

to Fig. 15, at a flow rate of 70 , The streamline distance of ratio 0.8 

and ratio 0.6 were the largest and the second large. They were 2m and 1.99 

m long, respectively. The minimum streamline distance was ratio 0.5, which 

was 1.47m. At a flow rate of 100, the maximum streamline distance 

was length ratio 0.6, which was 1.9m. The minimum streamline distance was 

1.11 m at empty scrubber. At a flow rate of 130 , The maximum 

streamline distance was 2.46m at ratio 0.8. The minimum streamline distance 

was at ratio 0.7, which was 1.26m. When the flow rate is 160, the 

maximum streamline distance was 2.57m at ratio 0.8. Ratio 0.6 was the second 

large, and the minimum streamline distance was at ratio 0.5, which was 1.35 

m. After analysing streamline distance of four scrubbers under four different 

flow rates, it indicated that the difference of streamline distance among ratio 

0.6 were smaller, which meant they were more steady. Secondly, the 

streamline distances at ratio 0.6 were longer than other cases, only shorter 

than ratio 0.8. It indicated that at ratio 0.6, there was more time to mix the 

exhaust gas with washing liquid. It could concluded that the baffle length at 

ratio 0.6 were the optimal scheme when designing this small vertical scrubber 

for marine engines, in conjunction with the pressure drop and the streamline 

distance distribution. 

2.2.2 Analysing baffle's numbers

The above simulation proved that scrubber at ratio 0.6 was the optimal 

structure. The horizontal scrubber at baffle length ratio 0.6 was selected in 

this simulation. The variable was the baffle number, which was divided into 

four groups. The number of baffles in each group were 0, 2, 4 and 6, 

respectively. The pressure drop of horizontal scrubber with different numbers 
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Item []
Empty     
[Pa]

2-Baffles 
[Pa]

4-Baffles 
[Pa]

6-Baffles 
[Pa]

Flow Rate- 70 129 128 167 284

Flow Rate-100 259 257 336 567

Flow Rate-130 427 422 559 960

Flow Rate-160 637 625 835 1470

of baffle are shown in Table 6, and Fig. 16 after simulating by ANSYS.

Table 6 Pressure drop of vertical scrubber with different numbers of baffles

Fig. 16 Pressure drop of vertical scrubber with                         

different numbers of baffles
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Item []
Empty     
[m]

No.2      
[m]

No.4     
[m]

No.6     
[m]

Flow Rate- 70 1.58 1.99 2.1 1.87

Flow Rate-100 1.35 1.9 2.1 1.24

Flow Rate-130 1.89 2.08 1.61 1.67

Flow Rate-160 1.44 1.97 1.83 1.58

According to Table 6 and Fig. 16, at a flow rate of 70 , when the 

baffle number increased from 0 to 2. Pressure drop had no obvious change. 

the former was 129Pa, and the latter was 128Pa. When the number of baffles 

increased from 2 to 6, pressure drop increased from 128Pa to 284Pa. At a 

flow rate of 100, there was no change of pressure drop when the 

number of baffles increased from 0 to 2. When the number of baffles 

increased from 2 to 6, pressure drop increased from 257Pa to 567Pa. At a 

flow rate of 130, with the number increased from 0 to 2, there was no 

big change of pressure drop. The pressure drop increased from 422Pa to 960 

Pa with the baffle number increased from 2 to 6. At a flow rate of 160

, there was no big change of pressure drop when the baffle number 

increased from 0 to 2. The increase level was very obvious with baffle 

number increased from 2 to 6, and pressure drop increased from 625Pa to 

1470Pa. The result showed that with the increase of baffle number from 0 to 

2, pressure drop kept no obvious change under four different flow rates. The 

pressure drop increases at a high level with the baffle number increased from 

2 to 6. The number of baffles should be less than 2 when designing this type 

of scrubber. After simulating by ANSYS, the streamline distances are shown in 

Table 7, and Fig. 17. 

Table 7 Streamline distance of vertical scrubber with different numbers of 

baffles
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Fig. 17 Streamline distance of vertical scrubber with                   

different numbers of baffles

From Fig. 17 and Table 7, at a flow rate of 70, streamline distance 

of scrubber with 4 baffles was the longest, which was 2.1m. The second one 

was 2 baffles, which was 1.99m. The streamline distance of empty scrubber 

was the shortest, which was 1.58m. At a flow rate of 100 , the 

streamline distance of scrubber with 4 baffles was the longest, which was 2.1 

m. 2 baffles was the second. Scrubber with 6 baffles was the shortest, which 

was 1.24m. At a flow rate of 130, the streamline distance of scrubber 

with 2 baffles was the largest, which was 2.08m. Streamline of scrubber with 

4 baffles was the smallest, which was 1.61m. When the flow rate is 160 

, the longest streamline distance was 2 baffles, which is 1.97m. The 

empty scrubber was the smallest one, which was 1.44m. According to Fig. 18, 

the streamline distance at 2 baffles were the longest under different flow 

rates, which indicated it had the longest distance to mix exhaust gas and 
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cleaning water. Scrubber with 4 baffles are also in good performance. When 

designing this type of scrubber, baffle numbers should be designed in 2 or 4.

In conclusion, combining with the distributions of pressure drop and 

streamline distance, the optimal structure is 2 baffles and length ratio of 0.6.

2.3 The optimal structure

Fig. 18 Streamline distance of vertical                                   

scrubber at flow rate 70 []
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Fig. 19 Streamline distance of vertical                               

scrubber at flow rate 100 []

Fig. 20 Streamline distance of vertical                               

scrubber at flow rate 130 []
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Fig. 21 Streamline distance of vertical                               

scrubber at flow rate 160 []

Fig. 22 Pressure contour of vertical                                     

scrubber at flow rate 70 []
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Fig. 23 Pressure contour of vertical                                     

scrubber at flow rate 100 []

Fig. 24 Pressure contour of vertical                                     

scrubber at flow rate 130 []
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Fig. 25 Pressure contour of vertical                                     

scrubber at flow rate 160 []

The pressure drop and streamline distance of a scrubber with two horizontal 

baffles at baffle length rate of 0.6 are shown in Fig. 18-Fig. 25. Fig. 18 

showed that the velocity of gas increased from the inlet pipe to the outlet 

pipe. The inlet velocity was approximately 7m/s, and the outlet velocity was 

approximately 11m/s. Fig. 19 showed that the inlet velocity was approximately 

11m/s, and the outlet velocity was approximately 16m/s. Fig. 20 showed that 

the inlet velocity was approximately 13m/s, and the outlet velocity was 

approximately 18m/s. Fig. 21 showed that the inlet velocity was approximately 

17m/s, and the outlet velocity was approximately 23m/s. Fig. 22 showed that 

the inlet pressure was approximately 100Pa, and the outlet pressure was 

approximately 60Pa. The pressure decreased from the inlet to the outlet. The 

pressure of the lower right corner was more than 120Pa, which was the 

highest. Fig. 23 showed that the inlet pressure was approximately 193Pa, and 

the outlet pressure was approximately 110Pa. The pressure decreased from 

the inlet to the outlet. The pressure of the lower right corner was 
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Item []
Empty 
[Pa]

Ratio0.5 
[Pa]

Ratio0.6 
[Pa]

Ratio0.7 
[Pa]

Ratio0.8 
[Pa]

Flow Rate- 70 99 142 159 174 218

Flow Rate-100 203 284 320 353 442

Flow Rate-130 330 474 531 593 739

Flow Rate-160 497 713 799 886 1106

approximately 235Pa, which was the highest. Fig. 24 showed that the inlet 

pressure was approximately 310Pa, and the outlet pressure was approximately 

210Pa. The pressure decreased from the inlet to the outlet. The pressure of 

the lower right corner was approximately 380Pa, which was the highest. Fig. 

25 showed that the inlet pressure was approximately 468Pa, and the outlet 

pressure was approximately 315Pa. The pressure decreased from the inlet to 

the outlet. The pressure of the lower right corner was approximately 570Pa, 

which was the highest. 

2.4 Analysis of scrubber with vertical baffles

2.4.1 Analyzing baffle's length

By using ANSYS to simulate vertical baffle scrubber. The research method 

is in common with research in horizontal baffle. A pipe of five meters was 

installed in import and export, respectively, which will make the final results 

more accuracy. The variable was baffle length. Dividing them into five 

groups. The baffle length ratio is 0, 0.5, 0.6, 0.7, and 0.8 in each group. The 

distribution of pressure drop are shown in Table 8, and Fig. 26.

Table 8 Pressure drop of horizontal scrubber with different lengths of baffles
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Fig. 26 Pressure drop of horizontal scrubber with                    

different length ratios of baffles

From Table 8 and Fig. 26, at a flow rate of 70, pressure drop of 

empty scrubber was 99Pa, scrubber at baffle length ratio of 0.8 was 218Pa. 

The length of baffle increased from 0 to ratio 0.8, and pressure drop had a 

trend of slow growth. At a flow rate of 100, pressure drop increased 

from 203 Pa of empty scrubber to 442Pa of length ratio of 0.8. At a flow 

rate of 130. Pressure drop increased from 330Pa of empty scrubber to 

739Pa of scrubber with ratio 0.8. At a flow rate of 160. The pressure 

drop of empty scrubber was 497Pa, and the pressure drop of scrubber with 

ratio of 0.8 was 1106Pa. With the increase of baffle length from 0 to ratio 

0.8, the values of pressure drop showed an increasing trend. As a whole, 

under four different flow rates, when the baffle length increased from 0 to 

ratio 0.7, The pressure drop of the horizontal scrubber showed a slow 

increasing trend. When the baffle length increased from ratio 0.7 to ratio 0.8, 

the increasing trend is faster than before. In conclusion, it is better to make 

the baffle length ratio less than 0.7 when designing this kind of scrubber. 
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Item []
Empty   
[m]

Ratio0.
5 [m]

Ratio0.6 
[m]

Ratio0.7
[m]

Ratio0.8  
[m]

Flow Rate-70 1.21 1.23 1.09 1.71 1.78

Flow Rate-100 1.3 1.26 1.4 1.71 1.73

Flow Rate-130 1.02 1.27 1.28 1.8 1.82

Flow Rate-160 1.22 1.29 1.64 1.49 1.88

The streamline distance of vertical baffle are shown in Table 9, and Fig. 27. 

Table 9 Streamline distance of horizontal scrubber with different length ratios 

of baffles 

Fig. 27 Streamline distance of horizontal scrubber with               

different length ratios of baffles

From Table 9 and Fig. 27, at a flow rate of 70 , the scrubber with 

baffle length ratio of ratio 0.8 had the longest streamline distance, which was 

1.78m. Baffle length ratio of 0.7 was the second long. The minimum value is 
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the scrubber with baffle length ratio 0.6, which was 1.09m. When the flow 

rate is 100, the maximum streamline distance was baffle length ratio of 

0.8, which was 1.73m. The streamline distance of scrubber with length ratio 

of 0.7 was the second. The minimum value is scrubber with length ratio of 

0.5, which was 1.26m. At a flow rate of 130 , streamline distance of 

ratio 0.8 is the longest, which was 1.82m. Baffle length ratio of 0.7 was the 

second long, and the minimum value was the empty scrubber, which was 1.02 

m. At a flow rate of 160, the maximum streamline distance was 1.88m 

of scrubber with baffle length ratio 0.8, and the minimum value was 1.22m of 

the empty scrubber. It could conclude that under four different flow rates, 

the values of scrubber with baffle length ratio of 0.5, 0.7 and 0.8 are more 

stable than other cases, and the streamline distances of scrubber with baffle 

length ratio of 0.7, and 0.8 are longer, which indicated that the two baffle 

lengths can make the gas-liquid mixture time longer. However, the pressure 

drop of scrubber with length ratio of 0.8 was large, which will make it lower 

efficiency energy usage. By combing with the distribution of pressure drop, 

the results showed that the baffle length ratio of 0.7 is the optimal scheme. 

2.4.2 Analyzing baffle's number

It proved that baffle length of ratio 0.7 is the optimal scheme through the 

former simulation analysis. Baffle length ratio 0.7 was selected in this 

simulation test. The variable is the baffle number. We divided simulation test 

into four groups, the number of baffles in each group are 0, 2, 4, and 6, 

respectively. ANSYS were used for four groups of simulation tests. The 

pressure drop of scrubber with different numbers of vertical baffles are 

shown in Table 10, and Fig. 28. 
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Item []
Empty    
[Pa]

2-Baffles 
[Pa]

4-Baffles 
[Pa]

6-Baffles 
[Pa]

Flow Rate- 70 99 174 238 309

Flow Rate-100 203 353 479 630

Flow Rate-130 330 593 811 1070

Flow Rate-160 497 886 1209 1621

Table 10 Pressure drop of horizontal scrubber with different numbers of 

baffles

Fig. 28 Pressure drop of horizontal scrubber with                    

different numbers of baffles

From Table 10 and Fig. 28, at four different flow rates, when baffle length 

increases from 0 to 6, The pressure drop value of scrubber shows an 

increasing trend. The bigger flow rate it is, the higher increasing trend is. 

Pressure drop indicates power efficiency. Smaller pressure drop makes higher 
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Item []
Empty    
[m]

2-Baffles 
[m]

4-Baffles 
[m]

6-Baffles 
[m]

Flow Rate- 70 1.21 1.71 1.4 1.45

Flow Rate-100 1.3 1.71 1.65 1.19

Flow Rate-130 1.02 1.8 1.78 1.24

Flow Rate-160 1.22 1.49 1.8 1.04

power efficiency. When designing this type of scrubber, the baffle length 

should not be excessive. The streamline distance were calculated by ANSYS 

and were shown in Table 11 and Fig. 29. 

Table 11 Streamline distance of horizontal scrubber with different numbers of 

baffles

Fig. 29 Streamline distance of horizontal scrubber with               

different numbers of baffles
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It can be seen from Table 11 and Fig. 29, when the flow rate is 70, 

the maximum streamline distance is scrubber with 2 baffles, which is 1.71m. 

Scrubber with 6 baffles is the second, which is 1.45m. Scrubber with 4 baffles 

is 1.4m. The minimum streamline distance is the empty scrubber, which is 

1.21m. When the flow rate is 100, the maximum streamline distance is 

scrubber with 2 baffles, which is 1.71m. the streamline distance of scrubber 

with 4 baffles is the second, which is 1.65m. scrubber with 6 baffles is the 

smallest, which is 1.19m. When the flow rate is 130, streamline distance 

with 2 baffles is maximum, which is 1.8m. Scrubber with 4 baffles is the 

second, which is 1.78m. The empty scrubber is the minimum, which is 1.02m. 

When the flow rate is 160 , streamline distance of scrubber with 4 

baffles is the maximum, which is 1.8m. Scrubber with 6 baffles is the 

smallest, which is 1.04m. It can be seen that the streamline distance of 

scrubber with 2 and 4 baffles are longer and more stable than other cases. It 

shows that the scrubber has better washing effect when the streamline 

distance is longer. Combining with the diagram of pressure drop, It can 

conclude that when designing this type of scrubber, the baffle length of ratio 

0.7 and 2 baffles was the optimal scheme. 
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Chapter 3 Investigation on the performance of sprays in a 

small scrubber for marine engines

3.1 Mathematical model and conditions

3.1.1 Structure of scrubbers

According to the “The International Convention for the Prevention of 

Pollution From Ships” published by International Maritime Organization (IMO) 

on January 1st, 2015. The convention stipulated that the allowable emissions 

of sulphur oxides from ships in the Global Emission Control Area (ECA) will 

be reduced from 1% to 0.1%. As a result, ship operators must take measures 

to reduce sulfur oxide emissions. Installing marine exhaust scrubber is the best 

measure with the lowest cost and higher efficiency. Through a series of 

chemical and physical reactions, Scrubber can wash out and remove the main 

pollutant, such as NOX, SOX and particulates produced by diesel engines. In 

this research, a kind of scrubber for small marine engine was simulated and 

analyzed two important parameters (inlet pressure and streamline). The 

influence of the nozzle location and number on the washing effect and power 

utilization efficiency was discussed. The optimal inner structure was found out 

after fluid analysis of the scrubber for small marine engine. 

Marine fuel drops SOX, NOX and particulates into the atmosphere during 

combustion, which not only pollutes the atmosphere, but also endangers 

human health. According to the MARPOL Annex VI [18]-[20] adopted in 2011, 

from 2015, in North America, the Baltic Sea, the North Sea and the 

Caribbean Maritime Space, reducing the upper limit of SOX emissions for 

marine vessels from 1% to 0.1%, and the upper limit of SOX emission 

standards for ships will be reduced to 0.5% in all European sea areas except 
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ECA. The emission standard for SOX will be further reduced to 0.1% by 2020, 

and the new regulation of 0.5% SOX emissions by 2020 or 2025 will come into 

effect globally. There are three main control measures for marine SOX 

emission including using low sulfur oil, replacing the dual fuel engine and 

installing the exhaust gas scrubber. Liang et al testified the 

n-tetradecane-toluene mechanism including 30% mass fraction toluene is most 

suitable as asurrogate fuel for a marine diesel engine [21]. Byeong-Yong Yoo 

assessed the cost competition of liquefied nature gas (LNG) is better than 

marine gas oil (MGO) as a marine fuel [22]. Belgiorna et al investigated the 

single effects of the compression ratio and of the main engine calibration 

parameters after updated the combustion architecture of dual fuel engine [23]. 

Installation of waste gas scrubber is the most cost-effective method. Galarraga 

et al applied a stochastic model to found that the remaining lifetime and 

sailng time in ECAs of vessels are the determinant factors to install a 

scrubber rather than switching fuel [24]. In order to accompany the 

requirements of relevant international regulations, many shipping lines and 

institutions are researching how to improve the efficiency of dust removal and 

desulfurization technology of various types of scrubbers [25]-[32].   

This research based on D4AK-C diesel engine, which investigated on two 

phases flow of the effects of nozzles on the flow performance. The 3D-view 

modeling was set up by NX 9.0 and the fluid simulation of scrubber was 

carried out by ANSYS. By changing the position and quantity of nozzles inside 

the scrubber and controlling the total flow rate of washing liquid, it found out 

the relations among pressure drop and streamline with power efficiency and 

washing effect of the scrubber under four engine working velocities. It 

concluded the optimal inner structure of the small scrubber for marine engine 

after simulation and analysis. 
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Volume of the small scrubber for marine engine is 60L, 1000mm in length, 

300mm in width and 200mm in height. Fluid simulation was carried out under 

four working velocities of D4AK-C diesel engine. The simulated exhaust gas is 

Vapor Model with a gas-liquid ratio of 99:1. The nozzle radius is 5mm, the 

injection angle is 60° and the total particle mass flow rate is 0.001 kg/s. All 

the two-dimensional views and three-dimensional views are drew by NX 9.0. 

The sectional view, 3D-view and mesh view of the small scrubber for marine 

engine are shown in Fig. 30, Fig. 31 and Fig. 32. 

Fig. 30 Sectional view of vertical scrubber
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Fig. 31 3D-view of vertical scrubber

Fig. 32 Mesh view of vertical scrubber
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Type
Turbo diesel engine           

(D4AK-C)
Cooling method Water cooler

No.of cy1.& arrangement 4-IN line

Valve mechanism Overhead valve
Combustion chamber type Direct injection

Bore×stroke 100mm×105mm
Total piston displacement 3298cc

Compression ratio 16:1
Rated output(KSR 1004) 80/2400(ps/rpm)

NO-load minimum Speed 700-750rpm

NO-load Maximum Speed 2640±20rpm
Firing order 1-3-4-2

Injection timing 16°±1°BTDC

The scrubber is divided into air inlet pipe (down left side), air outlet pipe 

(upper right side), water outlet pipe (down side) and washing room. Exhaust 

gas enters from inlet pipe and out from the outlet pipe; the washing liquid 

falls down after washing progress in virtue of gravity and is discharged from 

the water outlet pipe. 

3.1.2 Boundary conditions

The exhaust gas is exported from D4AK-C diesel engine. The parameters of 

D4AK-C diesel engine are shown in Table 12. The working velocities of 

D4AK-C diesel engine and the corresponding exhaust gas flow rates and 

velocities are shown in Table 13.

Table 12 Specifications of “D4AK-C” diesel engine
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Engine Speed 
(rpm)

700 1000 1300 1600

Flow rate       
  ()

70 100 130 160

Inlet speed     
(m/s)

7.44 10.62 13.8 16.98

Number of 
mesh

1229282

Number of   
node

208258

Number of 
nozzle

2 Length (mm) 240

Table 13 Engine speed and gas flow rate

Mesh files were set up by ICEM CFD. The mesh elements and nodes were 

generated as the same number in order to reduce the mesh effect on 

calculation. Volume Mesh was adopted, and the mesh type was Tetra/Mixed. 

The unit of mesh was 0.009. It kept mesh number more than two million and 

remained good performance of final results. The total mesh elements were 

1229282, the total nodes were 208258. Using ANSYS to simulate and calculate 

after grid division. It kept residual target in 1.0E-0.6. The simulation results 

were arithmetic means due to the turbulent flow.

3.2 Simulation and calculation results

3.2.1 Calculation conditions

The simulation was carried out in two groups. The variable is the position 

of nozzle. It took two conical nozzles, the nozzle radius was 5mm, and the 

injection velocity was 15m/s. Fixing the injection angle in 60 degrees. and 

total particle mass flow rate in 0.001kg/s. The first simulation model put the 

two nozzles on the wall horizontally. The second model places the two nozzles 

on the top of wall and front of one baffle vertically. The specification of 
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Type Full cone

Injection velocity (m/s) 15

Cone angle (°) 60°

Particle diameter (µm) 5

Total mass flow rate (kg/s) 0.001

Number of nozzles
Horizontal

2
Vertical

nozzles is shown in Table 14, the two groups of models are shown in Fig. 33

and Fig. 34, respectively. Exhaust gas get into scrubber from the down left 

pipe, and get out from the up right pipeline. Washing liquid dropped out from 

the pipeline on the bottom. It took water as washing liquid of the analog 

simulation.

Table 14 Specifications of nozzles in research of nozzle location  

                                                               

Fig. 33 Distribution of horizontal nozzles 
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Fig. 34 Distribution of vertical nozzles 

3.2.2 Analysing locations of nozzles

Pressure drop features the power utilization efficiency of diesel engines. 

The lower inlet pressure is, the higher power utilization is. Pressure 

distribution of scrubber with vertical and horizontal nozzles are show from 

Fig. 35 to Fig. 42. Histogram of inlet pressures are shown in Fig. 43. At a 

flow rate of 70, the inlet pressure of scrubber with horizontal nozzles 

was 25Pa, scrubber with vertical nozzles was 24Pa. At a flow rate of 100 

, scrubber with horizontal nozzles was 55Pa, and scrubber with vertical 

nozzles was 54Pa. At a flow rate of 130, the pressure drop of scrubber 

with horizontal nozzles was 95Pa, scrubber with vertical nozzles was 96Pa. At 

a flow rate of 160, scrubber with horizontal nozzles was 148Pa, and 

scrubber with vertical nozzles was 147Pa.  
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Fig. 35 Pressure contour of vertical nozzles at flow rate 70 []

Fig. 36 Pressure contour of vertical nozzles at flow rate 100 []
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Fig 37 Pressure contour of vertical nozzles at flow rate 130 []

Fig. 38 Pressure contour of vertical nozzles at flow rate 160 []
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Fig. 39 Pressure contour of horizontal nozzles at flow rate 70 []

Fig. 40 Pressure contour of horizontal nozzles at flow rate 100 []
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Fig. 41 Pressure contour of horizontal nozzles at flow rate 130 []

Fig. 42 Pressure contour of horizontal nozzles at flow rate 160 []
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Fig. 43 Comparison of pressure drop

As shown in Fig. 43, the red histogram indicated scrubber with vertical 

nozzles, and the blue one represented scrubber with horizontal nozzles. 

According to Fig. 43, the inlet pressure increased with the growth of gas flow 

rate, and the inlet pressure of two scrubbers was approximately same at each 

flow rate. It indicated that there is little effect on inlet pressure of these two 

schemes. The power utilization of these two cases were no apparent different.

   Fig. 44 Comparison of streamline distance
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Fig. 45 Streamline distance of vertical nozzles at flow rate 70 [] 

Fig. 46 Streamline distance of vertical nozzles at flow rate 100 []
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Fig. 47 Streamline distance of vertical nozzles at flow rate 130 []

Fig. 48 Streamline distance of vertical nozzles at flow rate 160 []
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Fig. 49 Streamline distance of horizontal nozzles at flow rate 70 []

Fig. 50 Streamline distance of horizontal nozzles at flow rate 100 []
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Fig. 51 Streamline distance of horizontal nozzles at flow rate 130 []

Fig. 52 Streamline distance of horizontal nozzles at flow rate 160 []
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Streamline distance is a fact to measure washing effect. The larger 

streamline distance indicates the longer mixing time of exhaust gas and 

detergent. Fig. 44 was a diagram of scrubbers with different direction of 

nozzles. The blue histogram represented scrubber with horizontal nozzles, and 

the red one was vertical nozzles. At a flow rate of 70, Streamline of 

horizontal nozzles was 2.45m, and streamline of vertical nozzles was 2.25m. At 

a flow rate of 100, streamline of horizontal nozzles was 2.6m, and the 

value of vertical nozzle was 2.48m. At a flow rate of 130 , streamline 

values of horizontal and vertical nozzles scrubber were 2.52m and 2.38m, 

respectively. At a flow rate of 160, streamline of horizontal nozzle was 

2.63m, and the vertical one was 2.49m. According to Fig. 44, streamline 

distance of the scrubber with horizontal nozzles are higher than that of 

vertical nozzles under four flow rates. It could conclude that to install nozzles 

horizontally has a better washing effect comparing with vertical one. 

Streamlines distribution of these two scrubbers are shown from Fig. 45 to Fig. 

52.

Fig. 53 Water distribution of vertical nozzles at flow rate 70 []
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Fig. 54 Water distribution of vertical nozzles at flow rate 100 []

Fig. 55 Water distribution of vertical nozzles at flow rate 130 []
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Fig. 56 Water distribution of vertical nozzles at flow rate 160 []

Fig. 57 Water distribution of horizontal nozzles at flow rate 70 []
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Fig. 58 Water distribution of horizontal nozzles at flow rate 100 []

Fig. 59 Water distribution of horizontal nozzles at flow rate 130 []
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Fig. 60 Water distribution of horizontal nozzles at flow rate 160 []

The water volume fraction distributions of two scrubbers are shown in   

Fig. 53-Fig. 60. Fig. 53-Fig. 56 were the scrubbers with vertical nozzles, and 

Fig. 57-Fig. 60 were the scrubbers with horizontal nozzles. Under four gas 

flow rates, water in the scrubbers with vertical nozzles was concentrated on 

the upper surface of baffles, but there was no washing liquid on the bottom 

space of baffles. Water in the scrubbers with horizontal nozzles was 

well-distributed, which filled with water in the whole cavity, and vapor 

distribution was more concentrated on the wall. It concluded that the washing 

effect was better on horizontal nozzles than vertical nozzles. 

3.2.3 Analyzing numbers of nozzles

According to the first simulation results, small scrubber for marine engine 

with volume of 60L, streamline was larger of horizontal nozzles than vertical 

one. Vapor distribution has a better performance of horizontal nozzles. There 

was no big difference between two schemes. Variable was nozzle number in 

the second group of analog simulation. Employing conical nozzle with radius of 
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Type Full cone

Injection velocity (m/s) 15
Cone angle (°) 60°

Particle diameter (µm) 5
Total mass flow rate   (kg/s) 0.001

Number of nozzles 2 3 4 5 6 7 8

5mm horizontally. Fixing the spray angle in 60°, and total particle mass flow 

rate in 0.001kg/s. From two to eight nozzles were installed in seven scrubbers, 

respectively. The specifications of nozzles are shown in Table 15. The 

distributions of nozzles are shown in Fig. 61-Fig. 67.

Table 15 Specifications of nozzles in research of nozzle number 

Fig. 61 Distribution of two horizontal nozzles



57

Fig. 62 Distribution of three horizontal nozzles

Fig. 63 Distribution of four horizontal nozzles
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Fig. 64 Distribution of five horizontal nozzles

Fig. 65 Distribution of six horizontal nozzles
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Fig. 66 Distribution of seven horizontal nozzles

Fig. 67 Distribution of eight horizontal nozzles
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70          
[]

100         
[]

130         
[]

160         
[]

2-nozzles 24Pa 54Pa 96Pa 148Pa

3-nozzles 24Pa 54Pa 96Pa 148Pa
4-nozzles 24Pa 54Pa 96Pa 147Pa

5-nozzles 24Pa 55Pa 95Pa 147Pa

6-nozzles 24Pa 55Pa 96Pa 147Pa
7-nozzles 24Pa 55Pa 97Pa 148Pa

8-nozzles 24Pa 55Pa 96Pa 148Pa

After analysing scrubber with different number of nozzles, it got the values 

about inlet pressure, which is shown in Table 16.

Table 16 Pressure drop of scrubber with different number of nozzles 

According to Table 16, at a flow rate of 70, the inlet pressure values 

of scrubbers were all 24Pa. At a flow rate of 100, the inlet pressure of 

scrubbers with 2, 3, and 4 nozzles were 54Pa, scrubber with 5, 6, 7 and 8 

were 55Pa. At a flow rate of 130, the inlet pressure of scrubbers with 

2, 3, 4, 6, 8 were 96Pa. The value of scrubber with 5 nozzles was 95Pa. The 

value of scrubber with 7 nozzles were 9 Pa. At a flow rate of 160, the 

inlet pressure of scrubber with 2, 3, 7, 8 nozzles were 148Pa. The value of 

scrubber with 4, 5, 6 nozzles were 147Pa. It is indicated that there was little 

change on pressure drop when enhancing the number of nozzles and keeping 

total particle mass flow rate in constant. The power utilization was similar of 

scrubbers with different numbers of nozzles.
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Fig. 68 Streamline distance with different numbers of horizontal nozzles

Fig. 69 Streamline distribution of two horizontal                              

   nozzles at flow rate 160 []
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Fig. 70 Streamline distribution of three horizontal                           

nozzles at flow rate 160 []

Fig. 71 Streamline distribution of four horizontal                       

nozzles at flow rate 160 []
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Fig. 72 Streamline distribution of five horizontal                       

nozzles at flow rate 160 []

Fig. 73 Streamline distribution of six horizontal                        

nozzles at flow rate 160 []
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Fig. 74 Streamline distribution of seven horizontal                      

nozzles at flow rate 160 []

Fig. 75 Streamline distribution of eight horizontal                      

nozzles at flow rate 160 []
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By analyzing the average flow distance, the streamline distribution of all 

scrubbers was obtained as shown in Fig. 68. According to Fig. 68, histograms 

in different colours indicated different gas flow rates. The streamline distance 

was not much dependent on the flow rate. The streamline distance decreased 

with number of nozzle increased until 4, and then increased until 4 nozzles, 

the streamline distance decreased from 6 nozzles to 8 nozzles. On the whole, 

the streamline distance of scrubber with 6 horizontal nozzles was the longest, 

which indicated that scrubber with 6 horizontal nozzles has the longest mixing 

time of water and exhaust gas. It had the best washing effect under flow 

rates. Here are the streamline distribution shown in Fig. 69-Fig. 75.

3.2.4 The optimal structure  

According to the former discussion, the scrubber with 6 horizontal nozzles 

were found to be the optimal inner structure. Here are the distributions of 

water shown in Fig. 76-Fig. 79. 

Fig. 76 Water distribution of six horizontal nozzles at flow rate 70 []
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Fig. 77 Water distribution of six horizontal nozzles at flow rate 100 []

Fig. 78 Water distribution of six horizontal nozzles at flow rate 130 []
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Fig. 79 Water distribution of six horizontal nozzles at flow rate 160 []

Fig. 76-Fig. 79 showed the water distribution in scrubber with 6 horizontal 

nozzles. Water distribution was homogeneous under four flow rates. The 

chambers were full of water, and water was concentrate on the walls and 

corners of scrubbers. 

Fig. 80 Temperature of six horizontal nozzles at flow rate 70 []
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Fig. 81 Temperature of six horizontal nozzles at flow rate 100 []

Fig. 82 Temperature of six horizontal nozzles at flow rate 130 []
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Fig. 83 Temperature of six horizontal nozzles at flow rate 160 []

Fig. 80-Fig. 83 showed the inlet temperature of scrubber under four flow 

rates was about 300℃, the outlet temperature at 70 was about 285℃, the 

outlet temperature at 100 was about 286℃, the outlet temperature at 130

 was about 290℃, the outlet temperature at 160 was about 286℃.

Fig. 80 -Fig. 83 showed the temperature of gas was high around the inlet 

pipe, and kept low level around the upper baffle. There was no big 

difference in temperature between inlet pipe and outlet pipe.  
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Fig. 84 Streamline of six horizontal nozzles at flow rate 70 []

Fig. 85 Streamline of six horizontal nozzles at flow rate 100 []
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Fig. 86 Streamline of six horizontal nozzles at flow rate 130 []

Fig. 87 Streamline of six horizontal nozzles at flow rate 160 []
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Fig. 84-Fig. 87 showed that the velocity of gas increases from the inlet to 

the outlet. The inlet velocity at 70 was about 7m/s, the outlet velocity 

at 70 was about 8m/s. The inlet and outlet velocities at 100 were 

11m/s and 13m/s, respectively. At a flow rate of 130 , the inlet velocity 

was 14m/s, and the outlet velocity was 16m/s. At a flow rate of 160, 

the inlet and outlet velocities were 17m/s and 20m/s, respectively. 

Fig. 88-Fig. 91 showed the inlet pressure was about 25Pa at 70, and 

the outlet pressure was about 0Pa. At a flow rate of 100, the inlet 

pressure was about 58Pa, and the outlet pressure was about 0Pa. At a flow 

rate of 130, the inlet pressure was 97Pa, and the outlet pressure was 

about 1Pa. At a flow rate of 160, the inlet pressure was 147Pa, and 

the outlet pressure was about 1Pa. Pressure decreased from the inlet to the 

outlet. Pressure was very high at the corners of baffles and the lower right 

corner.

Fig. 88 Pressure contour of six horizontal nozzles at flow rate 70 []
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Fig. 89 Pressure contour of six horizontal nozzles at flow rate 100 []

Fig. 90 Pressure contour of six horizontal nozzles at flow rate 130 []
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  Fig. 91 Pressure contour of six horizontal nozzles at flow rate 160 []

Fig. 92 Vapor contour of six horizontal nozzles at flow rate 70 []



75

Fig. 93 Vapor contour of six horizontal nozzles at flow rate 100 []

Fig 94 Vapor contour of six horizontal nozzles at flow rate 130 []
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Fig. 95 Vapor contour of six horizontal nozzles at flow rate 160 []

Fig. 92-Fig. 95 showed the vapor distribution in scrubber with six horizontal 

nozzles. The inlet vapor under four different flow rates were all 1%. The 

outlet vapor at 70 was 1.9%, and was 1.8% at a flow rate of 100 

. The outlet vapor at 130 and 160 was 1.6% and 1.7%, 

respectively. The upper chambers of scrubbers were full of vapor, and the 

lower chambers had low level.
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Chapter 4 Conclusion

The thesis based on D4AK-C diesel engine and investigated two types of 

scrubber for marine engines. Both volumes of scrubbers are in 60L. In the 

first research, it took single phase flow and discussed the influence of baffle 

lengths and numbers of a horizontal scrubber and a vertical scrubber on 

washing effect and power efficiency. The second research was conducted in 

two-phase flow to discuss the influence of nozzles locations and numbers on a 

horizontal scrubber for small marine engines. 

In the case for discussing the influence of baffle length and number, it can 

concluded that:

For a horizontal scrubber with volume of 60L, length of 400mm, width of 

200mm and height of 750mm, the optimal scheme was baffle length 240mm 

and 2 baffles. This structure made the pressure drop of scrubber smaller, 

which meant higher energy utilization. Also with higher streamline values, 

making the washing effect better. 

For a vertical scrubber with volume of 60L, length of 1000mm, width of 

300mm and height of 200mm, the optimal scheme was baffle length 210mm 

and 2 baffles. This structure made the pressure drop smaller and streamline 

values higher, which made the higher energy utilization and better washing 

effect. 

In the case for discussing the influence of nozzle location and number, it 

can concluded that:

There was no big difference of pressure drop in each case, which indicated 

that scrubber with horizontal nozzles and vertical nozzles had the same power 

utilization. The vapor distributions in the scrubbers with horizontal nozzles 

were more uniform than those in the scrubbers with vertical nozzles. The 
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length of streamline in the scrubbers with horizontal nozzles were longer than 

that in the scrubbers with vertical nozzles. The pressure drop remained the 

same value at each flow rate approximately. There was no link with pressure 

drop and number of nozzles. With the increase of nozzle numbers, the length 

of streamline decreased until 4 nozzles, and then increased until 6 nozzles, 

and decreased from 6 to 8 nozzles finally. The scrubber with 6 horizontal 

nozzles has the longest length of streamline, which had the best washing 

effect.
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