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Abstract: The allowable emission limit of sulfur oxides from ships was reduced to 0.1% in emission control areas and will be 

reduced to 0.5% in other areas from 2020. Many technologies have been developed for satisfying sulfur oxide emission limits. 

A wet scrubber device is being developed as the preferred technology. In this study, a small vertical wet scrubber was 

examined for high-speed small engines. The effects of the number and location of nozzles on cleaning water distribution and 

flow distance were investigated. Regarding the nozzle location, the cleaning water distributions and flow distances in the 

scrubber were better with horizontal nozzles than with vertical nozzles. Regarding the number of nozzles in the scrubber, six 

yielded the best results. 
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1. Introduction
Marine engines emit SOX, NOX, and particulates into the 

atmosphere during combustion, which not only pollutes the 

atmosphere but also endangers human health. According to 

the IMO’s MARPOL Annex VI [1]-[3] adopted in 2011, the 

upper limit of SOX emissions for marine vessels was reduced 

from 1% to 0.1% staring in 2015 for North America, the 

Baltic Sea, the North Sea, and the Caribbean Maritime Space, 

and the upper limit of SOX emission standards for ships will 

be reduced to 0.5% in global sea areas outside the emission 

control areas (ECAs). There are three main control measures 

for satisfying SOX limits: using low-sulfur oil, using low-

sulfur gas, and installing SOX scrubbers. B. Y. Yoo et al. 

assessed the cost of fuels used in a marine engine, and the 

results showed that liquefied natural gas is better than marine 

gas oil [4]. G. Belgiorna et al. investigated the effects of the 

compression ratio for a dual fuel engine [5]. I. Galarraga et al. 

applied a stochastic model and found that the remaining 

lifetime and sailing time in ECAs are the determinant factors 

for the installation of a scrubber rather than the switching fuel 

[6]. They reported that the installation of a waste gas scrubber 

is the most cost-effective method. To satisfy the relevant 

international regulations, many shipping lines and institutions 

have performed studies for improving the efficiency of dust 

removal and developing desulfurization for various scrubbers 

[7]-[18]. 

This study is based on the D4AK-C diesel engine, which has 

a small scrubber for a marine engine. The number and location 

of nozzles and the total flow rate of cleaning water were tested 

for the small vertical scrubber, and the best conditions were 

identified. 

2. Mathematical Model and Computational

Conditions 

2.1 Mathematical equations 

Computational fluid dynamics based on the following 

Navier–Stokes equations were used [15]-[18]. 

Continuous Equation 
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Here, U is the velocity vector, γ is the stress, SM is the momentum, 

T is temperature, δ is a unit matrix, ρ is the density, p is the 

pressure, h is the enthalpy, λ is the heat conduction ratio, v is the 

volume, u is the internal energy, and SE is the generated energy. 

The SST(Shear stress transport) model was used to calculate 

the turbulent flow. 

Turbulent Viscosity 
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Here, k is the turbulence kinetic energy, ω is the specific 

dissipation rate, ρ is the density, S is the strain rate magnitude, 

and a* is the compensation factor. 

2.2 Calculation Modeling 

2.2.1 Structure of scrubber 

The volume of the small vertical scrubber for a marine engine 

was 60 L. Fluid simulation was performed under four working 

velocities of the D4AK-C diesel engine. The exhaust gas was 

simulated using the vapor model with a gas–liquid ratio of 99:1. 

A three-dimensional (3D) view of the grids and a sectional view 

were obtained using NX 9.0, as shown in Figure 1 and Figure 

2, respectively. 

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

air outlet pipe (upper right), a water outlet pipe (down), and a 

washing room. Exhaust gas enters through the inlet pipe and 

exits via the outlet pipe, and the washing liquid is discharged to 

the water outlet pipe. 

Figure 1: 3D view and mesh view of the vertical scrubber 

Figure 2: Sectional view of the vertical scrubber 

2.3 Boundary conditions 
The specifications of the D4AK-C diesel engine are listed in 

Table 1. Rotational speeds of 700, 1,000, 1,300, and 1,600 rpm 

were used for the simulation, and the gas flow rates were 

calculated according to the working conditions. The exhaust gas 

velocities of the D4AK-C diesel engine and the corresponding 

exhaust gas flow rates are presented in Table 2. 

Mesh files were set up using ICEM CFD. The same number 

of mesh elements and nodes was generated to reduce the effect 

of the mesh on the calculation. The Volume Mesh was adopted, 

and the mesh type was Tetra/Mixed. The element size of the 

mesh was 0.009. The mesh number was maintained over 2 

million, and the final results remained good. 
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Table 1: Specifications of “D4AK-C” diesel engine 

Type Turbo diesel engine 
(D4AK-C) 

Cooling method Water cooler 
No.of cy 1.& 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 

Table 2: Gas flow rate and meshes 
Rotational speed (rpm) 700 1000 1300 1600 

Flow rate (Nm3/h) 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 

3. Calculation results and analysis

3.1 Nozzle location 

3.1.1 Calculation condition 

The first simulation was performed in two groups. The 

variable was the location of the two conical nozzles. For Group 

1, two horizontal nozzles were placed on the wall. For Group 2, 

there were two vertical nozzles: one on top of the wall and 

another at the bottom of the second baffle. The two scrubbers 

and the detailed specifications of the nozzles are shown in 

Figure 3 and Table 3. Exhaust gas entered the scrubber from 

the bottom-left pipe and was discharged from the top-right pipe. 

Cleaning water was sprayed from the pipe at the bottom. 

Figure 3: Horizontal nozzles (left) and vertical nozzles (right) 

Table 3: Specifications of nozzles 
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 

3.1.2 Calculation results 

The pressure drop is related to the power and efficiency of a 

diesel engine. A smaller pressure drop indicates a higher 

efficiency. The total pressure distribution of the scrubber with 

vertical and horizontal nozzles is shown in Figure 4 and Figure 

5, respectively. A comparison of the pressure drops is shown in 

Figure 6. According to Figure 4 and Figure 5, at a flow rate of 

70 Nm3/h, the inlet pressure of the scrubber with two horizontal 

nozzles was 25 Pa, and that of the scrubber with two vertical 

nozzles was 24 Pa. At a flow rate of 100 Nm3/h, the inlet 

pressure at the horizontal nozzles was 55 Pa, and that at the 

vertical nozzles was 54 Pa. At a flow rate of 130 Nm3/h, the 

inlet pressure of the scrubber with the horizontal nozzles was 95 

Pa, and that of the scrubber with the vertical nozzles was 96 Pa. 

At a flow rate of 160 Nm3/h, the inlet pressure at the horizontal 

nozzles was 148 Pa, and that at the vertical nozzles was 147 Pa. 

In every case, the outlet pressure was approximately 0 Pa. The 

pressure decreased from the inlet to the outlet. 

Figure 4: Pressure contours with two vertical nozzles 
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Figure 5: Pressure contours with two horizontal nozzles 

Figure 6: Comparison of the pressure drop 

In Figure 6, the red and blue histograms correspond to the 

scrubbers with two vertical nozzles and two horizontal nozzles, 

respectively. The pressure drop increased with the gas flow rate. 

The pressure drops for the two scrubbers were approximately 

the same at each flow rate. This indicates that the two nozzle 

configurations had little effect on the pressure drop. 

Additionally, the two scrubbers exhibited no significant 

differences with regard to power utilization. 

The flow distance is defined as the average streamline 

distance from the inlet to the outlet. A longer streamline 

distance indicates a longer mixing time of the exhaust gas and 

cleaning water. Figure 7 shows the streamline distance of the 

two scrubbers with different locations of nozzles. The 

streamline distance of the scrubber with the two horizontal 

nozzles was longer than that of the scrubber with the vertical 

nozzles at all the flow rates. The streamline distance increased 

with the flow rate up to 100 Nm3/h, decreased at a flow rate of 

130 Nm3/h, and increased again at 160 Nm3/h. The results 

indicate that the horizontal nozzles had a better washing effect 

than the vertical nozzles. 

Figure 7: Comparison of the streamline distance 

Figure 8: Streamline contours with vertical nozzles at a flow 

rate of 160 Nm3/h 

Figure 9: Streamline contours with horizontal nozzles at a flow 

rate of 160 Nm3/h 
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Figure 10: Water distribution with two vertical nozzles at a 

flow rate of 160 Nm3/h 

Figure 11: Water distribution with two horizontal nozzles at a 

flow rate of 160 Nm3/h 

The streamline contours of the two scrubbers at a flow rate of 

160 Nm3/h are shown in Figure 8 and Figure 9, respectively. 

The velocity of the gas increased from the inlet to the outlet. 

The outlet gas velocity increased with the flow rate. 

The water volume fraction distributions of the two scrubbers 

with vertical and horizontal nozzles at a flow rate of 160 Nm3/h 

are shown in Figure 10 and Figure 11, respectively. In the 

scrubber with vertical nozzles, the water was concentrated on 

the upper surface of the baffles at different flow rates, and there 

was no water at the bottom of the baffles. In the scrubber with 

horizontal nozzles, the water was well-distributed, filling the 

whole cavity, and the vapor was concentrated on the wall. The 

water distributions showed that the washing effect was better 

with the horizontal nozzles than with the vertical nozzles. 

3.2 Number of nozzles 

3.2.1 Calculation condition 

The simulation results showed that the small vertical scrubber 

with two horizontal nozzles has better performance than that 

with vertical nozzles. Next, for analyzing the effect of the 

number of nozzles, the total mass flow rate was kept constant at 

0.001 kg/s. The specifications of the nozzles and a sectional 

view are presented in Table 4 and Figure 12, respectively. 

Table 4: Specifications of nozzles 
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 

(a) Two nozzles         (b) Three nozzles 

(c) Four nozzles          (d) Five nozzles 

(e) Six nozzles     (f) Seven nozzles 

(g) Eight nozzles 

Figure 12: Scrubbers with different numbers of nozzles 
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3.2 2 Calculation results 

After analyzing the scrubber with different numbers of 

nozzles, the values of the pressure drop were determined, as 

shown in Table 5. 

Table 5: Pressure drop of scrubbers 
Number of 

nozzle
70 

(Nm3/h) 
100 

(Nm3/h) 
130 

(Nm3/h) 
160 

(Nm3/h) 
Two 24 Pa 54 Pa 96 Pa 148 Pa 

Three 24 Pa 54 Pa 96 Pa 148 Pa 
Four 24 Pa 54 Pa 96 Pa 147 Pa 
Five 24 Pa 55 Pa 95 Pa 147 Pa 
Six 24 Pa 55 Pa 96 Pa 147 Pa 

Seven 24 Pa 55 Pa 97 Pa 148 Pa 
Eight 24 Pa 55 Pa 96 Pa 148 Pa 

According to Table 5, at a flow rate of 70 Nm3/h, the 

pressure drop was 24 Pa in each case. At a flow rate of 100 

Nm3/h, the inlet pressure of the scrubbers with two, three, 

and four nozzles was 54 Pa, and that for five, six, seven, and 

eight nozzles was 55 Pa. At a flow rate of 130 Nm3/h, the 

inlet pressure with five nozzles was 95 Pa, that with seven 

nozzles was 97 Pa, and that in the other cases was 96 Pa. At 

a flow rate of 160 Nm3/h, the inlet pressure with two, three, 

seven, and eight nozzles was 148 Pa, and that with four, 

five, and six nozzles was 147 Pa. The results indicate that 

the inlet pressure hardly changed when the number of 

nozzles was increased and the total particle mass flow rate 

was kept constant. 

By analyzing the average flow distance, the streamline 

distributions of all the scrubbers were obtained, as shown in 

Figure 13. Here, the histograms of different colors indicate 

different gas flow rates. The streamline distance decreased 

with the increase of the number of nozzles up to four, 

increased from four to six nozzles, and decreased again from 

six to eight nozzles. Overall, the streamline distance was the 

longest for the scrubber with six horizontal nozzles, 

indicating that this scrubber had the longest mixing time of 

the cleaning water and exhaust gas. Additionally, the 

scrubber with six nozzles had the best washing effect. The 

streamline distributions are shown in Figure 14. The inlet 

velocities were approximately 17 m/s in each case. The 

highest outlet velocity (22 m/s) was achieved with five 

nozzles. The outlet velocities in the other cases were 

approximately 20 m/s. 

Figure 13: Length of the streamline with different numbers of 

horizontal nozzles 

Figure 14: Streamline contours at a flow rate of 160 Nm3/h 
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3.3 Detail analysis for optimal structure 
According to the foregoing discussion, the scrubber with six 

horizontal nozzles had the optimal inner structure. The water 

distributions, streamline contours, and pressure contours are 

shown in Figure 15, Figure 16, and Figure 17, respectively. 

Figure 15: Water distributions with six nozzles 

Figure 15 shows the water distribution for the scrubber 

with six horizontal nozzles. The water distribution was 

homogeneous at each flow rate. The chambers were full of 

water, and the water was concentrated on the walls and at 

the corners of the scrubber. 

Figure 16 shows that the velocity of the gas increased 

from the inlet to the outlet at each flow rate. At a flow rate 

of 70 Nm3/h, the inlet and outlet velocities were 

approximately 7 and 8 m/s, respectively. At a flow rate of 

100 Nm3/h, the inlet and outlet velocities were 11 and 13 

m/s, respectively. At a flow rate of 130 Nm3/h, the inlet and 

outlet velocities were 14 and 16 m/s, respectively. At a flow 

rate of 160 Nm3/h, the inlet and outlet velocities were 17 and 

20 m/s, respectively. 

Figure 16: Streamline contours with six nozzles 

Figure 17: Pressure contour with six nozzles 

Figure 17 shows that the outlet pressures were approximately 

0 Pa at each flow rate. At a flow rates of 70, 100, 130, and 160 

Nm3/h, the inlet pressure was approximately 25, 58, 97, and 147 

Pa, respectively. The pressure decreased from the inlet to the 

outlet, and the pressure drop increased with the flow rate. The 
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pressure was very high at the corners of the baffles and the 

bottom-right corner of the chamber. 

4. Conclusion
The effects of the number and location of nozzles in a 

vertical scrubber for small marine engines were investigated. 

Regarding the nozzle location, there were no significant 

differences of the pressure drop between scrubbers with 

horizontal nozzles and vertical nozzles. The vapor distributions 

in the scrubber with horizontal nozzles were better than those in 

the scrubber with vertical nozzles. The streamline distance in 

the scrubber with horizontal nozzles was longer than that in the 

scrubber with vertical nozzles. 

The number of nozzles in the scrubber was tested with 

horizontal nozzles. The pressure drops did not differ 

significantly for different numbers of nozzles, and the 

streamline distance was the longest for six nozzles. 

A detailed analysis was performed for the case of six nozzles. 

The pressure drop increased with the flow rate, a high pressure 

appeared in the corner between baffles, and the water was well-

distributed over the chamber. 
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