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Abstract 
This paper reports on a numerical simulation of the heat and mass transfer process 
occurring in a seawater scrubber for marine application. The aim of the work is to 
make a comparison with the results obtained from a previous simple model, where 
the liquid flow was modeled as a plug flow (the injection angle was neglected and 
all the droplets were assumed to be identical). A DPM (Discrete Phase Model) has 
been chosen for this case, where droplets trajectory, velocity and temperature is 
calculated as first step of the CFD simulation. A real scrubber prototype has been 
simulated. 
Preliminary results of the CFD model are presented in terms of temperature 
distributions for diluted and condensed phases, as well as of distributions of size 
and residence time of the droplets.  
 
Seawater scrubbing of SO2 
SOx pollution from marine diesel engines represents a serious problem which has 
been faced by international regulations. At present, using low sulfur content fuels is 
preferred to flue gas scrubbing applications for economic reasons. However, the 
increasing cost of fossil fuels and the stricter emission limits under consideration 
for marine engines have renewed the interest in developing specific scrubbing 
systems, and perspectives of a larger diffusion of SOx scrubbers is growing up. 
Flue gas desulfurization (FGD) is typically performed in wet scrubbers, where the 
absorption medium is a water slurry containing fine particles of limestone or other 
alkaline species. In this way, the SOx absorption rate is enhanced by reaction with 
dissolved particles, which provide a continuous alkaline reagent supply. However, 
it has been suggested that in areas close to the sea scrubbing by seawater is an 
economically attractive option, since scrubbing performance relies on seawater 
natural alkalinity. The advantages of using seawater involve a simple plant design, 
no addition of chemicals and no solid by-products. The acidified effluent can be 
discharged directly into the sea, after a further neutralization step obtained by 
mixing with fresh seawater and additional forced oxidation of sulfite ions by air 
blowing. 
The employment of wet scrubbing systems in marine engine application is a quite 
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recent issue [1]. Since its large availability, seawater scrubbing is an appealing 
choice for exhaust gas desulfurization in ships. Specific requirements for maritime 
scrubbing systems include low energy consumption and pressure drop, simplicity 
and adaptability to existing equipment, stability and easy control. One possible 
candidate technology meeting these requirements is spray scrubbing. However, the 
feasibility of this technology must be studied, especially as regards the required 
seawater supply rate that is necessary for achieving reasonable desulfurization 
efficiency. With this respect, a spray scrubber model focused on the use of 
seawater under maritime diesel engine exhaust conditions would be of great value, 
thus avoiding performing costly experimental tests.  
 
Numerical analysis and experimental tests 
Before this work, a simple numerical simulation of the absorption mechanism in a 
fall-down seawater droplet was developed [2]; in particular, this model evaluates 
the SO2 absorption ratio in a single spherical droplet at different operating 
conditions like exhaust gas conditions (temperature, volumetric flow and SO2 
concentration), seawater alkalinity and scrubber dimensions. The overall scrubbing 
phenomenon could be summarized as the result of a reactive flow arising inside the 
droplet. In fact, SO2 dissolves in water from the gas phase following the Henry's 
law; here, the absorbed seawater is brought from the droplet surface to the core by 
an internal vortex motion (Hill's vortex) caused by the impact between the droplet 
and gas phase. At the same time, SO2 convective flow reacts with the alkaline 
species naturally contained in seawater, so alkalinity is a crucial parameter for the 
absorption phenomenon. The internal circulation and diffusion assure a continuous 
supply of alkaline species at the droplet interface. Internal circulation is guaranteed 
by an internal vortex motion, caused by the shear stress exerted by the gas flow on 
the droplet surface. While the alkaline species content decreases, diffusion and 
circulation cannot supply a sufficient amount of alkaline reagent and SO2 is 
transported to the droplet core. At the same time, SO2 concentration increases at the 
interface and the mass flux from the exhaust gas decreases because of the 
concentration gradient reduction. Therefore the problem is certainly unsteady, 
contrary for example to the case where the reagent is supplied continuously from 
solid particles. 
The model consists of two different routines: in the first one, kinematics of the 
droplet and heat/mass exchange with the gas stream is calculated. The second 
routine represents the real absorption model; transport equation are calculated for 
both SO2 and alkaline species in a non-symmetrical two-dimensional polar grid. 
Grid nodes are non-uniformly distributed along the radius; steeper gradients are 
expected near the interface, so in this region the grid has been refined with a certain 
distribution function.  
The single droplet model has been subsequently extended to an entire liquid flow 
with a plug model, all the droplets are supposed to be equal and without 
interactions between them.  
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Figure 1. Comparison between numerical data (model 1) and experiments. 
 
The numerical results have been compared to experimental data obtained by testing 
a seawater scrubber prototype [3]. Real seawater has been used, the gas stream has 
been simulated by a mix of air and SO2 with different SO2 concentration values for 
each test. SO2 concentration in the after-scrubbing gas has been measured and 
compared to the initial value, so the desulfurization efficiency was evaluated for 
each operating condition. Figure 1 shows the comparison between numerical data 
and experimental. The results show an acceptable performance of the model, with a 
maximum difference of 20% between the data. 
 
Numerical modeling based on CFD 
Since the plug flow model is affected by large approximations in representing the 
real spray in the scrubber, a CFD model of the scrubbing process has been 
elaborated with Fluent®, where the liquid spray has been simulated in a more 
realistic way. 
The first step of the CFD simulation was the elaboration of a CAD model for the 
scrubbing tower prototype and the generation of a mesh for the domain with an 
appropriate geometry; Table 1 reports the dimensions of the system. 
Then, after assigning the input/output section for gas and liquid flow, initial 
conditions are fixed. Firstly, the same gas flow composition used during the 
experiments has been chosen, in particular the flow was recreated by simulating a 
pre-heated mixture of air and SO2. Different SO2 concentrations inside the overall 
gas flow have been tested, in order to reproduce the sulfur emissions of different 
kinds of marine fuels. Typical temperature values of the exhaust gas from a marine 
engine are in the range 500 K – 900 K. Table 1 summarizes the initial conditions of 
the gas flow entering the scrubber. 
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Table 1. Main input variables of the CFD simulation. 
 

Height  [mm] 1880 

Internal diameter [mm] 160 

Droplet size [mm] 0.5-1.5 

Gas velocity [m/s] 2 

Gas temperature [K] 500 

Liquid temperature [K] 300 

Turbulence [%] 3 

 
The liquid flow has been modeled as a spray of large droplets, in the range between 
0.5 mm and 1.5 mm; a logarithmic distribution of 10 different diameters in this 
range has been considered. Since the liquid cone is wide with respect to the 
scrubber diameter, a certain amount of liquid does not contribute to the 
desulfurization process because of the impact between droplets and the internal 
wall of the scrubber and formation of a liquid film.  

 
Figure 2. Temperature distribution of gas inside the reactor. 

 
The default condition of Fluent® assumes all elastic impacts of the droplets, so this 
condition has been deactivated assuming that the impacting droplets disappear 
from the system once they touch the wall. With the assigned inlet conditions, 
Fluent® is initialized in order to calculate the kinematic parameters for both phases 
(trajectory, velocity and acceleration). After this first step, the real Discrete Phase 
Models is solved; here, the heat and mass transfer between the two phases is 
calculated and consequently the evaporation, consisting in a diameter reduction of 
the droplets. Droplet diameter is a very important parameter, in fact the optimal 
value is around 1 mm; too large droplets (mean diameter > 2 mm) have a lower 
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contact surface between liquid and gas phase, whereas small droplets (mean 
diameter < 0.5 mm) could be entrained by the gas stream, with a loss of scrubbing 
liquid.  
Figure 2 displays the results of the CFD simulation in terms of temperature 
distribution of the gas. A hot region and a cold region appear at the bottom and the 
top of the scrubber, respectively. The temperature difference by cooling effect is 
about 150 K, in rather good agreement with experimental results. Figures 3 and 4 
show the residence time and the droplet size distributions along the trajectories. It 
clearly appears that some droplets hit the reactor wall (short trajectories). The 
residence time is limited to around 1/4 of second, whereas the droplet size does not 
change significantly. The distribution of droplet temperatures is displayed in 
Figure 5; the longer the trajectory, the higher is the temperature increase (∆T). The 
maximum ∆T is 11 K, indicating that the explored condition is not drastic for 
droplet heating. Thus, some benefits for mass transfer could derive, since the liquid 
temperature remains optimal for SO2 absorption.  
 
Conclusions 
The preliminary results of a CFD model demonstrate that the flue gases are 
effectively cooled by the adopted spray without any relevant stagnation zones. The 
residence time of the droplets is limited to fractions of second and their size 
remains practically unchanged. The heating of the droplets is rather limited, so 
optimal conditions for SO2 absorption are preserved. Further improvements of the 
model will allow computing mass transfer between condensed and diluted phases. 
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Figure 3. Droplets residence time distribution along the scrubber axis.  

 

 
Figure 4. Droplets diameter distribution along the scrubber axis.  

 

 
Figure 5. Droplets temperature distribution along the scrubber axis.  


