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Summary 
 

To mitigate climate change, EU has instituted targets to increase energy efficiency, reduce 

the use of fossil fuels as well as increase the use of biomass as an energy source. During 

combustion of biomass particulate matter (PM) is emitted, which has severe health impacts 

on humans. During the coming years, stricter regulation on the emission of PM for medium 

combustion plants will be established, which will affect approximately 143,000 existing 

plants and all coming new plants throughout the EU. The problem of PM emissions can be 

solved through the cleaning of flue gas with wet scrubbers. The company ITK Envifront 

AB has developed an innovative scrubber technology that cleans the flue gas while also 

recovering the flue gas energy, increasing the efficiency of the combustion plant.  

 

To better understand the droplet behavior and heat recovery process in the scrubber 

technology, two scrubber models were built and programmed in MATLAB. The first model 

investigated an ideal case where the flue gas was assumed to be cooled to the same 

temperature as the injected scrubber water. In the second model, the scrubber heat recovery 

was investigated under non-ideal conditions. The second model was divided into two 

succeeding modules, where the first module simulated the droplet movement inside the 

scrubber, and the second module performed a mass and energy balance to calculate the total 

heat recovery in the scrubber. The model was validated against measured data from three 

different scrubber installations. Afterwards the model was used to make suggestions for 

process optimization by varying both design and operation parameters.  

 

The validation of the model showed a tendency to overestimate the scrubber heat recovery, 

with a mean prediction error of approximately 7 %. The model showed similar accuracy 

for all the different scrubber conditions, suggesting that it could be used to predict effects 

of different parameters such as flue gas velocity, temperature of the flue gas and scrubber 

water, moisture content etc. This could facilitate a deeper understanding of key design and 

operation parameters, as such tests are hard to arrange and control in an actual running 

plant.  

 

Increase in scrubber size only seemed effective for an increase of funnel height, and number 

of spray nozzles. These adjustments could increase the scrubber’s heat recovery with up to 

7 % and 8 %, respectively. Usage of the highest setting of the adjustable nozzle bank 

showed the potential to increase the heat recovery with up to 5 % compared to the  

mid-setting. The measure that showed the largest potential was the addition of moisture to 

the flue gas through evaporation of water droplets, prior to entering the scrubber. This had 

the potential to increase scrubber heat recovery with up to 10 %.  

 

The model was then run with optimized conditions, determined in accordance with the 

earlier observed trends in efficiency. The improved running conditions consisted of 

moisture addition as well as usage of the highest setting for the adjustable nozzle bank. The 

improved conditions showed a potential to increase the efficiency with up to 14 %, resulting 

in an increase in scrubber heat recovery with approx. 90 kW, from 664 kW, at current 

running conditions, to 757 kW at optimized running conditions, for a constant boiler load 

of 3 MW.   

 

As a final conclusion, the developed model shows great potential to be used to as a toolbox 

to further investigate and optimize the scrubber design and operation. As a future work, it 

would be interesting to further model its performance regarding particle removal.  



  
 

 
 

Abstract 
 

During combustion of biomass, particulate matter is emitted, which has severe health 

impacts on humans. The company ITK Envifront has developed a scrubber technology that 

cleans the flue gas while also recovering the flue gas energy, increasing the efficiency of 

the combustion plant. In this thesis, a simulation model was built in MATLAB according 

to the Finite Element Method. Validation of the model against 3 different facilities showed 

reasonable accuracy with a tendency to overestimate the scrubber heat recovery and a mean 

prediction deviation of approximately 7 %.  

 

The model was then used to make suggestions for process optimization. An increase of 

funnel height, and number of spray nozzles could increase the scrubbers heat recovery with 

up to 7 % and 8 %, respectively. Addition of moisture to the flue gas through evaporation 

of water droplets had the potential to increase scrubber efficiency with 10 %, and usage of 

the highest setting of the adjustable nozzle bank showed the potential to increase the 

efficiency with up to 5 % compared to the mid-setting. 

 

Furthermore, the process parameters of a scrubber with optimized running conditions, was 

compared to a scrubber with the current running conditions, through running of the 

developed model. The optimized running conditions showed an increase in scrubber 

efficiency with up to 14 %, resulting in an increase in scrubber heat recovery of approx. 90 

kW at a boiler load of 3 MW. 

 

As a final conclusion, the developed model shows great potential to be used to as a toolbox 

to further investigate and optimize the scrubber design and operation. As a future work, it 

would be interesting to further model its performance regarding particle removal. 

 

Keywords: Centrifugal Scrubber, Heat Recovery, Thermal Efficiency, Biomass 

Combustion, MCP-Directive, Simulation, Modelling  
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Nomenclature 
 

Roman Letter Symbols Greek Letter Symbols Abbreviations 

 
𝑎   = 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝛼 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝐶𝐹𝐷   = 𝐶𝑜𝑚𝑝𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐹𝑙𝑢𝑖𝑑 

𝐴   = 𝐴𝑟𝑒𝑎 ε = Emissivity                    𝐷𝑦𝑛𝑎𝑚𝑖𝑐𝑠 

�̂�𝑝 = 𝐻𝑒𝑎𝑡 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝛩 = 𝐴𝑛𝑔𝑙𝑒 𝑀𝐶𝑃  = 𝑀𝑒𝑑𝑖𝑢𝑚 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 

            𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦                     𝑃𝑙𝑎𝑛𝑡 
�̃�𝑝 = 𝐻𝑒𝑎𝑡 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 µ = Dynamic Viscosity 𝑃𝑀 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝑀𝑎𝑡𝑡𝑒𝑟 

  𝑝𝑒𝑟 𝑚𝑜𝑙𝑒     𝑊𝐹𝐺𝑅 = 𝑊𝑎𝑡𝑒𝑟 𝑡𝑜  
𝐶𝑠 = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡      𝐹𝑙𝑢𝑒 𝐺𝑎𝑠 𝑅𝑎𝑡𝑖𝑜 

            𝑜𝑓 𝑏𝑙𝑎𝑐𝑘 𝑏𝑜𝑑𝑖𝑒𝑠       

𝑑  = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟       

𝐷  = 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡       

g    = Gravity Constant       

ΔHNet = Net Heating Value       

ΔHGross = Gross Heating Value       

∆𝐻𝑣𝑎𝑝 = 𝐸𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛  
𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 

      

ℎ  = 𝐻𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟  
𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

      

𝐽  = 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝐹𝑙𝑢𝑥       

𝑘 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦       

𝑙  = 𝐿𝑒𝑛𝑔𝑡ℎ       

𝐿 = 𝑃𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ  
𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 

      

𝑚 = 𝑀𝑎𝑠𝑠       

𝑀 = 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔𝑡ℎ       

𝑛 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒       

𝑝 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒       

𝑃 = 𝑃𝑜𝑤𝑒𝑟       

𝑃𝑟  = 𝑃𝑟𝑎𝑛𝑑𝑡𝑙′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟       

𝑟 = 𝑅𝑎𝑑𝑖𝑢𝑠       

𝑅𝑒  = 𝑅𝑒𝑦𝑛𝑜𝑙𝑑′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟       

𝑆𝑐  = 𝑆𝑐ℎ𝑚𝑖𝑑𝑡′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟       

𝑆𝑢 = 𝑇ℎ𝑒 𝑆𝑢𝑡ℎ𝑒𝑟𝑙𝑎𝑛𝑑  
𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

      

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒       

𝑢  = Velocity       

𝑣 = 𝐾𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦       
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1. Introduction 
  

The climate on earth is changing due to anthropogenic activity. If large efforts are not made 

to mitigate climate change, substantial negative effect can be expected both on natural 

ecosystems as well as human societies [1]. To reduce greenhouse gas emissions and thereby 

mitigate climate change, EU has instituted clear targets to increase energy efficiency and 

reduce the use of fossil fuels. As part of this, increases in the use of biomass is an important 

part of the solution [2]. In Sweden, biomass accounted for 23 % of the final energy 

consumption in 2016. Biomass in Sweden was mainly used for district heating, 37 TWh, 

and in the industry, 57 TWh. In the industry, 90 % of the biomass was used in the paper 

and pulp industry [3]. However, combustion of biomass will inevitably give rise to several 

types of emissions. During combustion of biomass, SOX is generally not a problem due to 

the low sulfur content in the original biomass. NOX can form in biomass combustion in 

small amounts but as there are several well-established primary measures performed during 

the combustion which reduces the necessity of post process cleaning, it can be considered 

a marginal problem. Instead, the major emission problem that biomass boilers face today 

is to reduce particulate matter (PM) [4].  

 

1.1. Emission Issues in Medium Combustion Plants 
 

Exposure of PM has been shown to have severe health effects on humans [5], which is why 

it is subject to regulations both on national and on EU level. For large scale combustion 

plants (> 50 MW), the allowed PM-emissions have been regulated on an EU level for many 

years, whereas medium combustion plants (MCPs) have been omitted from EU-regulation 

until recently. However, since 2018, all newly constructed MCPs are subject to EU-

regulation through the MCP-directive and during the coming decade all operating MCPs 

will be affected [6]. There is approximately 143,000 MCPs running in EU, of which around 

3,000 are located in Sweden [7]. 

 

Particulate matter in the flue gas generally comes either from incomplete combustion, 

including soot, tar, and char, or from the condensable inorganic vapor of the ash 

components which is carried away by the flue gas. In modern combustion facilities, 

however, the combustion is often complete, leading to the fact that most of the PM is 

formed from the ash components. The concentration of particles prior to particle removal 

can vary widely depending on fuel properties and combustion technologies. Different 

studies have shown PM concentrations varying between 60 and 2100 mg / Nm3 [8]. 

Reduction of PM in the flue gas can generally be achieved by applying measures before, 

during and/or after the combustion. Pre-combustion measures refers to cleaning of the fuel, 

for example through spray washing, soaking in water or through rain washing [9]. Measures 

during combustion, i.e. primary measure, for example flue gas recirculation, is used for 

reduction of NOX and SOX. However, there is no primary measure applied for PM 

reduction. The most common method for PM removal is thereby made after the 

combustion, i.e. by secondary measures [10], which will be discussed further below.  

 

There are several alternatives for secondary measures available for particle removal in the 

flue gas. Different approaches are generally feasible for different types of combustion 

plants, regarding both boiler capacity and fuel characteristics. Generally, cyclones have 

been used to remove coarse particles especially in MCPs due to their low cost. However, 

they cannot meet the requirement of stricter regulations regarding the removal of finer 

particles for which new technical solution is needed. The efficient technologies for removal 
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of finer particles that exist today includes electrostatic precipitators and bag filters, but 

historically, they have not been economically feasible for facilities smaller than 10 MW 

[10].  

 

1.2. A Brief Literature Review on Scrubber Technology 
 

Scrubbers generally work most efficiently for particle sizes > 5 µm. The principle for 

particle collection can vary between different types of scrubbers but generally water 

droplets of different size, are sprayed into the flue gas, whereas the particles are collected 

by the droplets. A large number of droplets will generally increase the collection efficiency 

of the scrubber. However, this demands a reduction in droplet size, which will lead to an 

increased energy demand by the scrubber [4]. 

 

The particles are generally collected through inertial impaction, or Brownian diffusion. 

Inertial impaction occurs as the flue gas, where the particle is suspended, flows around a 

droplet. The drag force from the gas will attempt to make the particle flow around the 

droplet, while inertial forces will make the particle continue its’ path towards the droplet, 

which leads to impaction. For larger particles, generally with a diameter > 1 µm, the inertial 

forces will overcome the drag force, meaning that inertial impaction plays a more 

significant role. For smaller particles, generally with a diameter < 0.1 µm, the inertial 

momentum is small, suggesting that the Brownian diffusion plays a more significant role. 

Brownian diffusion can be explained as random movement of the particles in the flue gas. 

The random movement of the particles can lead to impaction with the scrubber droplets, so 

that the particle is collected [11]. 
 

Scrubbers exists in several different designs. Spray towers are the most basic type of 

scrubber that can be both vertically installed with a counter current flow or horizontally 

with a cross counter flow. Spray towers are generally cheaper than most complex scrubbers 

but they have a lower efficiency for particle removal than others [12]. 

 

Dynamic scrubbers are similar to regular spray towers but differ in that they include a 

power-driven rotor which reduces the size of the dispersed droplets, increasing the particle 

collection efficiency. The installment cost of dynamic scrubbers is higher, but still similar 

to that of regular spray towers. However, they have a high operating and maintenance costs 

[12]. 

 

In tray towers, the scrubber liquid is injected at the top of a vertical tower and moves down 

across perforated trays that are horizontally installed throughout the tower. The flue gas is 

injected from the bottom and moves upwards through the trays, which is thereby cleaned 

by downwards moving water. Tray towers are generally feasible for removing particles 

larger than 5 µm but are less effective for smaller particle sizes [12]. 
 

A venturi scrubber consists of a flow channel whose cross-sectional area first converges 

into a small channel called a throat, and then diverges again. In the converging section, the 

flue gas is accelerated and the turbulence of the gas increases. The scrubber liquid is 

injected into the scrubber right before or right into the throat, where the turbulence of the 

gas leads to an atomization of the water, resulting in an effective contact between water 

and gas. The venturi scrubber is the most efficient among the mentioned scrubber types 

regarding the PM removal. However, large operational costs often make them unfeasible 

for many applications [11]. 
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In centrifugal scrubbers, also called cyclonic spray towers, the flue gas enters the scrubbing 

chamber tangential to the scrubber wall and moves through the scrubber in a circular 

motion. The scrubber liquid is generally sprayed in the center of the scrubber and is then 

accelerated towards the walls through the centrifugal force of the flue gas. The tangential 

flow of the flue gas increases the relative velocity between droplets and flue gas, leading 

to an increased particle removal efficiency compared to regular spray towers. However, the 

increased complexity in design leads to higher investment cost than that of regular spraying 

towers [12]. 

 

1.3. Scrubber Relevant for Case Study 
 

To increase the economic feasibility of scrubbers, heat recovery through gas cooling and 

condensation of flue gas moisture can be implemented into the process. Flue gas 

condensation is accomplished through cooling of the flue gas below its’ dew point. 

Especially when fuels with high moisture content is used, large efficiency gains can be 

made [4]. Most commonly, heat recovery through condensation is accomplished by letting 

the flue gas flow through heat exchanger tubes which lead to a high heat exchange 

efficiency [13]. With this approach, however, a pre-step with flue gas cleaning will be 

needed, while scrubber condensers can combine the flue gas cleaning and heat recovery 

[4]. 

 

To further develop wet scrubbers for application in biomass MCPs, ITK Envifront AB 

developed an innovative centrifugal water condensation scrubber. The scrubbers for the 

case study are installed in connection with three different district heating boilers located in 

Överrum, Studsgård, and Kosta, Sweden, with top loads of 1.2 MW, 1.6 MW, and 3 MW, 

respectively. Although differing in size and amount of nozzle heads, the three scrubbers 

work in a similar way, further described below. After leaving the boiler, the flue gas is 

accelerated and enters the scrubber through an opening between two conical Asian hat-

shaped walls. In the center of the scrubber, a tube-shaped nozzle bank with 20 or 25 nozzles 

(depending on installation) located at 5 different heights, injects water droplets into the 

scrubber. As the droplets are accelerated towards the walls, they will capture PM while 

they are simultaneously heated, mainly through a combination of convection and 

condensation. After reaching the walls, the droplets will flow towards the bottom of the 

scrubber. The heated water is then led through a heat exchanger to preheat the return water 

of the district heating system, and thereby increase the efficiency of the whole district 

heating plant. A schematic diagram of the installation is shown in Fig. 1. 

 

 
Figure 1: Schematic diagram of Kosta heat recovering scrubber 



  
 

4 
Wilhelm Johansson 

 

The scrubber is designed so that some key parameters can be controlled during operation. 

The velocity of the incoming flue gas can be regulated by adjusting the size of the opening 

between the two Asian-hats in the scrubber and the height of the nozzle bank can be 

adjusted within a 100 mm range in the vertical direction. Furthermore, the amount of water 

ejected into the scrubber is determined through the water-to-flue gas ratio (WFGR) defined 

in Eq. 1. This needs to be optimized so that enough water can be ejected while letting the 

outgoing water temperature reach a sufficiently high temperature to be able to preheat the 

returning district heating water. 

 

 𝑊𝐹𝐺𝑅 =
�̇�𝑊𝑎𝑡𝑒𝑟

�̇�𝐹𝑙𝑢𝑒 𝐺𝑎𝑠
 [1] 

 

Due to the potential of the technology, it is of interest to investigate the performance 

regarding heat recovery of the scrubber both through empirical measurements and through 

modelling of the scrubber. It is expected that a validated model of the scrubber could be 

used as an engineering tool further improving the scrubber performance through 

optimization of both operation parameters in existing installations and the design for future 

installations. 

 

1.4. A Brief Literature Review on Scrubber Modeling 
 

The following section will give a brief introduction on different modelling techniques 

followed by a review of previous modelling work on particle collection and heat recovery 

scrubbers. 

 

1.4.1. Modeling techniques 
 

When creating a model of a complex system, there are several different approaches that 

can be taken. This section will briefly evaluate different modeling techniques and 

numerical methods relevant for the study. 

 
1.4.1.1. The Finite Element Method 

 

The Finite Element Method is a solving technique where a problem of high complexity is 

divided into large but finite number of subdomains which together forms an approximation 

of the larger problem. Each of the sub-problems is then solved individually after which 

they are all put together to solve the larger problem. Although the sum of the subdomains 

is made to resemble the main problem, it is important to remember that it will always be an 

approximation. Even if a larger number of subdomains will reduce the error one will 

eventually have to settle at an error that could be considered sufficiently small. 

Furthermore, the smallest size that subdomains can reach, is generally limited by the 

increase in computational demand which occurs as the size of the subdomains decreases 

[14]. 
 

1.4.1.2. Computational Fluid Dynamics 

 

Computational Fluid Dynamics (CFD), is a collection name for numerical solution methods 

for problems involving fluid dynamics and mass/heat transport phenomena that are solved 

by computational methods, generally through the finite element method. With the 

increasing performance of computers, CFD introduces the possibility to solve an increasing 
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number of problems that could not have been solved before. As the popularity for CFD has 

increased, several software packages have been created, including Open Foam, and 

ANSYS CFX [15]. The software packages have the advantage that the workload for solving 

a specific problem can be significantly reduced as the groundwork is already done. Their 

disadvantages include the often-significant cost of product licenses as well as a reduced 

control over the process for the individual researcher.  

 
1.4.1.3. Runge Kutta methods 

 

The Runge Kutta methods are a collection of numerical methods to approximate an 

unknown function. The method that is most often referred to when talking about the Runge-

Kutta Method, is the 4th order Runge-Kutta method. This method is widely used and 

recognized due to its accuracy [16]. In this section, the method is explained as a function 

where the time derivate at a certain point is known. If assumed that f ´ (t, y) is known, yt+1 

is calculated with Eq. 2. 

 

 𝑦𝑡+1 = 𝑦𝑡 +
1

6
(𝑘1 + 2 𝑘2 + 2 𝑘3 + 𝑘4) [2] 

 

Where the k-values are the slope at different point as is graphically in Figure 2. 
  

 
Figure 2: Graphical representation of the 4th order Runge Kutta method, where the black 

line represents the unknown function and the colored lines show the slope of the 

different k-values in Eq. 2. 

 

As can be observed in Eq. 2, the slope is weighted, so that greater significance is given to 

the slope at the midpoint than at the start and end of the time interval. This is done to 

improve the accuracy.  

 

Euler’s method is a Runge-Kutta method of the first order. This means that instead of 

solving a weighted slope for the time steps t, t + h/2 and h as shown above, only the slope 

at the timestep t is considered (see Fig. 2). It is not difficult to understand that Euler’s 

method gives a cruder approximation of the unknown function than that given by a method 

of higher order. However, the computational workload can be reduced due to its’ simplicity. 

It may also be noted that the difference between the two methods is reduced as the length 

of the time step decreases, and with short enough timesteps, the difference in precision is 

small enough to be insignificant for the final results [16]. 
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1.4.2. Previous studies on scrubber modeling and simulation  
 

There are several examples of the investigation the heat exchange and particle removal of 

different scrubbers in the literature. Generally, the feasible approaches can be divided into 

three different subcategories, the analytical approach, the numerical approach (generally 

through CFD), and experimental studies. 

 

Veidenbergs et al. investigated the evaporation of water in flue gas before entering a packed 

scrubber [17]. The change in flue gas temperature and moisture content due to droplet 

evaporation is determined through the finite element method but is not validated against 

measured data. However, the paper provides valuable insights into evaporation of water in 

flue gas. 

 

Regarding spray towers, Rafidi et al. studied particle removal through CFD modelling, with 

an Eularian-Lagrangian approach [18]. The spray tower was simulated in 3 dimensions and 

validated against experimental measurements. Cui et al. investigated particle removal and 

thermal performance of a spray tower through CFD modelling, with a 4th order Runge Kutta 

method [19]. The model was 1 dimensional, meaning that the droplet and gas flow was 

strictly vertical and that the mass flow was uniform on the horizontal axis. The model 

showed an accuracy for solution and gas outlet temperature with errors below 15 %. 

Bayatian et al. studied the flow pattern and particle collection in a spray tower through CFD 

simulation and an experimental setup [20]. The study used the commercial software 

package ANSYX Fluent to perform a 2-dimensional simulation model which was further 

validated with experimentally gathered data. 

 

Venturi scrubbers has been investigated by several different studies, both through 

modelling and through experimental setups. Ahmadvand et al. studied the droplet size and 

distribution in venturi scrubbers through CFD simulation and experimental measurements 

[21]. The simulation was performed in 2 dimensions and was based on an Eularian 

approach. The 2-dimensional CFD approach was shown to have higher accuracy than one 

dimensional approach used in previous studies of venturi scrubbers. Guerra et al. studied 

the droplet size and its effect on droplet distribution in a venturi scrubber in 3 dimensions 

through CFD simulation with the Ansys software mentioned above [22]. The simulation 

model showed good prediction accuracy and could show that droplet size has a large effect 

on the droplet distribution in the scrubber. Furthermore, Majid et al. investigated particle 

removal of a venturi scrubber through CFD simulation with the ANSYX CFX software 

[23]. The simulation was run in 3 dimensions and validated against experimental data. This 

simulation approach showed good correspondence with experimental data both regarding 

gas velocity and particle collection. 

 

There have been few studies carried out on the modelling of centrifugal water scrubbers. 

Ali et al. studied the flow patterns of centrifugal scrubbers through an experimental setup 

as well as through CFD modelling with an Eularian- Eularian modelling approach [24]. 

The simulation was made in 3 dimensions with the ANSYS Fluent software and validated 

with experimental data gathered through high speed photography. The model results 

showed a good accuracy compared to experimental data and the model was then used for 

further proposals regarding scrubber operation parameters. No investigation was made 

regarding heat recovery or dust collection, but the focus was on droplet dispersion in the 

scrubber. However, this model was later improved to investigate the efficiency of particle 
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scavenging in the scrubber setup [25]. The particle scavenging was modelled through a 

sub-model developed to make use of the results from the previously developed model. 

 

The lack of studies on centrifugal water scrubbers increases the interest of the present study 

on a novel type of centrifugal scrubber. Furthermore, in the examined literature, there were 

few studies that investigated the heat recovery between the flue gas and the scrubber liquid, 

which also gives an increased relevance of the present study. In contrast to most studies in 

the literature review, the present study did not make use of any predeveloped CFD-

software. Instead a novel simulation modelling software was built in MATLAB. This has 

the advantage of an increased control over the developed model, meaning that 

simplifications could be made on parameters not affecting the results significantly so that 

more computing power could be used where it mattered most. However, it may be argued 

that the choice not to use predeveloped software makes it increasingly important with a 

throughout validation against measured data. 
 

1.5. Aim and goal 
 

The aim of the study to increase the understanding of the heat recovery process taking place 

in scrubbers through the development of a simulation model for a centrifugal water 

scrubber with heat recovery. The goal is to be able to model the heat transfer between flue 

gas and scrubber water at varied flue gas conditions and scrubber operation settings. The 

scrubber model is going to be validated against measurement data from installed scrubbers 

in Kosta, Studsgård, and Överrum, Sweden. Finally, the model will be used to suggest 

possible optimization measures for current and future scrubber installations.  

 

1.6. Boundaries of the Study 
 

The study focus is mainly on modeling the heat recovery in the scrubber and the particle 

removal of the wet scrubber will not be investigated in this thesis.  
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2. Model Development for the Targeted Centrifugal Scrubber 
 

To investigate the heat recovery in the scrubber, two independent models have been 

developed. In the first model, the ideal case is determined to represent the maximum heat 

recovery that can be achieved theoretically, based on the equilibrium assumption that the 

flue gas is cooled to the same temperature as the incoming scrubber water. The input for 

this model is fuel characteristics, boiler load, flue gas temperature as well as the mass flow 

and temperature of the scrubber water. The output is the total mass and heat transfer in the 

scrubber as well as the outgoing temperature of the flue gas and scrubber water. 

 

In the second model, the scrubber heat recovery is investigated under non-ideal conditions. 

This model consists of two successive models which uses the input of the other to solve the 

energy balance through iteration.  

 

The first module simulates the droplets’ movement and interaction with each other in the 

scrubber. The input for this module is scrubber design, nozzle properties, inlet temperature 

and mass flow of scrubber water as well as general flue gas properties. The output is the 

mass flow of water inside the scrubber, and the heat transfer area of the droplets, as well as 

their size distribution throughout the scrubber. These parameters are then used as input into 

the second module. 

 

In the second module, an energy balance throughout the scrubber is established and solved. 

The output of this module is the temperature gradient for water and flue gas throughout the 

scrubber, as well as the total heat and mass transfer between the flue gas and scrubber 

water. As the first droplet simulation is executed with an assumed flue gas temperature 

curve, module 1 and 2 is then iterated until the model converges at a solution. 

 

The two models were then integrated into a MATLAB software where the user can easily 

investigate the effect of the scrubber design at different boiler loads and fuel properties. A 

flow chart of how the models were interlinked in the produced software is shown in Fig. 3, 

and the interface of the developed software is shown in Figs. 4 – 6. 

 

 
Figure 3: Flowchart of the model’s interconnection in the developed software. 
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Figure 4: Interface for the Ideal Equilibrium Model. 

 

 
Figure 5: Interface for module 1 of the Non-Equilibrium Model. 

 

 
Figure 6: Interface for module 2 of the Non-Equilibrium Model. 
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2.1. Ideal Equilibrium Model 
 

In this model, an energy balance is determined with the assumption that the flue gas is 

cooled to the same temperature as the incoming scrubber water. The results from the ideal 

equilibrium model is mainly used as way to show the theoretical maximum heat recovery 

that could be achieved under different circumstances. If the real scrubber return shows a 

considerably lower heat recovery than the theoretical maximum, there may be good reasons 

to investigate the possibilities for optimization of the process and scrubber design. If, on 

the other hand, the scrubber consistently works very close to the theoretical maximum, it 

may be reasonable to investigate if the scrubber is over-dimensioned. It might then be 

economically feasible reduce the scrubber size since it could be expected to run with similar 

efficiency. 

 

2.1.1. Fuel Properties 

 

The properties of the fuel that is combusted in the target plants have not been 

experimentally characterized. However, contacts from the facility has informed that the 

boiler runs on wood chips with moisture of approximately 50 %. The remaining fuel 

properties were approximated from averaged measured values for wood chips from the 

Phyllis database [26], and summarized in Table 1. 

 

Table 1: Fuel properties 

Moisture  (%WET) 50 

Carbon (%DRY) 51 

Hydrogen (%DRY) 6 

Oxygen  (%DRY) 43 

ΔHGross (MJ/kg) 21 

 

However, to estimate how much fuel is needed at a certain boiler load, one needs to use the 

net calorific value which can be calculated with Eq. 3 [26]. 

 

 ΔHNet  =  ΔHGross −  2.443 ·  {8.936
xH
100

∙  (1 −
xH2𝑂

100
) +

xH2𝑂

100
} [3] 

 

Where ΔHNet is the net heating value, ΔHGross the gross heating value, and x the weight 

fraction of hydrogen and water. 

 

2.1.2. Flue Gas Composition 
 

First the amount of substance is calculated for each element through Eqs. 4 – 7. 

 

 𝑛𝐻2𝑂 =
�̃�𝐻2𝑂 ∙ 𝑚𝑤𝑒𝑡 𝑓𝑢𝑒𝑙

𝑀𝐻2𝑂
 [4] 

 

 𝑛𝐶 =
�̃�𝐶 ∙ 𝑚𝑑𝑟𝑦 𝑓𝑢𝑒𝑙

𝑀𝐶
 [5] 

 

 𝑛𝐻 =
�̃�𝐻 ∙ 𝑚𝑑𝑟𝑦 𝑓𝑢𝑒𝑙

𝑀𝐻
 [6] 
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𝑛𝑂 =
�̃�𝑂 ∙ 𝑚𝑑𝑟𝑦 𝑓𝑢𝑒𝑙

𝑀𝑂
 [7] 

Where n is the amount of substance of the relevant fuel component, x the mass fraction of 

the corresponding element/component in the fuel, m the mass, and M the molar mass. 

 

The oxygen demand for a fuel with the composition 𝐶𝐾𝐻𝐿𝑂𝑀 is calculated through Eqs. 8– 

11. 

 

 𝐶𝐾𝐻𝐿𝑂𝑀 + 𝐴𝑂2 → 𝐵𝐶𝑂2 + 𝐶𝐻2𝑂 [8] 

   

 𝐵 = 𝐾 [9] 

   

 𝐶 =
𝐿

2
 [10] 

   

 𝐴 = 𝐵 +
1

2
𝐶 −

𝑀

2
= 𝐾 +

𝐿

4
−
𝑀

2
 [11] 

 

The air supplied to the boiler is approximated to contain 21 % oxygen. To assure complete 

combustion, an excess of oxygen compared to the stoichiometric demand is added, 

explained by the air factor λ. Combustion where the oxygen supply precisely matches the 

oxygen demand corresponds to a λ-value of 1, whereas a 40 % excess supply of oxygen 

corresponds to a λ-value of 1.4. Thereby the total air supply is calculated through Eq. 12. 

 

 𝜆 ∙ (𝐾 +
𝐿

4
−
𝑀

2
) ∙

1

0.21
 [12] 

 

In this model, complete combustion of the fuel is assumed, meaning that CO2 and H2O are 

the final products. Furthermore, the small NOx formation expected from the combustion 

process, is simply neglected by assuming N2 as inert during the combustion. The amount 

of substance of the different flue gas components can be calculated with Eqs. 13 – 16.  

 

 𝑛𝐶𝑂2 𝑓𝑙𝑢𝑒 = 𝐾 [13] 

 

 𝑛𝐻2𝑂 𝑓𝑙𝑢𝑒 =
𝐿

2
+ 𝑛𝐻2𝑂 [14] 

 

 𝑛𝑁2 𝑓𝑙𝑢𝑒 = 𝜆 ∙ (𝐾 +
𝐿

4
−
𝑀

2
) ∙
0.79

0.21
 [15] 

 

 𝑛𝑂2 𝑓𝑙𝑢𝑒 = (1 − 𝜆) ∙ (𝐾 +
𝐿

4
−
𝑀

2
) ∙

1

0.21
 [16] 

  

The total mass of the flue gas is calculated with Eq. 17. 

 

 𝑚𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 =∑𝑛𝑖 ∙ 𝑀𝑖 [17] 

 

The molar composition of the flue gas is calculated in the same way as with H2O in Eq. 18. 
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 �̂�𝐻2𝑂 𝐹𝑙𝑢𝑒 =
𝑛𝐻2𝑂

∑𝑛𝑓𝑙𝑢𝑒 𝑔𝑎𝑠
 [18] 

 

The molar mass of the flue gas is calculated with Eq. 19. 

 

 𝑀𝐹𝑙𝑢𝑒 𝑔𝑎𝑠 =∑�̂�𝑖 ∙ 𝑀𝑖 [19] 

 

Where �̂�𝑖 is the molar fraction of each individual component, and 𝑀𝑖 the molar weight of 

each individual component. 
 

In the case study, the heat capacity of the flue gas is calculated with a polynomial model 

according to [27] (see Eq. 20). 

 

 𝐶𝑝 = 𝐴 + 𝐵 ∙ 𝑇 + 𝐶 ∙ 𝑇2 + 𝐷 ∙ 𝑇3 + 𝐸 ∙ 𝑇4 [20] 

 

Where T is the absolute temperature, and A – E are constants derived from experimental 

measurements. 

 

The heat capacity is first calculated for each flue gas component, after which the heat 

capacity of the whole gas mixture is calculated with Eq. 21. 

 

 
�̃�𝑝𝑚𝑖𝑥 =∑C̃pi  ∙ �̃�𝑖

𝑛

𝑖=1

 

 

[21] 

Where �̃�pi is the heat capacity in J/ (K ∙ mol) for each gas component and �̃�𝑖 the molar 

percentage of each gas.  

 

Conversion to J/ (K ∙ kg) is made through Eq. 22. 

 

 �̂�𝑝𝑚𝑖𝑥 =
�̃�𝑝𝑚𝑖𝑥

∑ Mi  ∙ �̂�𝑖
𝑛
𝑖=1

 [22] 

For further discussion on the calculation of the heat capacity, refer to Appendix 1. 

 

2.1.3. Vapor Condensation 

 

Specific humidity of a gas is defined as the ratio between water vapor and dry gas (see Eq. 

23).  

 

 𝑋 =
𝑚𝐻2𝑂

𝑚𝑑𝑟𝑦𝑔𝑎𝑠

 [23] 

 

This value can be compared to the relative humidity, which is the ratio between the actual 

vapor in a gas and the maximum amount of vapor that can be sustained in a gas under given 

circumstances. The maximum amount of vapor that a gas can sustain is highly dependent 

on the gas temperature, as a gas of higher temperature can hold a larger amount of water 

vapor. In other words, when a gas saturated with water cools down, the vapor will begin to 

condense until the gas reaches saturation again at the lower temperature. The temperature 

at which a gas with a certain specific humidity is saturated is generally referred to as the 
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dew point, meaning that vapor will start to condense when the gas reaches this temperature. 

The specific humidity of the incoming flue gas is calculated with Eq. 24. 

 

 𝑋𝑖𝑛 =
𝑛𝐻2𝑂 ∙ 𝑀𝐻2𝑂

𝑚𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 − 𝑛𝐻2𝑂 ∙ 𝑀𝐻2𝑂
 [24] 

 

The outgoing flue gas is assumed to be saturated with water at the outgoing temperature. 

The specific humidity at saturation is interpolated from tabulated, measured values of 

moisture content in saturated air at different temperatures [28]. The amount of condensed 

water is then calculated with Eq. 25. 

 

 �̇�𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 = �̇�𝑑𝑟𝑦 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ∙ (𝑋𝑖𝑛 − 𝑋𝑜𝑢𝑡) [25] 

 

2.1.4. Energy Balance 

 

The incoming energy in the flue gas is calculated with Eq. 26. 

 

 𝐸𝑖𝑛 = �̇�𝐹𝐺 𝑖𝑛 ∙ 𝐶�̃�𝐹𝐺 𝑖𝑛 ∙ (𝑇𝑖𝑛 − 𝑇𝑟𝑒𝑓) + ∆�̅�𝑣𝑎𝑝 ∙ 𝑋𝑖𝑛 ∙ �̇�𝑑𝑟𝑦 𝐹𝐺 [26] 

 

Where �̇�𝐹𝐺 𝑖𝑛 is the mass flow of incoming flue gas, 𝐶�̃�𝐹𝐺 𝑖𝑛 the heat capacity of the 

incoming flue gas, Tin the incoming flue gas temperature, Tref a reference temperature set 

at 25 °C, ∆�̅�𝑣𝑎𝑝 the weighted mean of the vaporization enthalpy of water in the relevant 

temperature range, and �̇�𝑑𝑟𝑦 𝐹𝐺  the mass flow of dry flue gas. 

 

Furthermore, the outgoing flue gas energy is calculated with Eq. 27. 

 

 𝐸𝑜𝑢𝑡 = �̇�𝐹𝐺 𝑜𝑢𝑡 ∙ 𝐶�̃�𝐹𝐺 𝑜𝑢𝑡 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓) + ∆𝐻𝑣𝑎𝑝 ∙ 𝑋𝑜𝑢𝑡 ∙ �̇�𝑑𝑟𝑦 𝐹𝐺 [27] 

 

Where �̇�𝐹𝐺 𝑜𝑢𝑡 is the mass flow of outgoing flue gas and 𝐶�̃�𝐹𝐺 𝑜𝑢𝑡 the heat capacity of the 

outgoing flue gas. 

 

The energy transferred from the flue gas to the scrubber water is then calculated in Eq. 28, 

and the temperature of the outgoing water is calculated with Eq. 29. 

 

 𝑃 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 [28] 

 

 
𝑇𝐶𝑊 𝑜𝑢𝑡 = 𝑇𝑟𝑒𝑓 +

𝑃

�̇�𝐶𝑊 𝑜𝑢𝑡 ∙ 𝐶𝑝𝐶𝑊
+
�̇�𝐶𝑊 𝑖𝑛

�̇�𝐶𝑊 𝑜𝑢𝑡
∙ (𝑇𝐶𝑊 𝑖𝑛 − 𝑇𝑟𝑒𝑓) 

 

[29] 

Where �̇�𝐶𝑊 𝑜𝑢𝑡 is the mass flow of outgoing scrubber water, �̇�𝐶𝑊 𝑖𝑛 the mass flow of 

incoming scrubber water and TCW in the temperature of the incoming scrubber water. 

 

Finally, the thermal efficiency is calculated with Eq. 30. 

 

 𝜂 = 1 −
𝐸𝑓𝑙𝑢𝑒 𝑖𝑛

𝐸𝑓𝑙𝑢𝑒 𝑜𝑢𝑡
 [30] 
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2.2. Non-Equilibrium Model 
 

The main advantages of the non-equilibrium model are that it gives the possibility to 

investigate the effects of changes in process running conditions as well as that of different 

scrubber designs. In the following sections, the two modules constituting the non-

equilibrium model is described in detail. 
 

2.2.1. Module 1: Droplet Simulation 

 

In this module, the droplets’ movement through the scrubber is simulated. The output of 

this module is the mass flow of water throughout the scrubber, as well as the heat transfer 

area of the droplets and scrubber walls. In the droplet simulation, symmetry is assumed, 

and the simulation is performed in 3 dimensions. However, only 2 dimensions are recorded 

for calculations in module 2 to decrease the computational demand. Figure 7 shows an 

illustration of the 2D-mesh where the droplet data is stored. 

 

 
Figure 7: Mesh for droplet simulation, and energy balance. 

 

Figure 8 shows a flow chart of the droplet simulation, this is repeated for a predetermined 

number of droplets for every nozzle. At the first step the input parameters, velocity, volume, 

and position, are entered for the simulated droplet. Secondly, the new velocity and 

coordinates of the droplet are calculated. After this, calculations are made regarding the 

droplet’s interactions with other droplets in the scrubber. The droplets current position, 

volume and velocity are then recorded for further use in module 2. Thereafter, the program 

determines whether the droplet has hit the scrubber wall or left the scrubber. If so, this is 

recorded and the simulation of the current droplet ends, if not, the previous steps are 

repeated. In the following section, all these steps, will be examined in more detail. 



  
 

15 
Wilhelm Johansson 

 

 
Figure 8: Flowchart of droplet simulation 

 
2.2.1.1. Flue Gas properties 

 

Both the droplet movement and the heat transfer between droplets and flue gas will be 

widely affected by the flue gas composition and movement. The flue gas composition is 

determined in the same manner as described above for the ideal case. This will inevitably 

differ slightly from the real flue gas composition, but the difference is expected to be small 

enough to be negligible in the model.  

 

The viscosity as well as the thermal conductivity of the individual flue gas components is 

calculated according to a polynomial model proposed in references [29] and [30] 

respectively. Wilke’s model is used to calculate the viscosity of the whole gas mixture [31], 

and Lindsay and Bromley’s model is used to calculate the thermal conductivity of the whole 

gas mixture [32]. For a more detailed explanation of the calculation of flue gas properties, 

refer to Appendix 1. 

 
2.2.1.2. Flue Gas Movement 

 

The movement of the flue gas in the scrubber is simplified in the model. The total flue gas 

velocity entering the scrubber is determined for each case and is assumed to be uniform 

throughout the scrubber. The flue gas velocity is then assumed to be divided into a 

horizontal and a vertical velocity vector, where the vertical movement is perpendicular to 

the wall. The horizontal velocity is calculated by Eq. 31, and the vertical velocity is 

calculated by Eq. 32. 
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𝑢ℎ𝑜𝑡 =

�̇�𝑔𝑎𝑠

𝐴𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
 

 

[31] 

 

 
𝑢𝑣𝑒𝑟𝑡 = √𝑢𝑡𝑜𝑡2 − 𝑢ℎ𝑜𝑟2  

 
[32] 

Where uvert is the vertical flue gas velocity, uhor the horizontal flue gas velocity, and utot the 

total flue gas velocity. 

 

Although the mass and energy balance are only made in 2 dimensions, the droplets are 

simulated in 3 dimensions. The purpose is to better simulate the centrifugal force derived 

from the circular movement of the flue gas, as well as to make proper estimations on droplet 

positions that are needed by the calculation of droplet interactions. It is then necessary to 

have the flue gas velocity represented in 3 dimensions as well. As the flue gas is assumed 

to have a vertical velocity perpendicular to the wall, the flue gas velocity vector can be 

calculated with Eqs. 33 – 34. 

 

 
𝑢𝑥 = 𝑢ℎ𝑜𝑟 ∙ cos (𝛽𝑑𝑟𝑜𝑝 +

𝜋

2
) 

 
[33] 

 
𝑢𝑦 = 𝑢ℎ𝑜𝑟 ∙ sin (𝛽𝑑𝑟𝑜𝑝 +

𝜋

2
) 

 
[34] 

Where 𝛽, is calculated from the droplet position through Eq. 35, and further explained 

through Fig. 9. 

 

 𝛽 = tan−1 (
𝑐𝑟𝑑𝑦

𝑐𝑟𝑑𝑥
) [35] 

 

 

Figure 9: A cross section of the scrubber with the angle that the flue gas velocity is 

determined on. 
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2.2.1.3. Droplet Size Distribution 

 

The size of the droplets entering the scrubber will be affected by the volume flow, pressure 

drop and nozzle type, which will not be investigated in this thesis. Instead droplet size 

distributions provided from the scrubber manufacturer was used as the input. Under the 

conditions where the scrubber is currently running, the droplet diameter can be expected in 

between 150 and 250 µm. Sun et al. and Jasikova et al. has observed that the droplet 

distribution from full cone nozzles, reassembles a normal distribution regarding volume 

distribution, although somewhat skewed towards smaller droplets if the number of droplets 

is regarded [33] [34]. Considering this, an assumption is made for the simulation that the 

droplets will vary in size according to a normal distribution curve shown in Fig. 10, where 

the majority of droplets have a volume close to the average, and a smaller fraction are of 

volumes far from the average.  

 

 
Figure 10: Distribution of droplet radius when leaving the spray nozzle. 

 
2.2.1.4. Droplet Movement 

 

The movement of droplets is approximated by simulating one droplet at a time, from 

leaving the nozzle until it hits the scrubber wall or leaves the scrubber. As the number of 

droplets moving through the scrubber at any given moment is too large to simulate 

individually, only a predetermined number of droplets is simulated in the model, which is 

then assumed to be representative of the total amount of droplets. This approach saves large 

amounts of computation time and is similar to the widely used Direct Simulation Monte 

Carlo method, proposed by Bird [35]. This approach is further explained in Chapter 2.2.1.6 

while this section will explain the simulation of the movement of a single droplet. 

 

The nozzles used in the Kosta scrubber are full cone spray nozzles. When leaving the 

nozzle, the droplets will have a circular motion while moving forward. In this way, a filled 

cone will be created as shown in Fig. 11. For a more detailed modelling of the droplet 

movement, a CFD analysis can be made as performed by Sun et al. [33]. In this study, 

however, a simplified approach is adopted to estimate the spray velocity of the droplets 

leaving the nozzle. The area of the cross section of the filled cone at 5 mm is calculated 

and the velocity is calculated by using Eq. 36. This simplified approach could give similar 

prediction for the droplet velocity to that achieved by Sun et al. and is therefore deemed to 

be sufficient for the proposed model. 
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Figure 11: Illustration of droplet dispersion in a full cone spray nozzle. 

 

 
𝑢𝑡𝑜𝑡_𝑑𝑟𝑜𝑝 =

�̇�𝐶𝑊
𝐴𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 ∙ 𝑛𝑛𝑜𝑧𝑧𝑙𝑒𝑠

 

 

[36] 

Where 𝑢𝑡𝑜𝑡_𝑑𝑟𝑜𝑝 is the starting velocity of the droplet, �̇�𝐶𝑊 is the volume flow of scrubber 

water, 𝐴𝑁𝑜𝑧𝑧𝑙𝑒 is the outlet area of the nozzle, and 𝑛𝑛𝑜𝑧𝑧𝑙𝑒𝑠 is the number of nozzles on the 

nozzle bank. 

 

As shown in Figure 12, the nozzle sprays with an angle of 60 °. The starting velocity can 

be explained in two dimensions by Eqs. 37 – 38. Each simulated droplet has a 

predetermined angle so that the spray is evenly distributed in the full cone. 

 

 

Figure 12: Direction of the droplet’s velocity when leaving the nozzle.  

 

 
𝑢𝑣𝑒𝑟𝑡 = 𝑢𝑡𝑜𝑡_𝑑𝑟𝑜𝑝 ∙ sin (𝛽) 

 
[37] 

 

 𝑢ℎ𝑜𝑟 = 𝑢𝑡𝑜𝑡_𝑑𝑟𝑜𝑝 ∙ cos (𝛽) [38] 

 

Where 𝛽 is the angle of the given droplet’s starting velocity. 
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When leaving the nozzle, the droplets can be assumed to have a spherical shape and when 

moving through the scrubber, their velocity will mainly be affected by three forces: air 

resistance, buoyancy, and gravity. The air resistance is calculated through Eq. 39 [36]. 

 

 0.5 ∙ 𝐶𝑑 ∙ 𝜌𝐹𝐺 ∙ 𝑟
2 ∙ 𝜋 ∙ (𝑢𝑑𝑟𝑜𝑝 − 𝑢𝐹𝐺)

2
 [39] 

 

Where 𝜌𝐹𝐺  is the flue gas density, r the droplet radius, and u represents the velocity of the 

drop and the flue gas accordingly. Cd is the resistance coefficient that can be calculated 

with Eqs. 40 – 42. 

 

 Cd =
24

𝑅𝑒
 𝑓𝑜𝑟 𝑅𝑒 < 1.9 [40] 

  

 Cd =
18.5

𝑅𝑒0.6
 𝑓𝑜𝑟 1.9 ≤ 𝑅𝑒 ≤ 508 [41] 

 

 Cd = 044 𝑓𝑜𝑟 508 ≤ 𝑅𝑒 ≤ 200,000 [42] 

 

Furthermore, the forces resulting from buoyancy and gravity can be calculated with Eq. 43. 

 

 
𝑔 ∙ 𝑑3 ∙ 𝜋 ∙ (𝜌𝑑𝑟𝑜𝑝𝑙𝑒𝑡 − 𝜌𝐹𝐺)

6
 [43] 

 

Where g is the gravity constant, and d the droplet diameter. 
 

The acceleration of the droplet can then be calculated by Eq. 44. 

 

 𝑎𝑑𝑟𝑜𝑝 =
0.5 ∙ 𝐶𝑑 ∙ 𝜌𝑓𝑙𝑢𝑒 ∙ 𝐷𝑑𝑟𝑜𝑝

2 ∙
𝜋
4 ∙ 𝑢𝑟𝑒𝑙 ∙ |𝑢𝑟𝑒𝑙|

𝑚𝑑𝑟𝑜𝑝 
 [44] 

 

Where Cd is the Cunningham correction factor, 𝜌𝑓𝑙𝑢𝑒 the flue gas density, 𝐷𝑑𝑟𝑜𝑝 the droplet 

diameter, 𝑢𝑟𝑒𝑙 the droplet velocity, relative to the flue gas, and 𝑚𝑑𝑟𝑜𝑝 the mass of the 

droplet. 

 

Giving the new velocity:  

 

 

 𝑢𝑛𝑒𝑤 = 𝑢𝑜𝑙𝑑  +  𝑎𝑑𝑟𝑜𝑝 ∙  𝑑𝑡 [45] 

 

Thereafter, a new droplet position is calculated with Eq. 46. 

 

 𝑐𝑟𝑑𝑛𝑒𝑤 = 𝑐𝑟𝑑𝑜𝑙𝑑  + 𝑢𝑛𝑒𝑤  ∙  𝑑𝑡 [46] 

 

It should be noted that this approach resembles that of Euler’s method, rather than the more 

precise 4th order Runge Kutta method, refer to Chapter 1.5.1. This is motivated by that the 

timesteps were sufficiently small for the difference between the two methods to be 

insignificant. For explanation of the determination of the length of the time steps, refer to 

Chapter 2.2.4.1. 
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2.2.1.5. Droplet Interaction 

 

As the droplets move through the scrubber, they can interact with other droplets that are in 

their path of movement. As droplets collide with each other, they can merge into a larger 

droplet. As the heat conduction area of droplets in the scrubber is significantly determined 

by the size of the droplets, droplet interaction and merging may have a noticeable impact 

on the total heat recovery in the scrubber, which should therefore be taken into 

consideration in the droplets movement simulation. Due to the large number of droplets 

moving through the scrubber at each moment and the complex situation of their interaction, 

it is necessary to establish a simplified approach to estimate droplet growth throughout the 

scrubber. 

 

The simplified approach used in the model, is similar to that developed by Viswanathan 

[37] for particle scavenging. Some strategies are also learned from the model developed by 

Pawar et al. [38] for droplet growth in a liquid spray due to collision. Only a fraction of the 

total number of droplets are simulated, and the probability of droplet collision is calculated 

with respect to the relative velocity of the simulated droplet compared to the surrounding 

droplets and the droplet concentration around the simulated droplet. The simplified 

approach used in this thesis is further explained below. 

 

When traveling through the scrubber, each droplet path will potentially create a collection 

volume as illustrated in Fig. 13. The size of the collection volume is calculated with  

Eq. 47. 

 

Figure 13: Droplet exposure volume for a time period of ∆t. 

 

 𝑉𝐶 = 𝐴𝐷  ∙  𝑢𝑑𝑟𝑜𝑝𝑙𝑒𝑡 ∙ ∆𝑡 [47] 

 

Where AD is the droplet’s frontal area, 𝑢𝑑𝑟𝑜𝑝𝑙𝑒𝑡 the droplet relative velocity to surrounding 

droplets, and ∆𝑡 the time interval when the droplet travels at this velocity. 

 

In each scrubber segment the number of droplets per m3 can be calculated through Eq. 48. 

 

 
Cdroplets =

Vdropletwater

𝑉𝑚𝑒𝑎𝑛𝑑𝑟𝑜𝑝𝑙𝑒𝑡  ∙ 𝑉𝑆𝑐𝑟𝑢𝑏𝑏𝑒𝑟𝑠𝑒𝑔𝑚𝑒𝑛𝑡
 

 

[48] 

Where C is the droplet concentration in the scrubber segment, Vdropletwater the water volume 

in droplet form in the scrubber segment, Vmeandroplet the mean volume of droplets in the 

segment and VScrubbersegment the total volume of the scrubber segment. 

 

The number of droplets exposed to the droplet is thereby calculated by Eq. 49. 

 



  
 

21 
Wilhelm Johansson 

 

 #𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 = 𝐶𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠  ∙ 𝑉𝐶 [49] 

 

This can be regarded as the number of droplets that the simulated droplet is expected to 

collide with in the given time step. However, if the applied time steps are short enough, the 

simulated droplet will not be able to meet even another single droplet, which means 

collision will not happen, no matter how many droplets are surrounding the droplet. To 

solve this, two approaches could be considered.  

 

One way is to correlate #𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 to the possibility that the simulated droplet hits another, 

whereas a randomizer decides whether a hit occurs. With enough simulated timesteps this 

could give a reasonable approximation of the effect of droplet interaction. This is similar 

to the Monte Carlo method used by Pawar et al. [38]. 

 

The second approach is to view the droplet as a representation of a large number of droplets 

which means that #𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 could be regarded as the share of the represented droplets which 

hit another droplet. The mean change in droplet volume could then be calculated with Eq. 

50 which would give a continuous increase in droplet volume instead of a discontinuous as 

in the first approach.  

 

 ∆𝑉 = 𝑉𝑜𝑙𝑑 + 𝑉𝑚𝑒𝑎𝑛 ∙ #𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 [50] 

 

Where subscript mean stands for the mean of the droplet in the current scrubber segment. 

 

To conserve momentum, the droplet velocity will also change according to Eq. 51. 

 

𝑢𝑛𝑒𝑤 =
𝑉𝑜𝑙𝑑  ∙ 𝑢𝑜𝑙𝑑 +∙ #𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠  ∙ 𝑉𝑚𝑒𝑎𝑛 ∙ 𝑢𝑚𝑒𝑎𝑛

𝑉𝑜𝑙𝑑 + #𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠  ∙ 𝑉𝑚𝑒𝑎𝑛
 

 

[51] 

Note that the conservation of momentum uses mass and not volume, but since density is 

unchanged, the two can be used interchangeably in the equation. 

 

Although the first approach may give a better representation of the droplet interactions if 

running with small time steps, no significant difference between two approaches could be 

observed when running the simulation. Considering this, the second approach was chosen 

in this study to reduce the computational need. 

 

A relevant simplification made in the used approach is that all droplets that collide merge. 

However, Ko et al. [39] identified another three possible scenarios. Low kinetic energy 

levels at impact leads to that the droplets bounce away from each other. High kinetic energy 

on the other hand, leads to a breakup of the colliding droplets through a reflexive or 

stretching separation, creating a small number of satellite droplets of reduced size. This 

could imply that the simplification made, may overestimate the growth of droplets 

throughout the scrubber. However, at Weber numbers below 5 (see Eq. 52), over 80 % of 

the droplet collisions lead to droplet merging whereas the remaining 20 % generally leads 

to bouncing of the droplets. Running of the model showed that the Weber number seldom 

reached above 1, and still well below 5, leading to the conclusion that the simplification is 

reasonable. 
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 𝑊𝑒 =
𝜌 ∙ 𝑢2  ∙ 𝑑

ϙ
 [52] 

Where ϙ is the surface tension. 

 
2.2.1.6. Droplet Mass Flow  

 

For each simulation, a predetermined number of droplets are simulated, representing the 

total mass flow. Since only a fraction of the total mass flow is simulated, each droplet will 

represent the mass flow calculated in Eq. 53. 

 

 

 �̇� = �̇�𝑡𝑜𝑡 ∙
𝑚𝑑𝑟𝑜𝑝

�̇�𝑠𝑖𝑚
  [53] 

 

For the energy balance, the water mass flow is divided into 3 separate mass flows, upgoing 

droplets, downgoing droplets, and the water film on the scrubber wall. This division was 

made because the water in these mass flows can be expected to have traveled in the scrubber 

for different amount of time, leading to significant temperature differences. 

 

In each scrubber segment mass flow can go in several directions as shown in Fig. 14.  

 

         
 
Figure 14: The figure shows the mass balance set up for each segment for upgoing droplets (a) and down 

going droplets (b). The abbreviations are listed as follows: In From Above (IFRA), IFRL (In 

From Left), IFRS (In From Spray), DTOU (Down To Up), UTOD (Up To Down), Upward 

droplet To Wall (UTOW), Downward droplet To Wall (DTOW) 

 

By recording the path of each simulated droplet, the mass flows in each scrubber segment 

can be calculated. Furthermore, the mass flow downwards for each wall segment is 

calculated with Eq. 54. 

 

 �̇�𝑤𝑎𝑙𝑙_𝑗 =∑�̇�𝑑𝑟𝑜𝑝→𝑤𝑎𝑙𝑙_𝑖

𝑗

𝑖=1

 [54] 

 

Where �̇�𝑤𝑎𝑙𝑙_𝑗 is the mass flow at segment j, and �̇�𝑑𝑟𝑜𝑝→𝑤𝑎𝑙𝑙_𝑖 the mass flow of droplets 

to the wall at segment i. 
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2.2.1.7. Droplet Heat Transfer Area 

 

To be able to calculate the energy transfer between the flue gas and the droplets, the 

droplets’ heat conduction area is of high importance. As the droplets’ movement through 

the scrubber is simulated, the residential time in each segment is recorded. Using the mass 

flow calculated in the previous section, the residential volume can be calculated with Eq. 

55. 

 

 𝑉𝑟𝑒𝑠 =
�̇�𝑤

𝜌𝑤
∙ 𝜏 [55] 

 

Where 𝑉𝑟𝑒𝑠 is the residential volume, �̇�𝑤 the mass flow, 𝜌𝑤 the water density and 𝜏 the 

mean residential time in the scrubber segment.  

 

The area to volume ratio can be calculated with Eq. 56. 

 

 
𝐴

𝑉
=
𝐴𝑠𝑝ℎ𝑒𝑟𝑒

𝑉𝑠𝑝ℎ𝑒𝑟𝑒
=

3

𝑟𝑑𝑟𝑜𝑝
 [56] 

 

The heat conduction area in each segment can then be calculated with Eq. 57. 

 

 𝐴𝑠𝑒𝑔 = 𝑉𝑟𝑒𝑠 ∙
𝐴

𝑉
 [57] 

 

Furthermore, the heat transfer area of the scrubber wall at each scrubber height segment is 

calculated with Eq. 58. 

 

 𝐴𝑤𝑎𝑙𝑙𝑠𝑒𝑔𝑚 = (ℎ𝑖 − ℎ𝑖+1) ∙ 𝜋 ∙
(𝑑𝑠𝑐𝑟𝑢𝑏𝑏𝑒𝑟𝑖 + 𝑑𝑠𝑐𝑟𝑢𝑏𝑏𝑒𝑟𝑗)

2
 [58] 

 

Where h is scrubber height at the given scrubber height segment and 𝑑𝑠𝑐𝑟𝑢𝑏𝑏𝑒𝑟is the 

scrubber diameter at the given scrubber height segment. 
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2.2.2. Module 2: Mass and Energy Balance 

 

In the second module, an energy balance is carried out for each scrubber segment. As 

mentioned above, for the energy balance, the scrubber is divided into a mesh of segments 

according to Fig. 7. For each segment, an energy balance is established, after which the 

segments are put together to establish the energy balance for the whole scrubber. The 

following sections will describe the governing equations for these energy balances as well 

as the numerical method suggested and implemented for solving the energy balance of the 

whole scrubber. 

 
2.2.2.1. Mass and Energy Balance of the Scrubber Water 

 

First, a weighted mean temperature is calculated for the water entering the scrubber 

segment (see Eq. 59).  

 

 ∑
�̇�𝑖 ∙ 𝑇𝑖
∑ �̇�𝑗
𝑛
𝑗

𝑛

𝑖

 [59] 

 

Where �̇� is water mass flow entering the segment, and T the temperature of the mass flow. 

 

Thereafter, the mass and heat transfer, PCond and PConv, is calculated. The mass and heat 

transfer will occur through convection, radiation, and condensation. For the gray gas 

radiation, Leckner’s gray gas model is used [40]. For the convection between droplet and 

flue gas Ahmad and Yovanovich’s model is used [41], while Hausen’s formula for gas 

flows in pipes and canals is used for the convection between the flue gas and the scrubber 

walls [42].  

 

The condensation on the droplets and the scrubber wall was first calculated with Lock’s 

model [43], and a modified version of Nusselt’s film theory respectively [44]. However, it 

could be observed that the vapor flux was the limiting factor for both wall and droplet 

condensation. In the developed model, the vapor flux is calculated according to the theory 

of Stefan diffusion [45]. For a more throughout description on the heat and mass transfer, 

refer to Appendix 2. 

 

After the heat and mass transfer is calculated, an energy balance is established and the 

outgoing temperature is determined, according to Fig. 15 and Eqs. 60 and 61. 

 

 
Figure 15: Energy balance for droplets in each scrubber segment. 
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 �̇�𝑤𝑜𝑢𝑡 = �̇�𝑤𝑖𝑛
+𝑚𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑 −𝑚𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 [60] 

 

 𝑇𝑑𝑟𝑜𝑝𝑜𝑢𝑡 = 𝑇𝑑𝑟𝑜𝑝𝑖𝑛 +
𝑃𝐶𝑜𝑛𝑣 + 𝑃𝑐𝑜𝑛𝑑 + 𝑃𝑅𝑎𝑑

�̇�𝑤𝑜𝑢𝑡 ∙ 𝐶𝑝𝐻2𝑂
 [61] 

 
2.2.2.2. Mass and Energy Balance of the Flue Gas 

 

The mass and energy balance of the flue gas is set up according to Fig. 16.  

 

 

Figure 16: Energy and mass balance of the flue gas for each scrubber segment  

 

As the flue gas energy balance is only established in 1 dimension while the water energy 

balance is established in 2 dimensions, the total mass and heat transfer at each height 

segment is established by Eqs. 62 – 63. 

 

 

 𝑚𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑𝑡𝑜𝑡 =∑𝑚𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑𝑗

𝑁

𝑗

 [62] 

 

Where 𝑚𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑𝑡𝑜𝑡 is the total amount of water condensed at a given height, N the total 

number of scrubber segments in the horizontal direction and, 𝑚𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑𝑗
 the condensation 

at each individual scrubber segment at the given height. 
 

 𝑃𝑡𝑜𝑡𝑖 =∑𝑃𝑗

𝑁

𝑗

 [63] 

 

Where 𝑃𝑡𝑜𝑡𝑖 is the total heat transfer at a given height, N the total number of scrubber 

segments in the horizontal direction and, 𝑃𝑗 the heat transfer at each individual scrubber 

segment at the given height. 

 

The new moisture content and temperature for each scrubber segment is then calculated 

with Eqs. 64 – 65. 
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 𝑋𝑖 = 𝑋𝑖+1 −
𝑚𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑𝑡𝑜𝑡

𝑚𝑑𝑟𝑦𝐹𝐺
 [64] 

 
 

 𝑇𝑜𝑢𝑡 =
�̇�𝐹𝐺𝑖𝑛 ∙ 𝐶𝑝𝐹𝐺𝑖𝑛 ∙ (𝑇𝐹𝐺𝑖𝑛 − 𝑇𝑟𝑒𝑓) + �̇�𝐹𝐺𝑜𝑢𝑡 ∙ 𝐶𝑝𝐹𝐺𝑜𝑢𝑡 ∙ 𝑇𝑟𝑒𝑓 + �̇�𝐶𝑜𝑛𝑑𝑡𝑜𝑡

∙ 𝐶𝑝𝑣𝑎𝑝𝑜𝑟 ∙ 𝑇𝑟𝑒𝑓 − 𝑃𝑡𝑜𝑡𝑖
�̇�𝐹𝐺𝑖𝑛 ∗ 𝐶𝑝𝐹𝐺𝑖𝑛 + �̇�𝐶𝑜𝑛𝑑𝑠𝑒𝑑𝑡𝑜𝑡𝑖

∙ 𝐶𝑝𝑉𝑎𝑝𝑜𝑟
 [65] 

 

When the mass and energy balance of the whole scrubber is established, new flue gas 

properties are determined according to Chapter 2.2.1.1. 
 

2.2.2.3. Numerical Solution 

 

Due to the large complexity of mass flows in the scrubber, there are too many unknown 

temperatures at each scrubber segments to solve the energy balance analytically. Therefore, 

a numerical solution is proposed and applied. 

 

First, an arbitrary temperature profile of the flue gas is assumed as a starting input. 

Thereafter, the heat exchange between the flue gas and the water is calculated and an energy 

balance is set up in each segment, solving for the water temperature profile. The calculated 

mass and heat exchange are then used to calculate a new temperature profile of the flue gas 

as well as a profile for flue gas composition. This process is then iterated until the model 

converges at a solution, which is an approach similar to the Jacobi method [14]. 

Convergence is assumed to be reached when the heat recovery has changed less than 1 %, 

for the last 100 iterations. 

 

2.2.3. Moisture Addition Through Evaporation 

 

As mentioned in Chapter 1.5.2, earlier studies have investigated the possible advantages of 

increasing the moisture content in the flue gas before it enters the scrubber [17]. The 

possibility to investigate these advantages was therefore included in the non-equilibrium 

model. The theory behind this is explained below. 

 

The moisture is assumed to be added to the flue gas by spraying small amounts of water 

which evaporates before the flue gas reaches the scrubber. This will decrease the 

temperature of the flue gas while increasing the moisture content. The new temperature and 

moisture content of the flue gas can be calculated with Eqs. 66 – 68.  

 

 ∆𝐸 = 𝐶𝑝𝐻2𝑂 ∙ 𝑚𝑚𝑜𝑖𝑠𝑡 ∙ (𝑇𝑠𝑎𝑡  −  𝑇𝑊𝑖𝑛
) + 𝑚𝑚𝑜𝑖𝑠𝑡 ∙ ∆𝐸𝑉𝑎𝑝 + 𝐶𝑝𝑉𝑎𝑝𝑜𝑟 ∙ 𝑚𝑚𝑜𝑖𝑠𝑡 ∙ (𝑇𝑜𝑢𝑡  −  𝑇𝑠𝑎𝑡) [66] 

 

 

 𝑇𝑜𝑢𝑡 = 𝑇𝐹𝐺𝑖𝑛 −
∆𝐸

𝐶𝑝𝐹𝐺𝑜𝑢𝑡 ∙ �̇�𝐹𝐺𝑜𝑢𝑡
 [67] 

 

 

 𝑋𝑜𝑢𝑡 = 𝑋𝑖𝑛 +
𝑚𝑚𝑜𝑖𝑠𝑡

𝑚𝐹𝐺 𝑑𝑟𝑦

 [68] 

 

As mentioned above, the addition of moisture decreases the flue gas temperature while at 

the same time increasing the dew point. In principle, the theoretical maximum amount of 

moisture that could be added to the flue gas is reached when the new flue gas temperature 
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is equal to the dew point. The model was therefore tested with moisture addition of between 

0 and 100 % of this theoretical maximum. 

 

2.2.4. Determination of Subdomain Proportions 

 

As discussed in Chapter 1.5.1, when solving a complex problem with the Finite Element 

Method, the size of the subdomains will have a significant impact on the accuracy of the 

developed model. In this model, three modelling parameters that may have a substantial 

impact on the model performance are: the number of scrubber segments, the length of 

timesteps during simulation, and the number of simulated droplets. Table 2 shows a 

summary of the chosen values for the relevant study, while the motivation for the chosen 

values is presented in the following section. 

 

Table 2: Values for modelling parameters 

Modelling parameter 

 

Value chosen for case study 

Number of scrubber segments 

 

8,000 

Length of timesteps (ms) 

 

0.5 

Number of simulated droplets 100,000 

 

2.2.4.1. Number of Scrubber Segments and the Length of Timesteps 

 

As the scrubber is divided into a finite number of volume segments, the size of these must 

be determined. Too few segments will lead to low modeling accuracy, and too many 

segments will make the computation too slow to be practically usable. Furthermore, the 

timestep of the droplet simulation must be adjusted to the segment size according to Eq. 

69, implying a further slowdown of the model by an increased number of segments. 

 

 𝛥𝑡 ≤
𝐿𝑆𝑒𝑔𝑚

𝑢𝑑𝑟𝑜𝑝𝑚𝑎𝑥
 [69] 

 

Where 𝛥𝑡 is the length of the time steps, 𝐿𝑆𝑒𝑔𝑚 the segment length and 𝑢𝑑𝑟𝑜𝑝𝑚𝑎𝑥  the 

maximum velocity that the droplets are expected to reach. 

 

To determine the model’s sensitivity to the chosen number of scrubber segments, the 

discretization error was calculated according to a method that has been evaluated with a 

large number of CFD cases [46]. 

 

First, a representative size, ψ, was determined according to Eq. 70. 

 

 𝛹 = √
1

𝑁
∑∆

𝑁

1=1

𝐴𝑖 [70] 

 

Where, N is the total number of scrubber segments and ∆𝐴𝑖 the area of segment i.  
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As the grid in the given model is constituted of cells with the same size, Eq. 70 can be 

simplified to Eq. 71. 

 

 𝛹 = √∆𝐴𝑖 = √
ℎ𝑆𝑐𝑟𝑢𝑏𝑏𝑒𝑟 ∙ 𝑊𝑠𝑐𝑟𝑢𝑏𝑏𝑒𝑟

𝑁
 [71] 

 

Where h and W are the scrubber height and width, respectively. 

 

Then the model was run with three grids with significantly different cell sizes. It is 

recommended that the grid refinement factor r, defined in Eq. 72, is greater than 1.3. 

 

 𝑟21 =
𝛹𝑐𝑜𝑎𝑟𝑠𝑒
𝛹𝑓𝑖𝑛𝑒

=
𝛹1
𝛹2

 [72] 

 

Next the apparent order p of the method was calculated through Eqs. 73 – 75. 

 

 𝑝 =
1

ln (𝑟21)
∙ |ln |

𝜅32
𝜅21

| + 𝑞(𝑝)| [73] 

 

 𝑞(𝑝) = ln (
𝑟21
𝑝 − 𝑠

𝑟32
𝑝 − 𝑠

) [74] 

 

 𝑠 =
𝜅32
𝜅21

∙ |
𝜅21
𝜅32

| [75] 

 

Where  

 

 𝜅21 = θ2 − θ1 [76] 

 

And 

 

 𝜅32 = θ3 − θ2 [77] 

 

Θ is the solution for a parameter important for the conclusions of the investigation, which 

is, in this case, the scrubber heat recovery. 

 

Furthermore, the extrapolated values of Θ at other grid sizes was calculated with Eq. 78. 

 

 θext
21 =

𝑟21
𝑝 ∙ θ1 − θ2

𝑟21
𝑝 − 1

 [78] 

 

Finally, three different error estimates were calculated. 

 

Approximate relative error, see Eq. 79. 
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 𝑒𝑎
21 = |

θ1 − θ2
θ1

| [79] 

 

Extrapolated relative error, see Eq. 80. 

 

 𝑒𝑒𝑥𝑡
21 = |

θext
12 − θ1

θext
12 | [80] 

 

Fine-grid Convergence Index, see Eq. 81. 

 

 𝐺𝐶𝐼𝑓𝑖𝑛𝑒
12 =

1.25 ∙ 𝑒𝑎
21

𝑟21
𝑝 − 1

 [81] 

 

By applying this method, the discretization errors for three segment sizes (3000, 6000, and 

12000) was calculated. The results of the procedure are presented in Table 3. 

 

Table 3: Calculations of discretization error 

 

N1, N2, N3 

 

 

3000, 6000, 12000 

𝑟21 = 𝑟32 1.4 

 

θ1 

 

296.44 

θ2 

 

296.09 

θ3 

 

296.35 

p 

 

0.94 

θext
21  

 

297.35 

𝑒𝑎
21 

 

0.1 % 

𝑒𝑒𝑥𝑡
21  

 

0.3 % 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒
12  0.4 % 

 

Concludingly, the numerical uncertainty of the model due to the choice of grid size is 

thereby 0.4 %, meaning that an increase in the number of segments will have a marginal 

but not insignificant effect on the final results. As a compromise between computational 

load and model accuracy, the number of scrubber segments for the study was chosen as 

8000. To ensure a small enough time step, a maximum droplet velocity of 40 m/s was 

assumed, giving a time step of 0.5 ms. 
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2.2.4.2. Number of Simulated Droplets 

 

When determining the number of droplets to be simulated, the model was run 40 times, 

with an increasing number of droplets simulated, from a minimum of 1000 droplets, to a 

maximum of 500,000 droplets, with all other parameters equal. The predicted heat recovery 

as a function of simulated droplets is shown in Figure 17. It can be observed that the 

difference in predicted heat recovery, between the highest and the lowest prediction is 

approx. 1.5 %. A large fluctuation in the predicted heat recovery can also be observed at 

fewer simulated droplets than 50,000. For amounts higher that this, the change in predicted 

heat recovery slowly flattens out and the difference between 100,000 and 500,000 

simulated droplets is smaller than 0.1 %. As a compromise between computational load 

and model accuracy, the number of simulated droplets for the study was thereby chosen to 

100,000. 

 

 

Figure 17: Predicted heat recovery as a function of the number of simulated droplets 
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3. Model Validation and Predictions 
 

3.1. Model Validation Against Actual Scrubber Installations 
 

For a model to have a practical applicability it needs to be tested and validated against 

reality. The validation of a model can be done through comparison of the outgoing signals 

from the investigated system with the outgoing signals from the model when they both have 

the same ingoing signal. The degree of accuracy strived for depends on the purpose of the 

model, it also depends on the accuracy of the measured parameters in the system. Even 

though the model has been carefully validated, it will be valid only within certain intervals 

for the ingoing values in principle. Outside these intervals, the results should be interpreted 

with caution [47]. 

 

The validation of the model was performed with measurements from three different 

sources. Earlier installations of a similar scrubbers were installed in the 1990s in Överrum 

and Studsgård while a new installation was established in 2018 in Kosta. Measured data 

was gathered from these facilities and used as input for the developed model. The predicted 

heat recovery was then compared with the measured heat recovery at each corresponding 

data point. The available measurement data differed between the different scrubber 

installations and is therefore summarized in Table 4, while the measured process data used 

for verification can be found in Appendix 3. 

 

Table 4: Summary of measurements for model validation. 
 

 
Överrum Studsgård Kosta 

Number of data points 

 

48 29 2 

Incoming flue gas 

temperature 

 

Measured Measured Measured 

Outgoing flue gas 

temperature 

 

Measured Measured Measured 

Lambda value 

 

 

Measured Measured Approximated  

as 1.4 

Volume flow of 

scrubber water 

 

Calculated mean From 

Measurements 

Calculated mean From 

Measurements 

Measured 

Inlet water 

temperature 

 

Measured Measured Measured 

Scrubber heat 

exchange 

 

Measured Measured Measured 

Boiler load 

 

Measured Measured Measured 

Flue gas velocity 

 

 

Calculated mean From 

Measurements 

Calculated mean From 

Measurements 

Measured 

 

Since the moisture content of the fuel input for each point in time was unknown it had to 

be estimated from the data available. This was done by doing an energy balance of the 

scrubber with the measured values for heat transfer, in and outgoing flue gas temperature, 

as well as the mass flow of flue gas. 
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3.2. Model Predictions 
 

When the model was validated, it was used to investigate the effects of several scrubber 

parameters that are going to be varied within a defined range (see Table 5). 

 

Table 5: Investigated scrubber properties through scrubber modelling. 

Scrubber property Starting value Final value 

 

Flue gas velocity (m/s) 

 

 

15 

 

25 

Height of nozzle bank  

(meters from lowest setting) 

 

0 0.1 

Number of nozzles per nozzle 

row  

 

3 5 

Number of nozzle rows 

 

3 7 

Moisture addition  

(% of theoretical maximum) 

 

0 100 

Inlet water temperature 

(°C) 

 

40 50 

WFGR (kg water / kg flue gas) 

 

5 15 

Lambda value 1 1.8 

 

When the varied parameters in Table 5 are investigated, all other properties and parameters 

listed in Table 6 are set to fixed values that are determined from typical running conditions 

at the Kosta facility. Detailed settings are shown in Table 6. 

 

Table 6: Standard input values of running conditions. 

Scrubber property 

 

Standard value 

Flue gas velocity (m/s) 

 

20 

Height of nozzle bank  

(mm from lowest setting) 

 

50 

Inlet water temperature (°C) 

 

44 

WFGR (kg water / kg flue gas) 

 

10 

Lambda value 1.4 
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4. Results and Discussion 
 

4.1. Model Validation & Process Optimization 
 

This section starts by an examination of the validation of the scrubber model when running 

against the measured data from the three different facilities described in Chapter 1.4. After 

validation, the model is applied to optimize the scrubber performance by varying several 

critical operation and design parameters. The optimized results from the model is also 

compared with the actual process measurement when the data is available.  

 

4.1.1. Model Validation 

 

As further explained in Chapter 3.1, when validating the model, the measured parameters 

were used as input into the model after which the predicted heat recovery for each measured 

point in time was compared to the measured heat recovery. Figure 18 shows the heat 

recovery measured at the Studsgård installation compared to the heat recovery predicted 

by the scrubber model. It indicates that the predicted values generally correspond well to 

the measured values with a mean absolute error of 6.9%. However, it can be observed that 

the model seems to slightly overestimate the scrubber heat recovery as no case can be 

observed where an underestimation occurs. 

 

 

Figure 18: Comparison between model prediction and measured data of heat recovery for 

the scrubber installation in Studsgård. 

 

Figure 19 shows the heat recovery measured at the Överrum installation compared to the 

heat recovery predicted by the scrubber model. Regarding this installation, a similar 

correspondence between measured and predicted heat recovery can be observed with a 

mean prediction error of 6.7 %. Comparison with the empirical data of the Överrum 

installation also shows a slight bias towards overestimating the scrubber heat recovery in 

general, while quite a few cases are predicted well by the model.  
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Figure 19: Comparison between model prediction and measured data of heat recovery by 

the scrubber installation in Överrum. 

 

Figure 20 shows a comparison between model predictions and the heat recovery measured 

at the Kosta facility. A close resemblance can be seen between measured and predicted heat 

recovery with a mean estimation error of 0.6 %. Due to data logging problems from the 

plant, the obtained data set was very small, consisting of only two measuring points. 

However, together with the validation made against the other two facilities, the model 

works reasonably well and can give useful insights regarding the process optimization of 

the Kosta scrubber as well. 

 

 

Figure 20: Comparison between model prediction and measured data of heat recovery by 

the scrubber installation in Kosta. 
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4.1.2. Process Optimization 

 

This section will apply the validated model to evaluate the effect of different process 

parameters on the scrubber efficiency and suggest possible measures for efficiency 

improvement. Each parameter (see Chapter 3.2), will be evaluated at 4 different 

temperatures for the incoming flue gas as well as for a boiler load of 3 MW and 1.5 MW. 

These two boiler loads were chosen because they represent the load of the Kosta boiler 

running at 100 % and at 50 %, respectively. To make better comparisons while varying the 

running conditions of the scrubber at different boiler loads and flue gas temperatures, the 

efficiency of the heat recovery was compared rather than the actual heat recovery. The 

efficiency of the heat recovery is defined as the ratio of the recovered energy to the total 

energy in the flue gas when entering the scrubber (see also Eq. 30). 

 
4.1.2.1. Flue Gas Velocity 

 

As shown in Figure 21, the flue gas velocity has a small but notable effect on the heat 

recovery. That is, the scrubber heat recovery increased between 2.2 % and 4.2 % when the 

flue gas velocity increased from 10 m/s to 25 m/s. The largest efficiency increase could be 

observed at 150 °C and a boiler load of 3 MW, and the lowest efficiency increase could be 

observed at 200 °C and a boiler load of 1.5 MW. It can also be observed that the scrubber 

efficiency increases as the temperature of flue gas increases. For the ideal equilibrium 

cases, maximum possible efficiency is limited by the fact that the flue gas cannot be cooled 

below the temperature of the incoming scrubber water. When the equilibrium is considered, 

the heat recovery will not be affected by the varied flue gas velocity. An increase in flue 

gas temperature means that a larger share of the incoming energy can theoretically be 

transferred from the flue gas to the scrubber water, leading to an increase in theoretical 

maximum efficiency. The same effect can also be partially expected for all the simulated 

cases. 

 

 

Figure 21: Scrubber efficiency as a function of flue gas velocity. The solid lines represent 

a boiler load of 1.5 MW while the dashed lines represent a boiler load of 3 MW. 

The dot-dash lines indicate the ideal equilibrium cases (i.e. theoretical 

maximum scrubber efficiencies) at different temperatures.  The vertical dashed 

line shows the current running conditions at the Kosta facility.  
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4.1.2.2. Height of Nozzle Bank 

 

The height of nozzle bank could also affect the path of the droplets in the scrubber, leading 

to a longer residence time that may thereby increase the heat recovery. Figure 22 shows the 

effect of the height of the nozzle bank on scrubber efficiency. Increased heights of the 

nozzle bank increase the scrubber efficiency for all scenarios tested. The difference 

between the lowest and the highest setting is similar for both boiler loads, between  

12 – 14 % increment at 3 MW, and approx. 10 % at 1.5 MW. However, at the top settings 

(100 mm height increase from lowest the setting), the increase levels off, suggesting that 

there are no significant gains possible by increasing the nozzle height further. The increase 

of the efficiency can be attributed to an increase in mean residence time for the droplets, 

from 30 to 36 ms, and from 18 to 20 ms at 1.5 and 3 MW boiler load, respectively.  
 

 

Figure 22: Scrubber efficiency as a function of the height of the nozzle bank. The solid 

lines represent a boiler load of 1.5 MW while the dashed lines represent a boiler 

load of 3 MW. The dot-dash lines indicate the ideal equilibrium cases (i.e. 

theoretical maximum scrubber efficiencies) at different temperatures.  The 

vertical dashed line shows the current running conditions at the Kosta facility. 

 
4.1.2.3. Scrubber Water Supply Temperature 

 

Figure 23 shows the effect of the scrubber water supply temperature on scrubber efficiency. 

A sharp decline in efficiency can be observed at both boiler loads and at all flue gas 

temperatures when the supply temperature of scrubber water increases. The decline is 

similar for both boiler loads but differs depending on incoming flue gas temperature, 

approx. 32 % at 125 °C and approx. 26 % at 200 °C. 

 

It can also be observed that the theoretical maximum efficiency decreases with higher 

supply temperature. This is reasonable as the supply temperature sets a limit to how much 

the outgoing flue gas can be cooled which thereby sets a limit to the maximum efficiency 

that could be reached. The decrease in the scrubber efficiency is significant with an 

approximate 3 % decrease for each degree increase of the supply water temperature. 

However, the reduction of the scrubber water temperature is limited by the fact that it is 
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supposed to be able to further increase the temperature of district heating return water. 

Therefore, the current plant is supplying the scrubbing water at a temperature of 44 °C. 

 

 

Figure 23: Scrubber efficiency as a function of water supply temperature. The solid lines 

represent a boiler load of 1.5 MW while the dashed lines represent a boiler load 

of 3 MW. The dot-dash lines indicate the ideal equilibrium cases (i.e. 

theoretical maximum scrubber efficiencies) at different temperatures.  The 

vertical dashed line shows the current running conditions at the Kosta facility. 

 

However, when analyzing the actual process data, the previously discussed trend cannot be 

seen. This can be explained by the fact that the scrubber water is circulated and that the 

heat exchange between scrubber- and district heating water is not perfect. An increase in 

efficiency will therefore lead to an increase in incoming water temperature, making the 

effect shown in Figure 23 harder to observe.  

 
4.1.2.4. Water to Flue Gas Ratio (WFGR) 

 

Figure 24 shows the scrubber efficiency as a function of WFGR. A higher WFGR leads to 

an improved scrubber efficiency regarding heat recovery. This is reasonable as a larger 

mass flow of water should lead to both a greater heat conduction area, and lower water 

temperature in the scrubber. The latter effect is however a restricting factor of how large 

mass flow of water is feasible to spray into the scrubber. When the temperature of outgoing 

water becomes too low, it would reduce the efficiency of the heat exchanger between 

scrubber- and district heating water.  

 

The effect is larger on the cases with high boiler load, up to 45 % increase of the scrubber 

efficiency over the modelled interval, than that at low boiler load, up to 28 % increase. It 

can be noted that the currently used WFGR seems to be a quite optimum choice considering 

that the efficiency gains of an increased WFGR seem to level of at higher values so that it 

is quite possible that the negative effects would start to outweigh the positive effects.  
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Figure 24: Scrubber efficiency as a function of WFGR. The solid lines represent a boiler 

load of 1.5 MW while the dashed lines represent a boiler load of 3 MW. The 

dot-dash lines indicate the ideal equilibrium cases (i.e. theoretical maximum 

scrubber efficiencies) at different temperatures.  The vertical dashed line shows 

the current running conditions at the Kosta facility.  

 

The improved efficiency due to increased WFGR could also be observed in the measured 

data gathered at the Överrum facility. Figure 25 shows the measured data points from the 

Överrum facility, sorted by WFGR-value. A trendline was created through linear 

regression, showing a general trend of increased efficiency at higher WFGR-values. 

 

 

Figure 25: Measured data points on efficiency at different WFGR gathered at the scrubber 

installment in Överrum with a trendline determined through linear regression 

of the gathered data points. 
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4.1.2.5. Lambda Value 

 

As mentioned in Chapter 2.1.2, the lambda value is a measure of how much air is added 

during combustion compared to the stoichiometric oxygen demand for complete 

combustion. Figure 26 shows the effect on the scrubber efficiency of different lambda 

values. It can be observed that an increased lambda value has a negative effect on efficiency 

for all studied cases. The decrease is somewhat higher at a 3 MW boiler load, up to 25 %, 

than at a 1.5 MW boiler load, up to 22 %.  

 

The observed effect may be due to that a higher lambda value means a larger excess air 

supply which would lead to a larger mass flow of flue gas. A larger amount of flue gas 

energy entering the scrubber will require a larger heat transfer area to reach the same 

efficiency. This is supposed to be resolved by a constant WFGR; however, this is an 

insufficient method to reach the same area for heat exchange, mainly due to two reasons. 

First, part of the heat exchange will occur on the scrubber wall, meaning that an increase 

of the droplets in the scrubber will not lead to a proportional increase of the total area for 

heat exchange. Secondly, an increase in scrubber water flow will inevitably lead to an 

increase in droplet velocity (see Chapter 2.2.1.4). This will decrease the droplet residential 

time, which will in turn lead to a lower increase in droplet area as the water mass flow 

increases.  

 

An increased lambda value would also lead to a decrease in flue gas humidity as the water 

vapor from the fuel is further diluted by the excess air. This could lead to decreased 

efficiency as the heat recovery would be more reliant on convection which is generally less 

efficient than heat transfer through condensation. 

 

 

Figure 26: Scrubber efficiency as a function of lambda value. The solid lines represent a 

boiler load of 1.5 MW while the dashed lines represent a boiler load of 3 MW. 

The dot-dash lines indicate the ideal equilibrium cases (i.e. theoretical 

maximum scrubber efficiencies) at different temperatures.  The vertical dashed 

line shows the current running conditions at the Kosta facility. 
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The predicted trend corresponds well with the measured data from the Överrum installation 

shown in Figure 27 where an increased lambda value corresponds with a decrease in the 

scrubber efficiency.  

 

 

Figure 27: Measured data points on efficiency at different Lambda values gathered at the 

scrubber installment in Överrum with a trendline determined through linear 

regression of the gathered data points.  

 
4.1.2.6. Moisture Addition 

 

Figure 28 shows the effect on scrubber efficiency of droplet evaporation before the flue gas 

enters the scrubber (see Chapter 2.2.3). It can be observed that moisture addition has the 

potential to increase the scrubber heat recovery significantly. The increase is more 

significant at a 3 MW boiler load, between 9 – 10 %, than at a 1.5 MW boiler load, between 

4 – 5 %. The efficiency increase can be attributed to that moisture addition will enhance 

condensation in the scrubber, which initiates a shift in the dominating type of heat transfer 

in the scrubber, from convection to condensation. As condensation is generally a more 

effective type of heat transfer than convection, this will lead to an increased heat recovery 

in the scrubber.  
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Figure 28: Scrubber efficiency as a function of moisture addition. The solid lines represent 

a boiler load of 1.5 MW while the dashed lines represent a boiler load of 3 MW. 

The dot-dash lines indicate the ideal equilibrium cases (i.e. theoretical 

maximum scrubber efficiencies) at different temperatures.  The vertical dashed 

line shows the current running conditions at the Kosta facility. 

 
4.1.2.7. Scrubber Proportions 

 

In this section, the effect of changes of the scrubber’s proportions will be examined. First 

the bottom and top radius as well as the funnel height will be examined individually. 

Thereafter, increasing the overall scrubber dimensions proportionally will be examined. As 

shown in Figure 29, an increased radius shows no significant efficiency increase for any of 

the modelled scenarios. An increase in the funnel height on the other hand showed the 

potential to increase the scrubber efficiency with up to 7 % at a boiler load of 3 MW, and 

up to 4 % at a boiler load of 1.5 MW. The same results can be observed for the increase of 

the scrubber’s overall proportions, implying that the increase in efficiency is due to the 

increase in funnel height. 
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Figure 29: Scrubber efficiency as a function of scrubber size. The solid lines represent a 

boiler load of 1.5 MW while the dashed lines represent a boiler load of 3 MW. 

The dot-dash lines indicate the ideal equilibrium cases (i.e. theoretical 

maximum scrubber efficiencies) at different temperatures.  The vertical dashed 

line shows the current running conditions at the Kosta facility. 

 
4.1.2.8. Increased Number of Nozzles 

 

Figure 30 shows the effect on efficiency of an increased number of nozzles in each nozzle 

row, while Figure 31 shows the on efficiency of an increased number of nozzle rows. A 

substantial increase in efficiency can be observed for all scenarios. This effect can be 

caused by a decrease in droplet velocity as they leave the nozzle, increasing their residence 

time in the scrubber. The increase in heat recovery is significantly larger for higher boiler 

loads, up to 31 % for 3 MW, compared to 18 % for 1.5 MW. This difference can likely be 

attributed to two main reasons. Firstly, the scrubber efficiency at low boiler load is already 

close to the theoretical maximum, leaving less room for further improvement. Secondly, as 

the volume flow at high boiler load will be higher due to a fixed WFGR, the velocity 

reduction and thereby the increase in the droplets’ residence time will be more notable than 

that at low boiler load, leading to a larger increase in performance. However, as an 

increased number of nozzles would inevitably lead to larger installation costs, the number 

of nozzles chosen for the current installation seem like a reasonable compromise since the 

largest gains in heat recovery, approx. 70 % of the total, can be observed for the increase 

from 3 to 5 nozzle rows. 
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Figure 30: Scrubber efficiency as a function of the number of nozzle rows. The solid lines 

represent a boiler load of 1.5 MW while the dashed lines represent a boiler load 

of 3 MW. The dot-dash lines indicate the ideal equilibrium cases (i.e. 

theoretical maximum scrubber efficiencies) at different temperatures.  The 

vertical dashed line shows the current running conditions at the Kosta facility. 

 

 

Figure 31: Scrubber efficiency as a function of the number nozzles per nozzle row. The 

solid lines represent a boiler load of 1.5 MW while the dashed lines represent 

a boiler load of 3 MW. The dot-dash lines indicate the ideal equilibrium cases 

(i.e. theoretical maximum scrubber efficiencies) at different temperatures.  The 

vertical dashed line shows the current running conditions at the Kosta facility. 
 

4.1.2.9. Boiler Load and Flue Gas Temperature 

 

While examining the previously mentioned parameters, two general trends can also be 

observed regarding boiler load and flue gas temperature. When other parameters are equal, 

an increase in boiler load generally leads to a decrease in scrubber efficiency. This effect 

can be attributed to the fact that a larger boiler load will give rise to an increased mass flow 
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of flue gas in the scrubber. The decrease in efficiency due to an increased mass flow of flue 

gas in the scrubber has been further evaluated in Chapter 4.1.2.5. The trend of reduced 

efficiency by increased boiler load can also observed in the measured data in Figure 32. 

 

 

Figure 32: Effect of boiler load on scrubber efficiency according to measured data points 

gathered from the scrubber installment in Överrum with a trendline determined 

through linear regression of the gathered data points. 

 

One can also observe that a higher inlet temperature of the flue gas generally leads to an 

increase in the scrubber efficiency. This is true both for the theoretical maximum efficiency 

and for the performed simulations. This can be explained by the enhanced heat transfer 

caused by the increased temperature difference between flue gas and scrubber water. The 

temperature effect on efficiency can also be observed in the measured data (see Figure 33), 

showing a slightly increasing trend which corresponds with the results from the model. 

 

 

Figure 33: Effect of incoming flue gas temperature on scrubber efficiency according to 

measured data points gathered from the scrubber installment in Överrum. The 

trendline is determined through linear regression of the gathered data points. 
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4.2. Process Evaluation and Optimization 
 

Different process properties such as the temperature gradient, droplet diameter and 

distribution, as well as the heat/mass transfer, are difficult to be measured directly from the 

running scrubber. The validated model, however, can easily establish them. This section 

will disclose and evaluate those parameters at different boiler load and scrubber settings. 

The current running conditions will be compared with a suggestion of improved settings 

that will be further explained below. 

 

Several of the parameters investigated above, such as the lambda value, and the incoming 

water temperature are determined according to the operation of the boiler system and is not 

controlled by the scrubber operators. Therefore, those parameters will not be varied in the 

improved settings. The different settings investigated are presented in Table 7. The settings 

for the optimized running conditions were chosen according to the impact on the scrubber 

efficiency (as investigated in Section 5.1) in relation to the feasibility of their 

implementation.  

 

Table 7: Different settings at running- and improved conditions of the Kosta scrubber 

Flue Gas Property 

 

Current scenario Optimized scenario 

Flue gas velocity (m/s) 

 

20 20 

Inlet water temperature (°C) 

 

44 44 

WFGR (kg water / kg flue gas) 

 

10 10 

Lambda value 

 

1.4 1.4 

Height of nozzle bank  

(mm from lowest setting) 

 

50 100 

Moisture addition  

(% of Theoretical Maximum) 

0 100 

 

 

4.2.1. Droplet Size Distribution Throughout Scrubber 
 

Figures 34 – 35 show the mean droplet diameter throughout the scrubber in the investigated 

scenarios, at a boiler load of 1.5 and 3 MW, respectively. Note that all subsequent plots are 

cut at a scrubber height of 0.5 m, as no droplets in the simulation reached higher. A similar 

increase of droplet diameter, compared to the mean inlet diameter of 200 µm, can be 

observed at both scenarios as the droplets moves out towards the scrubber walls. A slightly 

larger droplet growth can be observed at lower boiler load, reaching a mean diameter of 

289 µm compared to 260 µm for 3 MW. This can be explained by the decreased residential 

time at high boiler load, leading to less time for droplet interaction. In the optimized 

scenario, the increased nozzle height leads to a wider spread of the droplets to a larger part 

of the scrubber volume, which can then enhance heat transfer. 
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Figure 34: Mean droplet diameter throughout the scrubber at a boiler load of 1.5 MW. The 

top figure shows the scrubber at the current running conditions and the bottom 

figure shows the scrubber at the optimized running conditions suggested in the 

report. 
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Figure 35: Mean droplet diameter throughout the scrubber at a boiler load of 3 MW. The 

top figure shows the scrubber at the current running conditions and the bottom 

figure shows the scrubber at the optimized running conditions suggested in the 

report. 

 

4.2.2. Temperature Gradient of Scrubber Water 
 

Figures 36 and 37 show the temperature distribution of the water throughout the scrubber. 

All figures indicate that the scrubber water reaches similar maximum temperatures 

although the temperature distribution looks quite different. While the temperature increase 

is spread throughout the scrubber at the current scenario, it is more focused at the bottom 

of the scrubber in the optimized scenario.  

 

As shown in Figures 36 and 37, the water that leaves both scrubbers in the optimized 

scenario shows higher temperature, suggesting that the heat recovery has been enhanced. 

At 3 MW boiler load, the temperature increase is lower for both scenarios than that at 1.5 
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MW load. This may be explained by the lower scrubber efficiency that can be expected at 

higher boiler load (see Chapter 4.1.2.9). For the optimized scenario at a boiler load of 1.5 

MW, the temperature gradient of the scrubber water at the bottom of the scrubber is quite 

uniform in the horizontal direction. This temperature distribution pattern is likely the 

product of the assumption of the optimal moisture addition in the optimized scenario which 

gives rise to a rapid heat transfer at the bottom of the scrubber. The heat is transferred so 

efficiently that an equilibrium status is almost reached, where the droplets reaches the same 

temperature as the flue gas.  Those droplets cannot be further heated until they move 

downwards and meet the flue gas of higher temperature.  
 

 
Figure 36: Temperature distribution of scrubber water throughout the scrubber at a boiler 

load of 1.5 MW. The top figure shows the scrubber at the current running 

conditions and the bottom figure shows the scrubber at the optimized running 

conditions suggested in the report. 
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Figure 37: Temperature distribution of scrubber water throughout the scrubber at a boiler 

load of 3 MW. The top figure shows the scrubber at the running conditions and 

the bottom figure shows the scrubber at the improved conditions suggested in 

the report. 

 

4.2.3. Temperature Gradient of Flue Gas 

 

Figure 38 shows the temperature gradient of flue gas throughout the scrubber at a boiler 

load of 1.5 MW and 3 MW, respectively. The most significant difference between the 

current- and the optimized scenario is caused by the cooling of the flue gas through 

evaporation of the added moisture as explained in Chapter 2.2.3. Therefore, the temperature 

of the incoming flue gas is significantly higher in the current scenario than that in the 

optimized scenario.  

 

For the current scenario, a steep decrease in flue gas temperature can be observed at the 

bottom of the scrubber which then levels off as the flue gas approaches the water 
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temperature. In the optimized scenario, however, the flue gas temperature decrease is 

relatively slow at the bottom of the scrubber, then becomes slightly faster as the flue gas 

move upwards in the scrubber. After 0.1 m upwards, it levels off towards the top where it 

approaches the incoming water temperature. This can be explained by the high water 

temperature at the bottom of the scrubber, which is close to that of the flue gas, leading to 

modest heat transfer (see Fig. 36 and 37).  

 

The most notable difference when comparing the temperature curves of the current and 

optimized scenario, at 1.5 and 3 MW, is that the difference in the outgoing flue gas 

temperature is larger at 3 MW. This corresponds well with the larger efficiency increase 

due to moisture addition at high boiler load which was observed in Chapter 4.1.2.6. It can 

be observed that the temperature of the outgoing flue gas in the optimized scenario  

(44.6 °C and 45.2 °C at boiler loads of 1.5 and 3 MW respectively), is close to the water 

supply temperature of 44 °C. This suggests that the efficiency is close to the theoretical 

maximum, which can also be observed in Table 8 and Figure 40. 

 

 
Figure 38: Temperature gradient of the flue gas throughout the scrubber at the optimized 

scenario at 1.5 and 3 MW boiler load. 

 

4.2.4. Moisture Content of Flue Gas 

 

As shown in Figure 39, the moisture content in the incoming flue gas differs significantly 

between the current and optimized scenario. This is due to the evaporation of water in the 

flue gas before entering the scrubber in the optimized scenario. As the flue gas in the 

optimized scenario, is already cooled down to the dew point, condensation starts 

immediately once the flue gas enters the scrubber. This can be observed by the immediate 

decrease in moisture content. In the current scenario, the moisture content is constant until 

the dew point is reached, where a rapid decrease is initiated. It can be observed that this 

point is reached higher up in the scrubber for a boiler load of 3 MW, approx. 0.1 m, than 

for a boiler load of 1.5 MW, approx. 0.06 m. This can be explained by the fact that the 

larger flue gas flow takes longer to cool down to the dew point, which can also be observed 

in Figure 38. 
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Figure 39: Moisture content of the flue gas at the optimized scenario at 1.5 and 3 MW 

boiler load. 

 

4.2.5. Heat Transfer Throughout Scrubber 

 

Figure 40 shows the accumulated heat transfer from the bottom to the top of the scrubber 

at 1.5 and 3 MW boiler load, respectively. At the bottom of the scrubber, both scenarios, 

show a steep heat transfer curve. For the current scenario this is caused by the high 

temperature difference between the flue gas and the scrubber water that enhances heat 

transfer through convection. In the optimized scenario on the other hand, the temperature 

difference is smaller, and the rapid heat transfer is instead caused by vapor condensation. 

This pace is then continued up to a height of approx. 0.15 m, after which the curve levels 

off as the temperature difference between flue gas and scrubber water becomes too small 

for any significant condensation to occur.  

 

In the current scenario, the heat transfer levels off at lower height. This is due to the rapid 

decrease in flue gas temperature which in turn decelerates the rate of heat transfer through 

convection. Further up in the scrubber, the heat transfer accelerates, at a height of approx. 

0.06 m, and 0.1 m, for a boiler load of 1.5 MW and 3 MW respectively (see also Fig. 39). 

The sudden acceleration indicates that the flue gas temperature reaches the dew point and 

the condensation starts. In reality, this would probably not occur so suddenly, but it should 

rather be regarded as a side effect of the modelling assumption that the gas is perfectly 

mixed horizontally in the scrubber. This assumption will lead to an abrupt start of 

condensation at a certain height, instead of the gradual process which would be observed 

in a model with a horizontal temperature gradient. Both boiler loads show a larger scrubber 

heat recovery in the optimized scenario, but the effect of improved conditions was 

remarkably higher for a load of 3 MW.  
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Figure 40: Accumulated heat transfer between flue gas and scrubber water at the current 

and optimized scenario, at 1.5 and 3 MW boiler load. 

 

4.2.6. Summary of Process Evaluation 

 

Table 8 shows the predicted heat recovery for the two investigated scenarios at boiler loads 

of 1.5 MW and 3 MW. A significant increase in heat recovery can be observed for the 

optimized scenario compared to the current scenario. It can be noted that the increased heat 

recovery of 14 % which is very close to the 15 % increase that would be expected if the 

increases from the optimizations were simply added together. This implies that the 

increases in efficiency from both measures works relatively independent of each other, 

suggesting that the combination of the two measures is a feasible optimization strategy for 

the application. Furthermore, it can be noted that the optimized scenario reaches close to 

the theoretical maximum, suggesting that the improved running conditions may allow for 

a decreased scrubber size while maintaining a reasonable efficiency. 

 

Table 8: Heat recovery at current- and optimized conditions for the Kosta scrubber. 

 Current Scenario Optimized Scenario 

Heat recovery at 1.5 MW 

boiler load (kW) 

 

359 384 

Heat recovery at 3 MW  

boiler load (kW) 

 

664 757 

Efficiency at 1.5 MW  

boiler load (%) 

 

64 68 

Efficiency at 3 MW  

boiler load (%) 

 

59 67 

Theoretical maximum 

efficiency (%) 

69 69 
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5. Conclusions  
 

In this thesis two individual models were developed to investigate the droplet behavior and 

heat transfer in a novel type of centrifugal scrubber with heat recovery. The first model 

investigated an ideal case, where the flue gas was assumed to be cooled to the same 

temperature as the injected scrubber water. The second model was divided into two 

succeeding modules where the first module simulated the droplet movement inside the 

scrubber, and the second module performed a mass and energy balance to calculate the total 

heat recovery. The second model was then validated against 3 different scrubber 

installations. Although a larger data set would have been preferable, with 8 key parameters 

measured at 79 points in time the validation was able to give a reasonable estimation 

regarding the accuracy of the developed model. The model showed a good prediction 

capacity, with a mean prediction error of approx. 7 %.  

 

The validated model was then used to investigate the possibilities for optimization of the 

scrubber process parameters, as well as the scrubber design. The flue gas velocity was 

shown to be of relatively small importance for the performance of the scrubber with a mere 

4 % difference in heat recovery for the range 10 – 25 m/s. When investigating the effect of 

the height settings of the nozzle bank, a higher setting showed the potential to increase the 

efficiency with up to 5 % compared to the mid-setting.  

 

An increased size of the scrubber was determined as a possible way to increase the scrubber 

heat recovery. However, the measure may not be economically feasible, as an increase in 

scrubber size with 50 %, or an increase in the number of nozzles with 40 %, led to the 

modest increase in heat recovery of 7 – 8 %. Another measure to improve efficiency is an 

evaporation step before the flue gas enters the scrubber. This was the single measure that 

showed the highest potential for increasing scrubber heat recovery, 10 % at a boiler load of 

3 MW. It should however be noted that this assumes ideal evaporation of the injected water 

and it is quite possible that the effect would be lower if the measure was implemented. 

 

Finally, different process parameters of a scrubber with optimized running conditions, were 

compared to a scrubber with the current running conditions with help of the developed 

model. The process properties optimized include an increase in height of the nozzle bank, 

as well as moisture addition prior to entering the scrubber. The optimized running 

conditions showed the potential for an increase in scrubber efficiency with up to 14 %, 

resulting in an increase in scrubber heat recovery of 93 kW at a boiler load of 3 MW. 

 

The main weaknesses of the developed model are the assumptions that have been made, 

especially regarding the ideal moisture addition, and the water flow pattern as it leaves the 

nozzle heads. These aspects could be further improved when more field tests can be carried 

out and more process monitoring data become available. Even though even more accurate 

predictions could be made by increasing the complexity of the model, the current model 

have the advantage of relatively low computational demands, while providing accurate 

enough results to be used as an engineering tool. Another big potential of the model would 

be to use it for real-time operation optimization of the whole process.  To further develop 

novel scrubber installations, the model could be also used in collaboration with a more 

complex CFD model to find an approximate design which could then be refined with the 

CFD model. In future studies, the removal of PM is suggested to be investigated which can 

be added as a 3rd module to the developed non-equilibrium model with reasonable accuracy.  
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Appendix 1: Theory Regarding Flue Gas Properties 
 

For the modelling of the scrubber, the change in flue gas properties will be important to be 

considered as it will have effect on droplet movement and heat transfer. Therefore, this 

chapter will examine the most important flue gas properties in some detail. 

 

Dimensionless Numbers 
 

In studies on fluid dynamics and transport phenomena, there are several dimensionless 

numbers used. These all have the function to improve the understanding of certain aspects 

of the systems as well as they make it possible to simplify complex systems. The 

dimensionless numbers most relevant for this study are Reynold’s, Prandtl’s and Schmidt’s 

numbers that will be briefly examined in this chapter. 

 

Reynold’s number is a used in fluid dynamics to understand the importance of inertial 

forces relative to the viscous forces in a fluid system, see Eq. A1 [45]. 

 

 𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
=
𝜌 ∙ 𝑣𝑜

 2/𝑙0

µ ∙ 𝑣0/𝑙0
 2 =

𝑙0 ∙ 𝑢0 ∙ 𝜌

µ
 [A1] 

 

Where µ is the dynamic viscosity of the fluid, 𝑙0 the characteristic length, 𝑢0 the 

characteristic velocity and 𝜌 the fluid density. The calculation of characteristic length 

depends on the system examined. Taking flows through a tube for example, the 

characteristic length used is the tube diameter.  

 

As inertial forces increase, eddies will build up in the fluid, increasing the flow turbulence. 

A lower value of Reynold’s number means that the flow is more laminar while a higher 

value means that the flow is more turbulent. 
 

Prandtl’s number describes the ease of which momentum and energy transport occurs in a 

fluid system. Prandtl’s number, denoted as Pr, can thereby be calculated with Eq. A2 [45]. 

 

 𝑃𝑟 =
𝐶𝑝 ∙ µ

𝑘
 [A2] 

 

Finally, Schmidt’s number is used in diffusion calculation and is the ratio between a 

fluid’s kinematic viscosity and its’ diffusivity, see Eq. A3. 

 

 𝑆𝑐 =
𝑣

𝐷𝐴𝐵
 [A3] 

Where DAB is the diffusivity of substance A in substance B. 
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Viscosity 

 

The viscosity of individual gas components can be calculated with Eq. A4, with constants 

gathered from [29]. 

 

 𝐴 + 𝐵 ∙ 𝑇 + 𝐶 ∙ 𝑇2 [A4] 

 

Where A, B, and C are constants and T is the absolute temperature of the gas.  

 

When involved in a gas mixture, however, the individual gas components will interact with 

each other, which makes a simple weighted mean hardly satisfactory to represent the 

viscosity of the gas mixture. Curtis and Hirchfelder developed a rather complex model for 

the viscosity of gas mixtures with high accurate prediction [48]. Another simplified model 

was developed by Wilke [31] which can predict viscosity with a deviation of approx. 2 %. 

It could be deemed feasible for the application in the model developed in this thesis. The 

viscosity of the gas mixture µ𝑚, can thereby be calculated through Eq. A5. 

 

 

 µ𝑚 = ∑
µ𝑖 ∙ �̃�𝑖

∑ �̃�𝑗 ∙ 𝛷𝑖𝑗
𝑛
𝑗=1

𝑛

𝑖=1

 [A5] 

 

Where �̃�𝑖 and µ𝑖 is the molar percentage and viscosity, respectively, of the component i; 

and Φ is calculated with Eq. A6. 

 

 

 

 𝛷𝑖𝑗 =

[1 + (
µ𝑖
µ𝑗
)
1/2

∙ (
𝑀𝑗
𝑀𝑖
)
1/4

]

2

23/2 ∙ √1 + (
𝑀𝑖

𝑀𝑗
)

 [A6] 

 

Where M is the molecular weight. 

 

Thermal Conductivity 
 

When investigating the heat exchange from convection, the thermal conductivity of gas 

mixtures is of high importance. The conductivity of individual gas components can be 

calculated with Eq. A7with constants gathered from [30]. 

 

 𝑘 = 𝐴 + 𝐵 ∙ 𝑇 + 𝐶 ∙ 𝑇2 [A7] 

 

When determining the thermal conductivity of the whole gas mixture is determined, the 

procedure suggested by Lindsay and Bromley can be used [32]. The mixtures thermal 

conductivity km is thereby calculated with Eq. A8. 
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 𝑘𝑚 =∑
𝑘𝑖

1
𝑥𝑖
∙ ∑ 𝛷𝑖𝑗 ∙ 𝑥𝑗

𝑛
𝑗=1

𝑛

𝑖=1

 [A8] 

 

Where ki is the thermal conductivity of component i, and 𝛷 ij is calculated through Eq. A9. 

 

 

 𝛷𝑖𝑗 =
1

4
∙

{
 

 
 1 + [

µ𝑖
µ𝑗
∙ (
𝑀𝑖

𝑀𝑗
)

3
4

∙
(1 +

𝑆𝑢𝑖
𝑇 )

(1 +
𝑆𝑢𝑗
𝑇
)

]

1/2

 

}
 

 
2

∙
(1 +

𝑆𝑢𝑖𝑗
𝑇
)

(1 +
𝑆𝑢𝑖
𝑇 )

 [A9] 

 

 

Where µ is the components viscosity, M is the components molecular weight, T is the gas 

temperature, and Su is the Sutherland constant of each component.  

 

The Sutherland constant can be approximated through Eq. A10. 

 

 

 𝑆𝑢 = 1.5 ∙  𝑇𝐵 [A10] 

 

 

Where TB is the boiling temperature of the component. One may argue the accuracy of this 

approximation. In fact, a 20 % error of the estimated Sutherland Constant only leads to a 1 

% difference on the final thermal conductivity [32]. 

 

Heat Capacity 
 

The heat capacity of a fluid is a measure on the energy required to increase its temperature. 

When calculating heat capacity for a fluid, it is common to use polynomial expressions 

dependent on the temperature, which are derived from empirical data. These expressions 

are generally valid in a given temperature range while deviating considerably is possible if 

used outside of the temperature range. Bruel et.al proposed a 3-parameter exponential 

model which has a lower average absolute standard deviation than polynomial models with 

more model parameters. This model also has the benefit of working in a wider temperature 

range [49].  

 
In the case study, the flue gas temperature is not expected to exceed 200 °C, suggesting 

that a polynomial model could be used without large errors, see Eq. A11 [27]. 

 

 𝐶𝑝 = 𝐴 + 𝐵 ∙ 𝑇 + 𝐶 ∙ 𝑇2 + 𝐷 ∙ 𝑇3 + 𝐸 ∙ 𝑇4 [A11] 

 

The Cp-value is calculated for each flue gas component and the Cp-value for the whole gas 

is calculated with Eq. A12. 

 

 
�̃�𝑝𝑚𝑖𝑥 =∑C̃pi  ∙ �̃�𝑖

𝑛

𝑖=1

 

 

[A12] 
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Where �̃�pi is the heat capacity in J/ (K ∙ mol) for each gas component and �̃�𝑖 is the molar 

percentage of each gas. Conversion to J/ (K ∙ kg) is made through Eq. A13. 

 

 

 
�̂�𝑝𝑚𝑖𝑥 =

�̃�𝑝𝑚𝑖𝑥
∑ Mi  ∙ �̂�𝑖
𝑛
𝑖=1

 

 

[A13] 

Where M, is the molar mass for the corresponding flue gas component. 
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Appendix 2: Theory Regarding Heat Exchange 
 

The heat and mass transfer in the scrubber will occur on two different surfaces, directly on 

the water droplets, as well as on the scrubber walls. The heat exchange of these surfaces 

will be handled separately as the heat transfer coefficient may vary considerably between 

the two. Furthermore, the heat and mass transfer will mainly occur through convection, 

condensation, and radiation, all of which will be further examined below. As the radiation 

can be calculated in a similar way for both droplets and scrubber walls, this will be handled 

in a separate chapter below.  

 

Gray Gas Radiation 
 

All bodies with a temperature above 0 K emit radiation according to Stefan-Boltzmann’s 

law, see Eq. A14 [42]. 

 

 
𝑃

𝐴
= ε ∙ Cs ∙ (

𝑇

100
)
4

 [A14] 

 

Where Cs is the emission constant of black bodies; and ε is the body’s emissivity that is the 

ratio between the energy emitted from the body and the energy emitted from a black body 

with the same temperature. 

 

When two bodies are exposed to each other, a heat flow will therefore occur between the 

two bodies with a larger energy flow going from the body with highest temperature. In gray 

gases, the heat flow between the gas and another body can be calculated with Eq. A15. 

 

 𝑃 = εg ∙
εB + 1

2
∙ 𝐶𝑠 ∙ A ∙ [(

Tg

100
)
4

− (
TB
100

)
4

] [A15] 

 

Where εg and εB is the emissivity of the gas and the body. 

 

The emissivity of gray gas is mainly influenced by the radiation path length, temperature 

as well as the CO2 and H2O in the gas. This will be explained further in the next chapter.  

 
Leckner’s Gray Gas Model 

 

For the gas emissivity Leckner’s Gray Gas Model can be used [40]. The emissivity of CO2 

and H2O is first calculated individually and thereafter the emissivity of the gas is calculated 

with Eq. A16. 

 

 εg = εCO2 + εH2O − ∆ε [A16] 

 

 

Where ∆ε is a correction term calculated by Eq. A17. 

 

 

 ∆ε = (
𝜁

10.7 + 101 ∙  𝜁
− 0.0089 ∙ 𝜁10.4) ∙ {log10[(𝑝𝐻2𝑂 + 𝑝𝐶𝑂2) ∙ 𝐿]}

2.76  [A17] 
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Where p is the partial pressure of the different gas components, L is the path length and ζ 
is calculated with Eq. A18. 

 

 𝜁 =
𝑝𝐻2𝑂

𝑝𝐻2𝑂 + 𝑝𝐶𝑂2
 [A18] 

 

An approximation of L can be calculated with Eq. A19. 

 

 𝐿 = 3.6 ∙
𝑉

𝐴
  [A19] 

 

First the emission factor at a reference pressure of 1 bar, and where the partial pressure 

approaches 0 is calculated with Eq. A20. 

 

 ε0(𝑝𝑎, 𝐿, 𝑇𝑔) = 𝑒
∑ ∑ 𝑑𝑖𝑗

𝑁
𝑗=1 ∙(

𝑇𝑔
1000

)
𝑗−1

∙[log10 𝑝𝑎∙𝐿]
𝑖−1𝑀

𝑖=1  
[A20] 

 

Furthermore, a correction factor for the actual conditions is calculated through Eq. A21. 

 

 
ε

ε0
(pa, L, p, Tg) = 1 −

(𝑎 − 1) ∙ (1 − 𝑃𝐸)

𝑎 + 𝑏 − 1 + 𝑃𝐸
∙ 𝑒

−𝑐 ∙(log10
(𝑝𝑎∙𝐿)𝑚
𝑝𝑎∙𝐿

)
2

 
 [A21] 

 

Finally, the emission factor is calculated with Eq. A22. 

 

 ε(pa, L, p, Tg) = ε0(𝑝𝑎, 𝐿, 𝑇𝑔) ∙
ε

ε0
(pa, L, p, Tg) [A22] 

 

The constants used in Eqs. A20 – A22 is shown in Table A1 – A3. 

 

Table A1: Constants for the calculation of gas emissivity. 
 H2O CO2 

M, N 3,3 4,5 

PE 1 +  4.9 𝑝𝐻2𝑂  ∙ √273/𝑇 1 + 0.28 ∙ 𝑝𝐶𝑂2 

(𝑝𝑎 ∙ 𝐿)𝑚𝑎𝑥 13.2 ∙ (𝑇𝑔/1000)
2 0.054 ∙ (𝑇𝑔/1000)

−2 

a 2.144 for TG < 700 K 1 + 0.1 ∙  (𝑇𝑔/1000)
−1.45 

b 1.1 ∙ (𝑇𝑔/1000)
−1.4 0.23 

c 0.5 1.47 

 

Table A2: Constants for the calculation of gas emissivity. 

i di1 di2 di3 

1 - 2.2118   - 1.1987 0.035596 

2 0.85667 0.93048 - 0.14391 

3 - 0.10838 - 0.17156 0.045915 
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Table A3: Constants for the calculation of gas emissivity. 

i di1 di2 di3 di4 di5 

1 - 3.9781 2.7353 - 1.9882 0.31054 0.015719 

2 1.9326 - 3.5932 3.7247 - 1.4535 0.20132 

3 - 0.35366 0.61766 - 0.84207 0.39859 - 0.063356 

4 - 0.080181 0.31466 - 0.19973 0.046532 - 0.0033086 

 

Droplet Heat Exchange 
 

Convection 

 

Convection between a fluid sphere and a surrounding fluid has been investigated by Ahmad 

and Yovanovich who calculated the heat transfer coefficient with Eq. A23 [41]. 

 

 

 ℎ =

(

 2 +
0.775 ∙ 𝑃𝑟1/3 ∙ √

𝑅𝑒
2𝜒 + 1   

1 + [
𝑃𝑟

(2𝜒 + 1)3
]
1/6

)

 ∙
𝑘𝑚
𝑑𝑑𝑟𝑜𝑝

   [A23] 

 

 

Where Pr is Prandtl’s number, Re is Reynold’s number, d is the droplet diameter, k is the 

thermal conductivity of the flue gas, and χ is defined in Eq. A24. 

 

 

 𝜒 =
1

𝑅𝑒1/4
 for 𝜒 < 1 and 𝜒 = 1 for 

1

𝑅𝑒1/4
> 1 [A24] 

 

 

Reynold’s number in this case can be calculated through Eq. A25. 

 

 

 𝑅𝑒 =
𝑑𝑑𝑟𝑜𝑝 ∙ 𝑢

𝑣
  [A25] 

 

Where u is the flue gas velocity, and v the kinematic viscosity of the flue gas. 

 

Condensation 

 

The condensation of vapor on droplets has been studied by Lock [43], who calculate the 

heat exchange coefficient can be calculated by Eq. A26. 

 

 

 ℎ =
2√𝑢 ∙ 𝑘𝑠

𝑑𝑑𝑟𝑜𝑝 ∙ √𝜋 ∙ 𝑎𝑑 ∙ 𝑥
 [A26] 

 

Where u is the droplet velocity, k the thermal conductivity, 𝑎𝑑 the droplet’s thermal 

diffusivity, and x the distance that the droplet has travelled in the scrubber. 
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However, the mentioned paper studies condensation that occurs in pure vapor and the main 

limiting factor is therefore assumed to be the heat transfer within the droplet. In this case 

study, the size of the water droplets is very small, and the flue gas is only expected to 

contain about 15 % water vapor. Condensation in the presence of non-condensable gas has 

been thoroughly studied and can limit condensation considerably [50]. This makes it 

reasonable to investigate whether vapor diffusion may be the limiting factor, this will be 

further examined in the next chapter. 

 

Diffusion of vapor in the flue gas 

Diffusion of vapor in gas can be explained by Fick’s first law [45], see Eq. A27. 

 

 𝐽 = −𝐷 ∙
𝑑𝑝𝑣
𝑑𝑥

 [A27] 

 

Where J is the diffusion flux in moles per m2 and second, D the diffusivity of vapors in the 

gas, and dpv the partial pressure gradient over the length dx. 

In this model, the flue gas is assumed to be saturated with vapor. As shown in Fig. A1, the 

temperature drops steeply within the droplet’s boundary layer until it reaches the water 

temperature at the droplet’s surface.  

  
Figure A1: Illustration of a droplet’s thermal boundary layer. 

If the flue gas in the boundary layer is also assumed to be saturated with vapor, and all 

excess vapor condenses on the droplet, the diffusion flux could be described by Stefan 

diffusion [45], see Eq. A28.  This approach is similar to that made by Cui et al. [19]. 

 

 𝐽 = −𝐷 ∙  
𝑝𝑠𝑎𝑡(𝑇𝐹𝐺) − 𝑝𝑠𝑎𝑡(𝑇𝑑𝑟𝑜𝑝𝑙𝑒𝑡)

𝛿𝐵𝐿
 [A28] 

Where D is the diffusion coefficient of vapor, 𝑝𝑠𝑎𝑡(𝑇𝐹𝐺) and 𝑝𝑠𝑎𝑡(𝑇𝐹𝐺) the saturation 

pressure of vapor at the flue gas temperature and the droplet respectively, and 𝛿𝐵𝐿 the 

thickness of the droplet’s boundary layer. 
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The droplet boundary layer was calculated according to Eq. A29 [51].  

 

 𝛿𝐵𝐿 =
𝑑𝑑𝑟𝑜𝑝𝑙𝑒𝑡

2 + 𝑅𝑒0.5  ∙ 𝑆𝑐0.375
 [A29] 

 

The mass flow of the vapor can then be calculated by Eq. A30, whereas the energy flow 

can be calculated by Eq. A31. 

 

 �̇�𝑑𝑖𝑓𝑓 = 𝐽 ∙ 𝐴𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠 ∙ 𝑀𝐻2𝑂  [A30] 

 

 𝑃𝑐𝑜𝑛𝑑 = �̇�𝑑𝑖𝑓𝑓  ∙ (𝛥𝐸𝑣𝑎𝑝 + 𝐶𝑝𝐻2𝑂 ∙ (𝑇𝑤 − 𝑇𝑅𝑒𝑓) [A31] 

 

In the temperature range of 30 – 80 °C, the enthalpy of evaporation is linearly proportional 

to the temperature according to Eq. A32 [28]. 

  

 (−1.3198 ∙ 𝑇 +  2903.8) 𝑘𝐽/𝑘𝑔  [A32] 

  

Scrubber Wall Heat Exchange 
 

Convection 

 

Regarding the convection on the scrubber walls, Hausen’s formula for gas flows in pipes 

and canals can be used (see Eq. A33) for 2300 < Re <106 and 0.6 < Pr < 500 [42]. 

 
 

 0.116 ∙ (𝑅𝑒2/3 − 125) ∙ 𝑃𝑟1/3 ∙ (1 + (
𝑑ℎ
𝐿
)
2/3

) ∙
𝜂𝑔𝑎𝑠

𝑛𝑔𝑎𝑠𝑤𝑎𝑙𝑙
∙
𝑘𝑚
𝑑ℎ

 [A33] 

 

 

Reynold’s number can be calculated with Eq. A34. 

 

 

 𝑅𝑒 =
𝑑ℎ ∙ 𝑢

𝑣
 [A34] 

 

 

dh is the hydraulic diameter which is calculated with Eq. A35. 

 

 

 𝑑ℎ =
4 ∙ 𝐴

𝑈
 [A35] 

 
 

Where A is the flow through area, and U the circumference of the flow through area. 
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Condensation 

 

The condensation of a fluid on a vertical wall has been explained by Nusselt’s film theory. 

According to this, the heat transfer coefficient could be calculated by Eq. A36. 

 

 

 ℎ = 0.943 ∙ [
𝜌𝑙 ∙ 𝑔 ∙ (𝜌𝑙 − 𝜌𝑔) ∙ 𝑘𝑙

 3 ∙ 𝜆

µ𝑙 ∙ (𝑇𝑠𝑎𝑡 − 𝑇𝑤𝑎𝑙𝑙) ∙ 𝐿
]

1/4

 [A36] 

 

 

Where ρl and ρg are the densities of the liquid and gas, respectively, kl the thermal 

conductivity of the liquid, λ the latent heat, µl the dynamic viscosity of the liquid, Tsat and 

Twall the saturation temperature and wall temperature respectively, and L the length of the 

wall. 

However, the actual scrubber wall that was studied differs in several aspects from the 

vertical wall defined in Nusselt’s theory. First, there is only a part of the scrubber wall 

which is vertical, the rest has a tilt of 45o. This can be adjusted by the replacement of g with 

g ∙ cos(θ), where θ is the walls angle in relation to the vertical axis. Secondly, the flow of 

scrubber water down the wall will form a film on the wall, far exceeding the thickness of 

the film induced by vaporization. One effect may be the possible turbulence in the film, 

which would in turn have effect on the heat transfer coefficient. The Reynolds number can 

be calculated with Eq. A37. 

 

 𝑅𝑒𝛿 =
4 ∙ 𝐺

µ𝑙
 [A37] 

Where G is the mass flow per unit depth. 

 

The mass flow can be calculated through Eq. A38. 

 

 

 �̇� =  
𝜌𝑙 ∙ (𝜌𝑙 − 𝜌𝑔) ∙ 𝑔 ∙ 𝛿

3

3 ∙ µ𝑙
 [A38] 

 

The mass flow is known from the simulation, so rearrangement of Eq. A38 gives Eq. A39. 

 

 𝛿 = (
3 ∙ �̇�  ∙ µ𝑙

𝜌𝑙 ∙ (𝜌𝑙 − 𝜌𝑔) ∙ 𝑔
)

1/3

 [A39] 

 

If Re > 1800, the flow is turbulent, and the heat transfer coefficient is calculated by Eq. 

A40 [44]. 

 ℎ = 0.0077 ∙ [
𝜌𝑙 ∙ 𝑔 ∙ 𝑐𝑜𝑠(θ) ∙ (𝜌𝑙 − 𝜌𝑔) ∙ 𝑘𝑙

 3

µ𝑙2
]

1/3

∙ 𝑅𝑒𝛿
0.4 [A40] 

However, the presence of non-condensable gases can have a substantial effect on the rate 

of condensation. In this case study, since a substantial share (i.e. the flue gas) of the gas is 
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non-condensable, the diffusion of water vapor may be regarded as the limiting factor for 

condensation. To model this, a similar approach to that in described for droplet 

condensation can be taken, with the difference that the thermal boundary layer would 

instead be calculated with Eq. A41 [52]. 

 

 

 
𝛿𝑡ℎ =

0.37 ∙ 𝐿𝐵𝑜𝑢𝑛𝑑
𝑅𝑒0.2

 [A41] 

Where LBound is the length that the gas has travelled across the wall. 
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Appendix 3: Measured Data for Model Validation 
 

Table A4 – A6 shows the measurement data from the Studsgård, Överrum, and Kosta 

facilities used for model validation. 

 

Table A4: Measured values from the Studsgård facility for model validation. 
Incoming flue gas 
temperature 

 

(°C) 

Outgoing flue 
gas temperature 

 

(°C) 

O2-content in 
outgoing flue gas 

 

(%) 

Volume flow of 
scrubber water 

 

(m3/h) 

Inlet water 
temperature 

 

(°C) 

Scrubber heat 
recovery 

 

(kW) 

Boiler load 
 

 

(MW) 

Flue gas 
velocity 

 

(m/s) 

128.3 46.6 5.7 23.1 42.3 166.6 1.10 10.1 

128.5 47.2 6.7 23.1 42.6 166.6 1.15 13.3 

128 47.6 5.3 23.1 42.7 163.9 1.11 13.3 

124.1 45.6 6.1 23.1 42.1 118.2 1.12 13.1 

123.6 46.1 6.3 23.1 42.1 134.3 1.09 13.1 

127.9 48.1 5.7 23.1 44.2 158.5 1.05 13.1 

130 50.2 4.8 23.1 45 182.7 1.03 13.6 

128.5 48.2 5.9 23.1 44 163.9 1.02 13.6 

129.1 48.2 7.1 23.1 44.1 206.9 1.00 13.6 

128.7 49.6 4.1 23.1 44.7 193.4 1.02 14.0 

134.1 50.3 4.6 23.1 45.6 174.6 1.05 14.0 

136.1 49.9 6.3 23.1 45.4 209.6 0.97 10.1 

132.4 46.8 6.6 23.1 42.7 188.1 1.12 13.3 

129.1 46.3 5.4 23.1 41.7 198.8 1.10 13.3 

129.1 46.7 5.8 23.1 41.4 180.0 1.12 13.1 

129.1 46.6 6.9 23.1 42.4 182.7 1.07 13.1 

126.1 46.5 7.8 23.1 42.7 201.5 1.04 13.1 

125.7 46.6 3.6 23.1 42.3 182.7 1.09 13.6 

125.8 46.8 7.7 23.1 43.1 182.7 1.02 13.6 

125.8 46 5.2 23.1 41.4 137.0 1.10 13.6 

125 45.3 5.6 23.1 40.8 161.2 1.10 14.0 

124 46.4 6.4 23.1 42.5 155.8 1.05 14.0 

124 44.5 6.6 23.1 40.4 155.8 1.07 10.1 

114.7 54.4 10.6 23.1 48.1 86.0 0.91 13.3 

118.2 49.9 12.4 23.1 47.1 112.8 0.85 13.3 

121 51.3 9.5 23.1 48.7 99.4 0.84 13.1 

115.1 44.4 17.7 23.1 43.3 59.1 1.00 13.1 

123.6 54.4 8.1 23.1 51.7 110.2 0.85 13.1 

 

Table A5: Measured values from the Kosta facility for model validation. 
Incoming flue gas 

temperature 
 

(°C) 

Outgoing flue 

gas temperature 
 

(°C) 

O2-content in 

outgoing flue gas 
 

(%) 

Volume flow of 

scrubber water 
 

(m3/h) 

Inlet water 

temperature 
 

(°C) 

Scrubber heat 

recovery 
 

(kW) 

Boiler load 

 
 

(MW) 

Flue gas 

velocity 
 

(m/s) 

1401 47.6 61 41.6 44.2 305.1 1.72 18.2 

1401 49.3 6.71 42.2 42.6 166.6 1.15 20.4 
1Not a measured value but an assumed value achieved from company contact. 

  



  
 

2 
Wilhelm Johansson 

 

Table A6: Measured values from the Överrum facility for model validation. 
Incoming flue gas 

temperature 

 

(°C) 

Outgoing flue 

gas temperature 

 

(°C) 

O2-content in 

outgoing flue gas 

 

(%) 

Volume flow of 

scrubber water 

 

(m3/h) 

Inlet water 

temperature 

 

(°C) 

Scrubber heat 

recovery 

 

(kW) 

Boiler load 

 

 

(MW) 

Flue gas 

velocity 

 

(m/s) 

137.5 48.9 6 23.1 45.2 163.9 1.14 7.4 

137 50.8 6.5 23.1 46.8 193.4 1.01 7.4 

135.5 50 6 23.1 46.4 169.3 0.93 7.4 

137.5 49 7.5 23.1 45.6 150.5 1.00 7.4 

138.9 49.3 6 23.1 45.8 161.2 0.99 7.4 

131 48 6.4 23.1 45.2 104.8 1.05 7.4 

129.5 47.7 6.4 23.1 45.3 94.0 1.06 7.4 

132.7 47.6 6.4 23.1 45.1 110.2 1.04 7.4 

131.2 47.4 7.3 23.1 45 107.5 1.09 7.4 

130.1 46.6 8.5 23.1 44.5 96.7 1.10 8.52 

133.2 49.4 7.1 23.1 46.3 123.6 0.98 8.52 

129.9 48 7.1 23.1 45.6 112.8 1.04 8.52 

130.9 49 7.3 23.1 46 131.6 1.07 8.52 

133 49.1 5.5 23.1 46.1 145.1 1.00 8.52 

131.5 48.1 6.9 23.1 45.3 126.3 0.97 8.6 

131.3 47.5 7.1 23.1 45 102.1 1.10 8.6 

130.3 46.5 7.8 23.1 44.5 99.4 1.05 8.6 

129.7 47.7 7.3 23.1 45.1 115.5 0.93 8.6 

133.8 48.5 6 23.1 45.8 126.3 1.07 8.6 

139 50 5.0 23.3 46.3 157.2 1.04 11.8 

139.7 47.9 5.0 23.3 45.2 121.9 1.28 11.8 

144.9 51.8 2.5 23.3 47.1 170.7 0.98 11.8 

142 48.3 8.5 23.3 45.9 132.8 1.12 11.8 

142.9 50.4 3.5 23.3 45.8 135.5 1.26 11.8 

141 48.4 5.0 23.3 46.1 178.9 1.22 11.8 

141.8 49.4 7.0 23.3 46.2 159.9 1.19 11.8 

143 49.1 4.5 23.3 46.4 197.8 0.90 11.8 

140 49.6 7.5 23.3 47.0 108.4 0.89 11.8 

144.7 50 4.5 23.3 47.1 189.7 1.11 11.8 

140.9 47.7 7.5 23.3 45.2 121.9 1.18 11.8 

142.6 49.2 3.5 23.3 45.6 197.8 1.30 11.8 

142 49.4 4.0 23.3 45.0 130.1 1.02 11.8 

140 49.1 6.0 23.3 46.5 162.6 0.94 11.8 

139 48 7.5 23.3 45.6 121.9 0.98 11.8 

143.6 50.2 3.0 23.3 45 170.7 0.93 12.7 

141.3 46.3 5.0 23.3 44 181.6 1.02 12.7 

139.5 45.6 8.5 23.3 42.8 121.9 1.08 12.7 

143 49.5 2 23.3 44.5 170.7 1.03 12.7 

143 47.4 5.5 23.3 44.9 189.7 1.01 12.7 

143 49.9 4.0 23.3 45.2 154.5 1.15 12.7 

144.6 50.5 2.5 23.3 46 170.7 1.13 12.7 

144 48.6 3.5 23.3 45.6 216.8 1.28 12.7 

139.7 47.2 6.0 23.3 44.4 132.8 1.47 12.7 

142 47.9 5.5 23.3 43.8 105.7 1.09 12.7 

138.7 47.1 9.5 23.3 45 135.5 1.06 12.7 

138 46.8 9.0 23.3 45.1 127.4 1.07 12.7 

139.4 48.7 8.0 23.3 45.8 111.1 0.89 12.7 

142.8 50.5 3.0 23.3 47.7 187.0 0.71 12.7 

137.5 48.9 6 23.1 45.2 163.9 1.14 7.4 

137 50.8 6.5 23.1 46.8 193.4 1.01 7.4 

135.5 50 6 23.1 46.4 169.3 0.93 7.4 

137.5 49 7.5 23.1 45.6 150.5 1.00 7.4 

138.9 49.3 6 23.1 45.8 161.2 0.99 7.4 

131 48 6.4 23.1 45.2 104.8 1.05 7.4 

129.5 47.7 6.4 23.1 45.3 94.0 1.06 7.4 

132.7 47.6 6.4 23.1 45.1 110.2 1.04 7.4 
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