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1 Introduction 

The sulfur content in heavy fuel oil (HFO) used in ships is 2700 times higher than 

the sulfur content in road fuels. There are more than 100 000 ships around the 

world and 90 percent of the world trade is carried by the international shipping 

industry. According to the European Commission around 50 000 premature deaths 

per year in Europe are caused by the sulfur emissions. (1) 

Starting from the 1st of January 2015, the sulfur content in marine fuels in Sulphur 

Emission Control Area (SECA), including the Baltic Sea, The North Sea and the 

English Channel, should be lowered to 0.1 percent (Directive 2012/33/EU) (Picture 

1.1-1). The other permitted solution to lower the emissions is to install exhaust 

gas cleaning systems (EGCS) and still use high sulfur fuels. 

 

 

Picture 1.1-1 Map presenting the existing and the possible new emission control 
areas. (2) 
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To regulate the sulfur emissions the Directive 1999/32/EC was the basic legislation 

which was later amended by including provisions of Annex VI of International 

Maritime Organization’s (IMO) Marine Pollution Convention (MARPOL 73/78) (3). 

The amended directive (Directive 2005/33/EC) designated the areas belonging to 

SECA and addressed the requirement of maximum sulfur content to be 1.5 percent 

in exhaust gas (4). In 2008 the revised Annex VI was adopted and it entered into 

force in the year 2010, lowering the maximum sulfur content from 1.5 percent to 

1.0 percent in SECA. Outside of SECA the permitted sulfur emissions were lowered 

from 4.5 to 3.5 percent in 2012. From 3.5 percent the limit will be progressively 

reduced to 0.5 % by 2020. (See Picture 1.1-2) 

 

 

Picture 1.1-2 Sulfur limits in the ECA and globally. (5) 

 

In order to operate in SECA the shipping companies have been working with 

different solutions and options to lower the emissions. One option is to change 

the heavy fuel oil, containing 1.0% of sulfur, to more expensive low sulfur marine 
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gas oil (MGO). As a consequence, the expensive fuel increase the shipping costs 

and may decrease the use of sea freight. 

Another option is to invest to totally new vessels that are able to use liquefied 

natural gas (LNG), biofuel or methanol. The third solution to reduce the air 

pollution from ships is to install scrubbers that are able to remove sulfur from 

exhaust gases. Currently, wet scrubbers are the most common flue gas cleaning 

methods among the scrubbing technology, and they have been widely studied. 

Moreover, wet scrubbers are considered to be more effective than dry scrubbers 

when comparing the sulfur removal efficiency. 

In this thesis work a pilot scale dry scrubber was investigated. On one hand, the 

main focus was to develop the simulator based on the information obtained from 

the experiments, on the other hand the purpose was to investigate and improve 

the absorbents. The main target was to develop a reliable system to evaluate the 

performance of different absorbents and find the variables affecting to the 

removal efficiency. Another target was to find the design parameters that have an 

influence on the cleaning performance so that the optimal design for the pilot 

scale dry scrubber can be achieved. 

The performance of dry scrubbers using lime-based powder to reduce emissions 

at high (over 700 °C) and low (below 100 °C) temperatures have been earlier 

investigated (6). The removal efficiency of lime-based absorbents in granulated 

form at medium temperature has not been properly researched. In addition, 

compared to the existing methods the more environmentally friendly flue gas 

desulphurization (FGD) method was the object of interest. 
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LITERATURE PART 

2 Types of scrubbers 

Scrubbers can be divided into wet scrubbers and dry or semi-dry scrubbers. Not 

much information can be found about the dry scrubbers but there are a lot of 

articles about the wet scrubbers. Many industrial processes, such as food and 

chemical industries, and mining operations are using scrubbers to reduce the air 

pollution, so there exist several types of land-based scrubber applications. The 

following chapters deal with the land-based applications and present the newest 

scrubber designs suitable for vessels. 

2.1 Wet Scrubbers 

The principle of wet scrubbers is to use scrubbing liquid to clean the gas streams 

by ensuring the contact with droplets and particles. Depending on a design of wet 

scrubber it can remove particulate matter (PM), gaseous pollutants or even both. 

Wet scrubbers can be categorized into four groups of which the first is spray tower 

scrubbers, the second includes packed bed, moving-bed and tray-type scrubbers, 

the third group is mechanically aided scrubbers and the fourth gas-atomized 

scrubbers. (7) 

The operation of spray-tower scrubber is based on the countercurrent principle 

and they can be installed horizontally or vertically (8). In a case of vertical scrubber 

the dirty gas is fed from the bottom and it flows upward having a velocity between 

0.61 and 1.21 m/s (Picture 2.1-1). The nozzles generate the liquid droplets flowing 

downward and the gaseous pollutants and particulate matter are exposed to 

incorporate with droplets. (7) The cleaned gas flows out from the top where the 

mist eliminators, demisters, remove the liquid droplets and scrubbing liquid which 

drain to the slurry pool system at the bottom (9). 
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Picture 2.1-1 Picture 2.1-2 Spray tower scrubber. (10) 

 

The gas stream can also have a cyclonic flow depending on a design of tower 

(Picture 2.1-2). Cyclonic motion improves the separation between droplets and 

particles and increases the gas velocity which improves the collection efficiency 

(9). 

 

 

Picture 2.1-2 Cyclone spray scrubber. (10) 
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One problem is the erosion of the nozzle openings which can cause the increase 

in the size of the liquid droplets. Danzomo et al. showed that the cleaning 

efficiency decreased when the liquid-to-the gas ratio decreased and the liquid 

droplet size increased (9). Moreover, the performance of the scrubber can be 

improved by changing the orientation and by maintaining the physical condition 

of nozzles. The size distribution of particles is the best factor describing the 

efficiency of a scrubbing performance (7). 

The idea in packed-bed scrubbers (Picture 2.1-3) is to improve the cleaning 

performance by maximizing the surface area available for particle-liquid contact 

(5). Inside the scrubber there are solid packing materials, e.g. raschig rings and 

spiral rings, where the liquid flows down and the gas flows upwards with a 

relatively low velocity ( (8) & (7) ). 

 

 

Picture 2.1-3 Packed-bed reactor. (10) 

 

Gas streams with high content of particulate matter are problematic for packed-

bed scrubbers because the solid particles can clog the open areas of the packing 
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(8). In moving bed scrubbers there are low-density spheres moving turbulently 

inside the packed bed creating water droplets and sheets for particles to strike 

against each other, and therefore less plugging is taking place (7). 

In a case of tray-type scrubbers there are several trays with holes on top of each 

other and demisters on the sides of the scrubber to move the scrubbing liquid 

from one tray to the ones below (7). The working principle of a tray-type scrubber 

is also based on countercurrent flow. 

The operation of packed-bed scrubbers can be improved by changing the velocity 

of the gas stream and gas-stream channeling. For moving bed scrubbers the most 

important operating parameters are the size distribution of particles, liquid-to-gas 

ratio and the pressure difference over the scrubber. The cleaning performance of 

a tray-type scrubber can be controlled by the flow rate of the scrubbing liquid. By 

observing the static pressure drop the degree of channeling and the concentration 

of suspended-solid in the liquor can be controlled. (7) The pressure drop over the 

scrubber describes the energy of a scrubber (8). 

The operation and the performance of mechanically-aided scrubber (MAS) is 

based on a fan or blower which helps the particles to absorb in the water. In many 

cases the liquid is sprayed into a fan or impeller blades which then produce 

extremely small droplets. The biggest concerns in MAS is the high energy 

consumption and the maintenance of moving parts. 

Rod, Venturi and Orifice scrubbers are classified into gas-atomized scrubbers 

where by increasing the turbulence and accelerating the gas stream the scrubbing 

liquid is atomized into small droplets which improves the interaction between 

liquid and particles. The operation principles among these scrubbers are very 

similar. Venturi scrubbers (Picture 2.1-4) are suitable for collecting small particles 

but to increase the cleaning efficiency the pressure drop needs to be increased 

which consumes more energy (8). The effectiveness of the scrubber is dependent 

on the particle size distribution, pressure drop and the liquid-gas ratio (7). In orifice 
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scrubbers the gas flows through a very narrow area whereas in rod scrubbers the 

gas flows between the rods where the droplets are atomized and the flow is 

accelerated. In a case of rod-type scrubber the nozzles spray the scrubbing liquid 

above the rods. 

 

Picture 2.1-4 Venturi scrubber. (10) 

 

2.1.1 Wet scrubbers in the market 

There are few companies manufacturing wet scrubbers, such as Wärtsilä, Alfa 

Laval and Delta-Langh. The wet scrubbers on the market can be divided into three 

categories; open-loop scrubbers, closed-loop scrubbers and hybrid scrubbers (11). 

The purpose of wet exhaust gas cleaning systems is to remove sulfur oxides, 

including sulfur dioxide and sulfur trioxide, from ship’s exhaust gas. Three main 

components are usually needed; a vessel which enables the mixing of scrubbing 

liquid and exhaust gas, a treatment plant for wash water to remove the pollutants 

and a sludge handling facilities. (12) 
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Picture 2.1-5 Open-loop wet scrubber. (12) 

 

Open-loop scrubbers are using merely sea water which removes the SOx gas and 

then the scrubbing liquid is discharged into the sea (Picture 2.1-5). The advantages 

of the open-loop scrubbers are the lower investment and operating costs and the 

smaller amount of equipment. The alkaline substances of the sea water neutralize 

the sulfur oxides in the scrubber, thus no additives are needed. The disadvantages 

are the limitations of the use due to the low alkalinity or the legislation prohibiting 

the discharging to the sea. (13) 

Closed-loop scrubbers (Picture 2.1-6) use fresh water with a combination of 

alkaline chemicals, e.g. sodium hydroxide (NaOH) and therefore the operation of 

the closed-loop scrubber is not dependent on the quality of the sea water (11).The 

scrubbing liquid is recirculated and replenished to retain the capacity. In the end 

the water is cleaned and discharged. Legislation does not limit the use of closed-

loop scrubbers anywhere, but the additives increase the costs as well as the 

operation of a complicated and multistaged process. 
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Picture 2.1-6 Closed-loop wet scrubber. (12) 

 

Hybrid scrubbers (Picture 2.1-7) have both open- and closed-loop modes available 

which makes it possible to operate it according to the location of the ship. The 

usage of open-loop method reduces the costs. (13) 

 

 

Picture 2.1-7 Hybrid scrubber which combines the open-loop and closed-loop 
scrubbers. (12) 



 

11 

  

The performance of the sea water scrubbers is based on the sea water salinity. 

Despite of the low salinity all the wet scrubber types are able to operate in Baltic 

Sea. As a consequence, the consumption of low salinity sea water is much higher 

in order to achieve as high removal efficiency as it is possible to achieve with high 

salinity sea water. (11) 

2.2 Dry and Semi-dry scrubbers 

Dry scrubbers are mainly using calcium carbonate (limestone, CaCO3), calcium 

oxide (quicklime, CaO) and calcium hydroxide (hydrated lime or slaked lime 

Ca(OH)2), to remove sulfur dioxide (SO2), hydrochloric acid (HCl), hydrogen 

fluoride (HF) or other acidic impurities from gas streams by adsorbing or absorbing 

the molecule ( (14) & (7) ). 

Dry scrubbers can be divided into three categories based on the used technology; 

Spray dryer absorption, dry injection adsorption and the combination of these 

two. The dry injection adsorption system is the simplest compared to the other 

two systems. Additionally, more alkaline reagent is used in dry injection systems. 

(7) 

In spray dry absorption the cleaned flue gas and the dry powder product are 

separated from each other by an electrostatic precipitator or a fabric filter which 

is considered to remove SO2 more efficiently (15) & (16). The slurry is transformed 

into droplets in an absorber vessel where a chemical absorption is taking place 

between the sprayed slurry containing lime and the flue gas (7). The dry powder 

after water evaporation consists of calcium hydroxide and the product generated 

from the reaction between Ca(OH)2 and SO2. The conversion of the Ca(OH)2 and 

the absorption are incomplete due to the unreacted core. The presence of 

hydroxide improves the absorption efficiency. (16) 

The evaporation is very important concerning the efficiency of the absorber. Too 

moist material will accumulate on the walls of the scrubber and too dry droplets 
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will reduce the efficiency of collecting and interaction between droplets and flue 

gas. The operation temperature varies between 30 and 80 degrees. The waste 

material (semi-dry droplets) can then be recycled or sent to a landfill. (7) 

In dry injection absorbers the most common alkaline absorbent is Ca(OH)2 which 

is fluidized with the reagent and mixed with the flue gas. These scrubbers operate 

with a baghouse filter where most of the adsorption is taking place. The calcium 

hydroxide and flue gas are flowing counter currently. In order to increase the 

turbulence and the gas velocity, the gas is flowing through a constriction. The 

cleaning performance of a scrubber is dependent on the particle size of absorbent, 

quantity of the dosed reagents and the adequacy of the formed dust cake. The 

dust cake consists of Ca(OH)2 and the uncollected particles which are collected in 

the fabric filter. The collected solids are possible to be recycled to reduce the use 

and costs of reagent. (7) 

In the combination system the adsorption and absorption are both taking place to 

improve the pollutant removal efficiency. The first reagent used in the process is 

Ca(OH)2 droplets where the gas flows up inside a chamber where the absorption 

takes place. Then the partially treated flue gas flows through a venturi scrubber 

section where it reacts with a suspension of calcium silicate (CaSiO4) and lime. The 

purpose of second reagent is to remove acidic gas more efficiently by adsorption. 

Moreover, calcium silicate increases the porosity of a dust cake. (7) 

2.2.1 Dry scrubbers in the market 

Hellmich GmbH & Co. KG is a German company specialized to the flue gas cleaning 

processes. Their SGA packed bed counterflow absorber uses calcium hydroxide 

granules. The reaction chambers, cascade blocks, are connected in series so that 

the exhaust gas is fed through the absorption material several times which 

increase the process efficiency. The reduction of SOx emissions is huge, from 2500 

mg/Nm3 to below 300 mg/Nm3 and the operation range is large. The advantages 
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of the process are the low operating costs, high utilization levels of absorption 

material, no moving parts in flue gas flow and a compact construction. (17) 

Envairtec utilizes the technology of Hellmich and applies it to be used in vessels. 

Their DryEGCS technology was developed for 4-stroke engines and it was adapted 

from land-based applications (Picture 2.2-1). The calcium hydroxide (Ca(OH)2) 

used in this process is in granulate form. The back pressure caused by the DryEGCS 

is around 12 mbar, but it can be reduced by using a fan. There is a silo feeding the 

fresh granules above the absorber and the pneumatic transportation of granules 

enable the flexible planning of storage tank locations onboard. There is a 

monitoring system recording the emission values. (18) 

 

Picture 2.2-1 Dry exhaust gas cleaning system (DryEGCS). (18) 

 

The German shipping company Rörd Braren agreed in September 2014 with its 

customer Södra Cell to install two dry scrubbers, manufactured and delivered by 

Hellmich GmbH. The scrubbers are installed to time chartered vessels Timbus and 
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Cellus which transport pulp from Sweden to Central Europe. Nordkalk has signed 

a turnkey absorbent service agreement with Södra Cell which means that Nordkalk 

is going to deliver the absorbents to both vessels and taking care of the handling 

of used granules. This DryEGCS is emission-free, as no washing water is generated 

or discharged into the sea. In addition, compared to other EGC systems the energy 

consumption is much lower. (19) 

2.3 Comparison between wet and dry technologies 

The design of scrubbers varies a lot and they are often classified according to their 

mechanism to achieve the interaction between the liquid and particulate matter 

or absorption material and flue gases. Dry scrubbers require a separate humidifier 

or a heat exchanger while wet and semi-dry scrubbers are condensers by 

themselves (20). 

The most important factors affecting the cleaning efficiency are the operating 

temperature and the scrubber design. For semi-dry and dry scrubbers the amount 

of lime affects as well. In some cases lime is added also to scrubbing liquid used in 

wet scrubbers. (20) 

Wet scrubbers are able to remove flammable and explosive dusts, gaseous 

pollutants, mists and very sticky particulates. Moreover they are able to cool hot 

gas streams. The pH value of scrubbing liquid has a major influence on the 

corrosion and erosion which can cause serious problems. In addition, the waste 

slurry from wet scrubbers can cause environmental problems such as pollution of 

solids and water. (8) The treatment of waste water increases costs as well as the 

maintenance of corroded metal parts. (20) 

The erosion and corrosion are not such problems in semi-dry and dry scrubbers 

because the used absorbent generated is completely dry. Additionally, the 

maintenance costs and power consumption are lower compared to wet scrubbers. 

Dry FGD processes are considered to be simpler compared to wet processes. 
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Moreover, the waste disposal and scaling-up are easier to handle and the capital 

and operating costs are lower partly due to the recycling possibility (14). 

The sulfur removal efficiency of wet scrubbers has been considered to be higher 

compared to dry scrubbers (14), but nowadays the performance of dry scrubbers 

have increased, to the order of 98 % removal efficiency. To conclude the wet 

scrubbers are suitable for removing particulate matter while the predominant use 

of dry scrubbers is to remove gaseous pollutants, SO2, HCl and HF. Most of the dry 

flue gas desulfurization processes use alkaline substances to remove acidic SO2 

(21). 
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3 Granulation in different fields of industry 

There are several technologies and techniques to produce granules depending on 

the industrial field and the use of granules. Granulation is a method to obtain 

larger agglomerated grains by attaching smaller powder particles to each other.  

Usually, the purpose of the produced granules determines the target size 

distribution. 

Agglomeration as a term is often used as a synonym for granulation and 

pelletizing. Generally, the aim of size-enlargement processes is to achieve more 

favorable properties of the material and facilitate the handling, especially in a case 

of dusty powder particles. 

At least the following industrial sectors are using different agglomeration 

processes; pharmaceutical industry, metal industry, food industry, polymer 

industry and fertilizer industry. In the following chapters the granulation methods 

in pharmaceutical industry and metal industry are presented. 

3.1 Granulation in pharmaceutical industry 

According to the articles found there are several different granulation methods 

and depending on a source of information there are as many ways to divide them 

into categories. In this work the pharmaceutical granulation techniques are 

roughly divided into four categories such as dry granulation methods, wet 

granulation methods, rotor granulation method and melt granulation method 

(Picture 3.3-1)( (22) & (23) ). 

The categorization is based on the different pharmaceutical granulation 

technologies in order to produce oral dosage forms. Dry granulators employs 

sluggers and roller compactors whereas for wet granulation there are spray-driers, 

high-speed mixers, fluidized-bed granulators, shear granulators and extruders ( 
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(22) & (23) ). Only extruder and high-speed mixer from wet granulation category 

are introduced. 

 

 

Picture 3.1-1 Granulation can be divided into four subcategories. 

 

Dry granulation methods are suitable for the powders that are sensitive to heat 

and moisture and therefore the granulation mixture is not heated or no solvent is 

used to agglomerate the particles. Only by high pressure, from 30 to 70 bars, the 

powder is densified into granules. In wet granulation processes there is a solvent 

used which can be mixed with a binder to increase the adhesion between particles. 

In granulating fluid no toxic components are used. 

Sluggers are for production of larger tablets or slugs by using pre-compression to 

compact the powder after which they are milled to obtain granules and sieved to 

an appropriate size distributions. The process control is considered to be difficult 

due to the varying weight of powder fill in the die cavities. The properties of 

material, such as density, cohesiveness, size distribution and flowability, as well as 

the design of the machine make the repeatability and the product quality control 

very challenging. In addition the capacity is low and there is a risk of contamination 

when creating dust. (24) 
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Picture 3.1-2 Compacting into briquettes (left) and sheets (right). (25) 

 

The roller compactor consists of a feeder and two counter rotating compactor 

rolls. The powder mixture is fed from top and due to the friction the powder is 

compressed between two rolls. Depending on the design and the smoothness of 

the roll surfaces the powder is compacted into briquettes or dense sheets (Picture 

3.1-2) (25). The problem in this technology has been the leakage of powder due to 

the uneven powder feed (24). There are two kinds of feeders to perform a 

continuous and uniform material flow: a gravity feeder and a force feeder where 

screws are used to push the material towards the rotating rolls (25). After 

compaction the flakes are granulated in a mill to achieve an appropriate size 

distribution. 

According to Aulton et al., extruders can be divided into three categories based on 

the mechanism: screw-feed extruders (Picture 3.1-3), gravity-feed extruders and 

piston-feed extruders. Extrusion is a continuous process which produces 

cylindrical particles form wet mass. Usually after extrusion there is a 

spheronization where particles are round off into spheres in a bowl where the 

walls are fixed and the bottom plate is rotating. The quality of spheronization 

depends on the friction between particle-particle and equipment-particle. 

Moreover, when using too dry mass the particles are not able to achieve a 
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spherical form. The main advantage in extrusion is the ability to form compact 

sized drug-loaded spheres with high levels of active ingredients. (23) 

 

 

Picture 3.1-3 Top view and side view of double-shafted extruder. (26) 

 

The granulation with high-speed mixers is a continuous process which is able to 

mix the product and then granulate it. The rotation speed of an impeller has an 

influence on the homogeneity of the drug distribution in granules.  The impact 

pressure of the impeller and the ability of the nuclei to resist the shear are two 

factors that influence to the homogeneity and inhomogeneity of the powder. (22) 

In melt granulation the state of a binder differs from the state of a binder used in 

wet granulation. In addition, there is no water or any solvent used in melt 

granulation. The purpose is to have a binder as molten form which can be achieved 

by heating the binder over its melting point during the process or by adding it as 

pre-melted. Most often the extruders are used in melt granulation but as well 

high-shear mixers are used (24) 

The energy for melting is normally gained from the frictional forces of impeller or 

by using a heating jacket. The bottle neck in this granulation process seems to be 

the cooling stage where cooling can be performed by using a circulating cold water 
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with or without glycol in the bowl jacket, or by using liquid nitrogen passing 

through the product. (24) 

Rotation granulation makes possible to form spherical particles from moist 

powder. Dry powder is sprayed with granulating fluid on the rotating plate. The 

walls of the bowl are fixed and the centrifugal force due to the rotating disc keeps 

the granules at the edges of the rotor. The toroidal movement of the mass due to 

the speed difference between static walls and the rotor with the combination of 

the upward air flow creates the formation of spheres. (23) 

Granulation is a good way to prevent segregation of the mixed materials. In 

addition, by granulation such properties as compaction of the mixed powder and 

flowability of the mixture can be improved. (23)Especially in the pharmaceutical 

granulation the aim is to reduce the uneven distribution of drugs in the final 

product (24). Generally, the size distribution for a final product, e.g. capsules and 

tablets, is from 0.2 mm to 4.0 mm, but for intermediate granules the size 

distribution varies between 0.2 and 0.5 mm. 

3.2 Granulation in metal industry 

Metal industry uses agglomeration technologies such as pelletizing and sintering 

to produce pellets, briquettes or sinters. In ironmaking the fine iron ore 

concentrate need to be pelletized or sintered before charging into the kiln or to a 

grate machine. A good permeability of the feed is required to obtain an efficient 

gas-solid reaction in a blast furnace. 

After crushing, grinding and concentrating the ore (75 % less than 45 µm) the 

additives and binders are mixed with the slurry. The resulted filter cake is then fed 

into the rotary drums or to discs where the pellets are formed. These pelletizers 

are also suitable for copper ore, gold ore, coal and fertilizer. A rotary drum 

pelletizer is a cylinder elevated at one end, around 3 to 4 degrees. After the low 

end there is a roller screen which enables a good control of pellet size (Picture 3.2-
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1). The target size range for pellets is between 9 and 11 mm. The product is sieved 

after balling and over- and undersized pellets are transferred back to the pellet 

process. (27) 

 

 

Picture 3.2-1 Pelletizing process. (27) 

 

Disc pelletizers are large drums with an inclination of 40 to 60° to the horizontal. 

The mixture is fed into the drum and due to the rotary movement the seeds are 

formed and increased to full-sized pellets. No recirculation is taking place with disc 

pelletizers. The size of the pellets is dependent on the angle of disc, feed rate, 

water addition and rotation speed. The rotational speed should be decreased as a 

function of increasing diameter of the drum. (27) 

Pellets are preheated and dried at a temperature of 105 °C after which in 

induration process they are harden by heating them up to 1300 °C in oxidizing 

atmosphere. The ore grains are sintered together by oxidation and slag-forming 

bonds after which the pellets are cooled down. The most important properties of 

the pellets are the cold strength, the swelling, melting, softening and reduction-

disintegration. (27)   
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4 Properties of granulated absorbents 

4.1 Reactions between granules and flue gas 

Granules can be used to clean the flue gas by absorbing the sulfur from the gas 

flow. The reaction between Ca(OH)2 grains and SO2 gas produces gypsum, calcium 

sulfate (CaSO4) (Equation [1] & [2]). The produced byproduct gypsum can be used 

as an additive to improve alkali soil (28). 

 

 
𝐶𝑎(𝑂𝐻)2 + 𝑆𝑂2 → 𝐶𝑎𝑆𝑂3 + 𝐻2𝑂 

[1] 

 

 
𝐶𝑎(𝑂𝐻)2 + 𝑆𝑂2 +

1

2
𝑂2 → 𝐶𝑎𝑆𝑂4 + 𝐻2𝑂 

[2] 

 

In addition, the granules can react with CO2 gas forming CaCO3 seen in Eq. [3]. This 

reaction is considered to be unfavorable concerning the sulfur removal efficiency, 

because the reaction between hydrated lime and humid air seems to lower the 

reactivity of the sorbents (14). 

 

 
𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 

[3] 
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It is also possible that the formed CaCO3 reacts with SO2 and generates calcium 

sulfite (CaSO3) which continues reacting with oxygen generating calcium sulfate 

(Eq [4]). 

 

 
𝐶𝑎𝐶𝑂3 + 𝑆𝑂2 → 𝐶𝑎𝑆𝑂3 + 𝐶𝑂2 

[4] 

 

The dehydration of Ca(OH)2 can affect the sulphation reaction. Dehydration is a 

reaction where calcium hydroxide decompose into CaO and H2O and it can be 

expressed as follows: 

 

 
𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎𝑂 + 𝐻2𝑂 

[5] 

 

Absorption can be either a physical unit process or a chemical phenomenon where 

imbibing or reception is taking place by chemical or molecular action. Adsorption 

is a physicochemical process where a liquid or a gaseous substance such as ions, 

atoms and molecules adhere on the surface of adsorbent forming a solid film. 

Adsorbent can react with adsorbate through chemisorption or physisorption. 

The difference between physisorption and chemisorption is that physisorption is 

a reversible reaction and desorption occurs when increasing the temperature. In 

chemisorption an exothermic reaction is taking place creating a strong bond 

between surfaces. By increasing the temperature chemisorption increases as well. 
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4.2 Variables affecting the removal efficiency 

The amount of solid, temperature, humidity, gas composition, gas flow rate and 

the residence time determines the extent of the dehydration reaction (29). It has 

been investigated that the dehydration reaction, more specifically the partial 

pressure of water vapor, increases the surface area of CaO (30). 

Additionally, the Ca(OH)2-derived calcium oxide has a greater sulfur oxide removal 

efficiency compared to the CaCO3-derived calcium oxide, due to the different 

surface area or grain shape (31). 

Nevertheless, the SO2 capture capacity of Ca(OH)2 is higher compared to 

hydroxide-derived CaO at medium temperatures (300-450 °C). According to the 

results of the experiments conducted, the maximum utilization of the hydrated 

lime was achieved at temperature of 450 °C. (32) 

According to the Shin et al. (2009) the higher surface area and the higher pore 

volumes of the calcium hydroxide sorbents can improve the desulfurization 

efficiency. Moreover, smaller particle size and the larger size of the pore diameters 

improve the desulfurization (14). The larger pores create an open structure for the 

molecules to diffuse through the sorbent (21). 

Chitu et al. showed that the roundness of the granules can be affected by changing 

the impeller speed. When the speed was increased to a certain level the granule 

roundness increased as well, but when exceeding the level the roundness 

decreased mainly because the granules broke during mixing. Moreover, the 

strength of the granules has been greater when the impeller speed was increased. 

The function of a chopper was also investigated, and it was found that it does not 

affect the size distribution or roundness at high impeller speeds. (33) 



 

25 

  

4.3 Representing the Ergun equation 

The correlation between bed porosity, specific surface area of the particles and 

the pressure drop over a packed bed reactor has been studied widely. Many 

studies have shown that the average bed porosity increases as the ratio between 

column diameter and particle diameter (𝐷/𝑑𝑝) decreases (34).  The particle shape, 

size and roughness of the particle and the height of the column influence the 

porosity. 

The pressure drop is affected by many variables, such as the velocity and the 

density of the gas, the average porosity of the bed, the properties of the particles, 

the orientation of the packing, the 𝐷/𝑑𝑝 ratio and the ratio between particle 

diameters and the height of the reactor. (34) 

A model known as the Ergun equation is developed by Sabri Ergun in 1952 to 

express the pressure drop over a packed-bed reactor (Equation [6]). The equation 

covers the entire range of flow rate. It has been found that simultaneous kinetic 

and viscous energy losses cause the pressure drop. Below the original form of 

Ergun equation: (35) 

 

 
∆𝑃

𝐿
𝑔0 =

150𝜇

𝐷𝑝
2

𝑈𝑚 ∙
(1 − 𝜖)2

𝜖3
+

1.75𝐺

𝐷𝑝
𝑈𝑚 ∙

(1 − 𝜖)

𝜖3
 [6] 

 

where  ∆𝑃 is a pressure drop along the bed 

𝐿 is the length of the bed 

𝑈𝑚 is the fluid superficial velocity 

𝑔0 is the gravitational constant 
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𝐷𝑝 is the diameter of the particle 

𝜖 is the volume of the voids 

𝜇 is the viscosity of the fluid 

𝐺 equals to 𝜌𝑈𝑚, where 𝜌 is the density of the fluid. 

 

The Ergun equation can be divided into two parts where the first term at low fluid-

flow rates describes the Kozeny equation, in which case Reynolds number 𝑁𝑅𝑒 <

10 (35). 

 

 
∆𝑃

𝐿
𝑔0 =

𝑘1𝜇

𝐷𝑝
2

𝑈𝑚 ∙
(1 − 𝜖)2

𝜖3
 [7] 

 

where  𝑘1 is a coefficient of the viscous energy term (150). 

This (Eq. [7]) expresses the viscous energy loss per unit length. 

 

At high flow rates the second term of Ergun equation is an equation of Burke and 

Plummer for the turbulent flow and it expresses the kinetic energy loss. In this 

case 𝑁𝑅𝑒 > 1000 and the viscous force of the fluid is not significant. 

 

 ∆𝑃

𝐿
𝑔0 =

𝑘2𝐺

𝐷𝑝
𝑈𝑚 ∙

(1 − 𝜖)

𝜖3
 [8] 
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where  𝑘2 is a coefficient of the kinetic energy term (1.75).  

 

As the previous equations showed, it was found that the sum of the viscous and 

kinetic energy losses is the total energy loss in fixed beds. At low flow rates the 

pressure drop over the granular bed is proportional to the fluid velocity and at 

high rates it is proportional to the square of the velocity. (35) 

4.4 Shrinking core model 

The shrinking core model (SCM), also known as shell and core model, was 

developed in 1955 by S. Yagi and D. Kunii who researched the combustion of 

carbon particles in flames and fluidized beds (36). The model describes the 

situation where the size of the solid particle is reduced either by dissolution or 

reaction. The solid particle consists of a shell and a core (Picture 4.4-1). 

 

 

Picture 4.4-1 Demonstrating the shrinking core model. 

 

When gas flows around the spherical particle, the solid particle reacts with the gas 

by forming an un-reacted core and a porous shell. The particle maintains its 
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physical properties, but the composition of the gas changes. The reaction can be 

presented as follows. 

 

 
𝐴 (𝑔𝑎𝑠) + 𝐵 (𝑠𝑜𝑙𝑖𝑑) → 𝑔𝑎𝑠 𝑎𝑛𝑑 𝑠𝑜𝑙𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

[9] 

 

In this case the rate limiting steps may be the diffusion through the pores or the 

reaction taking place on the surface of the particle. If the surface reaction is very 

fast the rate limiting factor is diffusion, and vice versa. The diffusivity or the surface 

reaction rate cannot be influenced by increasing the gas flow velocity. (37) 

If the reaction is controlled by the surface chemical reaction, the reaction time, 𝑡, 

can be written based on the SCM model (Eq. [10]). 

 

 𝑡 = 𝜏 (1 −
𝑟

𝑟0
) [10] 

 

where 𝑟0 is the initial radius of particle 

𝑟 is the radius of particle (core) 

𝜏 is the time for complete conversion 
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When the reaction is controlled by the gas diffusing through the solid particle, the 

reaction time follows the expression below. 

 

 𝑡 = 𝜏 (1 − 3 (
𝑟

𝑟0
)

2

+ 2 (
𝑟

𝑟0
)

3

) [11] 

 

where the time for complete conversion, 𝜏, can be quantified as: 

 

 𝜏 =
𝜌𝑠𝑟0

6𝐷𝑒𝑐0
 [12] 

 

where 𝜌𝑠 is the density of solid core 

 𝐷𝑒 is the diffusivity of gas through the porous solid 

 𝑐0 is the concentration of gas component 

  



 

30 

  

EXPERIMENTAL PART 

5 Granulation experiments 

Wet granulation was used to produce the granules for the dry scrubber test runs. 

The first granulation tests were carried out in laboratory with laboratory scaled 

equipment. The recipes were then applied to a larger scale to facilitate the scaling-

up of a granulation process. 

All the granules used for the dry scrubber simulator (DSS) tests were manufactured 

in an industrial scale process. 

5.1 Laboratory scale granulation 

In laboratory the granulation experiments were performed by using an Eirich 

mixer (type RO 2, 380 V, 50 Hz), consisting of a rotating mixing pan and a mixing 

tool with blades. If necessary, the mixing tool was possible to be raised and the 

mixing pan was able to be removed. The volume of the chamber was around 5 

liters and the maximum mass of the batch 8 kilograms. 

This granulation method was chosen by the existing resources and it could have 

been performed by using another equipment as well. However, the Eirich mixer 

was available to use and according to the previous test results the mixer was 

suitable for granulation. The only disadvantage of the mixer was a quite small size 

of a single granulation batch. 

Several granulation experiments had been performed before starting to manu-

facture granule samples for the flue gas desulphurization project. The correct 

amount of water in relation to calcium hydroxide powder was adjusted as well as 

the suitable mixing time and temperature. Depending on the origin of the slaked 
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lime and the amount of water, the granulation time varied a lot from five minutes 

to one hour. 

Granules were prepared according to the following scheme: A certain amount of 

calcium hydroxide powder was weighed. Then the consumption of water was 

calculated and the optimum moisture content was achieved. Prior to adding the 

water the Eirich mixer was turned on (the pan and the mixing tool were both 

rotating). Then during 60 seconds the water was added. The mixing was continued 

until the size of the granules was suitable (Picture 5.5-1). In the end, a small 

amount of dry Ca(OH)2 powder was added to separate the moist granules from 

each other. This stage is called powdering. The target size distribution of granules 

is from 1.00 to 5.00 mm diameter. 

After granulation the granules were oven-dried at a temperature of 105 °C around 

12 to 24 hours. 

 

 

Picture 5.1-1 Wet granulation mass before powdering. The granules were stuck 
together when moist. After powdering and drying they were separated from 
each other. 
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5.2 Industrial scale granulation 

Four different granule size classes were tested in a pilot scale dry scrubber: Coarse, 

medium (M), fine (S) and superfine (XS) granules. For AXS, AS and AM granules the 

used limestone was from Nordkalk’s quarry situated in Gotland and for BM 

granules the slaked lime was imported from England. Each of the four batches was 

granulated in the same factory. Two of them were pre-dried before the scrubber 

experiments and two were not (Table 5.2-1). 

The first letter describes the origin of the slaked lime and the next ones the size of 

the granules. The letter A refers to Gotland and the letter B to imported slaked 

lime. M granules are coarser and the XS refers to very fine granules. 

 

Table 5.2-1 Four different granules with different size distributions were tested. 

Superfine Granule AXS Not dried (ND) 

Fine Granule AS Pre-dried (PD) 

Medium Granule AM Not dried (ND) 

Coarse Granule BM Pre-dried (PD) 

 

The different size distributions were achieved by changing the mixing time of 

granulation. Granules AXS and AM were tested only in the Pilot Center whereas 

the AS granules were tested both onboard and in the Pilot center. Granules BM 

were tested only onboard. 

During the industrial scale granulation process there was not an automatic process 

control to dose the correct amount of water or calcium hydroxide. The process 

was controlled by visual monitoring. 

For the industrial production the calcium hydroxide powder was stored outside in 

a silo and it was conveyed into a large mixing pan to be mixed with water. The 
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water was added while the pan and the mixing tool with blades were rotating into 

opposite directions. Then after achieving the target granule size the granules were 

powdered and the mixing was stopped. Thereafter the granules were conveyed 

through a vertically rotating drum which separated the oversized particles. At the 

end of the drum the granules were sieved into three fractions; below 5 mm, 

between 5 and 18 mm and bigger than 18 mm (Picture 5.2-1). The production 

grade granules belong to the first fraction (< 5 mm). 

 

 

Picture 5.2-1 Sieving of the granules into three fractions. 

 

It was observed during the laboratory and industrial scale tests that with a very 

small amount of water there was no granule formation observed. On the other 

hand, when increasing the amount of water the granules formed faster and they 

grew bigger. By increasing the mixing time it was possible to obtain more coarse 

granules whereas with a short mixing time the granules were finer. 
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6 Characterization and development of the granules 

Absorbents are made of limestone and therefore Nordkalk as a producer of 

limestone-based products made a decision to start producing and develop the 

granules for dry scrubbers. Some properties of granules were tested in order to 

understand the granule performance in a dry scrubber. 

6.1 Measuring the size distribution of granules 

In order to characterize the particle size distribution the granules were sieved. The 

operation of the scrubber was dependent on the granule size and the size of the 

granules was assumed to influence on the sulfur removal efficiency. Before sieving 

the feed samples were dried. 

From the graph below (Graph 6.1-1) can be seen that the D50 of AXS granules is 

around 1.3 mm whereas for AS granules it is 1.8 mm. For AM and BM granules the 

D50 seems to be the same, around 2.5 mm (see Table 6.1-1). 

 

Table 6.1-1 The evaluated medians for all the granule types. 

Granule type D50 

AXS granules 1.3 mm 

AS granules 1.8 mm 

AM granules 2.5 mm 

MB granules 2.5 mm 
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Graph 6.1-1 Cumulative size distribution based on the granule mass. 

 

The used granules were also studied to see if the granules have broken during the 

scrubber simulation tests in order to evaluate the strength of granules. As can be 

seen in the Graph 6.1-2 there is a small difference between the size distributions 

of unused and used granules. The coarser granules have broken more in 

comparison with finer granules. Anyway, the D50 has decreased in both cases but 

the amount of dust has not increased in either case. 
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Graph 6.1-2 Sieving results of unused and used granules. 

 

6.2 Morphology analyses 

To verify the sieving analyses and to obtain more accurate information about the 

size and shape of the granules they were also analyzed by the Malvern 

Morphology G3 analyzer (Picture 6.2-1). It is a fully automated analyzing method 

which is able to scan particles from 0.5 µm to several millimeters (38). The 

equipment analyzes e.g. roughness, smoothness and circularity of particles. In 

addition, it can recognize primary particles from agglomerates. It characterizes the 

material by taking 2D images of individual particles and measures the size in two 

dimensions (length and width). The shape is analyzed by calculating the aspect 

ratio by dividing the width by the length. (See Appendix A) 

For larger particles such as calcium hydroxide granules it is more practical to use 

digitized images of the particles. 
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Picture 6.2-1 Malvern Morphology G3 analyzer. 

 

Before analyzing the particles some sample preparation was needed to do. First 

the granules were spread on the black surface and a photo was taken from top 

with a Canon PowerShot G9 camera (12.1 megapixels) (Picture 6.2-2). Particular 

attention had to be paid on the lightning to avoid shadows and to obtain a good 

quality photo. The photo was transformed to black and white image by increasing 

the contrast. 
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Picture 6.2-2 Photo taken of granules from above by Canon PowerShot G9. 

 

Then the picture was transformed into a negative image which was more suitable 

for Malvern G3 (Picture 6.2-3). 

 

 

Picture 6.2-3 Negative image of granules to be analyzed by Malvern G3. 
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The device scanned the area of the image and made the analyses which took 

around 15 seconds. Altogether 1000 to 3000 particles were analyzed per sample. 

In order to be able to estimate the size of the granules a ruler was used. It was 

visible in the image so the amount of pixels in one centimeter could be calculated. 

Moreover, agglomerates could be manually excluded from the data when needed. 

Below the size distribution curve of AM granules analyzed with Malvern G3 device 

(see Picture 6.2-4). In this case 1102 particles were counted and the measured D50 

was around 2.57 mm. 

 

 

Picture 6.2-4 Example of the data sheet printed by Malvern G3 analyzer.  
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The following data sheet describes the circularity of the particles analyzed (Picture 

6.2-5). The scale goes from zero to one where a higher number means that the 

particle is more spherical. According to the data the mean circularity of AM 

granules is 0.949. 

 

 

Picture 6.2-5 Circularity analysis of AM granules analyzed and printed by 
Malvern G3 device. 

 

The results of the size analyses from Malvern G3 and the results of the ordinary 

sieving analyses were close to each other. Therefore it can be said that the 

sampling was successful and the samples were representative. The observed high 

circularity is a good indicator of the fact that all granules have a high sphericity. 
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6.3 Testing of mechanical properties 

The strength of the granules plays a major role in granules developing. It is 

important that the granules do not disintegrate when packing into big bags or 

silos. In addition, they need to remain intact during the pneumatic transport and 

inside the scrubber to maintain the cleaning performance when operating. The 

strength of the granules was measured in two ways. 

One way to measure the strength was pressing the granules one by one on 

laboratory scale. The reading of the scale at the moment when the granule was 

broken, was recorded and then multiplied with the acceleration due to gravity in 

order to obtain the force. To calculate the pressure the force was then divided by 

the estimated area of the granule cross section surface. 

 

 

Picture 6.3-1 The IC-tester used to measure the strength of granules. The grey 
cylinder was filled with granules and then placed inside the equipment to be 
compressed. 
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Additionally, the strength of granules was measured by using a method which is 

generally used for analyzing the properties of concrete and aggregate. The used 

equipment is a gyratory compaction tester called IC-tester, seen in Picture 6.3-1, 

which compacts the sample by moving the end plates in gyratory motion so that 

the granules are exposed to a cyclic shearing. The settings of the equipment were 

the same in each experiment (seen in table 6.1). 

 

Table 6.3-1 Settings of the IC-tester while measuring the strength of the 
granules. 

Pressure in sample 80 kPa 

Gyratory angle 40 mrad 

Gyratory speed 120,5 rpm 

Cycles 100 - 

 

All granule types (AXS, AS, AM and BM) were tested with the IC-tester. The tested 

granules were all pre-dried prior to the experiments. In order to obtain a reference 

for ideal non-breakable particles, 4.5 mm diameter steel ball bearings were also 

tested. 

The test results can be seen in the following table (Table 6.3-2). The packing 

millimeter describes how many millimeters the initial height of the granule mass 

was reduced and the packing percent describes the relation between the packing 

and the initial height. 
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Table 6.3-2 Packing results of granules and reference materials. The sorbalit is a 
granule-like material which was analyzed for comparison. 

Material Packing [mm] Packing [%] 

Steel balls 2.2 2.1 

AXS granules (unused) 9.0 8.5 

AS granules (unused) 13.0 11.5 

AM granules (unused) 9.2 8.5 

BM granules (unused) 12.6 11.7 

Sorbalit (used) 13.8 11.6 

 

A sieving analysis was made for one type of granules before and after the packing 

test to show the difference between size distributions. From the analysis it can be 

seen that only a small amount of granules was ground during the packing test 

(Graph 6.3-1). The sieving was performed two times by using a sample splitter 

equipment in order to obtain as representative results as possible.  

 

 

Graph 6.3-1 Sieving analyses before and after the packing test. 
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It can be concluded that the sample splitter worked well because the sieving 

results of the samples are overlapping. 

6.4 Bulk density and voidage measurements 

The bulk density was measured in order to gather more information about the 

packing properties of the granules. The bulk density must to be known when 

planning transportation of the granules because it has an impact on the 

calculations and dimensioning of the systems. Bulk density is an important design 

value for estimation of how the granules influence on the center of gravity of the 

vessels. 

 

 

Picture 6.4-1 Measuring cylinder was filled with granules and then weighed. 

 

A measuring cylinder with a volume of 500 ml was used because the size was 

convenient for the measurements. The total volume of the cylinder was measured 



 

45 

  

by filling the cylinder completely with water and then by weighing the mass of the 

water. In each time the same measuring cylinder was used. Subsequently, the 

mass of the measuring glass was weighed and filled with granules up to the level 

of the brim. The extra amount of granules was removed by using a ruler to achieve 

a flat surface of granules. Then the granules together with the measuring cylinder 

were weighed (Picture 6.4-1). 

Then water was poured slowly to fill the empty spaces between granules (Picture 

6.4-2). In some cases water did not fill the voids between the granules and some 

air pockets were observed. By knocking the cylinder carefully the air pockets could 

be removed. 

 

 

Picture 6.4-2 Water has filled the empty space between granules. 
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The measurement was carried out three times for each granule type to ensure the 

reliable results. After each test the cylinder was washed, dried and weighed to 

make sure the moisture was removed from the cylinder. 

This method was not as suitable for the AXS granules because they packed 

extremely tightly and the added water was not able to flow through easily (Picture 

6.4-3). 

 

 

Picture 6.4-3 Water was not able to flow through the granules because they are 
packed tightly.  
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The bulk density (𝜌𝑏𝑢𝑙𝑘) was calculated by dividing the mass of the granules 

(𝑚𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠) with the total volume (𝑉𝑡𝑜𝑡𝑎𝑙) they occupy (Eq. [13]). The total volume 

consists of the empty space between granules, the volume of pores inside the 

granules and the granule volume. 

 

 𝜌𝑏𝑢𝑙𝑘 =
𝑚𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠

𝑉𝑡𝑜𝑡𝑎𝑙
 [13] 

 

The real volume of the granules (𝑉𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠) was calculated by subtracting the 

volume of added water (𝑉𝑤𝑎𝑡𝑒𝑟) from the total volume of the measuring cylinder 

(𝑉𝑡𝑜𝑡𝑎𝑙). The volume of added water describes the volume of the voids between 

the particles. Then the solid density was calculated by dividing the weight of the 

granules by the calculated volume of the granules (Eq. [14]). 

 

 𝜌𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠 =
𝑚𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠

𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑉𝑤𝑎𝑡𝑒𝑟
=

𝑚𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠

𝑉𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠
 [14] 

 

The voidage (𝑉𝑣𝑜𝑖𝑑𝑠) was calculated by using the volume of added water and the 

total volume of cylinder: 

 

 
𝑉𝑣𝑜𝑖𝑑𝑠 =

𝑉𝑤𝑎𝑡𝑒𝑟

𝑉𝑡𝑜𝑡𝑎𝑙
∙ 100% 

[15] 
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The bulk density was measured for the dried unused material and for the used 

material. It is possible that the added water was absorbed to the pores of the 

granules which increases the calculated voidage. Based on a visual estimation the 

calculated voidages seemed to be too high and to increase the reliability of the 

results some other liquid could have been used. 

The bulk density represented in Table 6.4-1 below describes the density for freely 

settled material. Unused AXS granules were not analyzed due to the limitation of 

the method. 

 

Table 6.4-1 Bulk density, solid density and voidage results of unused and used 
granules. 

Granules 
Bulk density 

[kg/dm3] 

Solid density 

[kg/dm3] 
Voidage [%] 

AXS (unused) - - - 

AXS (used) 1.18 1.90 36.3 

AS (unused) 0.83 1.86 53.4 

AS (used) 0.99 2.08 50.3 

AM (unused) 0.81 2.00 57.8 

AM (used) 0.99 2.22 53.4 

BM (unused) 0.83 2.13 59.0 

BM (used) 0.79 2.20 62.2 

AM 1-3 (unused) 0.73 2.02 62.1 

AM 1-3 (used) 0.99 2.30 54.9 

AM 3-6 (unused) 0.72 1.94 61.0 

AM 3-6 (used) 0.96 2.29 56.1 

 

The bulk density of unused material is lower compared to used material which can 

be explained by the few broken granules during the experiment. The dust fills the 

voids between the granules so that more material can be fitted inside the cylinder. 

The bulk density is also higher in a case of small granules when the granules are 

able to settle closer and tighter together. 
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The solid densities are clearly higher than the bulk densities. Moreover, the solid 

densities of used granules are higher in comparison with unused granules. This is 

due to the fact that the granules are heavier after the experiment because the 

H2O- molecules are evaporated and the CO2- and SO2- molecules, that are heavier, 

are absorbed to the granules so that the mass of a granule has increased. Logically 

the voidages are also decreased which supports the theory of broken granules as 

well as the higher solid densities. 

The magnitude of the pressure difference over the scrubber is influenced by the 

voidage and the bulk density of the granules. The lower volume of the voids 

increases the pressure difference over the scrubber. The correlation between the 

bulk density and pressure drop is not always consistent, but clearly high bulk 

density corresponds to a high pressure drop.  

Because of the limitation of the method, the obtained results are only indicative. 

The calculated densities are, however, accurate enough to describe and explain 

some physical properties of granules. 

6.5 Testing the flow properties of granules 

The ability of granules to flow was investigated by using a device having a tiltable 

chute (Picture 6.5-1). The angle of repose was measured in order to understand 

better the phenomena observed inside the scrubber. 

The used method was very simple but caution was required when executing the 

test to keep the results comparable and the method repeatable. Vibration and 

fluidization in different magnitudes were both tested to see the influence on the 

flow of granules. 
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Picture 6.5-1 Device used to measure the flow properties of granules and the 
angle of repose.  

 

The maximum angle of stability describes the angle of a granular material where 

it does not start to flow. It is dependent on the packing and the frictional 

properties of the granular material. The angle of repose corresponds to the angle 

where moving granular material stabilizes. The angle of stability is generally higher 

than the angle of repose due to the higher static friction. (39) 

Before starting the experiment the angle of the device was set to zero and it was 

filled with granules, around 18 kg. When the gate of the device was opened quickly 

a small amount of granules flowed out (see Table 6.5-1). From this point on, the 

chute was tilted in increments of 10 degrees and the amount of granules flowing 

out was weighed (Pictures 6.5-2 and 6.5-3). There was a scale under the chute. 

Granules were flowing out so that only the top layer was moving reducing the 

height of the granule bed. 
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Picture 6.5-2 Part of the granules have flowed out. The opened gate can be seen 
on the right (blue wooden piece). 

 

 

Picture 6.5-3 Angle of the tilted chute is around 15 °. 

 

The following table represents the results of three tested granules (Table 6.5-1). 

The highest angle of repose was achieved with an old sample of used granules with 

the trademark of “Sorbalit”. This indicates that the rougher surface of Sorbalit was 

lead to a higher friction between particles. On the other hand, BM granules have 

the lowest angle and the weight of the initial flow is the greatest, which can be 
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explained by the smooth surface of BM granules and low friction between 

granules. 

 

Table 6.5-1 The measured angle of repose and the mass coming out after 
opening the gate of the device. 

 Initial flow [kg] The angle of repose [°] 

AS granules (used) 0.943 32 ° 

BM granules (used) 1.302 29 ° 

Sorbalit (used) 0.912 44 ° 

 

At the angle of 20 ° of the device, for example, almost 50 % of the mass had flowed 

out when using vibration, but only 20 % without vibration or fluidization (see 

Graph 6.5-1). To obtain 50 % of the mass to flow out with fluidization, the angle of 

tilt should be more than 24 °. 

 

 

Graph 6.5-1 Mass of the granules coming out when tilting the chute. 
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The measurements showed that both the vibration and the fluidization improved 

the flow of granules and reduced the angle of repose. The granules flowed out 

quicker and the mass was in motion almost all the time when using vibration. 

The data obtained can be used for planning the transportation of granules by using 

fluidization or vibration. Moreover, the angle of storage silo cone and the need of 

fluidization to move the granules can be calculated based on the data obtained. 

In some cases, after the simulator test runs the angle of repose was also measured 

when taking samples from the scrubber. The granules had flown freely from the 

feeder tube and formed a natural angle of repose. In the picture below the angle 

measurement is demonstrated by using an iPhone 5 (Picture 6.5-4). 

 

 

Picture 6.5-4 Demonstration of the angle of repose measurement. 

 

6.6 Chemical analyses of granules 

The samples taken from the scrubber after the test runs were sent to a laboratory 

for analyses. Usually the amount of Ca(OH)2 and CaCO3 were analyzed as well as 

the moisture of the sample. In some specific cases, the sulfur content in granules 

was also measured. Otherwise the sulfur content was calculated when the amount 

of Ca(OH)2 and CaCO3 were known because the initial composition of the granules 
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was constant. X-ray fluorescence (XRF) analyzer (Philips PW 2400) was used to 

determine the amount of sulfur whereas a thermogravimetric analyzer (TGA), Leco 

TGA 601 model, was used to determine the amount of Ca(OH)2 and CaCO3. 

A non-destructive XRF technique is suitable for analyzing solid, powder or liquid 

samples (m≈2 g) (Picture 6.6-1). Mechanical sample preparation, including 

grinding, weighing and pressing into a tablet, is needed for solid samples before 

analyzing. XRF is able to do a qualitative analysis to determine the present 

elements and a quantitative analysis to determine the amount of present 

elements. The concentrations of the elements to be analyzed can be even from 

0.01% up to 100% to be detected (CaO, SiO2, Al2O3, etc.). (40) 

The operation of the XRF analyzer is based on the different sets of energy levels of 

each element which means that each element produces x-rays at a unique set of 

energies. The electrons are moving to lower energy levels to fill the vacancies 

created by the emissions. The energy shifts create an X-ray spectrum where the 

energy of the peaks indicates the elements present in a sample whereas the 

intensity of the peaks describes the concentration of the elements. (40) 

 

 

Picture 6.6-1. X-ray fluorescence analyzer in laboratory. (40) 
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For TGA (Picture 6.6-2), the samples can be solids, liquids or slurries and altogether 

19 samples can be analyzed at a time (m≈1 g). The temperature range is from 20 

to 1000 °C and at the temperature of 550 °C the amount of Ca(OH)2 is measured 

whereas the amount of CaCO3 is measured at the temperature of 1000 °C. The 

TGA measures the change in the mass of a sample as a function of time and 

temperature. 

 

 

Picture 6.6-2 Thermogravimetric analyzer situated in laboratory. (40) 

 

At the temperature of 550 °C the Ca(OH)2 is completely decomposed into CaO and 

H20. At the temperature of 1000 °C the CaCO3 is decomposed into CaO and CO2. 

This leads to a situation where CaO and CaSO4 without crystal water are left in a 

sample. The molar mass for calcium hydroxide is calculated below. 

 

 
𝑀[𝐶𝑎(𝑂𝐻)2] = 40.078 + 2 ∗ (15.999 + 1.008) = 74.092 [

𝑔

𝑚𝑜𝑙
] 

[16] 
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The amount of calcium hydroxide is calculated in Eq. [17] by multiplying the loss 

on ignition, presented as a percentage at a temperature of 550 °C (𝐿𝑂𝐼(550)), 

with the relation between the molar masses of Ca(OH)2 and H2O. 

 

 
𝐶𝑎(𝑂𝐻)2 − % = 𝐿𝑂𝐼(550) ∗

𝑀[𝐶𝑎(𝑂𝐻)2]

𝑀[𝐻2𝑂]
 

[17] 

 

The amount of calcium carbonate is calculated in Eq. [19] by first calculating the 

molar mass for CaCO3 (Eq. [18]) Then the relation between the molar mass of 

CaCO3 and CO2 is multiplied with the difference between the losses on ignition at 

two temperatures (𝐿𝑂𝐼(1000) − 𝐿𝑂𝐼(550)). 

 

 
𝑀[𝐶𝑎𝐶𝑂3] = 40.078 + 12.011 + 3 ∗ 15.999 = 100.089 [

𝑔

𝑚𝑜𝑙
] 

[18] 

 

 
𝐶𝑎𝐶𝑂3 − % = (𝐿𝑂𝐼(1000) − 𝐿𝑂𝐼(550)) ∗

𝑀[𝐶𝑎𝐶𝑂3]

𝑀[𝐶𝑂2]
 

[19] 

 

The percentage of CaSO4 is calculated by subtracting the measured Ca(OH)2 and 

CaCO3 values from 100 % and the result is multiplied with an experimental 

constant based on the sulfur analyses performed. The molar mass of calcium 

sulfate is calculated as follows: 
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𝑀[𝐶𝑎𝑆𝑂4] = 40.078 + 32.06 + 4 ∗ 15.999 = 136.138 [

𝑔

𝑚𝑜𝑙
] 

[20] 

 

In this work, the molar ratios were used because the sulfate molecule is heavier in 

comparison with calcium hydroxide and calcium carbonate, almost double the 

hydroxide molecule. The molar ratio is calculated in Eq. [21] by dividing the moles 

of the molecule by the total moles. 

 

 
𝑀𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 =

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠
 

[21] 

 

Sorptometer (Micrometrics TriStar II) is used to analyze the pore volumes, pore 

size distributions and specific surface of the granules (Picture 6.6-3). 

 

 

Picture 6.6-3 Sorptometer for pore analyses. (40) 
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The device uses the BET method which measures the specific surface area of solids 

by using the physical absorption of gas molecules. The measuring range varies 

between 0.01 and 2000 m2/g with the sensitivity of 0.005 cm3/g. Close to the 

boiling point the gas molecules form a monomolecular layer by adsorbing on the 

sample. By calculating the adsorbed molecules the area of the sample can be 

calculated. Moreover chemisorption and physisorption can be analyzed. (40) 

The following table (Table 6.6-1) presents the results of the analyses made for the 

unused granules and for the raw material before granulating. 

 

Table 6.6-1 The chemical and physical analyses performed for granules and for 
the raw material of the granules (calcium hydroxide). 

    Granules 

  Unit AXS AS AM BM 

LOI 550 °C % 22.0 22.9 22.0 21.6 

LOI 1000 °C % 24.2 24.9 24.2 26.3 

Ca(OH)2 % 90.6 94.2 90.6 94.9 

CaCO3 % 4.9 4.6 4.9 4.0 

BET-analysis m2/g 32.0 22.8 32.0 29.5 

Porosity cm3/g 0.21  -* 0.21 0.25 

 Unit Raw material 

CaO % 72.56 72.56 72.56 72.94 

SiO2 % 1.62 1.62 1.62 0.89 

TiO2 % 0.03 0.03 0.03 <0.01 

Al2O2 % 0.65 0.65 0.65 0.21 

Fe2O3 % 0.36 0.36 0.36 0.15 

MgO % 0.99 0.99 0.99 0.45 

K2O % 0.16 0.16 0.16 0.03 

Na2O % 0.04 0.04 0.04 0.02 

MnO % 0.03 0.03 0.03 0.05 

P2O5 % 0.02 0.02 0.02 0.06 

S-XRF % 0.14 0.14 0.14 0.04 
*Not analyzed 
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7 Development of the dry scrubber simulator 

The evaluation of granule performance by subcontractors would have been time-

consuming and expensive. Therefore a pilot scale dry scrubber simulator was 

essential to build in order to test the absorbents properly. The pilot scale scrubber 

makes it possible to simulate authentic process conditions and to evaluate the 

absorbents. Laboratory scale devices would not have been enough to test the 

granule performance representatively, partly due to the geometrical factors of the 

existing laboratory devices.  

7.1 Introducing the process 

The dry scrubber simulator can be separated into two units: A mobile scrubber-

unit and a gas generating-unit (Picture 7.1-1). The mobile scrubber unit was used 

for the full scale test runs on M/V Seagard ship. The purpose of the gas generating 

unit is to produce the exhaust gas when testing the scrubber at Pilot Center. 

 

 

Picture 7.1-1 Scrubber consists of two separate units. (Not in scale) 
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The oil burner produces the exhaust gas which is then directed through the mass 

flow meter. The extra sulfur dioxide is fed to the channel before the flow meter 

near the heating element. Four different granule temperature levels, 200 °C, 250 

°C, 300 °C and 350°C, were tested by adjusting the set value of the heating 

element. 

The flue gas is then directed to the reactor where it flows upward through the 

granule bed and the reaction between granules and flue gas takes place. The 

cleaned gas is cooled down by mixing it with air and blown out by the high pressure 

fan. More granules are fed by rotating the upper rotary vane feeder and by 

opening the butterfly valve. The used granules are discharged from the bottom 

with a similar mechanism. (See Picture 7.1-2) 

 

 

Picture 7.1-2. Main components of the scrubber. (Not in scale) 
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The operating principle of the dry scrubber is based on the countercurrent flow 

where the granules are fed from the top and the gas is flowing from the bottom 

upwards through the granule bed. 

Two kinds of test runs can be run with the scrubber; static runs and continuous 

runs. During the static tests, the granules are not discharged whereas during the 

continuous run a certain amount of granules is discharged and recharged at 

regular intervals or by automatic control based on SO2 content in the cleaned gas. 

The aim of static runs was to find the breakthrough time for SO2 which means the 

time used to exceed the concentration of 20 ppm after the reactor. The 

breakthrough time is calculated from the point where the feed of SO2 is started.  

The aim of the continuous tests was to investigate the performance of the reactor 

with a moving bed by recharging granules in order to prevent the concentration 

of SO2 to exceed the permitted limit. 

7.2 Improvements of the reactor design 

The very first test runs with the dry scrubber simulator were performed onboard 

M/V Seagard due to the reasons in time scheduling. Later the mobile scrubber unit 

was transferred back to Pilot Center to continue the experiments more 

systematically after the trial runs onboard were finished. 

The experiments onboard proved that the granule volume was unnecessarily 

large. Therefore the geometry of the scrubber reactor was changed in order to 

decrease the volume. While the volume decreased, the test durations decreased 

as well which speeded up the experimentation. 

To reduce the volume of active granules the feeder tube was extended by 500 mm. 

Thus, the active height of granules was reduced from 810 mm to 370 mm and the 

active volume was reduced from 48 dm3 to 16 dm3 (Table 7.2-1). A totally new 

design and geometry of the discharge hopper also decreased the reactor’s volume 
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(Picture 7.2-1). In addition, as an advantageous only around 30 kg of granules was 

enough to run a test. 

 

Table 7.2-1. The granule volumes in the first and second versions of the reactor. 

 Old design New design 

The volume of upper silo 45 dm3 45 dm3 

The volume of feeder tube 30 dm3 35 dm3 

The active volume of granules 48 dm3 16 dm3 

The volume of discharge hopper 87 dm3 13 dm3 

Total volume of granules 210 dm3 58 dm3 

The active column height 810 mm 370 mm 

 

 

Picture 7.2-1 On the left can be seen the older reactor design and on the right 
the improved design. (Not in scale) 
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Other improvements were the mufflers which were installed to reduce the noise 

coming from the scrubber. Moreover, a new rotary vane feeder was purchased 

which was more suitable for the lower volumes of granules. Some electrical 

installations were also made to improve the automation of the scrubber. Butterfly 

valves were installed to make the vane feeders airtight and to prevent the leakage 

air flowing inside the scrubber. (See Appendix B) 

7.3 Components and instrumentation of the scrubber 

Doka (Thermox TB 55) hot air generator was chosen to produce the exhaust gas 

for the tests (see Picture 7.3-1). It operated on low sulfur diesel oil and the average 

oil consumption was 1.15 kg/h. The fuel container was placed on a scale 

(VT200/220 Weight Indicator) in order to follow the oil consumption. Below a 

graph representing the oil amount left in the container during a standard test run 

(Graph 7.3-1). 

 

 

Graph 7.3-1 Operation time vs. weight of diesel oil in fuel container. The 
consumption of oil is very constant, around 1.15 kg/h. 
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There was an automatic relay to control the function of the burner and an 

overheat limit switch to prevent the temperature becoming too high. The oxygen 

excess for the burner was adjusted to a certain level which corresponds to the 

oxygen content of exhaust gas used in vessels. The settings of the burner were 

constant during the experiments (Table 7.3-1). 

 

Table 7.3-1 Technical details about the hot air generator. (41) 

Heating power (max) 60 kW 

Oil consumption (max) 6 l/h 

Modified burner 1.15 kg/h, λ=2.3 

Fuel consumption at 10 % load 912 g/kWh 

 

 

 

Picture 7.3-1 Hot air generator for producing the exhaust gas. (41) 

 

To increase and adjust the sulfur content of the flue gas to a target level a separate 

SO2 gas cylinder was used. According to AGA the purity of the SO2 was 3.0 which 

describes the purity equal or higher than 99.9 %. The consumption of SO2 gas was 
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controlled by using a mass flow controller (Brooks SLA 5850S) which was calibrated 

with N2 gas so that the maximum flow was 1.0 dm3/min of N2. For SO2 the gas 

conversion factor is 0.728 thus the maximum flow was around 0.728 dm3/min. 

Four different sulfur levels were tested and the amount of SO2 was adjusted by 

changing the flow set point of the controller (Table 7.3-2). 

 

Table 7.3-2 Four different sulfur levels were tested. The flow set point was 
determined based on the target sulfur content. 

Flow set point SO2 SO2 S Equivalent S in fuel 

[%] [dm3/h] [g/h] [g/h] [%] 

13.3 5.8 16.6 8.3 0.73 

33.3 14.6 41.6 20.8 1.82 

53.3 23.3 66.6 33.3 2.91 

100.0 43.7 124.8 62.4 5.46 

 

To check the SO2 flow controller, the gas cylinder was placed on a scale for 60 

hours to measure the consumption of SO2 gas (Eq. [22]). The sulfur flow set point 

was 13.3 % and altogether 1050 g of SO2 was consumed. 

 

 
�̇� =

𝑚

𝑡
=

1050 𝑔

60 ℎ
= 17.5 𝑔/ℎ 

[22] 

 

The resolution of the scale is 50 g and therefore the result is not that accurate. The 

same scale was also used for the fuel tank to observe the oil consumption and 

therefore the possible calibration error does not influence on the SO2 gas 

calculation. The computer recorded the readings of the scale every one minute 
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during 60 hours. The following graph shows the weight of the gas cylinder as a 

function of time (Graph 7.3-2). 

 

 

Graph 7.3-2 Consumption of SO2 during 40 hours experiment. The equation of 
trendline shows the consumption [kg] per one hour. 

 

From the trendline equation the consumption of SO2 gas is 16.5 g which is close to 

the calculated value of 16.6 g/h (Table 7.3-2). 

To adjust the temperature there was a separate heating element (Meyer Vastus) 

with a power of 5 kW and a solid state relay control. There was an extra 

temperature sensor and an over temperature relay to avoid overheating. By 

changing the set value of the heating element the target temperature was 

changed to investigate the operation of the reactor in different temperatures. The 

heating element reached the target temperature very quickly and the control 

system could keep the granule temperature rather constant. 

V-cone flowmeter was used to measure the flue gas flow (Picture 7.3-2). A 

disturbed flow and irregular flow profile can cause errors when measuring. The 
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cone interacts with the gas flow and reshapes the disturbed velocity profile of gas 

toward a well-developed profile. This flowmeter creates itself a region of lower 

pressure directly in downstream. There are two sensor taps locating upstream of 

the cone and downstream of the cone which measure the difference in pressure 

between the lower pressure (high velocity) and static line pressure. According to 

the Bernoulli equation, the pressure is higher upstream of the cone and then 

decreases while the velocity of the gas increases. This technology is based on 

Bernoulli equation so the pressure difference can be transformed into the flow 

rate. (42) 

 

 

Picture 7.3-2 V-cone flow meter used to measure the gas flow. (42) 

 

To compensate the pressure drop over the scrubber, a high-pressure fan (Klein 

DHV 365-1-21/100) was used (Picture 7.3-3). When operating on a vessel, the 

purpose of the fan was to maintain the desired gas flow velocity. When running 

with the gas generator, the fan kept the pressure after the oil burner inside the 

flue gas channel constant, leading to a constant oxygen content. Additionally, 

there was a temperature sensor to ensure that the air flow is not too hot for the 

fan.  
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Picture 7.3-3 High pressure fan used to adjust the mass flow or the under 
pressure. (43) 

 

Table 7.3-3 shows the technical details which influenced on the choice of the 

correct fan. 

 

Table 7.3-3. Technical details of the high-pressure fan. (43) 

Pressure (max) 8050 Pa 

 80 mbar 

Performance of air (max) 1200 m3/h 

Speed 5600 rpm 

Power 3000 W 

Temperature class 130 °C 

 

Three differential pressure transmitters (Aplisens APR-200ALW) with the accuracy 

of 0.075 % were used to measure the pressure drop over the scrubber, the 

pressure inside the inlet chamber or after the oil burner, and the pressure 

difference in V-cone flow meter (Picture 7.3-4). 
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Picture 7.3-4 Three pressure transmitters installed on the vessel. 

 

The following table (Table 7.3-4) represents the measuring ranges of the pressure 

transmitters although the sensors are configured to different ranges which can be 

seen in Table 7.3-7. 

 

Table 7.3-4 Technical details about the differential pressure transmitters. 

 
Pressure 

difference 

V-cone flow 

meter 

Pressure after 

the burner 

Sensor range -100…+100 mbar -20…+20 mbar -20…+20 mbar 

Output signal 4…20 mA 4…20 mA 4…20 mA 

 

To be able to run the simulator continuously two rotary vane feeders were 

installed to feed and discharge the granules (Table 7.3-5). 
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Table 7.3-5 Capacities of the rotary vane feeders.  

 
Rotary Feeder A 210-150 

(Upper), Kopar 

Rotary Feeder A 300-350 

(Lower), Kopar 

Capacity 3.5·10-3 m3/r 12.8·10-3 m3/r 

Capacity / 15 rpm 0.05 m3/min 0.19 m3/min 

Capacity / 25 rpm 0.08 m3/min 0.32 m3/min 

 

In order to observe and control the consumption of granules there was a granule 

level indicator (SICK DT20 laser Sensor) in the feeder hopper. Moreover, the 

packing of granules, caused by vibration when operating onboard, was registered 

by the level indicator. The laser sensor was calibrated so that it displayed the 

height of granules (max 620 mm) calculated from the bottom of the feeder silo 

and therefore the value decreased when filling the scrubber. 

 

 

Picture 7.3-5 The handheld gas composition analyzer (ADEV). (44) 

 

For measuring the concentrations of O2, CO2 and SO2, two handheld ADEV 

analyzers (model CMST401) were used (Picture 7.3-5). The difference between 

these two analyzers was the SO2 measuring range where the other one was 
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suitable for lower concentrations of SO2 and the other one for higher 

concentrations (Table 7.3-6). In addition both the temperature of the flue gas and 

room temperature could be measured with these analyzers. The values were 

collected into a text file via Bluetooth connection. 

In order to analyze the gas components there were pre-calibrated electrochemical 

sensors from the FLEX-sensor series inside the instrument (44). The flue gas was 

taken in by a diaphragm suction pump. Before analyzing the sample, there was a 

condensation trap and filter to clean the gas from humidity and impurities. 

 

Table 7.3-6 Technical details of the ADEV analyzers. (44) 

 

 

A GasmetTM DX4000 portable FT-IR Analyzer, based on the measuring principle of 

Fourier transform infrared, was rented to improve the accuracy and reliability of 

the measurements (Picture 7.3-6). The analyzer consisted of a GasmetTM Portable 

Sampling system, Portable sampling probe, heated lines and a laptop PC. The 

results were recorded continuously every three minutes by using the software 

called CalcmetTM which displayed the concentrations of each measured 

component. 

 



 

72 

  

 

Picture 7.3-6 Portable Gasmet analyzer for measuring the gas composition. (45) 

 

The Gasmet analyzer was able to measure various compounds such as H2O, CO2, 

CO, NO, NO2, N2O, SO2, SO3, NH3, CH4, HCl, HF and different VOC’s (Volatile organic 

compounds) (45). During measurement the corrosion resistant cell was heated up 

to 180 °C. The purpose of the high cell temperature was to prevent the 

condensation. A disadvantage of the Gasmet was the lack of oxygen 

measurement. 

All the data collected from the test runs was recorded to a computer. A Visual 

Basic program was made for saving the data as PRN files. The program was 

continuously developed during the experiments and improvements were made to 

facilitate the automation of the testing. To make graphs and analyze the results 

the data was converted to excel files.  

Additionally, an on-line service called Ovaport collected some temperature 

measurements using the battery powered wireless transmitters for Pt100 

temperature sensors. The data was stored and backed up on Nokeval’s servers and 

it was possible to follow the experiments via internet. The concentrations of sulfur 

dioxide and carbon dioxide were also visible in Ovaport website by installing a 

National Instrument data acquisition card in the Gasmet computer and connecting 

to a wireless transmitter (see Appendix C). A program was made to read the output 
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file of the measured concentrations and it sent the results to the control computer 

and to Ovaport via Nokeval. 

The following picture presents the computer used to record the data with the 

Visual Basic program open (Picture 7.3-7). 

 

 

Picture 7.3-7 The computer used to record the experiment data. 



 

74 

  

Altogether 15 variables were collected with a National Instrument card in the 

control computer and they are presented in the table below (Table 7.3-7). In 

addition the ranges of the input signals and the measurements are presented. 

 

Table 7.3-7 The variables being measured during the experiments. 

   Signal Measuring range 

Channel  Measurement min max Unit min max Unit 

0 WI-101 Oil weight 0 10 V -0.3 149.7 kg 

1 PT-103 Under pressure 2 10 V -1 1 kPa 

2 SH-402 Cooling air damper 2 10 V 0 100 % 

3 - Free - - - - - - 

4 TE-104 Gas Temp. from burner 2 10 V 0 500 °C 

5 SH-105 Oxygen control damper 2 10 V 0 100 % 

6 TE-107 Inlet gas Temperature 2 10 V 0 500 °C 

7 F-201 Gas flow 2 10 V 0 100 % 

8 PT-302 Reactor pressure drop 2 10 V 0 10 kPa 

9 LI-303 Laser 2 10 V 600 40 mm 

10 TE-306 Outlet gas temperature 2 10 V 0 500 °C 

11 TE-401 Fan inlet gas temperature 2 10 V 0 500 °C 

12 - SO2 flow 0 10 V 0 10 V 

13 X-405 Fan speed 0 5 V 0 100 % 

14 - CO2 0 10 V 0 10 % 

15 - SO2 0 0.2 V 0 200 ppm 
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The measured data collected by Nokeval transmitters can be seen at the table 

below (Table 7.3-8). These variables were sent to the on-line service Ovaport and 

to the control computer. 

 

Table 7.3-8 The variables being measured during the experiments. 

Channel Serial number  Measurement Unit 

16 16192 TE-300 Granules temperature °C 

17 14408 TE-406 Exhaust fan inlet °C 

18 16193 - Hot air blower °C 

19 6288 - Indoor temperature °C 

20 14410 QI-204 Concentration of SO2 ppm 

21 11638 QI-204 Concentration of CO2 vol-% 
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8 Testing of Dry Scrubber Simulator in Pilot Center 

Around ten preliminary experiments were carried out before creating a systematic 

test plan and starting the experiments according to the plan. Three of the 

preliminary tests were continuous tests and the remaining seven were static tests. 

This was done in order to gather more information and practical experience about 

the operation of the scrubber simulator. It was decided that the focus will be on 

static runs so that the performance of different granules in variable conditions 

could be evaluated and the results be comparable. 

8.1 Calibration of gas analyzers 

The calibration of the analyzers was performed before starting the actual 

experiments while the DSS was under construction. Therefore the reactor and the 

fan were not used and the calibration was carried out with the exhaust gas from 

the oil burner. 

 

 

Picture 8.1-1 Probes were inserted to the same channel to measure the gas 
composition. 
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The purpose of the calibration was to achieve such an accuracy and reliability of 

the analyzers that they can be used to observe the operation conditions and 

measure the flue gas composition. 

Three analyzers were used: Two ADEV analyzers and one Gasmet analyzer. Gasmet 

was chosen in order to obtain reliable results. Additionally, Gasmet analyzer was 

used to control the reliability of ADEV analyzers concerning the concentrations of 

CO2 and SO2. The consumption of diesel oil during these calibration experiments 

was 1.15 kg/h which applies to a situation where the under pressure was kept 

constant. 

Before starting the measurements, Gasmet analyzer was switched on to be heated 

up to 180 degrees which took around 45 minutes. Then the handheld analyzers 

were calibrated with ambient air and Gasmet had to be flushed with N2 gas. The 

next step was to turn the oil burner on and all the three probes were inserted into 

the channel from where the flue gas was flowing out (Picture 8.1-1). Thereafter 

the SO2 gas was fed to the channel and different sulfur concentrations were tested 

by using the mass flow controller. 

To change the oxygen content in the flue gas the air inlet valve of the oil burner 

was adjusted by steps. It was seen that the measured O2 concentration varied 

logically and reliably when changing the air inlet valve position (Graph 8.1-1). 

The ADEV analyzer reacted slower to the changes in gas composition compared to 

Gasmet analyzer which reacted almost immediately (Graph 8.1-2). Therefore the 

measured concentrations differ from each other. More time would have been 

required to wait for the stabilization of the SO2 concentration measured by ADEV 

analyzer. 
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Graph 8.1-1 Concentration of oxygen was measured with both types of 
analyzers. The more open the inlet valve was, the higher the concentration of 
oxygen in flue gas. 

 

 

Graph 8.1-2 Concentration of SO2 was changed during the calibration. 

 

The results appeared to be reliable and the mass flow controller for SO2 seemed 

to work in a correct range. It was confirmed that these analyzers can be used to 

measure the gas compositions before and after the scrubber. 
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8.2 Running of experiments in Pilot Center 

In the first phase of the experiment, the scrubber was filled with granules from 

top by opening the upper valve and rotary vane feeder. The granules were poured 

to a feeder hopper and they fell down inside the feeder tube and filled the reactor. 

Then the granules were pre-heated by using hot air flowing through the bed. 

The granules contained moisture and they dried inside the scrubber when heating, 

for which reason the granule temperature stayed around two hours near 40 °C. 

Then the temperature increased rapidly and stabilized somewhere between 200 

°C and 300 °C depending on the granule type and the temperature of inlet gas. In 

a case of dry granules (AS granules) the temperature increased faster to the target 

level. 

The granules had to be dried before starting the experiment, otherwise water 

molecules coming out from the granules would have prevented the sulfur 

molecules from absorbing. 

In some cases, the pressure difference over the scrubber was measured with cold 

air before heating by increasing the gas mass flow in five percent increments up 

to 20-25 %. This was performed in order to estimate the influence of the gas flow 

velocity on the pressure drop and to evaluate the size distribution of the granules. 

The heating of the granules took four to six hours and during the heating 

procedure the gas mass flow was adjusted between 10 to 15 %. The temperature 

of granules was measured from the upper part of the reactor with a sensor seen 

in Picture 8.2-1. During the test runs the sensor was completely covered by 

granules.  
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Picture 8.2-1 Granule temperature sensor from top view. While operating the 
reactor is filled with granules and the sensor is covered completely by granules. 

 

The process was automated so that the oil burner was turned on automatically 

when the target temperature of the granules was achieved. When the 

temperature of the exhaust gas generated by the oil burner was increased enough, 

the SO2 feed was started with the pre-adjusted amount of sulfur. This was done in 

order to ensure that the burner was turned on before feeding the sulfur dioxide. 

The under pressure before the inlet chamber was kept constant by the fan. The 

static run was continued until the breakthrough point. The oil burner and heating 

elements were automatically turned off and the feed of SO2 gas was closed. In 

some cases, the test run was continued until 200 ppm. After the experiment, the 

fan speed was lowered by automation so that air flowed through the granules with 

low speed to cool them down and to prevent the hot gas from flowing backwards 

to the oil burner. (See Picture 8.2-2) 
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Picture 8.2-2 Diagram of the experiment procedure. 

 

8.3 Results of experiments 

The calculated contact time, describing the time required of the exhaust gas to 

flow through the granule bed, can be seen at the table below in three different 

temperatures (Table 8.3-1). Based on the porosity measurements the flow rate 

was calculated assuming 50 % porosity of granules inside the reactor. The gas 

speed for the empty reactor was also calculated but the calculations did not take 

into account the shape of the reactor.  
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Table 8.3-1 Calculations are based on the assumption that the reactor is a 
cylinder, not a truncated cone, with a diameter of 250 mm and a granule bed 
height of 370 mm. 

Temperature 
Fuel 

flow 

Sulfur 

content 

Flow rate 

(empty) 

Flow rate 

 (50 % porosity) 

Contact time 

(H=370 mm) 

[°C] [kg/h] [%] [m/s] [m/s] [s] 

15 1.15 1.82 0,178 0,356 1,04 

250 1.15 1.82 0.324 0.648 0.57 

300 1.15 1.82 0.354 0.708 0.52 

350 1.15 1.82 0.385 0.770 0.48 

 

Below Table 8.3-2 shows the results of two samples, fine and coarse granules, with 

the same chemical composition. The target granule temperature was 250 °C in 

both cases and the sulfur content was 1.82 %. The absorbed sulfur is calculated by 

multiplying the flow rate of sulfur (in grams per hour) with the duration of the 

experiment. 

 

Table 8.3-2 Results of the experiments carried out with two granule samples. 

 
Granules 

temperature 
Type of 

granules 
Pressure 

difference 
S in 
fuel 

Inlet gas 
temperature 

Breakthrough 
time 

Absorbed 
msulfur* 

No. [°C]  [mbar] [%] [°C] [h] 20ppm [g] 

7 255 Coarse 9 1.82 290 8 175 

8 245 Fine 19 1.82 290 14 305 

*Calculated as elementar sulfur 

 

The following table represents the test runs made with AXS granules (Table 8.3-3). 

The lowest sulfur content (0.73 %) was not tested because the breakthrough time 

with the concentration of 1.82 % sulfur was already 80 hours. Instead a very high 

sulfur concentration was tested (experiment 25). 
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Table 8.3-3 Results of the experiments carried out with AXS granules.  

 
Granules 

temperature 
Type of 

granules 
Pressure 

difference 
S in 
fuel 

Inlet gas 
temperature 

Breakthrough 
time 

Absorbed 
msulfur* 

No. [°C]  [mbar] [%] [°C] [h] 20ppm [g] 

23 320 AXS 55 1.82 349 80 1750 

25 328 AXS 38 5.46 349 7 458 

26 353 AXS 49 2.91 384 13 450 

30 275 AXS 50 1.82 288 53 1160 

32 322 AXS 57 2.91 349 17 590 

*Calculated as elementar sulfur 

 

Altogether six test runs were conducted with AS granules (Table 8.3-4). AS 

granules were not as interesting as AXS and AM granules because they were older 

and the initial carbonate concentration was higher. Therefore the highest granule 

temperature of 350 °C was not tested. Before receiving the AXS granules the AS 

granules were tested in order to obtain information about the correlation 

between pressure drop and size distribution.  

 

Table 8.3-4 Results of the experiments carried out with AS granules. 

 
Granules 

temperature 
Type of 

granules 
Pressure 

difference 
S in 
fuel 

Inlet gas 
temperature 

Breakthrough 
time 

Absorbed 
msulfur* 

No. [°C]  [mbar] [%] [°C] [h] 20ppm [g] 

1 210 AS 44 1.82 270 17 370 

5 255 AS 32 1.82 290 15 330 

9 250 AS 28 1.82 290 19 420 

19 312 AS 28 1.82 349 9 200 

20 258 AS 36 1.82 290 19 420 

21 265 AS 28 2.91 290 6 210 

*Calculated as elementar sulfur 
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Most of the experiments were performed by using AM granules, the so-called 

production grade granules (Table 8.3-5). Three different sulfur levels were tested 

and four different temperature targets. One test was discontinued before any 

sulfur was detected after the reactor (experiment 31). 

 

Table 8.3-5 Results of the experiments carried out with AM granules. 

 
Granules 

temperature 
Type of 

granules 
Pressure 

difference 
S in 
fuel 

Inlet gas 
temperature 

Breakthrough 
time 

Absorbed 
msulfur* 

No. [°C]  [mbar] [%] [°C] [h] 20ppm [g] 

11 260 AM 12 1.82 297 8 170 

12 222 AM 17 1.82 250 12 260 

13 300 AM 13 1.82 352 10 220 

14 310 AM 14 0.73 347 65 570 

15 323 AM 17 2.91 349 4 140 

16 346 AM 12 1.82 383 13 280 

17 345 AM 14 2.91 384 5 170 

22 308 AM 14 1.82 349 10 220 

28 314 AM 12 2.91 350 5 170 

29 338 AM 13 1.82 384 11 240 

31 275 AM 15 1.82 349 0 141 

*Calculated as elementar sulfur 

 

The following table shows the results obtained with the sieved granules (Table 8.3-

6). One experiment with 1.00 % sulfur was tested as a reference because the 

marine oil often used in vessels contains that much sulfur. 
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Table 8.3-6 Results of sieved 1-3 mm AM granules. 

 
Granules 

temperature 
Type of 

granules 
Pressure 

difference 
S in 
fuel 

Inlet gas 
temperature 

Breakthrough 
time 

Absorbed 
msulfur* 

No. [°C]  [mbar] [%] [°C] [h] 20ppm [g] 

34 298 AM 16 1.82 340 13 273 

36 356 AM 14 1.82 410 18 388 

38 345 AM 17 2.91 413 8 262 

39 295 AM 15 2.91 339 6 192 

40 249 AM 14 1.82 280 16 343 

42 350 AM 17 1.82 408 15 393 

45 349 AM 17 1.00 410 44 525 

*Calculated as elementar sulfur 

 

Table 8.3-7 represents the results of coarse sieved granules. With sieved material, 

the tests were able to be repeated with better accuracy. 

 

Table 8.3-7 Data from experiments performed with sieved 3-6 mm AM granules. 

 
Granules 

temperature 
Type of 

granules 
Pressure 

difference 
S in 
fuel 

Inlet gas 
temperature 

Breakthrough 
time 

Absorbed 
msulfur* 

No. [°C]  [mbar] [%] [°C] [h] 20ppm [g] 

35 300 AM 8 1.82 338 7 160 

37 360 AM 9 1.82 412 8 164 

41 256 AM 8 1.82 282 7 153 

44 315 AM 7 2.91 352 3 104 

*Calculated as elementar sulfur 

 

The first six hours in the graph below describes the heating of granules (Graph 8.3-

1). The inlet gas temperature increased quickly to the target level and the 

increasing temperature influenced on the pressure difference and mass flow at 

the beginning of experiment. 
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There was a huge peak in the granule temperature curve which occurred when the 

granules reacted with the carbon dioxide in the exhaust gas after the burner start. 

The concentration of SO2 began to increase after four hours of running and the 

experiment was discontinued when the concentration of 20 ppm was reached. 

However, the temperatures, the mass flow and the pressure difference were quite 

constant during the experiment. 

 

 

Graph 8.3-1 Obtained from the experiment number 16. The sulfur content of the 
fuel oil was 1.82 %. 

 

The experiment number 17 was carried out with higher sulfur content which 

explains the shorter breakthrough time (Graph 8.3-2). Around two hours from the 

beginning, the steep decreases in mass flow and in pressure difference are due to 

the manual change in the mass flow set point. Moreover, a sharp decrease in inlet 

gas temperature is due to an error of heating element occurred when controlling 

the temperature. 
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As in experiment number 16 the CO2 is zero at the beginning of the experiment 

because of the carbonization reaction. The granule bed has probably been moving 

due to the exhaust gas flowing through it, which may have caused variations in 

pressure difference. 

 

 

Graph 8.3-2 Obtained from the experiment number 17. The sulfur content of the 
fuel oil was 2.91 %. 

 

The following graph represents the continuous run where the rotary vane feeders 

were programmed to discharge and refill the scrubber when the concentration of 

sulfur dioxide exceeded 15 ppm (Graph 8.3-3). The program worked well and the 

sulfur levels were staying under 20 ppm after stabilization. 
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Graph 8.3-3 Continuous run with automatic refill and discharge interval. 

 

During the experiments it was observed that the ADEV analyzer measured lower 

concentrations of SO2 compared to the Gasmet analyzer after the reactor (Graph 

8.3-4). The difference increased towards the end of the test but the error seemed 

to be linear. 

The concentrations measured by ADEV analyzer can be corrected by using the 

following formula: 

 

 𝑐𝑆𝑂2𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑐𝑆𝑂2𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∙ 1,4 + 5 [23] 

 

where 𝑐𝑆𝑂2𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the SO2 concentration measured by the ADEV analyzer. 
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Graph 8.3-4 Measured concentrations and the corrected concentration of SO2 in 
exhaust gas. 

 

The inlet gas composition was measured every now and then and the 

measurements can be seen in Table 8.3-6. The measurements were made with 

both Gasmet and ADEV analyzers and the measured values were close to each 

other. 

 

Table 8.3-6 Composition of inlet gas with different concentrations of sulfur 
measured with ADEV analyzers. 

Equivalent sulfur 

in fuel [%] 

Measured SO2 

[ppm] 

Measured O2 

[Vol-%] 

Measured CO2 

[Vol-%] 

0.73 168 12.1 5.92 

1.82 423 12.5 6.73 

2.91 789 12.2 7.08 
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8.4 Sampling of granules 

The ability of granules to absorb the SO2 from the flue gas was investigated by 

taking at least nine samples at different heights to obtain the CaSO4 absorption 

profile of the granule bed. The column of the scrubber was lifted up so that the 

granule bed was visible (see Picture 8.4-1). Sometimes the feeder tube was 

emptied by vacuuming the granules and in some cases the feeder tube was 

blocked to prevent the granules flowing out. 

 

 

Picture 8.4-1 Moment before sampling. The feeder tube has been emptied and 
only the reacted granules are left inside the reactor to be collected and sampled 
systematically. 

 

At the beginning of the experiments, a ladle was used to collect the samples from 

the area of active granules. The samples were taken layer by layer every 50 mm 

until the depth of 430 mm; altogether nine samples per trial run. The aim was to 

proceed the sampling equally in each time so that one sample consisted of three 

diametral slices of granules in three different heights of 50 mm section (Picture 

8.4-2). Depths at intervals of 50 mm were marked on the wall of the reactor to 

facilitate the sampling (Picture 8.4-3). 



 

91 

  

 

Picture 8.4-2 Three diametral scoops of granules in one sample. 

 

 

Picture 8.4-3 Depth of the reactor at intervals of fifty millimeters up to 200 mm. 

 

A new sampling technique was created to reduce the errors and to improve the 

representativeness of each sample because the biggest errors were coming from 

the sampling procedure. The sampling method was changed so that each 50 mm 

section was collected entirely into nine buckets. By using a sample splitter the 

correct amount of granules for the analyses was collected and the rest was thrown 

away. The masses of each section were weighed and the variation of each sample 

was around ±0.3 kg (Table 8.4-1). 
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Table 8.4-1 Representing the masses of each sample. Altogether nine samples 
until the depth of 430 mm. 

Sample number Depth [mm] Mass [kg] 

Sample 1 0-50 2.36 

Sample 2 50-100 2.83 

Sample 3 100-150 2.60 

Sample 4 150-200 2.36 

Sample 5 200-250 2.05 

Sample 6 250-300 1.55 

Sample 7 300-350 1.22 

Sample 8 350-400 1.64 

Sample 9 400-430 1.55 

 

Due to the fact that the granules inside the lower silo below the active area were 

not replaced during the static runs, the test granules below the depth of 370 mm 

and the old granules may have been mixed together. Therefore the samples may 

not be representative and for this reason the results of the analyses performed in 

a laboratory may not be as expected, especially in a case of the last two samples. 

8.5 Chemical analyses of used granules 

The sampling was considered successful and therefore the results are supposed to 

be representative and reliable. Table 8.5-1 represents the molar ratios of CaSO4 in 

each sample in four different experiments. 

Experiments 13 and 15 were performed with AM granules and experiments 23 and 

32 with AXS granules. The temperature in each case was around 300 °C. The 

duration of experiment 13 was ten hours and in a case of experiment 15 the 

duration was only four hours. The durations were longer in experiments 23 (80 

hours) and 32 (17 hours). Moreover, the sulfur content was 1.82 % during the 

experiments 13 and 23, and 2.91 % in experiments 15 and 32. 
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Table 8.5-1 Molar ratios of CaSO4 in nine samples after four experiments. The 
highest molar ratios are bolded. 

 Experiment 13 Experiment 15 Experiment 23 Experiment 32 

 
Molar ratio of 

CaSO4 [%] 

Molar ratio of 

CaSO4 [%] 

Molar ratio of 

CaSO4 [%] 

Molar ratio of 

CaSO4 [%] 

Sample 1 3.47 3.37 15.31 10.38 

Sample 2 4.00 5.55 16.50 11.77 

Sample 3 5.43 5.13 16.12 13.28 

Sample 4 5.39 5.61 17.98 13.77 

Sample 5 5.32 5.21 19.78 14.61 

Sample 6 6.66 7.12 24.07 15.64 

Sample 7 8.32 5.63 23.10 16.03 

Sample 8 4.51 6.12 19.99 10.47 

Sample 9 7.68 5.07 19.76 11.03 

 

As can be assumed, the highest sulfur contents in granules were obtained during 

the static test runs. In a case of continuous run the sulfur contents of granules 

were much lower. 

The graph below shows the molar ratios of CaSO4 inside the reactor (Graph 8.5-1). 

The cumulative mass is calculated by taking into account the seven most reliable 

samples (from 1 to 7) excluding the last two samples. As can be expected, the 

sulfur content is the highest in the bottom and decreases while going upwards. 

There are two examples representing the molar ratio profile; the blue curve 

represents a long test run, almost 15 hours, made with AS granules with a sulfur 

content of 1.82 percent. The red curve represents a quite short test run, around 

7.5 hours, made with coarse granules with the same 1.82 % sulfur in exhaust gas.  
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Graph 8.5-1 Molar ratio profile after the experiment. The cumulative masses are 
calculated starting from the gas flow direction. The highest concentrations were 
achieved in the 7th samples. 

 

8.6 Conclusion of the experiments conducted in Pilot Center 

In Pilot Center 44 experiments were carried out and the total operating duration 

was around 1060 hours. The first three tests conducted in Pilot Center were 

continuous runs but the variables affecting the process were not well known 

enough to run a stable continuous experiment. Therefore the focus was set on 

static runs. Different temperature levels, sulfur concentrations and size 

distributions were tested in order to find the optimal operation conditions. 

As can be seen from the results, the highest pressure drops were obtained with 

fine granules (AXS granules) and the lowest with coarser granules (AM granules) 

(Graph 8.6-1). 
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Graph 8.6-1 Average pressure drops calculated for each granule type. 

 

Roughly estimated the higher pressure differences corresponded with higher 

breakthrough times even though no straight correlation between pressure 

difference and breakthrough time was obtained. Therefore the finer the granules 

the longer is the breakthrough time. The size distribution and the fineness of the 

granules can be observed in measured pressure difference over the granule bed. 

Despite the fact that the granules were from the same batch the pressure 

difference over the scrubber varied in the test runs, as can be seen in results. The 

granules were taken from the big bags where the material was segregated which 

caused variations in the size distribution of the feed material. By sieving the AM 

granules into two fractions the feed was more uniform and thus the correlations 

between pressure difference, breakthrough time and temperature were more 

logical. 

The following graph (Graph 8.6-2) shows that with sieved material the variations 

in pressure differences can be reduced. Moreover, it can be seen that the pressure 

difference is dependent on the temperature of inlet gas, even if the gas mass flow 

is constant in all tests. A higher temperature leads to a higher pressure drop. The 



 

96 

  

density of the hotter gas is lower and therefore the volume of gas is higher which 

causes the bigger velocity and pressure difference as the Ergun model presented 

in chapter 4.3 also predicts. 

 

 

Graph 8.6-2 Pressure difference over the granule bed obtained with different 
size distributions. 

 

The Graph 8.6-3 shows how the sulfur content influences the breakthrough times 

at a constant temperature of 300 °C. As can be expected the higher the sulfur 

content in the flue gas the lower the breakthrough time. With AXS granules nine 

hours were obtained with a sulfur content of 5.46 % which was the same time 

obtained with AM granules when the sulfur content was 1.82 %. With the sulfur 

content of 1.82 %, the AXS granules obtained eight times longer breakthrough 

time compared to AM granules.  
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Graph 8.6-3 Comparison between two different granules at the temperature of 
300 °C and with different sulfur concentrations. 

 

By changing the operating temperature, it was possible to influence on the 

breakthrough times. Generally based on the test results the higher the 

temperature the longer the breakthrough time. 

The following graph (Graph 8.6-4) shows that in a case of coarse sieved granules 

the breakthrough time increased only slightly although the temperature was 

raised from 250 °C to 350 °C. On the other hand in a case of finer fraction the 

temperature below 300 °C seems to increase the sulfur removal efficiency. This 

was also observed to happen with AS granules. Additionally, the non-sieved AM 

granules appear to remove sulfur effectively below 250 °C. 
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Graph 8.6-4 Influence of the granule temperature on the breakthrough time 
between three different granules at a sulfur content of 1.82 %. 

 

The following two graphs (Graph 8.6-5 and Graph 8.6-6) show how the increase in 

temperature, from 300 °C to 350 °C, improves the removal efficiency despite the 

sulfur content. The only exception is, however, the coarse fraction which is not 

influenced by the temperature change. 

The breakthrough time of fine fraction with the sulfur content of 1.82 % is 

improved by five hours when increasing temperature, but with the sulfur content 

of 2.91 % the improvement was only around two hours. The same phenomenon 

occurred with the other granules as well; the improvement effect of temperature 

is more significant in lower concentrations of sulfur. 
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Graph 8.6-5 Comparison between three different size distributions of granules 
at a temperature of 300 °C. 

 

 

Graph 8.6-6 Comparison between three different size distributions of granules 
at a temperature of 350 °C. 

 

It was noticed that the upper surface of the granules rose inside the column (about 

100-200 mm) in which case the actual bed height was more than the assumed 370 



 

100 

  

mm (Picture 8.6-1). This happened solely to fine and tightly packed granules. The 

reason for the material raising is not clear based on the data obtained from the 

experiments conducted so far. Anyway, higher bed height causes the higher 

pressure drop over the scrubber. 

 

 

Picture 8.6-1 Taken of the raised material before sampling. In this case the 
material was raised at least 50 mm. 

 

From the chemical analyses it can be concluded that the shorter the discharging 

interval the less SO2 is absorbed because the reaction time for the granules is 

shorter. Based on the analyses a longer operating time leads to a higher sulfur 

content in absorbents. The amount of absorbed sulfur has been higher in a case 

of static tests compared to long continuous runs. 

The initial carbonization reaction between granules (Ca(OH)2) and carbon dioxide 

(CO2) can be seen in the granule temperature curves and in measured carbon 

dioxide concentrations. Carbonization is an exothermic reaction and the peak in 

the granule temperature curve describes the energy released. 

Moreover, the CO2 concentration of the exit flue gas was reduced in the beginning 

of the test and increased slowly to an equilibrium value which remained constant 
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until the end of the experiment. The temperature curve and the concentration of 

CO2 verify the assumption that the granules absorb carbon dioxide at the 

beginning of the experiment. 
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9 Testing of dry scrubber simulator onboard 

The very first dry scrubber simulator experiments were conducted onboard M/V 

Seagard. 

9.1 About the vessel 

The pilot scale scrubber was installed to a Ro-Ro Container Vessel, M/V Seagard. 

The compact size of the scrubber made it possible to install it into a vessel. Some 

technical details of the vessel can be seen in Table 9.1-1 below. 

 

Table 9.1-1. Technical details about M/V Seagard where the trial run were 
performed. (46) 

M/V Seagard 
Ro-Ro Container Vessel (built in 1999 Sietas Hamburg, DE) 

Port of Registry: Mariehamn, FI 

Length 153, 45 m 

Breadth moulded 20,60 m 

Draft Max 7,00 m 

Machinery Wärtsilä Vasa, 16V46 B, 15600 kW 

 

The marine oil used during the experiments contained 1.0 % sulfur.  
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Below a layout showing the top view of the scrubber installation (Picture 9.1-1). 

 

 

Picture 9.1-1 Compact size of the scrubber enabled the installation to a vessel. 

 

9.2 Running of experiments onboard 

When running onboard, the first four trial runs were continuous runs and the last 

two static runs. During the first five runs the AS granules were used and the last 

run was performed with BM granules. The reason for changing from continuous 

runs to static runs was the interest to research the saturation of granules and the 

breakthrough time. 
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Below the process flow chart of the mobile scrubber unit with measurements 

(Picture 9.2.1). 

 

 

Picture 9.2-1. Process flow chart of the mobile scrubber unit on the vessel. 

 

At the beginning of the test, the fan was turned on and the flue gas valve was 

opened. The speed of the fan was automatically adjusted and the purpose of the 

fan was to maintain the desired gas flow velocity. The mass flow was constant 

regardless of the state of the engine. During the test runs the measured values 

were saved on the computer once a minute and a backup login was made by 

handwriting every hour. 
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Below the information on the operating conditions during the test runs (Table 9.2-

1). The engine load and the speed were not recorded during the first test. The 

speed and the power of the vessel varied because of the speed limits. 

During the first two trial runs the discharging interval was one hour. However, due 

to the low chemisorption of SO2 the interval was increased from one hour to three 

hours in a case of third test run and then to 4.5 hours during fourth test run. 

 

Table 9.2-1 Presenting the speed and the power of the vessel. The operation 
times were dependent on the sailing time. 

 
Operation 

time 

Engine 

load 

Engine 

load 
Engine load 

Average 

speed 

Discharge 

interval 

No. [h] min [%] max [%] average  [%] [kt] [h] 

1 20 - - - - 1.0 

2 38 55 76 67 19.1 1.0 

3 54 19 29 21 12.9 3.0 

4 38 14 67 43 18.3 4.5 

5 50 17 82 68 19.1 no discharging 

6 62 14 79 65 19.4 no discharging 

 

Onboard there were two exhaust gas pipes which were connected before and 

after the heat recovery unit (seen in Picture 9.2-1). Inside the pipe locating before 

the recovery unit, the temperature of the gas was higher and only the hotter gas 

was used during experiments in order to achieve higher temperatures. The pipe 

was opened by using a solenoid valve. The dry scrubber column, the exhaust gas 

directs and the inlet chamber were insulated in order to reduce the heat loss. 

Buckets were used to refill and discharge the scrubber. The amount of discharged 

granules varied from 0.2 liters to 4.0 liters. The gas composition of the exhaust gas 

was measured with the Gasmet analyzer and ADEV analyzers. 
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9.3 Results of experiments onboard 

The following graph represents the fourth test run conducted on the vessel. The 

total operation time was close to 40 hours. The discharge interval was 4.5 hours 

which can be seen in the graph below (Graph 9.3-1). The violet curve describes the 

laser in the feeder hopper which decreases when the discharging takes place.  

 

 

Graph 9.3-1 The fourth experiment on the vessel. The peak in the graph is due 
to the increase in engine load of the vessel. Otherwise the sail was very constant.  

 

The samples for analyses were selected by taking into account the suitable time 

difference between the samples. Below the chemical composition of the granules 

(Table 9.3-1). The sampling was not as representative as it was after the 

experiments conducted in Pilot Center. The discharged granules may have been 

mixed already inside the discharging hopper. 
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Table 9.3-1 In this case the discharging interval was one hour. Every fourth 
sample was selected for the analyses. Due to the poor sampling method, the 
results are only indicative. 

Hours Molar ratio of CaSO4 [%] 

4 0.6 

8 1.5 

12 3.7 

16 1.5 

20 1.9 

24 2.0 

28 2.3 

32 2.1 

36 1.9 

40 2.3 

 

9.4 Conclusion of the onboard tests 

Altogether six trial runs were performed onboard which corresponds to 260 

operating hours. The breakthrough point of SO2 was not reached during the tests 

onboard because of the height of the granule bed and the large volume of active 

granules. In other words, there were enough granules to remove the sulfur 

completely from the exhaust gas by chemisorption. 

From the graph 9.3-1 can be seen that the gas mass flow increased a little every 

time when discharging the scrubber because then the granule bed was looser and 

the flue gas could flow through the bed easier. Therefore the pressure drop tends 

to decrease also when discharging. Additionally, the concentration of SO2 got 

temporarily higher because of the loose and moving granules. 
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The peak in the graph after 22 hours, which can be seen in mass flow, pressure 

difference and under pressure curves, is due to the increase of engine load to 67 

% from the average of 43 %. Moreover, the inlet gas temperature increased a little. 

Otherwise the pressure difference and the mass flow were quite stable. 

The inlet gas temperature was very low in comparison to the gas temperature 

after the engines, which was around 430 °C. This can only be explained by the heat 

loss or by the temperature sensor error. 

The pressure difference over the scrubber was detected to increase when running 

static tests. The increase can partly be explained by the vibration of structures 

which was unavoidable during the experiments onboard. The vibration causes the 

granules to pack more tightly. Especially the wider the size distribution, the more 

tightly the granules are packed and therefore the pressure difference is higher. 

Moreover, the pressure drop was higher when using AS granules compared to BM 

granules. 

Due to the advantageous geometry of the scrubber there was no blowout of 

granules observed. The absorption area, i.e. the circular cross section, was large 

enough and the relation of the height and the diameter was optimal. 

After the trial runs, some of the granules were grey or even black, due to the soot 

particles. This proves that granules are also able to remove the soot from the 

exhaust gas in addition to the sulfur removal. 
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10 Modelling of a packed reactor 

The following sections present mathematical models used to evaluate the process 

conditions. The scalar transport equation was used to describe the chemisorption 

reaction and the Ergun equation was used to model the pressure difference over 

the reactor. 

10.1 Modelling of the chemisorption in a packed bed reactor 

The absorption of SO2 can be modelled with a generic scalar transport equation 

(Eq. [24]).  

 

 𝜕(𝜌∅)

𝜕𝑡
+ 𝑣 ∙ ∇(ρ∅) = ∇ ∙ (𝛼∇∅) + 𝑟∅ 

[24] 

 

 

where 𝜙 is the transport variable 

𝛼 is the diffusion coefficient 

𝑟𝜙 is the rate of reaction 
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The equation can be written separately for the gas phase and for the solid phase. 

The following equation is modified for the gas phase. 

 

 𝜕𝑐𝐴

𝜕𝑡
+ 𝑣

𝜕𝑐𝐴

𝑑𝑧
= −𝑟𝐴 

[25] 

 

where 𝑐𝐴 describes the concentration of SO2 in gas as a function of time 𝑡 

𝑧 is the height inside the reactor 

𝑣 is the velocity of the gas 

 

There is no diffusion taking place inside the reactor so the diffusion term equals 

zero. 

The equation for the solid phase is presented below (Eq. [26]). Due to the fact that 

the bed is static, the velocity is zero and therefore the equation takes the following 

form: 

 

 𝜕𝑐𝑆

𝜕𝑡
= −𝑟𝐴 ∙ 𝑚 

[26] 

 

 

where 𝑐𝑆 describes the concentration of SO2 in solid as a function of time 𝑡 

𝑚 is the mass of the solid 
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In this thesis work the model is used to describe the amount of sulfur absorbed to 

solid. The concentrations are dependent on the height of the reactor and time 

consumed. The reaction rate can be presented as follows. 

 

 
−𝑟𝐴 = 𝑘(𝑐𝑆

∗ − 𝑐𝑆)𝑎 
[27] 

 

where 𝑐𝑆
∗ is the capacity of the granules to absorb sulfur 

𝑘 describes accessibility of the pores 

𝑎 is the exponent and receives the value of one. 

 

In order to create a mathematical model the reactor is divided in height elements. 

The model is based on the principles of the fixed bed reactor and it does not apply 

to a moving bed. By changing the reactivity, 𝑘, and sulfur capture capacity, 𝑐𝑆
∗, of 

the granules the model can be fitted to experimental results. 

The following block model shows the principle of modelling the absorption 

reaction using scalar transport equation. The blocks represent the sections of 

granules inside the reactor where the gas is flowing upwards from the bottom. On 

the Y-axis there is the height of the granule bed and on the X-axis there is time on 

which the sulfur concentration in granules is dependent. The gas coming out from 

the last block is the concentration of sulfur detected by analyzers. 
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Picture 10.1-1 Block model demonstrating the sulfur absorption to the granule 
elements as a function of time and bed height. 

 

The parameter 𝑛 can be written as 

 

 
𝑡 = 𝑛 ∙ ∆𝑡 

[28] 

 

Equation [29] presents the equation for the sulfur content in absorbent, based on 

the block model. 

 

 𝑆𝑚
𝑡+1 = 𝑆𝑚

𝑡 + 𝑐𝑥𝑆𝑂2,𝑚−1
𝑡+1 (𝑆∞ − 𝑆𝑚

𝑡 ) [29] 
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In Graph 10.1-2 can be seen the concentration of SO2 in granules at different 

heights starting from the bottom of the reactor. In this case, the experiment took 

13 hours and the points represent the measured concentrations obtained from 

the chemical analyses. The other curves are the models describing the absorption 

profile after 56, 28 and 4 hours of testing. 

 

 

Picture 10.1-2 Example showing the amount of absorbed sulfur in granule 
samples. The nonlinearity of the measured concentrations is due to the 
sampling. 

 

The following equation describes the concentration of gas coming out after the 

reactor. 

 

 𝑥𝑆𝑂2,𝑚+1
𝑡+1 = 𝑥𝑆𝑂2

𝑡+1 − (𝑆𝑚
𝑡 − 𝑆𝑚

𝑡+1)𝐾∆𝑡 [30] 
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where 𝐾 is quantified as: 

 

 𝐾 =
𝑚𝑔𝑟𝑎𝑛𝑢𝑙𝑒 𝑖𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡

�̇�𝑔𝑎𝑠
 [31] 

 

The graphs below present the measured SO2 in exit flue gas and the modelled exit 

gas concentration (Graphs 10.1-1 & 10.1-2). All the circumstances were the same 

except the sulfur content in fuel, which was higher in a case of trial run number 

17. Both of the runs were stopped when the concentration of SO2 reached 20 ppm. 

 

 

Graph 10.1-1 Modelling the sulfur dioxide concentration of exhaust gas in a case 
of experiment 16. 
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According to the models after ten hours of running, in experiment 17 (Graph 10.1-

2) the sulfur content would be around 100 ppm whereas it is only 12 ppm in case 

of experiment 16. 

 

 

Graph 10.1-2 Modelling the sulfur dioxide concentration of exhaust gas in a case 
of experiment 17. 

 

The sulfur concentration of exhaust gas in the beginning of the experiment can be 

modelled quite accurately but the modelling of sulfur concentration in absorbent 

is not as accurate, probably because of errors in sampling and analyses. 
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10.2 Modelling of pressure drop 

The pressure difference over the reactor was calculated for each granule type 

separately using the Ergun formula presented in chapter 4.3 (Eq. [6]). 

 

 
∆𝑃 =

150𝜇

𝐷𝑝
2

𝑈𝑚 ∙
(1 − 𝜖)2

𝜖3
𝐿 +

1.75𝜌

𝐷𝑝
𝑈𝑚

2 ∙
(1 − 𝜖)

𝜖3
𝐿 

[32] 

 

The pressure drop was calculated in the starting temperature of 15 °C and in the 

operating temperature of 300 °C as an example. The calculated variables needed 

for Ergun equation are presented in table below (Table 10.2-1). 

 

Table 10.2-1 Variables used in calculations at two different temperature levels. 

  T = 300 °C T = 15 °C Unit 

Diameter of particles Dp dependent on 
granules 

dependent 
on granules 

m 

Gas flow velocity Um 0.708 0.356 m/s 

Porosity ϵ 50 50 % 

Length of the bed L 0.500 0.500 m 

Viscosity of the gas* µ 2.92·10-5 1.80·10-5 Pas 

Density of the gas* ρ 0.6072 1.2104 kg/m3 

 

As an example the pressure difference is calculated in Equation [33] for the AXS 

granules at the temperature of 300 °C using the parameters showed in Table 10.2.-

1. 
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∆𝑃 =
150 ∙ 2.91 ∙ 10−5𝑃𝑎𝑠

(0.0013𝑚)2
∙

0.708𝑚

𝑠
∙

(1 − 0.5)2

0.53
0.5𝑚

+
1.75 ∙

0.6072𝑘𝑔
𝑚3

0.0013𝑚
∙ (

0.708𝑚

𝑠
)

2

∙
(1 − 0.5)

0.53
∙ 0.5𝑚

= 2648.102 𝑃𝑎 

[33] 

 

The temperature has an influence on the gas viscosity, gas velocity and the gas 

density. These calculations do not take into account the actual gas composition, 

instead they are calculated based on the composition of air (21.0 % O2 and 79.0 % 

N2). However, the errors of the viscosity and density values caused by the 

calculations are not significant. 

When using the estimated diameters of granules (seen in Chapter 6.1), the 

calculated pressure drops are lower than the measured values. Therefore by 

modifying the D50 values of granules the calculated pressure drop corresponds to 

the measured value (Table 10.2-2). 

 

Table 10.2-2 Modified diameters of particles for Ergun model calculations in 
order to obtain the pressure drops close to the measured value. 

Granules Estimated Dp [mm] Modified Dp [mm] 
Average measured 

pressure drop [mbar] 

AXS 1.3 1.10 46 

AS 1.8 1.44 30 

AM 2.5 2.40 14 
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The calculated pressure drops as a function of gas flow velocity can be seen in the 

following graphs (Graph 10.2-1 & 10.2-2). The calculations takes into account the 

actual shape and volume of the reactor. 

 

 

Graph 10.2-1 Calculated pressure difference as a function of gas flow velocity at 
the temperature of 300 °C. 

 

 

Graph 10.2-2 Calculated pressure difference as a function of gas flow velocity at 
the temperature of 15 °C. 
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The graphs show that the higher gas velocity creates higher pressure difference. 

Moreover, the calculated and the measured pressure differences are higher at the 

lower temperatures due to the higher density of gas. 

The following graph shows the correlation between the granule size and pressure 

drop at two temperature levels (Graph 10.2-3). Obviously the larger the granules 

the looser the granule bed and therefore the pressure drop is lower. 

 

 

Graph 10.2-3 Calculated pressure difference as a function of particle size at two 
different temperatures. 

 

The viscosity, density and velocity of the gas were calculated as a function of 

temperature for each granule type after which the pressure difference was 

calculated according to Ergun equation (Graph 10.2.4). The calculations of the 

pressure difference are based on an assumption that the height of the reactor is 

0.5 meters and the diameter is 0.25 meters. 
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Graph 10.2-4 Pressure drop over the reactor (H=500 mm, D=250 mm) as a 
function of temperature. 

 

Below the Graph 10.2-5 showing the measured pressure differences as a function 

of gas mass flow for each granule type before starting the heating of granules. 

 

 

Graph 10.2-5 Measured pressure difference over the granule bed for three 
different granules as a function of cold air (15 °C) mass flow. 
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From the Graph 10.2-5 can be seen how the velocity of the gas flowing through 

the reactor changes. At the bottom of the reactor the gas velocity is the highest 

because the area of the reactor is smaller. 

 

 

Graph 10.2-6 Gas flow velocity as a function of the reactor height. 
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11 Conclusion and discussion 

This thesis work gives a view of the ongoing developments and the challenges 

concerning the granules and the flue gas desulphurization technology. In addition, 

the purpose was to create a complete overall picture of the methods to 

characterize the physical and chemical properties of granules. 

The experiments have shown that the pilot scale dry scrubber can be used to 

evaluate the granule performance. The development of granules is necessary 

when considering the flue gas desulphurization markets. In order to optimize the 

scrubbing process, the consumption of granules should be minimized by 

maximizing the granule performance. Basically, this means higher sulfur capture 

capacity, higher reactivity and better mechanical properties. 

The flow and packing properties of granules are equally important to be 

investigated in order to clarify the flow resistance of the granules during 

pneumatic transportation and the risk of blowout. The granules should not create 

too big pressure drop in the reactor and they should not exhibit blowout during 

the operation. To avoid the blowout appearance, the granule size should be large 

enough, but at the same time small enough to maintain the sulfur removal 

efficiency and long operation time. 

Based on the experimental results, a better understanding has been obtained 

regarding the scrubber technology and the parameters affecting the operation. 

Moreover, the feasibility of the dry scrubber simulator has been proved with diesel 

engine in full scale tests. 

The interest toward dry scrubbers has increased because of the simplicity and its 

advantageous ecological features compared to certain wet scrubbers. Moreover, 

the growing demand will probably cause a price increase in the low sulfur fuel oil. 

It can be pointed out that there is a growing need in the market for this type of 

technology, especially when the sulfur limitations come into force worldwide in 
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2020. Despite the fact that the price of marine fuel oil is rather low at the moment, 

the installation of dry scrubber would be an investment for the future. 
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12 Suggestions for further study 

More experiments should be done in lower temperatures to find out the optimal 

operation temperature range. Moreover, the granulation should be further 

investigated in order to find the maximum capacity of granules to absorb sulfur. 

The models should be further developed and improved to optimize the process 

and the granules properly. The chemical composition of used granule absorbents 

and the balance between the granule components is not fully understood and 

more investigation is needed. 

In order to improve the environment friendliness of the dry scrubber processes, 

the ability of granules to remove other pollutants such as NOx emissions and 

particulate matter could be further researched, as well as the reuse of granules. 

The internal guideline of Nordkalk Pilot Center defines that only the nominated 

process designer is allowed to operate and run the dry scrubber simulator. It 

should be CE marked so that also other properly trained persons could operate 

the pilot scrubber. 
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Appendix A 

Granules analyzed by the Malvern Morphology G3 analyzer. 
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Appendix B 

Pilot scale dry scrubber in Pilot Center, Parainen. 
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Appendix C 

Screenshots from the Ovaport webpage. 
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Appendix D 

Photo of the M/V Seagard vessel at the Lübeck harbour. 

 


