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Abstract 
 

Since the energy consumption in the world is increasing together with an increase of 

greenhouse gas emission it is of importance to find alternatives to fossil fuels. Biomass is 

one of the alternative energy sources which is both renewable and CO2 neutral. However, 

due to the large variability of biomass and the influence from different types of 

contaminations it is important to find processes that can work with a range of biomass and 

preferably transform the energy in the biomass into higher value energy forms. Gasification 

is one of the most robust processes that can achieve this by transforming solid biomass (e.g. 

wood, bark or rice husks) or liquid byproducts from the forest products industry (black 

liquor) into a uniform synthesis gas that can be further upgraded into electric power or 

synthetic motor fuels. This thesis is focused on a specific class of gasifiers called entrained 

flow gasifiers that converts the biomass to syngas in a reactor where the fuel is entrained in 

a gas flow. 

In entrained flow gasification, small fuel particles are gasified together with an oxidizing 

medium like air or pure oxygen. The fuel particles are either formed a priori by milling of 

solid biomass or in situ by atomisation of a liquid fuel. In both cases the fuel is thoroughly 

mixed with a carrier gas and distributed into a hot gasification reactor. 

One type of entrained flow gasification that is of high relevance for countries with a 

significant pulp and paper industry is black liquor gasification. Black liquor is a by-product 

from pulping that is available in large quantities in chemical pulp mills. The energy in the 

black liquor is normally utilized for steam production in the mill but this steam can easily be 

produced from low grade biomass, thereby freeing the black liquor for other purposes. The 

most interesting process is when black liquor is gasified with pure oxygen at high 

temperature. This process creates a clean synthetic gas with very low concentration of tars 

that is suitable for catalytic conversion into transportation fuels, e.g. dimethyl ether or 

methanol.  

One of the key parts in a black liquor gasifier is the burner nozzle that is used to produce a 

spray of fine black liquor droplets inside the gasifier. This is a difficult task since black 

liquor has a very high viscosity. The black liquor atomisation process has therefore been 

studied with high speed photography to be able to visualize the process and thereby making 

it possible to optimize the burner nozzle so that it produces a spray with near uniform 

particle size and appropriate distribution in space. The results show that the fuel particles 

formed from the considered nozzle consisted of non-spherical and stretched ligaments that 

in some cases were further broken down into more spherical droplets. The experiments with 

black liquor were difficult and hazardous since the black liquor is caustic and hot since it 
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needs to be preheated to around 120 °C before it can be atomised. It is therefore of interest 

to find non-hazardous substitute liquids that will have the same behaviour as black liquor in 

a nozzle. In a comparison between black liquor at 120 °C and a syrup/water mixture with 

equal viscosity and surface tension at room temperature it was found that the syrup/water 

mixture behaved nearly identical to the black liquor in a real burner nozzle.  

Connected to the atomisation studies, measurements of gas composition in a 3MW black 

liquor gasifier were made for different black liquor preheat temperatures. The results 

showed that preheating of black liquor had a significant influence on the syngas 

composition and the conclusion when this was combined with the results from spray 

visualization was that the main reason for the observed differences is the smaller droplet 

size that is achieved with higher preheating temperatures.  

In a large syngas plant where the goal is to catalytically convert the syngas into motor fuels 

or chemicals in a catalytic process, the raw syngas from the gasifier must be cleaned and 

conditioned in several steps. In all contemporary downstream processes the gas must be 

much colder than when it leaves the gasifier. Hence, gas cooling is an important unit 

operation in the syngas process. In order to optimize the overall efficiency of the syngas 

plant it is very important to recover the latent heat in the syngas at the highest possible 

temperature. One way to do this is to use a counter current condenser that cools the syngas 

and condenses most of the steam that is mixed with the syngas while at the same time steam 

that can be used by other processes is produced. The sizing of counter current condensers is 

therefore of high importance and one part of the thesis work was to develop a computational 

model that can be used for optimization of these units. In order to validate the code, 

measurements were carried out in the counter-current condenser in the 3 MW black liquor 

gasification pilot plant that was mentioned above. The predictions from the model were 

found to be in very good agreement with the temperature measurements from the pilot plant 

for the cases that were investigated.   

Another type of entrained flow gasification process is air-blown cyclone gasification where 

biomass powder is gasified in a cyclone shaped reactor. This gasification process can be 

used in combination with a gas engine to produce both heat and power that can be used in 

district heating applications or as prime mover and heat source in industrial processes where 

low grade biomass is available at low cost. This type of gasifier has the possibility to 

operate with ash rich fuels since it operates below the ash melting temperature and the 

majority of the ash is separated in the bottom of the cyclone.  

One of the objectives in this thesis was to evaluate the fuel flexibility of the cyclone gasifier 

by experiments with different fuels in a 500 kW pilot gasifier. From the gasification test it 

was found that torrefied spruce, peat, rice husk, bark and stemwood powder can be used as 

fuel to produce a syngas that can be used as fuel in a gas engine.  

To be able to understand the cyclone gasification process and be able to optimize different 

sizes of cyclone gasifiers a computational fluid dynamics model of the process has been 
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developed and compared against experimental measurements, both in a 500 kW plant and a 

4 MW plant. The results show that the model predicts the main gas species in the product 

gas and the amount of unconverted fuel reasonably well. It also predicts the effect of 

increased gasifier size and fuel power well. Therefore the model could be used as a tool for 

designing cyclone gasifiers in arbitrary sizes and to optimise operating parameters in 

existing gasifiers. 
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1. Introduction 
 

Since the world total energy consumption has more than doubled during the last 40 years 

[1], with an associated increase in emission of greenhouse gases in the atmosphere that 

cause global warming, it is important to find alternatives to fossil fuels. The global CO2   

emissions from fossil fuels was 30 000 million metric tons in 2010, which is more than a 

doubling compared to 1970 [2]. 

Examples of fossil fuels are oil, coal and natural gas that were formed during millions of 

years from dead animals and plants by chemical reactions at large depths below ground 

where the temperature and pressure is high. One alternative to fossil fuels is biomass which 

is both renewable and climate neutral. Examples of biomass are wood, agricultural waste 

and energy crops that were formed recently. Since the biomass absorbs CO2 when it is 

growing and the same amount of CO2 is emitted when it is combusted or gasified, the 

biomass does not give any net emissions of greenhouse gases.  

Moreover, the biomass is grown and harvested under relatively short times and is therefore 

renewable compared to fossil fuels that are formed under millions of years. In Sweden 48% 

of the energy comes from renewable sources but the goal is to increase this share to at least 

50% by 2020 [3]. In the European Union the goal is to raise the final energy consumption 

share from renewables to 20% and to 10% in the transport sector by 2020 [4]. In 2010 these 

shares were 12.5% and 4.42% [5]. In the transport sector Sweden have the same goals as 

EU by 2020. Sweden also has the ambition to have a transport system that is independent of 

fossil fuels by 2030. The trend so far is that the amount of renewable motor fuels have 

increased from 0.3 TWh in 2000 to 6 TWh 2011 [3]. However, this is only a small fraction 

of the total energy use in the transport sector that was over 120 TWh in 2011 [3]. One way 

to fulfil these goals and ambitions is to increase the amount of biomass fuel utilised but a 

limiting factor is that the available forest biomass that can be used for energy purposes (as 

opposed to traditional forest products) is less than what is needed for simple substitution of 

fossil fuels. Instead, biomass conversion processes with maximum conversion efficiency 

and energy efficiency in combination with more electrical vehicles and better transport 

logistics is needed to break the dependence on fossil fuels. To this purpose, gasification is of 

primary interest, both to produce motor fuel and for electricity and district heating, since it 

has extremely good fuel flexibility and the potential for very high efficiency. 

 

In the beginning of the 19
th

 century gasification, mainly from coal, to produce town gas for 

lighting and heating become a commercial process [6]. The invention of the electric light 

bulb and discovery of natural gas decreased the need of gasification for lighting and heating 

in the beginning of 20
th

 century [7]. During the 1930s Germany established the first 

successful synthetic fuel industry [8]. One of the technologies used was Fisher-Tropsch 

synthesis which required both H2 and CO that are two of the main gas species formed 

during gasification. After the end of the Second World War the availability of oil increases 
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and this reduced the interest of gasification. Today interest in gasification is growing, 

especially from renewable sources that are CO2-neutral, but also to reduce the dependence 

on imported fossil fuels [7].  

Gasification is defined as a process where the fuel is converted into gaseous form by partial 

oxidation at elevated temperature. The biomass fuel can be in liquid form like black liquor 

or in solid form like wood powder, bark or rice husk. The mixture of gases that is formed is 

called product gas or syngas and it consists mainly of CO, CO2, H2, CH4 and H2O, together 

with higher hydrocarbons like C2H4, C2H2 and tars (collective name for hydrocarbons with 

one or more benzene rings). The product gas can be further converted either to 

transportation fuel like methanol or DME but it can also be combusted directly (see Figure 

1). Compared to combustion, gasification can achieve higher overall efficiency for power 

generation if an Integrated Gasification Combined Cycle (IGCC) is used instead of a steam 

cycle in a combustion plant [7]. In an IGCC plant, the gas from the gasifier is first 

combusted in a gas turbine followed by heat recovery from the exhaust gas to generate 

steam that can be used in a steam turbine. One alternative to an advanced IGCC process 

with a gas turbine is to use a gas engine for power production and to recover the heat from 

the exhaust gas for district heating instead of for steam generation. This combined heat and 

power alternative has lower power efficiency than the advanced IGCC process but it makes 

it possible to relax the requirement for an ultraclean syngas from the gasifier since the gas 

engine is more robust than a high efficiency gas turbine. Lower requirements on the product 

gas also means that the gasifier type can be selected more freely and that the gas cleaning 

equipment can be simpler which together can reduce costs in commercial applications 

significantly. 

Most of the gasifiers in the world run on coal today but the interest in biomass gasification 

is growing. Developers of biomass gasifiers can learn a few things from coal gasification 

but there are significant differences in fuel properties between coal and biomass. For 

example biomass ash has a relatively low melting temperature but is also more aggressive 

against refractory materials in the gasifier than coal ash [6]. The reactivity of most biomass 

fuels is higher than most coal types. On the other hand it is harder to grind biomass to small 

particles needed in some gasifiers. One problem is also that more tars are formed during 

biomass gasification compared with coal gasification [9]. Because of these differences it is 

of importance to do research on biomass gasification to be able to utilize the biomass in the 

most efficient way. 
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Figure 1. Schematic overview of potential products from the gasification process. 

 

2. Gasification Principles 
 

Today, there are many possible gasification processes with different types of fuels and 

different gasifier designs. But most of the designs can be fitted under one of the following 

categories of gasifier: moving-bed, fluid-bed or entrained flow gasifiers [6]. In moving-bed 

gasifiers the fuel is placed on a grate and the oxidation medium is flowing through the fuel 

bed. Because of this it is hard to get a uniform distribution inside the gasifier of both fuel 

and gas composition and this leads to a non-uniform temperature distribution that can cause 

bed agglomeration [7]. Moving-bed gasifiers are quite inexpensive to build and are 

therefore suitable for small scale gasification. 

 

The second type of gasifier is fluid-bed where the fuel particles are mixed with solid bed 

particles and the oxidation medium is passed through this mixture. The main advantage over 

a moving-bed gasifier is that these types of gasifier have a more uniform temperature 

distribution [10] . This reduces the slagging tendency of the fuel and since the fuel is mixed 

together with a solid material there are lower requirements on the fuel. 

 

The third type of gasifier is based on an entrained flow configuration where fuel in the form 

of a fine powder is entrained by a carrier gas, usually the oxidant, and gasified in co-current 

flow of both fuel and oxidant. The fuel can be both solid and liquid. Solids have to be milled 
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so that the characteristic linear dimension of the individual fuel particles is sufficiently 

small (typically 0.5 mm) to achieve complete fuel conversion in the gasifier. Liquids have to 

be atomised in a spray nozzle to generate fuel droplets of approximately the same size as for 

solid fuel particles. The main advantage with entrained flow gasifiers is that they produce a 

clean product gas with small amounts of tar and high carbon conversion. The entrained flow 

gasifier can also have a high throughput of fuel because of the short residence time and are 

therefore suitable for large-scale gasification. This type of gasifier has been shown to work 

very well with coal as feedstock in sizes of many hundred MW [11]. One of the 

disadvantages of entrained flow gasifiers is that the fuel particles have to be very small in 

order to be completely converted in the short time that they reside inside the hot gasifier. 

This is especially true for solid biomass since the biomass is hard to grind to small particle 

sizes and this is one of the main technical barriers connected with entrained flow 

gasification of biomass [12]. Another problem is that the molten ash from biomass can 

corrode the refractory of the gasifier because of its high alkali content [7].  

 

Currently in Sweden there are two oxygen blown, high-temperature biomass entrained flow 

gasification pilot plants that are operating. One that uses black liquor as fuel which is one of 

the studied gasification processes in this thesis and one 500 kWth pressurized entrained flow 

biomass gasification that has been operated with wood powder [13] and biorefinery lignin 

residue [14]. Both these gasifiers are running with an internal temperature above the ash 

melting temperature. Also two non-slagging air blown, entrained flow cyclone gasifiers are 

operating, one 500 kWth pilot scale gasifier and one 4.4 MWth demonstration plant. This 

type of gasifier is the other gasification process studied in this thesis. 

3. Fuel conversion in entrained flow biomass gasifiers 
 

When the particle or liquid droplet enters the hot gasifier together with the gasification 

agent four main steps are involved in the conversion of the fuel to gas: (1) drying, (2) 

pyrolysis, (3) char combustion and gasification and (4) gas phase reactions. The gasification 

agent can be air, pure oxygen or a mixture of oxygen and steam.  

When the particle enters the gasifier it receives heat by radiation from the flame and walls 

and starts to heat up. After the particle has reached 100 °C the moisture inside the particle 

starts to evaporate. 

After the moisture has evaporated the particle temperature continues to increase and at some 

stage pyrolysis commences. During the pyrolysis step, volatile material (e.g. CO, CO2, H2, 

CxHy, H2O, Tars) is released by thermochemical decomposition of the particle. The tar 

primarily produced through depolymerisation during the pyrolysis stage can cause major 

problems later (e.g. condensation and plugging of downstream equipment) [7]. During 

entrained flow gasification the temperature inside the gasifier is quite high and therefore 
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most of the tars are cracked. During thermal cracking of tars, soot may form which is an 

unwanted impurity during gasification [15]. 

The remaining char particle then starts to react by heterogeneous reactions with oxygen, 

water, carbon dioxide and hydrogen to form other species like carbon monoxide, hydrogen 

and methane. During char gasification almost no oxygen is available and the char is reacting 

mainly with CO2, H2O and H2. The char gasification reactions are usually the slowest step 

and determine the overall conversion rate for the fuel during gasification [6].  

The gas released during the pyrolysis steps starts immediately to react with oxygen and 

other gas species in the gas phase and finally forms the product gas. A summary of the main 

reactions in the gasification process is presented in Table 1. Beside these reactions also 

higher hydrocarbons like ethylene, ethane, acetylene and tars react with the other gas 

species to form lighter gaseous species. 

 

Table 1. Main reaction during gasification [7]. 

Homogenous Reaction 

H2+0.5O2 →H2O 

CO+0.5O2 →CO2 

CO+H2O ↔ CO2+H2 

CH4+2O2 → CO2+2H2O 

CH4+0.5O2 → CO+2H2 

CH4+H2O↔CO+3H2 

 

Char Combustion 

C+0.5O2→CO 

C+O2→CO2 

 

Char Gasification 

C+CO2→2CO 

C+H2O→CO+H2 

C+2H2→CH4 
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4. Computational fluid dynamics theory 
 

A large part of this thesis is concerned with modeling of entrained flow gasifiers and a 

counter current condenser using computational fluid dynamics based models. The following 

section summarises some of the relevant modeling theory.  

In CFD, the equations for fluid flow are solved numerically, together with the equations for 

heat transfer, mass transfer and chemical reactions. The mean continuity and mean 

momentum equations can be written as [16]: 

  〈  〉         (1) 

 ̅〈  〉

 ̅ 
    〈  〉  

 〈    〉

   
 
 

 

 〈 〉

   
    (2) 

where 〈    〉 is the Reynolds stresses. The Reynolds averaged equations and the continuity 

equation has more unknowns than number of equations and can therefore not be solved 

without further modeling. This is called “the closure problem” and to solve it the Reynolds 

stresses needs to be modelled. One approximation that can be made is to use the Boussinesq 

turbulent viscosity hypothesis [17]: 

〈    〉  
 

 
       (

 〈  〉

   
 
 〈  〉

   
)    (3) 

To be able to solve these equations a two equation turbulence model called k-epsilon was 

used in this work. In the k-epsilon model the turbulent viscosity is specified as [16]: 

     
  

 
      (4) 

Together with transport equations for turbulent kinetic energy k and turbulent eddy 

dissipation   as [16]: 
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  )          (5) 
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  )     

  

 
    

  

 
    (6) 

where  

  
 

 
    and       〈    〉

 〈  〉

   
 〈    〉

 〈  〉

   
   (7) 

In these equations    ,   ,    ,    ,      are model constants that are determined by 

optimisation against a set of canonical flows (e.g. turbulent channel flow). The k-epsilon 

model has become one of the standard turbulence models used in engineering design, 

mainly because it is numerically stable and that it gives reasonably accurate results for a 
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number of common flow situations. However, the k-epsilon model has some limitations, 

e.g. it is not able to predict flows with strong curvature like swirling flows inside cyclone. 

One way to improve the k-epsilon model is to use curvature correction [17] to compensate 

for the deficiencies in strongly swirling flow and this was used for the cyclone gasifier 

modeling in paper E and F. For the condenser modeling in paper C the regular k-epsilon 

was used since there is no strong curvature or swirling flow in the condenser. Together with 

the equations described above also equations for the continuity, energy and mass fraction 

for each gas phase species are solved.  

In the numerical solution of CFD models different types of error occur like discretization 

errors and iteration errors. The discretization error was estimated by Richardson 

Extrapolation [18] and the iterative error was estimated from the residual decrease. The 

iterative convergence criterion was that the residuals should be decreased by at least three 

orders of magnitude. In addition, the solution values at selected points in the solution 

domain were monitored to check that they were constant between iterations in the first four 

or five significant digits. 

Two different multiphase models have been used. For the work in paper C about counter 

current condenser modeling, a two-phase Euler-Euler method was used [19]. In the Euler-

Euler model the two phases are treated as interpenetrating continua and one set of 

continuity, momentum and energy equation is solved for each of phases considered. Hence, 

in this method the liquid phase in the condenser is also treated as a continuous phase. The 

main reason to use Euler-Euler method to simulate the condenser is that it eliminates the 

need for resolution of the interface between the liquid and the gas. As a consequence, the 

geometry discretisation can be much coarser which decreases the computational cost 

significantly. The interaction between the phases is then calculated with source and sink 

terms in the continuity, momentum and energy equation and this is described more in detail 

in paper C.  

In a cyclone gasifier of solid biomass two distinct phases are available. This situation can 

still be described with an Euler-Euler formulation but an Euler-Lagrangian approach where 

the particle phase is explicitly accounted for with discrete particles is more suitable [20]. 

The gas phase is solved with the equations described above and the solid phase is solved by 

a Lagrangian transport model. In the Lagrangian model discrete particles are tracked 

through the computational domain and the forces on the particle like drag, buoyancy and 

pressure gradient are calculated as: 

  
   

  
               (8) 

where    is the particle mass,    is the particle velocity,   ,    and    is the drag, 

buoyancy and pressure gradient force acting on the particle, respectively. In this formulation 

a solution is obtained by iterations between gas and particle phase solutions where the most 

recent solution for the other phase is used as input to the computation of the interaction 
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between the phases. The turbulent dispersion of the biomass particles was treated with a 

model developed by Gosman and Ioannides [21]. The gasification model developed for the 

cyclone gasifier is described in detail under cyclone modeling and in Paper E. 
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5. Entrained flow gasification of black liquor 
 

Sweden produces about 11.4 million tons of papers in 2012 [22]. The energy use in the pulp 

and paper industry in Sweden is around 78 TWh [3]. 39 TWh/year of the energy use in the 

pulp and paper industry comes from black liquor in 2010 [3]. Black liquor is a by-product 

formed during the pulp production that conventionally is burned in a recovery boiler where 

the energy is recovered as heat and the remaining smelt (mostly spent pulping chemicals) is 

recovered. By replacing the conventional recovery boiler in a pulp and paper mill by a black 

liquor gasifier with a combined cycle that produces only electricity the energy efficiency of 

the mill could be increased from 57% to 65% [23]. But a more even more interesting 

alternative is to turn the pulp and paper mill into a bio refinery and produce motor fuels like 

DME or Methanol where to overall energy efficiency could be up to 74% [23]. By doing 

this the mills need to import additional biomass to supply the energy needs, but the quality 

requirement for the replacement biomass is lower than for the wood used for pulp 

production and the replacement biomass is therefore cheaper.  

The black liquor is formed in the digester where white liquor consisting of sodium sulphate 

and sodium sulphide is cooked together with wood chips. In the digester the wood fibers are 

separated from the wood and will later become pulp. The remaining cooking chemicals and 

lignin are leaving the digester as a dilute water solution called “weak black liquor”. The 

weak black liquor is sent through a series of evaporators to increase the solid content from 

around 15%wt to over 70%wt. The black liquor is finally fired in a large recovery boiler 

where the inorganic smelt that remains after the combustion process is dissolved into water 

and the resulting solution is called “green liquor”. The green liquor is then upgraded to 

white liquor that can be used again in the digester by a causticising process where lime is 

added to the green liquor. The remaining solids are then removed and regenerated to new 

lime in a lime kiln. The recovery cycle is one of the most important processes in a pulp mill 

since the chemicals used in the digester are expensive and therefore need to be reused. 

In Sweden, Chemrec has constructed a 3MW pressurised entrained flow black liquor 

gasification development plant to optimise the process and make it ready for 

commercialisation. This plant is located in Piteå next to a paper mill (see Figure 2) and can 

gasify 20 tons of black liquor per day. The plant has been operated around 21,000 h since 

2005. Also a BioDME plant with the capacity to produce 4 tons of DME per day has been 

constructed to use the gas from the gasifier. In total around 500 ton of DME have been 

produced until the end of 2013. A schematic of the gasifier is presented in Figure 3. First the 

black liquor is pumped to the gasifier and atomised to a fine spray of droplets by a spray 

burner nozzle with the help of an atomisation medium. In this process the atomisation 

medium is a high speed flow of oxygen that acts as oxidiser in the gasification process after 

it has generated a fine spray of black liquor. This gasifier operates in a slagging mode, 

meaning that the gasification temperature is above the ash melting temperature of the fuel. 

Hence, the ash is transformed into a smelt that flows down the refractory wall. After the 



12 
 

reactor the gas and smelt are quenched rapidly with water sprays to prevent “freezing” on 

cold surfaces that can block the flow in the gasifier. The smelt is dissolved to form green 

liquor in a pool of water at the bottom of the gasifier and the gas goes to a counter current 

condenser where the gas is cooled further and the water vapour in the gas is condensed. 

Since the green liquor is crucial for the pulp mill it can be said that a black liquor gasifier 

has two equally important products, green liquor and high quality syngas.  

 

 
Figure 2. Aerial view of the pilot plant with the black liquor gasifier and the BioDME plant 

in the foreground near the trees. The Smurfit Kappa Kraftliner mill can be seen in the 

background. 
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Figure 3. Schematic drawing of the black liquor gasifier (Courtesy of Chemrec AB). 

 

5.1 Atomising and the influence from droplet size 

distribution on syngas composition 
 

One of the key parts in an entrained flow gasifier that uses a liquid fuel is the burner nozzle 

where the liquid is atomised to a fine spray of liquid droplets. In a black liquor entrained 

flow gasifier the atomisation process is caused by a high velocity gas breaking the liquid 

into smaller droplets. Atomisation can also happen because the liquid are broken up by the 

kinetic energy of the liquid itself or results of mechanical energy applied to the liquid [24]. 

If the burner nozzle produces too large droplets, the carbon conversion will decrease in the 

gasifier. For solid biomass the maximum particle size to get good carbon conversion is 

around 500 µm [25]. Therefore it is expected that droplets need at least to be this size or 

smaller. Only a few studies of the atomisation process connected to entrained flow 

gasification have been conducted. One example is the work made by Jakobs et al [26] where 

atomisation of water and tri-glycol as a model liquid for biomass based slurry is studied. 

One of their results is that the average droplet size increased when the pressure was 

increased. Also the spray angle was decreased with increased pressure. Atomisation on 

black liquor was first studied by Farrington et al [27] who studied black liquor atomisation 

with a splash plate nozzle. Studies of splash plate nozzles have also been carried out by 

Helpiö and Kunkkunnen [28] and Loebker and Empie [29]. But the droplets from a splash 

plate nozzle are too large to be used in entrained flow gasifiers. Instead, gas-assisted 
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atomisers are commonly used in entrained flow gasifiers. MacKrory and Baxter [30] have 

used a gas-assisted nozzle and visualised the atomisation process of black liquor with high 

speed photography. They found that thin ligaments were formed instead of spherical 

droplets. The study in paper A is intended to complement earlier studies by using higher 

momentum flux ratios, elevated ambient pressures, and higher liquid flow rates. Also 

atomisation of a syrup/water mixture was conducted to investigate its suitability as a 

substitute for black liquor in burner development experiments. This studied was performed 

in spray test rig at Energy Technology Centre in Piteå that was designed by Karlsson and 

Westerlund [31]. Here follows a short description of the experimental setup used in this 

study. In Figure 4 the schematics of the spray rig is presented. The pressurized spray test rig 

is designed for a maximum pressure of 15 bar (g) and it consists of a pressure vessel with a 

diameter of 0.5 m and a height of 5.6 m. In the upper part it has four optical access ports 

with a diameter of 0.25 m. At the top of the spray rig a spray lance is mounted in which the 

burner nozzle can be connected at the lower end and the feeding streams of gas and liquid 

connected at the upper end. 

 

Figure 4. Schematic of the spray test rig used during atomisation visualization. 

 

The technique used for the visualization was based on shadowgraphy. Therefore the camera 

is placed on one side of the spray test rig and the light source is placed on the other side so 

that the shadow of the droplets can be visualised. The position of the camera and light 
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source are presented in Figure 5. To be able to visualise the droplets a high speed camera 

(Redlake Motionpro X3+) that takes 2000 pictures per seconds was used. For lighting two 

Dedocool tungsten lights were used. The considered nozzle in the studies was a 

conventional coaxially convergent gas-assisted atomiser shown in Figure 5. The liquid was 

fed in the center of the nozzle and the gas was introduced in a surrounding annular jet.  

 

Figure 5. Left: Schematic top-view figure showing the lighting heads(1), camera(2), and 

the placement of the optical access windows with the window purging system (3). Right: 

Schematics of the considered coaxial gas-assisted atomizer. The liquid flows in the center 

and the gas in the surrounding annulus (right). 

 

A comparison between atomisation of black liquor (left) and syrup/water mixture (right) is 

presented in Figure 6. Both the black liquor and the syrup/water mixture forms non-

spherical and stretched ligament shaped droplets.  The size of the droplets is similar but 

appears to be slightly larger for the syrup/water case. The size of the ligaments and droplets 

are several millimetres which is too large for entrained flow gasification. However, the 

geometry of the nozzle that is used in the black liquor gasification pilot plant is confidential 

and could therefore not be used in an open publication.  
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Figure 6. Liquid breakup 0.2 m below the nozzle for black liquor (left) and for syrup/water 

mixture (right). 

 

In Figure 7 the black liquor and the syrup/water mixture have lower viscosity compared to 

the case in Figure 6. The results show that the droplet size decreased for both the black 

liquor and syrup/water mixture. The syrup/water appears to form more spherical droplets 

compared to black liquor. This was possibly because the black-liquor was cooled by the 

surrounding nitrogen gas in the spray lance and therefore has a higher viscosity compared to 

the syrup/water case.  

 

Figure 7. Liquid breakup for a lower viscosity case 0.2 m below the nozzle for black liquor 

(left) and for syrup/water mixture (right). 
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Figure 8 shows a comparison between a case at atmospheric pressure and one case at 

elevated ambient pressure. At elevated ambient pressure the spray appears to be denser 

compared to the atmospheric experiment. This was also found in the study by Farrington et 

al [27] who found that the spray angle decreases with increasing ambient pressure. The 

resulting droplet size is similar between the atmospheric case and the case with increased 

ambient pressure. 

 

Figure 8. Black liquor spray formation 0.2 m below the nozzle for an atmospheric pressure 

case (left) and for a case at 10 bar absolute pressure (right). 

 

During black liquor gasification the most significant process parameters are: the system 

pressure, the black liquor preheat temperature, the fuel-to-oxygen mass flow ratio and the 

flow rate of fuel. Since the preheating is also affecting the atomisation performance it is of 

interest to investigate how the gas composition changes with increased preheating.  

The effect that preheating of black liquor has on the gas composition in a 3MW black liquor 

gasifier was investigated in Paper B. The results from the measurement was then combined 

with results from spray visualization to explain the change in gas composition with 

increasing preheat temperature. For the gas composition measurement a small part of the 

clean and cooled synthesis gas was sampled at two positions, one inside the hot reactor and 

one after the gas cooler. In Figure 9 the change in the main gas composition at different 

black liquor preheating temperature is presented. The change of the major gas components 

is only marginally affected by the preheating of black liquor and this is probably because of 

the increased thermal input to the gasifier which results in an overall temperature increase. 
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Figure 9. Dry gas composition (molar) for the bulk gases (CO2, H2 and CO) when 

investigating the influence of black liquor temperature, gas samples taken with the high 

temperature gas sampling system. 

 

For the minor gas species the change with increasing preheating temperature is shown in 

Figure 10. The methane content exhibited a significant decrease with increasing preheat 

temperature from around 1.5 wt% to around 1.1 wt% for the highest preheating. Black 

liquor preheating will result in a decrease in viscosity which in turn will result in smaller 

black liquor droplets from the burner. Smaller droplets will be subjected to an increased 

heating rate which can alter the gas composition of the volatiles released during pyrolysis. It 

has been showed by Sricharoenchaikul et al [32] that a higher temperature (higher heating 

rate) promotes semi-volatile species at short residence time and that semi-volatile species 

decrease rapidly with increased residence time. Since increased preheating both increases 

the heating rate and gives longer residence time at higher temperature for the volatile 

species it seems likely that this is the reason for the decrease in CH4 concentration with 

increasing preheating. A small decrease of the H2S concentration can also been seen with 

increased preheating and one possible explanation for this is that sulphur is bound as Na2S 

and Na2SO4 instead of H2S and COS [33]. 
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Figure 10. Dry gas composition for CH4, H2S and COS (ppm) from the DP-1 gasification 

reactor gas samples taken with the high temperature gas sampling system when 

investigating the influence of black liquor temperature. 

 

5.2 Modeling of gas cooling 
 

In entrained flow gasification the gas leaves the reactor with a high temperature and it is 

necessary to cool the gas before it can be used. There are two main reasons to cool the gas, 

first because the downstream equipment for gas cleaning cannot be operated at the high 

temperature immediately after the gasifier and secondly because the molten slag from the 

gasifier must be solidified before it comes in contact with cold surfaces which would lead to 

massive fouling and plugging of the system. When the gas is cooled, it is very important to 

recover the sensible heat in the gas and preferably produce steam at the highest possible 

temperature to maximise its value [6]. In the black liquor gasification process the gas 

together with the smelt is quenched by water sprays immediately after the gas exits the 

reactor. There are also other ways available to cool the gas: for example with radiant syngas 

cooler or a gas quench [6]. In a radiant syngas cooler the gas is cooled only by radiation 

from a water cooled surface to produce saturated steam. In a gas quench a part of the cooled 

syngas is recirculated and used to quench the hot syngas leaving the reactor by dilution with 

a colder gas. By water quenching the gas is rapidly cooled by water that evaporates. The 

flow rate of water is often so large that the resulting syngas is saturated with steam. At 30 

bar pressure this means that the saturated syngas contains more water than syngas species. 

The water quench that is used in the black liquor gasification plant is reliable and quite 

inexpensive compared to a heat exchanger but also less efficient [34]. The reason is that the 

opportunity to produce high pressure steam is lost when the gas is cooled to lower 

temperature [34]. After the gas has been cooled by water sprays the smelt is separated from 
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the gas and dissolved into water. The gas then leaves the gasifier and enters a counter 

current condenser. The counter current condenser cools the gas further and condenses the 

water vapor so that the resulting syngas after the CCC only contains a small residue of 

steam. It has also been shown by Öhrman et al [35] that the particle concentration after the 

condenser is very low which indicates that the condenser together with the quench very 

efficiently removes particles from the syngas. In essence, the counter current condenser also 

works as a scrubber. 

In a commercial plant is of importance to maximise the heat recovered from the gas and 

therefore it of interest to have a model that can be used for designing condensers. In paper C 

a numerical model of the counter-current condenser used in a 3 MW black liquor 

gasification plant was developed. The model is intended to be used as a design tool for 

counter current condensers. In Figure 11 the schematics of the condenser is presented. The 

condenser consists of two sections with tube packages, a lower part with 189 tubes and a 

length of 2.4m and an upper part with 101 tubes and a length of 4.5m. 

 

 

Figure 11. Schematic drawing of the counter-current condenser (left), computational 

domain (middle) and of the counter-current condensation flow in one tube (right). 

 

Two distinct flow domains exist in the condenser, the tube side and the shell side. On the 

tube side the gas from the gasifier with around 50 %wt water vapor enters at the lower end 

and flows upwards, inside the tubes, through the tube packages. On the shell side the 

cooling water that cools the tubes on the outside enters at the top and flows downwards, on 

the outside of the tubes, through the tube packages. The model consists of a single phase 
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model on the shell side and a two-phase model on the tube side. Since the detailed geometry 

of a condenser is very complicated with several hundred tubes a computational mesh would 

have to be very large to resolve all the details in the condenser. Therefore the modeling 

approach was to use a volume average approach and a distributed porosity to represent the 

effect of the tubes on the multi-phase fluid flow. The two phase flow on the tube side was 

modeled with the Euler-Euler method with experimentally determined closure correlations 

for heat flux, condensation rate and pressure drop inside the tubes. On the shell side a 

correlation for heat flux was used.  

Figure 12 shows the predicted gas temperature inside the condenser tube and measured 

values for one point between the tube package and at the outlet for two different cases. For 

the first case the gas temperature decreased from 191.7 °C at the bottom to 61.7 °C 

inbetween the tube packages and to 33.0 °C at the outlet. The measured gas temperature 

between the tube packages was 61.0 °C and at the outlet it was 31.1 °C. For this case the 

agreement between measurement and modeling results was excellent. For the second test 

case the predicted temperature was 56.2 °C and the measured was 59.6 °C, after the first 

package. At the outlet the predicted temperature was 30.1 °C and the measured was 33.8 °C, 

after the second package.  

 

Figure 12. Axial gas temperature distribution calculated and compared with experimental 

measurement from the development plant for two cases. 

 

Figure 13 shows the water temperature on the shell side and the model agrees well with 

measurements between the tube packages and at the water outlet in the bottom of the 

condenser. The predicted temperatures are 81.2 °C and 97.0 °C and the corresponding 

measured temperatures are 82.5 °C and 94.2 °C for the two different cases. The results 

indicate that the pilot plant counter current condenser is sub-optimal since more than 80% of 

the cooling is done in the lower tube package.  
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Figure 13. Axial cooling water temperature distribution calculated and compared with 

experimental measurement from the development plant for two cases. 

 

Figure 14 shows a comparison between the model and measurements of gas temperature 

between the tube packages for seven different cases. The results show good agreement with 

an average error of around 2% and that only one prediction deviated by more than 5%.  

 

Figure 14. Comparison of gas temperature predicted by the CFD model with experimental 

data from the DP1 counter-current condenser measured between the two tube packages. The 

two dashed lines indicate plus and minus 5% discrepancy between measurements and 

prediction.  
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6. Cyclone gasification of solid biomass 
 

In Sweden 40% of the district heating comes from combined heat and power plants [3]. The 

amount of biofuels, waste and peat used for district heating has increased from around 8 

TWh 1990 to around 42 TWh in 2011 [3]. Almost all of the large scale district heating 

possible sites has been developed, but still there are many possibilities for small scale 

combined heat and power plants in Sweden [36].  One possible technology for small scale 

combined heat and power is entrained flow cyclone gasification of biomass together with a 

gas engine to produce electricity. In the cyclone gasification process the gasification takes 

place in a cyclone shaped reactor. This type of gasifier is operating in non-slagging mode 

since the reactor temperature is lower than the ash melting temperature. Because of this the 

gasifier has the potential to work with ash rich fuels since the ash is separated in the bottom 

and the product gas flows out in the top of the gasifier. Cyclone gasification of biomass has 

been studied before by several authors. For example Cousins and Robinson [37] performed 

cyclone gasification of sawdust with the aim to produce a gas that can be used in old oil- 

and gas- fired boilers. They found that the cyclone gasifier works well with sawdust and 

was simple to operate and could respond quickly to changes in gas demand. Also several 

studies have been conducted at Luleå University of Technology in connection to the use of a 

cyclone gasifier connected to a gas turbine to produce electricity [38-41], both under 

atmospheric and pressurized conditions. The main conclusion from these works was that the 

particle load in the untreated product gas was higher than the recommended value for gas 

turbines. Most of this work was experimental but also a computational fluid dynamics 

simulation was conducted by Fredriksson [39] who used an equilibrium based approach to 

simulate the gasification process to predict CO2, CO, H2O and H2 in the product gas. 

Recently several studies of cyclone gasification have been conducted at Harbin Institute of 

Technology where both wood [42] and rice husk [43] has been gasified in a cyclone gasifier 

with a rated power of 120 kWth. They also studied air staging in the cyclone gasifier to 

increase the gasification efficiency and carbon conversion [44]. Gau et al [45] also 

performed numerical simulation of the Harbin gasifier using the commercial CFD code 

Fluent and implementing models of biomass pyrolysis, oxidation and reduction.  

In Piteå, at Energy Technology Center (ETC), Meva Energy AB together with ETC have 

constructed a 500 kWth pilot cyclone gasifier with the aim to use the product gas in a gas 

engine to produce electricity and heat. The flow diagram of the cyclone gasifier pilot plant 

is presented in Figure 15. Before the different fuels were gasified, a hammer mill was used 

to crush the fuel to a suitable size (typically with a characteristic dimension around 0.5 mm) 

and to transport the fuel to a hopper (1). From the hopper the fuel was transported to the 

gasifier with an auger screw (2) followed by an air ejector (3) that pneumatically carried the 

fuel into the gasifier. The fuel was then gasified in the cyclone shaped gasifier (4) and the 

char and ash was separated in the bottom of the gasifier (5). The product gas left the cyclone 

gasifier in the top and was cooled to about 300-400 °C with an air to gas heat exchanger (6). 
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The gas was then cleaned with a multi-cyclone (7), bio-scrubber (9) and a wet electrostatic 

precipitator (10). After this the gas is clean and it has been showed in paper D that the 

cleaning system removes > 99.9 wt% of the particulate matter that is smaller than 1 µm. The 

cleaned gas can then be used in a piston engine (12) or can be flared (13). Meva Energy AB 

has also together with Piteå Energy constructed a 4.4 MWth entrained flow cyclone gasifier 

in Hortlax for combined heat and power production with a similar system for cleaning the 

gas. 

 

Figure 15. Schematic drawing of cyclone gasification pilot plant 

 

Since an entrained flow gasifier has a short residence time it is of importance to have 

particles with a sufficiently small particle size distribution to allow them to be completely 

converted before they leave the gasifier. Therefore solid biomasses must be ground to a fine 

size before they can be used in an entrained flow gasifier. In entrained flow biomass 

gasification of coal the particle size is around 100 µm. For biomass the particles can be 

larger since biomass is more reactive than coal [25]. But still it is necessary to have small 

particles that are around 500 µm to get good carbon conversion [25]. For particle sizes less 

than 5 mm grinding mills or hammer mills are used [46]. One part of this thesis was to test 

if there are any limitations on the fuels that can be used in air-blown cyclone gasification. 

To be able to use the different fuels that were studied the fuels particle size was reduced by 

a hammer mill (Mafa EU-4B). The studied fuels were regular stemwood, rice husk, bark, 

torrefied spruce and peat and their selection was based on a wish to have a wide spread in 

fuel properties and ash content. In Figure 16 the particle size distributions are presented for 

the considered fuels. The particle size distribution was similar for all the fuels except for 

peat that has a much higher amount of fine particles compared to the other fuels. Torrefied 

spruce also has a smaller average particle size than regular stemwood, which is one of the 
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advantages with torrefaction. Torrefection is thermal treatment of the fuel at 200-300 °C 

[47]. Torrefied materials are said to have some advantages like lower power consumption 

during milling, less moisture absorption and higher volumetric energy density [7]. 

 

Figure 16. Particle size distribution for the different fuels tested in the cyclone gasifier.  

 

6.1 Influence from different fuel types on gasifiers 

performance 
 

Since the cost of the biomass fuel is one important factor that influences the operation cost 

of a gasifier it is an advantage to be able to utilise different types of biomass fuels. For 

example in Sweden the average price for regular stemwood pellet fuel has increased by 84% 

between 2000 and 2011 [48]. Cyclone gasifiers have been shown to tolerate a wide range of 

fuels like regular stemwood [39,45], rice husk [49], sugar cane residue [40,41] and reed 

canary grass [38]. 

The focus in paper D was to assess the fuel flexibility of a 500 kWth pilot cyclone gasifier 

with the aim to use the gas in a gas engine in a combined heat and power plant. Here 

follows a description of the experiment followed by a summary of the results. During the 

experiments five different fuels (stem wood, peat, rice husk, bark and torrefied spruce) was 

tested. In Table 2 the fuel properties are presented. The fuels tested were chosen so they 

have a wide variation in fuel properties and also based on their availability to be used in 

small scale combined heat and power production. For example the ash content was between 

0.3 wt% (Torrefied) to 19.3 wt% (Rice husk) and the volatile amount was between 66.0 

wt% (Rice husk) to 83.9 wt% (Wood). In the selected fuel peat is not classed as a biomass, 
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but in Sweden peat is an interesting fuel that is available at low cost [50]. Bark was chosen 

since about 2 million m
3
 [51] of bark, as a residue from the saw mills, is sold and supplied 

to heating plants in Sweden today. Torrefied biomass was also studied since it is of great 

interest as a fuel in the energy sector as a replacement of fossil fuels, mainly because the 

advantage mentioned before under fuel preparation. Finally rice husk was the last 

considered fuel since in Asia large quantities of rice husk are available for use in combined 

heat and power plants [52]. All the fuels were gasified at an equivalence ratio (ER) of 0.27, 

except for torrefied where it was 0.2 and wood powder that was gasified at both 0.2 and 

0.27. The equivalence ratio is defined as: 

   
 ̇   

 ̇     
       (9) 

where  ̇   and  ̇      is the mass flow of air and the mass flow of air at stoichiometric 

combustion, respectively. The fuel load was 400 kW for all fuels. 

Table 2. Ultimate-, proximate analysis and lower heating value of the different fuels 

 Torrefied Peat Rice husk Bark Wood 

Ultimate analysis (wt% dry ash free) 

C 54.9 56.9 49.2 53.1 50.6 

H 6.0 6.0 6.1 6.0 6.2 

O 38.7 34.1 43.9 40.5 42.9 

N 0.1 2.6 0.4 0.4 0.1 

S N.D. 0.3 0.0 0.0 0.0 

Proximate analysis (wt% dry) 

Volatiles 77.9 67.9 66.0 70.7 83.9 

Fixed C 21.8 26.1 14.7 26.3 15.5 

Ash 0.3 6.0 19.3 3.0 0.6 

LHV(MJ/kg dry) 20.7 19.6 14.9 18.7 19.1 

 

Table 3 shows the measured gas composition and lower heating value for the different fuels 

during the fuel tests. The highest lower heating value (LHV) was obtained for torrefied 

spruce 5.75 MJ/Nm
3
. The LHV for wood was slightly lower (5.5 MJ/Nm

3
) at the same 

equivalence ratio (0.2). At the higher equivalence ratio the produced gas for the different 

fuels has a LHV from 4.09 to 4.84 MJ/Nm
3
. 
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Table 3. Gas composition for the different fuels and heating value of the gas after the gas 

cleaning equipment 

 CO2 (mole%) CO (mole%) H2 (mole%) CH4 (mole%) LHV 

(MJ/Nm
3
) 

Torrefied (ER=0.2) 10.8 20.1 9.2 3.3 5.75 

Peat (ER=0.27) 12.0 15.7 10.5 1.5 4.09 

Rice husk (ER=0.27) 14.1 15.1 6.8 2.7 4.54 

Bark (ER=0.27) 12.9 16.9 6.6 2.7 4.84 

Wood (ER=0.2) 12.6 18.9 7.7 3.3 5.50 

Wood (ER=0.27) 12.1 16.0 8.5 2.2 4.57 

 

Table 4 shows the characteristics of the residues (char+ash) collected in the char bin during 

the gasification tests as wt% of the fuel input to the gasifier. The highest amount of residues 

was for rice husk where 22.6 wt% of the fuel ended up in the char bin. For the torrefied and 

wood case the amount was much lower with 4.6 wt% for both cases at an equivalence ratio 

of 0.2. The lowest amount of residues in the char bin was obtained with wood gasification 

(2.5 wt%) at an equivalence ratio of 0.27. The amount of unconverted char that ended up in 

the char bin was highest for bark (14.1 wt%), while it was lowest for wood (2.3 wt%). The 

high amount of char for bark is probably due to a high amount of fixed carbon in fuel, 

which needs to be converted by heterogeneous reactions that are slow. The carbon 

conversion was between 70% and 95%, with the lowest for bark and highest for wood 

(ER=0.27). Torrefied spruce has the same carbon conversion as wood (91 wt%) at the same 

equivalence ratio. Since torrefied spruce has a smaller average particle size (see Figure 16) 

it is expected to have a higher carbon conversion then wood. However the torrefied fuel has 

a higher amount of fixed carbon which takes longer time to convert. Therefore it is a 

possibility that these two effects will cancel each other resulting in similar overall carbon 

conversion. The low carbon conversion for bark is probably a combination of the high 

amount of large particles together with high amount of fixed carbon in the fuel. Peat has 

smaller average particle size compared to bark with almost the same amount of fixed 

carbon. This can be an explanation for the higher carbon conversion for peat than for bark. 

Rice husk has a lower carbon conversion than wood and is probably a result of the larger 

average particle size for rice husk. The cold gas efficiency was highest (52%) for regular 

stemwood at an equivalence ratio of 0.27. For the other fuels at this equivalence ratio the 

cold gas efficiency was between 43-44%. Torrefied spruce has lower cold gas efficiency 

compared to regular stemwood at the same equivalence ratio. 
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Table 4. Char + ash yield, Char yield, Ash yield, Carbon Conversion and Cold Gas 

Efficiency for the different fuels tested. 

 

Char+ash yield 

(wt%) 

Char yield 

(wt%) 

Ash yield 

(wt%) 

Carbon 

Conversion 

(wt%) 

Cold Gas 

Efficiency 

(%) 

Torrefied (ER=0.2) 4.6 4.3 0.3 91 47 

Peat (ER=0.27) 10.1 6.3 3.8 85 43 

Rice husk (ER=0.27) 22.6 7.3 15.3 79 44 

Bark (ER=0.27) 20.4 14.1 6.3 70 43 

Wood (ER=0.2) 4.6 4.2 0.4 91 49 

Wood (ER=0.27) 2.5 2.3 0.2 95 52 

 

6.2 Cyclone gasification modeling 
 

Since the cost to build or modify gasifiers is very high it is of interest to have tools that can 

be used for designing gasifiers in a computer. Therefore a numerical model of the cyclone 

gasification process has been developed and compared against experiment in a 500 kWth 

cyclone gasifier with wood powder as fuel in Paper E. Also, the model has been compared 

to measurements in a 4.4 MWth gasifer to assess the capability of the model to predict scale-

up effects when cyclone gasifiers are increased in both power and size in Paper F. Below 

follows a description of some of the sub-models that are used in the model, followed by an 

assessment of the accuracy of the model predictions of the gas composition for the two 

considered gasifiers. The model is described in detail in Paper E.  

To simulate gasification of biomass powder different sub-models are needed for the 

different conversion steps. The different steps are drying, devolatilization, homogeneous gas 

phase reactions and heterogeneous reactions with the char.  

For drying a simple heat balance between the heat transfer to the particle and the latent heat 

of vaporization needed to evaporate the water was used. Since the particle is both heated 

fast and the moisture content is relatively low this was assumed to be a correct way to 

simulate the drying stage without need for detailed modeling of the drying step.  

After the drying the particle starts to devolatilize and volatiles gases are released. For this 

step the problem is both to calculate how fast the particle devolatilizes and the gas species 

that are released during the devolatilization. In this work the devolatilization rate was 

calculated according to experimentally determined rate by Wagenaar et al [53]. Since the 

devolatilization is a complex process that generates many different gas species it is 

necessary to have an empirical model to determine the gas species released. Therefore, a 

model by Neves et al [54] was used to determine the gases released during devolatilization. 

This model is based on empirical relationships derived from collected literature data on 

pyrolysis characteristics. The model then gives the composition of the volatiles released 
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(H2O, CO2, CO, H2, CH4, C2H4, tar) based on fuel composition and the devolatilization 

peak temperature. The devolatilization peak temperature for the current work was 

determined by an iterative process where the developed CFD model was used repeatedly 

with different assumed peak temperatures until the predicted peak temperature agreed with 

the value that was used in the pyrolysis sub model. 

During gasification also homogenous gas phase reactions occur between the different gas 

species. In a cyclone gasifier with its complex three-dimensional turbulent flow it would be 

very demanding computationally to use a detailed chemical kinetics mechanism with 

several hundred steps for the reactions in the gas phase. Therefore only a limited amount of 

global reactions are used in this work based on those Gao et al [45] used for simulating a 

100 kWth cyclone gasifier. To calculate the reaction rate a combined finite-rate/eddy 

dissipation model was used. This model calculates both the kinetic reaction rate (see Paper 

E) and the reaction rate according to turbulence mixing by the Eddy Dissipation Model [55] 

and uses the minimum of the two. The combined finite-rate/eddy-dissipation model is a 

commonly used method to calculate reaction rates in entrained flow gasification of both 

coal gasification [56,57] and biomass gasification [45,58,59]. The main reason is that it is 

computationally cheap and that it is less numerically stiff compared to other methods like 

for example the Eddy Dissipation Concept. 

In the last step, heterogeneous reactions with the char particles, the reaction rate for the 

considered reactions needs to be calculated. The reaction rate used in the model was based 

on experimentally determined reaction rates by Hamati et al [60], Jense et al [61] and Risnes 

et al [62].  

Figure 17 show both predicted and measured gas composition for the 500 kWth pilot cyclone 

gasifier with increasing equivalence ratio. It can be seen that the overall agreement between 

the experiment and prediction is good. CO and CO2 are predicted well, while H2 is over-

predicted at lower equivalence ratio. Methane was under-predicted for all the considered 

cases with increasing under-prediction with decreasing equivalence ratio. 
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Figure 17. Measured (empty) and predicted gas (filled with line) composition of the product 

gas in a 500 kWth cyclone gasifier. 

 

The results presented in Figure 18 shows the measured and predicted gas composition for a 

4.4 MWth cyclone gasifier. The gasifier was run at an equivalence ratio of 0.281 and 0.365 

for case 1 and 2, respectively. The fuel load was 3600 kWth for case 1 and 3200 kWth for 

case 2. It can be seen that the model predicts the gas composition well overall. However, at 

the detailed level the model over-predicts the CO2 content and under-predicts the methane 

content in the product gas. At the lower equivalence ratio the H2 was over-predicted. This 

was also seen in the simulation of the 500 kWth cyclone gasifier. At the higher equivalence 

ratio the hydrogen content was predicted with good accuracy which also was seen for the 

smaller gasifier. 
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Figure 18. Measured and predicted gas composition of the product gas in a 4.4 MWth 

cyclone gasifier. 

 

Overall the model predictions of the main gas components are good for both the 500 kWth 

and 4.4 MWth gasifier but the CH4 was under predicted for both gasifiers. One reason for the 

discrepancies with CH4 can be the simplified treatment of tar and higher hydrocarbons in 

the model. By improving the way tar is treated it is expected that the methane content can be 

more accurately predicted. Also, there is a potential for improvement of the pyrolysis gas 

composition released during the devolatilization. 
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7. Conclusions 
 

In this thesis different aspects of entrained flow gasification have been studied both 

experimentally and numerically. The objective has been to develop a scientific foundation 

for entrained flow gasification of biomass but also to develop numerical models that can be 

used in design and scale-up of entrained flow gasification processes. 

Spray visualization of the atomisation process of both black liquor and syrup/water mixture 

was conducted with high speed photography. The results showed that both black liquor and 

syrup/water mixture breakup and atomisation forms ligament shaped droplets. Also the size 

and shape was similar between black liquor and syrup/water mixture. At elevated ambient 

pressure the spray appear to contract into a more dense cloud of droplets. Based on the 

results it can be concluded that a syrup/water mixture can be used instead of black liquor in 

experimental development of burner nozzles for black liquor gasification. Increased 

preheating of the black liquor gives a significant decrease in the methane content in the gas, 

where one explanation can be the increased atomisation with increased preheating. 

A model of the counter current condenser used in a 3 MWth entrained flow black liquor 

gasification plant was developed. The model is able to predict the temperature of both the 

gas and cooling water in the condenser and the results are in excellent agreement with 

limited experimental data collected in the gasification plant. Most of the temperature 

decrease was in the lower part of the condenser indicating that design of the condenser in 

the pilot plant was not optimal for the considered flow.  

Five different fuels were tested in a 500 kWth cyclone gasifier to assess the fuel flexibility of 

the gasifier. The main conclusion from the fuel tests in the cyclone gasifier was that the 

gasifier is robust and works well with a wide range of fuels. It was also found that fuels with 

high amount of volatiles compared to fixed carbon are preferred to get a high carbon 

conversion and cold gas efficiency.  

Finally a model of the cyclone gasification process was developed. The model shows good 

overall agreement with experimental measurements of the gas composition at different 

equivalence ratios in a 500 kWth gasifier. When the model was used to simulate a 4.4 MWth 

gasifier the agreement with experimental measurement from that gasifier was also good 

indicating that the model is suitable for engineering design of gasifiers with rated power up 

to at least 4.4 MWth. On the detailed level there are some discrepancies and it would be of 

interest to improve the sub models involving CH4 and tars. 
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8. Future work 
 

The spray visualization was performed with only one nozzle which was far from optimal for 

the purpose of black liquor gasification so it is of interest to do visualization with different 

nozzles. Also, it would be of interest to develop a quantitative measurement of the spray 

from the high speed videos. This can probably be done with image analysis. 

The condenser model should be extended with a boiling model on the water side to be able 

to use it for predicting steam production that is necessary in a full scale plant. Since the 

model has only been compared with a limited amount of experimental data the model 

should be compared with more experimental data to be able to fully assess the model.  

Both during the fuel test and modeling of the cyclone gasifier it has been seen that the 

particle size is an important factor that affects the gasification process. Experiments in the 

gasifier with different particle size distributions with the same fuel could give valuable 

information about the optimal particle size. 

In the current model of the cyclone gasifier the wall was treated as a perfectly smooth wall 

which leads to an unrealistically low particle dispersion in the near wall region. In future 

development of the model, the roughness of the wall should be included both for the gas 

phase and the particle phase. Also bigger irregularities in the geometry, e.g. the hole for the 

start-up oil burner, should be included in the model. For the particle phase this is very 

important to be able to judge the particle separation. Since both methane and ethane was 

under-predicted the model should be improved with a more comprehensive model for the tar 

and higher hydrocarbons to improve the predictively of the model. Also, it is of interest to 

add heat conduction through the refractory lining instead of a fixed temperature at the wall. 

This would make it possible to do engineering design without having to do assumptions 

about the temperature profile on the wall. Other things that are of interest are to measure the 

gas temperature at different positions inside the reactor to validate if the temperature 

distribution predicted by the model is right. 
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Pressurized entrained flow high-temperature black liquor gasification (PEHT-BLG) is a novel technique to recover
the inorganic chemicals and available energy in black liquor originating from kraft pulping. One of the key parts
in the PEHT-BLG process is the spray atomizer where the viscous black liquor is disintegrated into a spray of
fine droplets into the hot gasifier. In this study a high-speedphotography system was used in order to visualize the
spray formation of black liquor and syrup/water mixtures atelevated ambient pressures based on a conventional
coaxially convergent gas-assisted atomizer. The main conclusion is that the breakup and atomization of black
liquor by a gas-assisted atomizer is similar to that of a syrup/water mixture with similar physical properties. The
observed difference in sphericity between black liquor andsyrup/water may be explained by rapid cooling of the
black liquor by the cool nitrogen gas at the nozzle exit, resulting in a sudden decrease in viscosity and possible
skinning of the black liquor. Furthermore, it was found thatan increased ambient pressure appeared to contract
the spray to a more dense cloud of droplets compared to the corresponding atmospheric case.

INTRODUCTION

In chemical kraft pulping, black liquor is formed as
a byproduct in a digesting process where the cellu-
losic fibers are separated from the lignin in small
wood chips to form pulp. Black liquor mainly
consists of equal parts of water, inorganic digest-
ing chemicals, and organic substances. A novel
technique to recover the inorganic chemicals and
available energy in black liquor is pressurized en-
trained flow high temperature black liquor gasifi-
cation (PEHT-BLG). Compared to today’s conven-
tional recovery boiler technique, PEHT-BLG can
increase the total energy efficiency of the mill’s
recovery cycle and produce a synthesis gas for

production of high value added end products, e.g.,
methanol or dimethylether [1]. One of the key parts
in the PEHT-BLG process is the spray atomizer
where the viscous black liquor is disintegrated into
a spray of fine droplets into the hot gasifier. In
order to fully understand and optimize the control
of the process, it is of interest to visualize and
characterize the resulting spray.

Loebker and Empie [2] used a syrup/water mix-
ture in order to try to mimic the atomization of
black liquor in a vee-jet nozzle by effervescent at-
omization. Most of the visualization work on black
liquor sprays has been made for different kinds
of splash plate nozzles used in the conventional
recovery boiler process but not applicable to the
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NOMENCLATURE

Ag fluid flow exit section area for gas (m2) Ul liquid velocity (m/s1)
A fluid flow exit section area for liquid (m2) We aerodynamic Weber number
dl liquid nozzle diameter (m) Greek Symbols
ln/min gas flow rate per minute at 1 atm and 0◦C µg gas dynamic viscosity (Pa)
m mass flux ratio µl liquid dynamic viscosity (Pa)
M momentum flux ratio ρg gas density (kg/m3)
Oh Ohnesorge number ρl liquid density (kg/m3)
Ug gas velocity (m/s1) σ interfacial surface tension (N/m)

current process. However, Mackrory and Baxter
[3] made a study of gas-assisted atomization of
black liquor at relatively low momentum flux ratios
where they show that black liquor mainly forms
long stretched ligaments instead of droplets.

This study was performed in order to comple-
ment earlier work by using higher momentum flux
ratios, elevated ambient pressures, and higher liq-
uid flow rates, and also to investigate the possibil-
ity to qualitatively mimic the gas-assisted atomiza-
tion process of black liquor by using syrup/water
mixtures. The main reason for comparing atomiza-
tion of black liquor with syrup/water mixtures is
that testing and improving the nozzle performance
for atomization of black liquor would be more safe
and easily performed if a simpler and nontoxic
synthetic fluid could be used. The work was based
on a conventional coaxially convergent gas-assisted
atomizer where a high-speed photography system
was used to visualize the spray formations.

METHOD

The experimental setup used in the current work
mainly consisted of a pressurized spray test rig
and a high-speed photography system suitable for
spray visualizations. For the spray generation, a
conventional coaxially convergent gas-assisted at-
omizer was used for atomization of water, black
liquor, and two syrup/water mixtures. The details
of the performed experiments are described in the
different sections below.

Spray Test Rig

The pressurized spray test rig consists of a vertical
pressure vessel with a diameter of 0.5 m and a
total height of 5.6 m [4]. The vessel is designed
for a maximum pressure of 15 bar (g) and has
four optical access ports with a diameter of 0.25 m
located 0.7 m below the top end of the vessel.
The window glasses mounted in the optical access
ports are made out of quartz glass with quality
SILUX and with a thickness of 0.055 m. At the
top of the vessel a vertical spray lance is mounted
having the atomizer connected at the lower end
(inside the vessel) and the feeding streams of gas
and liquid connected at the upper end (outside the
vessel). The spray lance can easily be traversed
in the vertical direction in order to change the
vertical position of the atomizer. To avoid droplets
ending up on the optical access windows, a purging
system consisting of nearly radial directed funnels
with an opening diameter of 0.1 m connected with
a supply of nitrogen gas was mounted on the inside
of the window glasses (see Fig. 1). Basically, a
flow of nitrogen is introduced in the cavity formed
by the funnel surrounding the inside of the window
glass, which creates an outward gas flow away
from the window that prevents spray droplets to
end up on the window. The purging gas velocity in
the funnels was low compared to the axial spray
velocity and was not considered to affect the center
core of the spray where the imaging equipment
was focused.
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Fig. 1 Schematic top-view figure showing the lighting heads (1), camera (2), and the placement of the optical access
windows with the window purging system (3)

The pressure inside the vessel was controlled by
the flow rate of atomization gas and a valve at the
evacuation outlet to the open atmosphere. Nitrogen
at about 17◦C delivered from a large reservoir tank
was used as the atomization gas. The flow rate of
nitrogen was controlled by a mass flow controller
from Brooks (instrument 5853S) able to control
the gas flow rate within 0–2500 lpm (1 atm and
0◦C).

The black liquor was fed to the atomizer by a
specially designed delivery system [5] consisting
of a storage barrel (200 liters) that was heated to
100◦C by a 2 kW heater, a 7 kW peak heater
where the temperature was increased to maximum
120◦C, and an eccentric screw pump followed by
a lobe pump in series. The liquid flow rate was
measured by an inductive flow meter from Elis
Plzen (FLONET FR 2014). Note that in the cases
where water or syrup/water mixtures were used,
the heaters were bypassed and the liquids were fed
directly to the pump connection. The spray test
rig including the nitrogen and black liquor delivery
systems are schematically presented in Fig. 2.

Visualization Technique

In order to enable visualizations of the atomization
process in the performed experiments, a digital
high-speed camera from Redlake (Motionpro X3+)
was used. The camera is able to take pictures with
a resolution up to 1280 × 1024 pixels at a frame
rate of 2000 frames per sec and with a global
shutter time down to 1 µs. Two different lens
setups were used, a 55 mm Micronikkor lens for
case 1B (see below) and a 110 zoom lens together
with a 450 mm closeup lens for the other cases.
For case 1B the resolution was set to 800 × 240
pixels and for the other cases the resolution was
1280 × 1024 pixels. For the purpose of intensive
backlighting, two Dedocool tungsten light heads
(COOLH) were used. In Fig. 2 the placement of
the camera and lighting heads together with a
schematic top view of the placement of the optical
access windows are presented.

To measure the size of droplets the scale of
the images was determined by taking pictures of
a ruler placed straight beneath the atomizer. This
procedure also served the need of focusing the
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Fig. 2 Schematic view of the experimental setup showing spray test rig, camera, lighting, and nitrogen and black
liquor delivery and heating systems

camera in the geometrical center region of the
atomizer. Furthermore, the mean velocity of the
droplets was calculated based on a sequence of 10
images where droplets were identified and tracked.

Atomizer

The atomizer used in this study was a conventional
coaxially convergent gas-assisted atomizer where
the liquid is fed in a central jet stream and the
gas is introduced in a surrounding annular jet. The
nozzle was manufactured with high precision by
a commercial metal hardware manufacturer. The
schematics of the atomizer can be seen in Fig. 3.
The annular gas contraction ratio (ratio of entrance
to exit area of the contraction) in this case is 16.5.

Fluid Properties

Physical properties of black liquor, such as dry
solids content, viscosity, density, and surface ten-
sion, are difficult to obtain, as they are functions
of both the liquor composition and the process
conditions. However, these properties are very im-
portant for understanding the atomization process
of black liquor. Dry solids content is the mass
of a dried liquor sample as a percentage of the
original sample mass. This property is one of the
most significant factors to determine other proper-
ties. Density is an important property for the flow

characteristics. The density will increase as the dry
solids content is raised and decrease as the tem-
perature is increased [6]. The surface tension of
black liquor is dependent on the liquor composi-
tion, dry solids content, temperature [6], and the

Fig. 3 Schematics of the considered coaxial gas-
assisted atomizer. The liquid flows in the center and the
gas in the surrounding annulus
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time after surface formation. For example, surface
tension generally decreases as the temperature in-
creases and decreases with time after the surface
is formed [7]. The viscosity depends on a number
of factors but is most affected by the dry solids
content and temperature. By increasing the temper-
ature the viscosity will decrease, but at higher dry
solids contents the viscosity will increase [8]. At
high dry solids content, black liquor can exhibit
non-Newtonian behavior, generally shear-thinning
[9]. In the current determination of the black liquor
viscosity, however, this effect was not considered.
In practice for high-shear-rate nozzles, this non-
Newtonian behavior can increase the expected de-
gree of secondary atomization due to a lowering of
the liquid viscosity at high shear rates and result in
a decrease in final droplet sizes in the atomization
process.

The viscosity of black liquor in this work was
calculated based on the work by Soderhjälm [7]
and was not specifically measured in the individual
experimental runs. This viscosity model is based
on black liquor originating from a paper mill that
uses only hardwood. In this work the black liquor
was taken from a mill that uses a combination of
70% hardwood and 30% softwood. Mixed black
liquor with both hardwood and softwood will de-
crease the viscosity slightly compared to black
liquor from a mill that only uses hardwood [8].
Since the current study is qualitative, this effect
was not considered in the estimation of the vis-
cosity. In this work black liquor was used with a
dry solids content of 75.2 wt % with a viscosity
of 500 mPa at 105◦C temperature and with a dry
solids content of 70.2 wt % with a viscosity of
150 mPa at a temperature of 115◦C. The density of
the black liquor was estimated to be 1350 kg/m3

(based on a standard analysis of the origin black
liquor) for the black liquor samples used in this
study.

Two different syrup/water mixtures at 20◦C were
used. The first mixture had 72.4 wt % syrup (vis-
cosity of 500 mPa and density of 1356 kg/m3)
and the second mixture had 66.82 wt % syrup
(viscosity 150 mPa and density 1321 kg/m3). The
mixtures were mixed according to measurements
of the Newtonian viscosity and density of the
sucrose based syrup/water mixtures made by En-

gström and Marklund [10] in order to obtain the
desired viscosity.

Experimental Runs

The results presented in this paper were obtained
by using the setup described above. Images of the
center of the spray were taken 0.2 m below the
atomizer at a frame rate of 2000 frames per sec
and with a global shutter time of 6 µs. In total,
11 different cases were considered in this study
and are presented in Table 1 together with the
following dimensionless flow parameters:

• momentum flux ratio, M = ρgU
2
g /ρlU

2

l

• mass flux ratio, m = ρlUlAl/ρgUgAg

• liquid Reynolds number, Rel = ρlUldl/µl

• gaseous Reynolds number, Reg = ρgUgdg/µg

• Ohnesorge number, Oh = µl/(ρlσdl)
1/2

• aerodynamic Weber number, We = ρgU
2
g dl/σ

One case was run with water (case 1W) as a
reference and five different conditions for black
liquor and syrup/water mixtures. All cases used
in the present study give an aerodynamic Weber
number in the order of 104, indicating fiber type
atomization according to Lasheras and Hopfinger
[11].

RESULTS

In this section the results from the experimental
runs (see above) are presented in the form of snap
images of the disintegrated liquid 0.2 m below the
atomizer. First, the visualization of the water spray
is presented. Then, comparisons between the re-
sulting sprays of black liquor and the syrup/water
mixtures at different operational conditions are pre-
sented.

Water

In Fig. 4 an image of the resulting spray of pure
water (case 1W) from the considered nozzle is
presented. It can be seen that the atomization
in this case consists of spherical droplets with
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Table 1 Experimental Data for the Considered Cases. W, BL, and S/W Indicate Water, Black Liquor, and
Syrup/Water Mixture, Respectively

Case
Parameter Unit 1W 1B 1S 2B 2S 3B 3S 4B 4S
Absolute pressure bar 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Liquid – W BL S/W BL S/W BL S/W BL S/W
Dry solid content wt % 0 75.2 – 70.2 – 70.2 – 70.2 –
Liquid flow rate ln/min 4.9 4.9 4.9 4.9 4.9 4.9 4.9 7.3 7.3
Liquid temperature ◦C 20 105 20 115 20 115 20 115 20
Liquid viscosity mPa 1 500 500 150 150 150 150 150 150
N2 flow rate ln/min 735 735 735 735 735 441 441 1652 1652
N2 temperature ◦C 17 17 17 17 17 17 17 17 17
M – 90 100 100 100 102 60 61 100 103
m – 5.33 7.21 7.24 7.21 7.05 12.55 12.28 4.78 4.67
Rel – 11500 31 31 104 102 104 102 155 152
103 Reg – 463 463 463 463 463 266 266 1040 1040
10−2 Oh – 0.13 64 52 19 16 19 16 19 16
103 We – 28 40 27 40 28 22 15 90 63

Fig. 4 Resulting water spray formation 0.2 m below
the nozzle for case 1W

a typical diameter of the order of 102
µm. The

maximum diameter is found to be around 3 mm.
The observed mean velocity for the droplets in the
spray is about 26 m/s.

High Viscosity

In Fig. 5 spray images for black liquor (case 1B)
and syrup/water (case 1S) at low liquid flow rate,
high viscosity (500 mPa), and high momentum flux
ratio are presented. The difference in illuminated
area between the images is due to the different
lens configurations used for these two cases (see
the Visualization technique section above). Note
that both the black liquor and syrup/water mixture
form stretched ligaments and few spherical shaped
droplets. The maximum length of the ligaments
was up to about 12 mm in both cases. The mean
velocity was calculated at 26 m/s for the black
liquor (case 1B) and 25 m/s for the syrup/water
(case 1S).

Low Viscosity

Figure 6 shows the typical shapes of the re-
sulting ligaments and droplets for black liquor
(case 2B) and syrup/water (case 2S) at low liq-
uid flow rate, low viscosity (150 mPa), and high
momentum flux ratio. Note that the flow rates
and momentum flux ratio were equal to the pre-
vious cases above (cases 1B and 1S). However,
when the viscosity is decreased, the sizes of lig-
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Fig. 5 Liquid breakup 0.2 m below the nozzle for case 1B with black liquor (left) and for case 1S with syrup/water
(right)

Fig. 6 Liquid breakup 0.2 m below the nozzle for case 2B with black liquor (left) and for case 2S with syrup/water
(right)

aments and droplets decrease in both of the cur-
rent cases. The maximum size of the ligaments
is observed to be around 8 mm for both black
liquor and the syrup/water mixture. Furthermore,
it can be seen that the syrup/water mixture ap-
pears to generate more spherical-shaped droplets
than the black liquor. The mean velocity was
calculated at 25 m/s in both case 2B and case
2S.

Low Momentum Flux Ratio

The ligament and droplet shapes for black liquor
(case 3B) and syrup/water (case 3S) at low liquid
flow rate, low viscosity (150 mPa), and low mo-
mentum flux ratio are presented in Fig. 7. The ni-
trogen gas flow and hence the momentum flux ratio
were decreased compared to the previous cases.
The maximum ligament length increased to about
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Fig. 7 Liquid breakup 0.2 m below the nozzle for case 3B with black liquor (left) and for case 3S with syrup/water
(right)

16 mm for black liquor (case 3B) and to about
10 mm for syrup/water (case 3S) compared to the
previous cases (cases 2B and 2S) with the same
viscosity but higher momentum flux ratio. Further-
more, the shape of the droplets for syrup/water
was observed to be more spherical than for black
liquor. The mean velocities for the black liquor
and the syrup/water were 12 and 13 m/s, respec-
tively.

High Liquid Flow Rate and Elevated
Pressure

In Fig. 8 the resulting spray formation of black
liquor at high liquid flow rate is presented at atmo-
spheric pressure (case 4B) and at 10 bar absolute
pressure (case 5B). Compared to case 1B with the
same viscosity and momentum flux ratio as in the
atmospheric case (case 4B), it can be seen that

Fig. 8 Black liquor spray formation 0.2 m below the nozzle for case 4B at atmospheric pressure (left) and for case
5B at 10 bar absolute pressure (right)
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the ligaments are shorter and the droplets smaller,
but still nonspherical. Upon increasing the ambient
pressure to 10 bar (case 5B), the black liquor forms
nonspherical droplets of the same size as in the
atmospheric case 4B but with almost no ligaments.
It was also observed that it was more difficult to il-
luminate the spray when the ambient pressure was
increased. The mean velocities were calculated to
be 42 and 25 m/s at atmospheric pressure (case 4B)
and elevated pressure (case 5B), respectively.

The resulting syrup/water spray formation at
high liquid flow rate is presented in Fig. 9 at
both atmospheric pressure (case 4S) and 10 bar
absolute pressure (case 5S). In the atmospheric
case, case 4S, some of the droplets are in the form
of spherical droplets and some are in the form of
ligaments. Compared to the earlier case with the
same viscosity and momentum flux ratio (case 2S),
the typical droplet size is smaller and the ligament
shorter when the flow rates are increased. In the
pressurized case 5S fewer ligament-shaped droplets
are observed compared to the atmospheric case
4S. The mean velocities for the atmospheric and
pressurized cases were 42 and 25 m/s, respectively.

DISCUSSION

In general, the results showed that the atom-
ization of water with the considered atomizer

forms spherical-shaped droplets. Compared to wa-
ter, black liquor forms nonspherical and stretched
ligament-shaped droplets with the same atomizer
and similar operational conditions. Formation of
ligament shaped droplets from gas-assisted atom-
ization of black liquor at low momentum flux
ratios (M ≈ 3) was earlier shown by Markrory
and Baxter [3]. However, since a different nozzle
and different operational conditions were used in
the current study, the size of the formed ligament
differs.

Comparison between black liquor and
syrup/water mixture at high viscosity shows that
the shapes and sizes of the droplets are similar.
Compared to water the size of the droplets for the
high-viscosity cases is much larger for black liquor
and syrup/water. The velocities of the droplets are
approximately equal for the water, black liquor,
and syrup/water cases under the same operational
conditions, since the density is nearly the same for
the different liquids.

For the cases where the viscosity was decreased,
the droplet sizes decreased both for black liquor
and syrup/water. For the cases at lower viscos-
ity the syrup/water appears to form more spheri-
cal shaped droplets compared to the black liquor.
An explanation of the nonspherical-shaped black
liquor droplets can be found in the cooling of
the black liquor by the nitrogen gas at the nozzle

Fig. 9 Syrup/water spray formation 0.2 m below the nozzle for case 4S at atmospheric pressure (left) and for case
5S at 10 bar absolute pressure (right)
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exit, resulting in a sudden increase in viscosity
and possible skinning of the black liquor, which
also affects the surface tension and, hence, the at-
omization. The syrup/water is not affected by this
cooling, since the temperature of the syrup/water
mixture is about the same as for the nitrogen gas.

For the cases with lower momentum flux ratio
the size of the droplets increases. The reason is
that a lower flow rate of nitrogen gas results in a
lower amount of atomization energy available for
the breakup of the liquid. As found for the other
cases discussed above, the droplet shapes for the
syrup/water case are more spherical than for black
liquor.

For the cases with the same flow rates of liquor
and nitrogen gas, the velocity of the droplets is
almost equal for the three different liquors (water,
black liquor, and syrup/water mixture). This can be
explained by the densities being almost the same
for the three different liquors used in this study.

At elevated pressures the atomization behavior
of black liquor and syrup/water changes. An in-
creased ambient pressure appears to contract the
spray to a dense cloud of droplets compared to
the corresponding atmospheric case. As a conse-
quence, it was more difficult to illuminate the spray
when the pressure was increased. A reason why
the spray appears to be denser at elevated pressure
may be a change in the recirculation pattern and
entrainment of droplets inside the vessel. An in-
crease in ambient gas density due to pressurization
will enhance entrainment of droplet and hence re-
sult in more droplets being recirculated to the top
of the vessel. Furthermore, the increase in ambient
pressure results in lower droplet velocities, which
also will enhance the entrainment of recirculated
droplets.

CONCLUSIONS

Spray visualizations of gas-assisted atomization of
water, black liquor, and syrup/water mixtures were
performed in different operational conditions using
high-speed photography. The qualitative character-
izations of the resulting sprays were performed by
observing the shapes of ligaments and droplets in
individual images and calculations of the droplet
velocities based on a series of sequential images.

The conclusion from this study is that the break-
up and atomization of black liquor is similar to
that of a syrup/water mixture with similar physical
properties. The observed difference in sphericity
between black liquor and syrup/water may be ex-
plained by the cooling of the black liquor by
the nitrogen gas at the nozzle exit, resulting in
a sudden increase in viscosity and possible skin-
ning of the black liquor. However, for qualita-
tive characterizations of different nozzles in dif-
ferent operational conditions, syrup/water mixtures
can be used as a synthetic substitute for black
liquor. For more quantitative characterizations of
the syrup/water sprays, the notable differences in
drop sizes compared to black liquor should be
verified and quantified before correlations for size
based on results obtained from syrup/water mix-
tures are determined.

From a more quantitative point of view it was
found that the size of the ligament-shaped droplets
increased with increased viscosity and that the
droplet sizes increased with decreased momentum
flux ratio. At elevated pressures the atomization of
black liquor and syrup/water changed behavior. An
increased ambient pressure appeared to contract the
spray to a more dense cloud of droplets compared
to the corresponding atmospheric case.

Based on the results of this work, the develop-
ment of black liquor gasification can be enhanced,
since the testing of burner spray nozzles can be
performed on simple syrup/water mixtures instead
of black liquor.
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Black liquor gasification is a new process for re-
covery of energy and chemicals in black liquor from
the Kraft pulping process. The process can be com-
bined with catalytic conversion of syngas into motor
fuels. The potential for motor fuel production from
black liquor in Sweden is to replace about 25% of the
current consumption of gasoline and diesel. For Fin-
land the figure is even higher while for Canada it is
about 14% and for the USA about 2%. � 2009 Ameri-
can Institute of Chemical Engineers Environ Prog, 28: 316–
323, 2009
Keywords: black liquor gasification, syngas, par-

ticles, alkali salts, refractory oxides

The large interest in the new process in Sweden
has made it possible to build a 3 MW or 20 tons per
day of black liquor gasifier, based on the Chemrec
technology. It has been run more than 10,000 h since
2005.

In this article, recent results obtained by spatially
resolved measurements of the gas composition in the
DP-1 gasifier with a water cooled quench probe are
presented. The measurements have been done under
various process conditions that enable conclusions
about the general process characteristics.

In addition to the spatially resolved measurements,
detailed experiments with high-speed photography of

black liquor sprays have been carried out. The results
from these experiments make it possible to explain
the effect of black liquor preheat temperature on the
gasifier performance.

Finally, the particle content in cooled syngas has
been measured with a particle sizing impactor. The
particle content is extremely low (0.1 mg/Nm3) and
the major constituents in the particles were found to
be O, Na, Si, S, Cl, K, and Ca.

From the experimental results, it is concluded that
the most significant process parameters for the syngas
composition are the system pressure, the black liquor
preheat temperature, the fuel-to-oxygen mass flow
ratio, and the flow rate of black liquor.

INTRODUCTION

Chemrec AB:s technology for pressurized black
liquor gasification together with a catalytic process
for synthetic motor fuel production, fully commercial-
ized has a potential to globally produce green motor
fuels equivalent to over 45 billion L/year of gasoline
[1]. Black liquor is a by-product of the chemical kraft
pulping process, and it consists of roughly 30% water,
30% inorganic cooking chemicals (valuable for the
pulp mill), and 40% lignin and other organic substan-
ces separated from the wood during chemical pulp-
ing in a digester. To obtain proof of the concept, a
development gasifier (DP-1) with a capacity of gasifi-
cation of 20 ton dry solid of black liquor/24 h was
commissioned in 2005 in Piteå, Sweden.� 2009 American Institute of Chemical Engineers
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A supporting research program funded by a con-
sortium of public and private organizations (see
acknowledgements) is conducted with the aim to
solve scientific problems that are perceived as slow-
ing down the commercialization of the process. A
large part of the research program is aimed at using
the development plant for systematic experiments
that provide input to the modeling activities in the
program. The goal with the modeling activities is to
develop models that can be used for scale up of the
gasification process to commercial size and that can
be used for trouble shooting.

The experimental part of the research program
also provides detailed information about the amounts
of impurities that can be used for sizing the gas
cleaning unit in commercial processes based on black
liquor gasification.

In this article, a summary of the results from recent
experiments in the DP-1 are presented. The results
include the concentration of main components in the
syngas, trace elements, and particles. In addition,
some results are shown from burner experiments
showing the effect of varying black liquor preheat
temperature.

EXPERIMENTAL PROCEDURES

The Gasifier
The main part of the black liquor gasifier is shown

in Figure 1 [2]. The gasifier consists of a refractory
lined oxygen blown entrained-flow gasification reac-
tor, with a gas assisted burner that produces small
black liquor droplets by atomization followed by a
direct quench. In the gasifier, pressurized (30 bar)
high temperature (�10008C) gasification takes place,
mainly through reactions with oxygen, steam, and
carbon dioxide producing a syngas and a liquid smelt
containing mainly Na2CO3 and Na2S.

Beneath the reactor is a quench cooler where the
syngas and the smelt are separated. The syngas
passes through a counter current condenser (CCC)
that cools the syngas. Water vapor and tar species, if
there are any, will condense in the CCC. The heat
recovered from the gas is used to generate low/me-
dium pressure steam that can be used in the pulp
and paper process. A typical composition of the syn-
gas after the CCC is 34% CO2, 29% CO, 34% H2, 1.5%
CH4, and 1.5% H2S.

Black Liquor Composition
Black liquor consists of roughly 30% water, 30%

inorganic cooking chemicals, and 40% lignin and
other organic substances separated from the wood
during chemical pulping in a digester. A typical ele-
mental composition of dry black liquor is shown in
Table 1.

Compared to other biomass [3] the black liquor
consists of significantly more inorganic elements
(cooking chemicals) especially, Na, S, and K. The
black liquor also consists of mineral impurities (e.g.
Si and Ca) from the pulp wood. However, the con-
centration of these elements is significantly lower
than the concentration of the cooking chemicals. The
concentration of Cl is also significantly higher com-
pared to other woody biomass because of the accu-
mulation of Cl in the pulping process. Unfortunately,
the concentration of Ni, Br, F, and I are not analyzed
in the standard black liquor chemical analysis
because the concentration of these elements has
been regarded to be of no importance for the
pulping process.

Gas Sampling and Particle Measurements
A small part of the raw cooled synthesis gas was

taken from the purified and cooled syngas and ana-
lyzed [4, 5]. The same sampling point was used for
particle sampling and gas sampling. In five different

Figure 1. Schematic drawing of the black liquor gasifier.
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experiments, the syngas was sent to a 13-stage Dek-
ati-type low-pressure impactor (LPI) that size-classi-
fies particles according to their aerodynamic diameter
in the range of 0.03–10 lm. Thin aluminum films
(standard aluminum foil) were used as substrates in
the impactor. Selected impactor substrates with de-
posited particles were analyzed by scanning electron
microscopy (SEM) and energy dispersive X-ray spec-
troscopy (EDS).

Gas sampling bags were used to collect gas sam-
ples from the DP-1 plant that were analyzed by gas
chromatography (GC). A system of two GC CP-3800
(Varian Inc.) was used. Hydrocarbons were analyzed
with a FID detector, COS by a PFPD detector. CO,
CO2, N2, O2, H2, CH4, and H2S were analyzed by
TCD detectors.

The method used to analyze the concentration
of trace components (Fe, K, Li, Na, Ni, NH3, HCl,
HBr, HI, HCN, and HF) in gas phase in the syngas
after the gas cooler is based on wet chemistry anal-
ysis of different absorption solutions through which
synthesis gas was bubbled during three sampling
periods [5]. Upstream the absorption solutions an
absolute filter was used to separate particles from
the syngas.

Several gas samples were taken from the hot part
of the DP-1 gasification reactor using a high tempera-
ture gas sampling system. In short, the system con-
sists of four parts: a water cooled gas sampling
probe, a water cooling system, nitrogen purge sys-
tem, and a pressure vessel sampling system. The high
temperature gas sampling system fulfils ATEX and SIL
class 2 directives, and it is therefore complex with
several back-up valves and monitoring systems
(Figure 2). A pressure vessel was filled with reactor
syngas and later on filled into sampling bags and an-
alyzed according to the method described earlier.
The high temperature gas sampling system is
described in more detail by Wiinikka et al. [6].

The experimental campaigns that took place in
May 2008 and October 2008 were focused on four
operating conditions: reactor pressure, reactor tem-
perature, residence time, and spray burner perform-
ance (level of atomization). The operating conditions
were varied systematically around designed base
cases by changing process parameters: pressure, oxy-
gen equivalence ratio, black liquor flow rate-pressure
ratio (BLP), black liquor temperature, and oxygen
temperature. In this work, the influence of black liq-
uor temperature on gas composition from the Octo-
ber campaign is presented. In an ongoing work [7],
the influence of process parameters on gas composi-
tion will be described and discussed in greater detail.
The preheat temperature of the black liquor was var-
ied systematically around normal operating condi-
tions that corresponds to an oxygen equivalence ratio
of 0.41 and 27 bar of pressure. The black liquor pre-
heat temperature was varied from 115 to 1508C. The
normal preheat temperature is 1408C. In this tempera-
ture range a significant viscosity decrease is expected
[8] as well as a decrease in surface tension [9]. The
extra heat input by the increased black liquor tem-
perature from 115 to 1508C was calculated to about
30 kW, which corresponds to approximately one-
third of the wall heat loss of the DP-1 gasification
reactor.

Pressurised Atomization Experiments with Black
Liquor

One of the key parts in the BLG process is the
spray atomizer where the viscous black liquor is dis-
integrated into a spray of fine droplets into the hot
gasifier. To fully understand and optimize the control
of the process, it is of interest to visualize and charac-
terize the resulting spray. This part of the current
work, done by Risberg and Marklund [10], was per-
formed to complement earlier black liquor spray
characterization work [11–13] using high momentum
flux ratios and elevated ambient pressures at high
liquid flow rates.

The experimental setup used in this study
mainly consisted of a pressurized spray test rig and a
high-speed photography system suitable for spray
visualizations. See Refs. [13] and [10] for further
details concerning the experimental setup. For the
spray generation, a conventional coaxial convergent
gas-assisted atomizer was used for atomization of
black liquor and syrup/water mixtures (Figure 3).

The physical properties and operational conditions
for the presented cases in the results later are sum-
marized in Table 2. See Ref. [10] for further details
concerning the experiments.

RESULTS

Influence on Black Liquor Spray Characteristics
from Black Liquor Preheating Temperature
and Ambient Pressure

In this section, the results from the experimental
runs presented in Table 2 are presented in the form

Table 1. Chemical composition of black liquor.

Moisture (wt % as received) 27.9
C (wt % dry) 32.5
Na (wt % dry) 20.4
S (wt % dry) 5.9
H (wt % dry) 3.4
K (wt % dry) 2.16
Cl (wt % dry) 0.14
N (wt % dry) 0.08
Si (mg/kg dry) 89
Mg (mg/kg dry) 83
Ca (mg/kg dry) 78
Mn (mg/kg dry) 40
Fe (mg/kg dry) 19
Al (mg/kg dry) 12
Ni n.a.
Br n.a.
F n.a.
I n.a.
Lower heating value (MJ/kg dry) 12.00

n.a, not analyzed.
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of instantaneous images of the disintegrated liquid
0.2 m below the atomizer.

Figure 4 shows the typical shapes of the resulting
ligaments and droplets for black liquor in Case 1B at
moderate liquid flow rate, high viscosity (500 mPas),
and high momentum flux ratio (M). The maximum
size of the ligaments was observed to be around 12
mm, and the mean velocity was calculated to be 26
m/s.

Figure 5 shows the resulting ligaments and drop-
lets for black liquor in Case 2B at moderate liquid
flow rate, low viscosity (150 mPas), and high momen-
tum flux ratio (M). The maximum size of the liga-
ments was here observed to be around 8 mm, and
the mean velocity was calculated to be 25 m/s.

In Figure 6, the resulting spray formation of black
liquor at high liquid flow rate is presented at atmos-
pheric pressure (Case 4B) and at 10 bar absolute
pressure (Case 5B). Note that, when the ambient

Figure 3. Schematics of the coaxial gas-assisted atom-
izer. The liquid flows in the center and the gas in the
surrounding annulus.

Table 2. Experimental data for the considered cases
in this article.

Parameter

Case

1B 2B 4B 5B

Absolute pressure (bar) 1.0 1.0 1.0 10.0
Liquid BL BL BL BL
Dry solid content (% wt) 75.2 70.2 70.2 70.2
Liquid flow rate (ln/min) 4.9 4.9 7.3 7.3
Liquid temperature (8C) 105 115 115 115
Liquid viscosity (mPas) 500 150 150 150
N2 flow rate (ln/min) 735 735 1652 1652
N2 temperature (8C) 17 17 17 17
M 100 100 100 36
m 7.21 7.21 4.78 4.78
Rel 31 104 155 155
103 Reg 463 463 1040 1040
1022 Oh 64 19 19 19
103 We 40 40 90 32

BL and S/W stands for black liquor and syrup/water
mixture, respectively.

Figure 2. Schematic drawing of the high temperature gas sampling system.

Environmental Progress & Sustainable Energy (Vol.28, No.3) DOI 10.1002/ep October 2009 319



pressure is elevated to 10 bar the black liquor forms
nonspherical droplets but almost no stretched liga-
ments. Furthermore, it was more difficult to illumi-
nate the spray when the ambient pressure was
increased. The mean velocities were calculated to be
42 m/s and 25 m/s at atmospheric pressure (Case 4B)
and elevated pressure (Case 5B), respectively.

Influence on Gas Composition from Black
Liquor Preheating Temperature

The syngas was sampled in two different positions,
the first in the hot reactor as described above and the

second immediately after the gas cooler where the
syngas temperature has decreased to about 408C.
Both samples were first transferred to a clean Tedlar
gas sample bag and then analyzed off-line with the
same GC. In Figures 7 and 8, the effect on gas com-
position from three different black liquor preheat
temperatures can be seen. In Figure 7, the bulk gas
(CO2, H2, and CO) components are showed with a
black liquor preheat temperature of 115, 140, and
1508C, respectively.

In Figure 8, the molar fractions of CH4, H2S, and
COS are shown, notice that COS is in ppm.

Figure 4. Black liquor breakup 0.2 m below the noz-
zle for Case 1B.

Figure 5. Black liquor breakup 0.2 m below the noz-
zle for Case 2B.

Figure 6. Black liquor spray formation 0.2 m below the nozzle for Case 4B at atmospheric pressure (left) and
for Case 5B at 10 bar absolute pressure (right).
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Trace Elements and Particles in the Syngas
The impactor measurements had to be carried out

for a very long time (4–8 h) because the concentra-
tion of particulate matter in the cooled synthesis gas
was very low. The concentration of particulate matter
in the five different samples varied from 0.02 to 0.10
mg/Nm3. The particle size distribution shows no
distinct log-normal distribution that is common for
combustion particles, see Figure 9.

Impactor plates from the five experiments were
analyzed by SEM-EDS analysis to determine the
particle morphology and composition. Note that a
thorough evaluation of the analysis results will be
reported elsewhere, in which XRD, ICP, and STEM
measurements are included [4]. The composition in
the larger particles deposited on e.g. Plate 10–13
differed significantly from the smaller particles depos-
ited on Plate 2–8 (see Figure 10). The large particles
contained S, Fe, and Ni while smaller particles con-
tain Na, Si, S, Cl, K, and Ca. The larger particles were

probably formed by sulfur-induced corrosion of the
stainless steel pipes downstream the black liquor gas-
ifier. The smaller particles were probably formed
when hot inorganic vapor compounds condensed in
the quench of the gasifier.

Table 3 shows the average trace element concen-
tration (kg/kg) in the raw cooled synthesis gas. For
nonsignificant trace elements (Fe, K, Li, Na, Ni, Br, I,
CN, and F), the gas concentration is calculated from
the concentration in the absorption solution of the
blank solution for the elements together with the
average syngas volume under the experiments. Only
for NH4-N and Cl were significant amounts detected
in the experiments. The average concentration of
NH4-N was 89.5 ppb and 1297 ppb for Cl.

DISCUSSION

Influence on Black Liquor Spray Characteristics
from Black Liquor Preheating Temperature
and Ambient Pressure

When the black liquor viscosity was decreased, the
ligament and droplet sizes decreased as expected. An
explanation for the large fractions of nonspherical
shaped black liquor droplets can be found in the
cooling of the black liquor by the nitrogen gas at the
nozzle exit resulting in a sudden increase in viscosity
and possible skinning of the black liquor which
also affects the surface tension and, hence, the
atomization.

For the cases with lower momentum flux ratio the
size of the droplets increases. The reason is that a
lower flow rate of nitrogen gas results in a lower
amount of atomization energy available for the
breakup of the black liquor.

At elevated pressures the atomization behavior of
black liquor changes. An increased ambient pressure
appears to contract the spray to a dense cloud of
droplets compared to the corresponding atmospheric
case. As a consequence, it was more difficult to illu-
minate the spray when the ambient pressure was
increased. A reason why the spray appears to be

Figure 7. Dry gas composition (molar) for the bulk
gases (CO2, H2, and CO) when investigating the influ-
ence of black liquor temperature, gas samples taken
with the high temperature gas sampling system.

Figure 8. Dry gas composition for CH4, H2S, and COS
(ppm) from the DP-1 gasification reactor gas samples
taken with the high temperature gas sampling system
when investigating the influence of black liquor tem-
perature.

Figure 9. The particle mass size distribution and the
particle concentration in the syngas.
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denser at elevated pressure may be a change in the
recirculation pattern and entrainment of droplets
inside the vessel. An increase in ambient gas density
due to pressurization will enhance entrainment of
droplets and hence result in more droplets being
recirculated to the top of the vessel. Furthermore, the
increase in ambient pressure results in lower droplet
velocities, which also will enhance the entrainment of
recirculated droplets.

Trace Elements and Particles in the Syngas
The low concentrations of metals that were found

in the synthesis gas can be explained by the fact that
these elements have a low saturated vapor pressure
(except possible Ni and Fe carbonyls). Hence, should
a particular metallic element vaporize in the gasifier
flame, then due to the low saturation vapor pressure
the metal will quickly recondense on any nuclei that
are present when the temperature goes down in the
quench or the gas cooler. As mentioned earlier, a fil-
ter was installed to separate particles from the gas
phase and these components were probably sepa-
rated from the gas flow by the filter. The concentra-
tions of Cl and NH4-N in the synthesis gas are higher
which indicates that these elements are in the gas
phase. A part of the Cl and the N is probably bound
as HCl, NH3, or NH4Cl which have a significant vapor

pressure and is therefore expected to be found in the
synthesis gas after the absolute filter. Furthermore, Cl
can also be bound in a particle phase as alkali chlor-
ides (NaCl and KCl) [4].

The low concentration of the halogens (Br, I, and
F) in the synthesis gas may indicate that the concen-
tration of these elements in the black liquor is very
low. Possibly, Br, I, and F in the synthesis gas could
also be bound in a particle phase with the alkali met-
als, Na and K in a similar manner as for Cl. However,
this appears not to be the case since no significant
amounts of Br, I, and F were detected in synthesis
gas particles [4].

The concentration of trace components can affect
the life time of the catalyst. The measured amounts
will therefore be a valuable input to the reactor de-
signer for the design of the gas cleaning needed
downstream of the reactor before the catalytic pro-
cess.

Influence on Gas Composition from Black
Liquor Preheating Temperature

For the bulk gas components CO2, H2, and CO, it
is believed that the change in concentration is caused
by the increased thermal input to the gasifier (rougly
30 kW) which results in a temperature increase in the
reactor.

As shown by Risberg and Marklund [10] increasing
the black liquor preheating temperature will result in
smaller droplet size distributions from gas assisted
spray nozzles. Smaller droplets will be subjected to
higher heating rates in the gasifier which in turn can
alter the composition of the volatile species released
during pyrolysis. Sricharoenchaikul et al. [14] showed
that higher temperature promotes semi-volatile spe-
cies at short residence time. It was also discovered
that the semi-volatile species decreased rapidly with
increased residence time. Assuming that CH4 can be
used as an indicator for heavier hydrocarbons it
seems likely that, increased black liquor preheat tem-
perature promotes the conversion of hydrocarbons
into CO and H2.

A similar line of thought can be used to explain
the reduction of H2S with elevated black liquor pre-
heating temperature. The higher heating rate will pro-

Figure 10. Particles from plate 5 (a) and from plate (10) of sample 18 March 2008.

Table 3. Concentration of trace elements in the
synthesis gas in ppb (kg/kg).

Element Average gas concentration

Fe <1.8
K <1.8
Li <0.02
Na <17.4
Ni <0.05
NH4-N 89.5
Cl 1297
Br <1.0
I <4.6
CN total <0.5
F <2.6
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mote that sulfur will be bound as Na2S and Na2SO4

in the droplet dictated by thermodynamic equilib-
rium, instead of being released as H2S and COS.

CONCLUSIONS

The following conclusions could be drawn from
this work:
• An increase in the black liquor temperature and
momentum flux ratio results in decreased ligament
and droplet size.

• An increase in ambient pressure results in a con-
traction of the black liquor spray to a dense cloud
of droplets compared to the corresponding atmos-
pheric case.

• A high temperature gas sampling system has been
designed, constructed, and tested with convincing
results.

• When changing the black liquor preheat tempera-
ture in the DP-1 gasifier a significant change in
CH4 can be seen.

• The major syngas trace elements are NH4-N, Cl,
and S (bound as H2S and COS).
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5. Öhrman, O., Häggström, C., Wiinikka, H.,
Hedlund, J., & Gebart, R. Methanol synthesis via
black liquor gasification. I. Synthesis gas impur-
ities, Manuscript in preparation.

6. Wiinikka, H., Carlsson, P., Granberg, F., Löfström,
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� A multi-phase model for a condenser used for syngas cooling has been developed.
� Predictions of the model are compared with results from experimental measurement.
� The model results are in good agreement with limited experimental data.
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a b s t r a c t

Pressurized Entrained flow High Temperature Black Liquor Gasification is a novel technique to recover
the inorganic chemicals and available energy in black liquor originating from kraft pulping. The gasifier
has a direct quench that quickly cools the raw syngas when it leaves the hot reactor by spraying the gas
with a water solution. As a result, the raw syngas becomes saturated with steam. Typically the gasifier
operates at 30 bar which corresponds to a dew point of about 235 �C and a steam concentration in the
saturated syngas that is about 3 times higher than the total concentration of the other species in the
syngas. After the quench cooler the syngas is passed through a counter-current condenser where the raw
syngas is cooled and most of the steam is condensed. The condenser consists of several vertical tubes
where reflux condensation occurs inside the tubes due to water cooling of the tubes on the shell-side. A
large part of the condensation takes place inside the tubes on the wall and results in a counterflow of
water driven by gravity through the counter current condenser. In this study a computational fluid
dynamics model is developed for the two-phase fluid flow on the tube-side of the condenser and for the
single phase flow of the shell-side. The two-phase flow was treated using an EulereEuler formulation
with closure correlations for heat flux, condensation rate and pressure drop inside the tubes. The single-
phase model for the shell side uses closure correlations for the heat flux and pressure drop. Predictions of
the model are compared with results from experimental measurements in a condenser used in a 3 MW
Black Liquor Gasification development plant. The results are in good agreement with the limited
experimental data that has been collected in the experimental gasifier. However, more validation data is
necessary before a definite conclusion can be drawn about the predictive capability of the code.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In chemical kraft pulping, black liquor is formed as a by-product
in a digesting process where the cellulosic fibers in small wood
chips are separated from the lignin to form pulp. Black liquor
consists of about 30%wt water, 30%wt inorganic digesting chem-
icals and 40%wt organic substances. A novel technique to recover

the inorganic chemicals and available energy in black liquor is
Pressurized Entrained flow High Temperature Black Liquor Gasifi-
cation (PEHT-BLG). Compared to the conventional recovery boiler
technique, PEHT-BLG can increase the total energy efficiency of the
mill’s recovery cycle and produce a synthesis gas for production of
high value added end products, e.g. methanol or dimethylether [1].
The main parts of the PEHT-BLG recovery unit is (see Fig. 1); an
entrained-flow gasification reactor, a quench cooler and a counter
current condenser (CCC). In the reactor the black liquor is gasified at
about 1000 �C and a synthesis gas is produced together with a
liquid smelt. After the reactor the synthesis gas and the smelt is
rapidly cooled by water sprays in the quench cooler. In the quench

* Corresponding author. Tel.: þ46 702163075.
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the smelt is dissolved in water and the synthesis gas is going to the
CCC. The CCC cools the synthesis gas and condenses water vapor.
The heat recovered from the gas in the CCC of a commercial plant is
used to generate low/medium pressure steam.

One of the key parts in the PEHT-BLG process is the counter-
current condenser where the synthesis gas is cooled and the wa-
ter is condensed in vertical tubes. Two distinct flow domains exist
in the CCC, the tube side and the shell side. The shell-side fluid is
water which cools the tubes on the outside. The tube-side fluid is a
mixture of steam, liquid water, and synthesis gas.

There are several mechanisms of heat and mass transfer in the
CCC. On both the tube-side and the shell side a complicated heat
and mass transfer process with phase change and counter-current
flow of water takes place. The heat and mass transfer mechanism
on the tube-side is affected by the condensed water flowing
downward and also by the high amount of non-condensable gases
(synthesis gas) inside the tubes. On the shell side only liquid water
and steam are present but the heat and mass transfer is still very
complicated.

Counter-current condensation of flowing vapor and non-
condensable gases counter-current to the liquid film has previ-
ously been investigated experimentally e.g. in connection to
nuclear power by Moon et al. [2], Vierow et al. [3], Al-Shammeri
et al. [4] and Lee et al. [5]. Several empirical correlations for pre-
diction of counter-current condensation have been proposed by
Moon et al. [2], Lee et al. [5], and Nagae et al. [6]. Also condensation
inside the tubes of the gas cooler that is the subject of the present
paper has been simulated by Johansson and Westerlund in Ref. [7]
where they use a polynomial fitted curve to describe the heat
transfer coefficient and conclude that the heat transfer coefficient is
an important factor in condenser modeling.

The current work implements the empirical correlation pro-
posed by Nagae et al. [6] in a continuum model, where the gas is
considered flowing in a porous medium. An advantage with the
new combined model is that the whole system, including plenum
chambers and other parts of the flowgeometry, can be optimized at
once. The empirical correlation proposed by Nagae et al. depends
mainly on the condensate film Reynolds number, steamegas
mixture Reynolds number, partial pressure of steam and non-
condensable gases and finally the gas and liquid density.

The objective with this work was to develop a design tool for
counter current condensers by implementing the above correlation
in a computational fluid dynamics code and to partially validate the
model to partially validate the model by comparing the results with
experiments on a counter-current condenser in a 3 MW Black Li-
quor Gasification plant. It is concluded by Bhutta et al. [8] that
computational fluid dynamics simulation are an effective tool for

predicting behavior and performance of different types of heat
exchangers. Since a condenser are a type of heat exchanger
computational fluid dynamics simulation are an appropriate tool
for designing condensers.

2. Method

In this section the mathematical model and the pilot plant is
described together with a description of two different operational
conditions for the counter-current condenser. The geometry of the
CCC is schematically illustrated in Fig. 2.

2.1. Experimental details

The experimental set-up consists of a counter current condenser
(see Fig. 2) that is connected to a 3 MW black liquor gasifier. The
details of the gasifier are described in Ref. [9]. The lower part of the
condenser consists of a tube package with 189 tubes with a length
of 2.4 m and the upper part consists of a package with 101 tubes
with a length of 4.5 m. The space outside the tubes is closed by end
plates at both ends of each tube package. The outer diameter of
each tube is 20 mm and the inner diameter is 18 mm. The gas flow
is going vertically upward inside the tubes and the cooling water is
flowing in the opposite direction outside the tubes (see Fig. 2). In an
industrial CCC the cooling flow rate is adjusted to maximize the
production of steam at a useful pressure. However, in the experi-
ment the coolant flow rate was always so high that no steam was
formed on the shell side.

Two experimental measurements were carried out, one at an
intermediate load and one at a high load condition. The Reynolds
number for the gas flow inside the pipes varied between 4000 and
9000 for the cases in this study, which is in the range that Nagea
et al. [6] used in their study. The gas temperature is about 5 �C
higher and the gas flow rate is about 20% higher in the high load
case. The boundary conditions for the two cases are presented in
Table 1. The gas compositionwas measured using a Varian CP-3800
gas chromatograph to get the CO, CO2, H2, CH4, H2S and N2 mass
fractions. The H2O content was calculated by assuming that the gas
is at saturated conditions at the inlet of the CCCwhich is likely since
the gas is cooled from about 1050 �C to about 200 �C by spraying
with water in the quench. The temperatures were measured with
PT100 elements at the inlet, at mid-height between the tube
packages and at the outlet both for gas and cooling water flow. The
gas mass flow rate was measured with an orifice meter (MF-OD
DN40) and the cooling water mass flow rate was measured with an
ultrasonic flow meter (UFS3000F/XT).

Fig. 1. Schematic drawing of the black liquor gasifier [9].

Fig. 2. Schematic drawing of the counter-current condenser (left), computational
domain (middle) and of the counter-current condensation flow in one tube (right).
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2.2. Numerical model

The detailed geometry of the CCC is very complicated with
hundreds of tubes and a computational meshwould have to be very
large in order to resolve all details and the turbulent boundary
layers. Even if it was possible to resolve all details, the problem
remains to define a proper mathematical model of the very
complicated multi-phase and turbulent flow with both condensa-
tion and evaporation.

The approach adopted is in the present model instead to use a
volume average and porosity to represent the effect of the solids on
the multi-phase fluid flow similar to the approach described by Sha
et al. [10] analyzing shell and tube heat exchangers in liquid metal
service and Hu & Zhang [11] modeling condensation outside hori-
zontal tubes. Also Zeng et al. [12] used a similar porous medium
approach successfully to analyze new tube arrangement for a
condenser in a 300 MW power plant.

Themulti-phase flow is modeled using the EulereEuler method.
The interaction of the flow with the solids is represented with
source terms in the continuum equations. Closure relations for the
source terms are obtained from experimental correlations, thus
eliminating the need for complicated theoretical closure relations.

The two-phase flow inside the tubes was treated using an
EulereEuler formulation with closure correlations for heat flux,
condensation rate and pressure drop inside the tubes. For the shell
side a single-phase model with a closure correlation for the heat
flux was used since the experiments were done without boiling on
the shell side. The two flow domains were coupled via heat transfer
through the tube walls. The different closure correlations were
implemented in the governing equations of the fluid flow as source
or sink terms. Both the tube- and shell-side were modeled using a
porous medium concept to account for the distributed solids in the
flow domain. The model is implemented through user-defined
subroutines in the commercial CFD code Ansys CFX 13.0.

The simulations were performed in a simplified computational
domain (see Fig. 2) represented by a structured mesh consisting of
10,064 nodes. The geometry consists of an axisymmetric 5� wedge
of the condenser around the vertical axis to reduce the model
computational demand compared to a full 3D mesh with an inlet
plenumwith a pipe connected to the side. A separate computation
with a full 3D mesh was done to test the validity of the assumed
rotational symmetry of the flow in the upper part of the condenser
and it was found that the maximum flow rate deviation between

individual tubes was less than 3%. The discretization error was
estimated with Richardson extrapolation [13] based on two finer
meshes (20,130 and 40,324 nodes). The resulting relative dis-
cretization error was 0.2% for the gas temperature in the plenum
between the two tube packages. The iterative error in each
nonlinear iteration was estimated to less than 0.1% since the
convergence criterion was that the norm of the residuals must be
reduced at least 3 orders of magnitude [13].

2.3. Governing equations

The governing equations for the different phases can be
expressed as following:

Continuity equation

v

vt
ðbmrmÞ þ V$ðbmrmUmÞ ¼ SMSm (1)

where m is the phase, either l for liquid or g for gas phase, b is the
volume fraction of each phase, r is the density, U is velocity and SMS

is a mass source term. For cooling waterside the flow is only one
phase and thereforem is denoted cw for the shell sidemodel for the
continuity, momentum and energy equation,

Momentum equation

v

vt
ðbmrmUmÞ þ V$ðbmðrmUm5UmÞÞ
¼ �bmVrm þ V$sm þ SMm þ UmSMSm (2)

sm ¼
�
bmmem

�
VUm þ ðVUmÞT � 2

3
dV$Um

��
(3)

where sm is the stress tensor, mem is the effective viscosity and SM is a
momentum source term either from the second phase or from
distributed flow resistance that is unresolved by the mesh. In the
above equation the turbulenteviscosity hypothesis is assumed. The
effective viscosity is:

mem ¼ mm þ mtm (4)

where mm is themolecular viscosity andmtm is the turbulent viscosity.
In thiswork a two equation turbulencemodel keεwas used. The keε
model assumes that the turbulence viscosity is calculated as:

mtm ¼ Cmr
k2

ε

(5)

where Cm is a model constant, k is the turbulence kinetic energy and
ε is the turbulence dissipation rate, where k and ε is calculated by
solutions of its transports equations.

Energy equation

v

vt
�
bmrmhm;tot

� � bm
vp
vt
þ V$

�
bmrmUmhm;tot

�
¼ V$ðbmlemVTmÞ þ bmV$ðUm$smÞ þ SEm þ Um*SMm

þ hm;totSMSm (6)

where hm,tot is total enthalpy, sm is the stress tensor, lem is the
effective thermal conductivity and SEm is an energy source term.
The source term is in this case a contribution from the second phase
and distributed heat sources or heat sinks.

Table 1
Boundary conditions for the CCC and measured temperatures inside the CCC.

Case1 Case2 Unit

Variable
Gas inlet mass flow rate 0.33 0.40 kg/s
Water inlet mass flow rate 2.06 2.11 kg/s
Inlet gas temperature 191.7 196.3 �C
Inlet water temperature 29.3 29.8 �C
Operating pressure 27 27 Bar
Measured temperatures
Gas between tube packages 61.0 59.6 �C
Gas after tube packages 31.1 33.8 �C
Cooling water between tube packages 30.8 31.4 �C
Cooling water after tube packages 82.5 94.2 �C
Composition
CO 18.3 13.8 %wt
CO2 28.0 26.1 %wt
H2 1.36 1.1 %wt
H2O 42 50.4 %wt
CH4 0.07 0.2 %wt
H2S 1.87 1.6 %wt
N2 8.4 6.8 %wt
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Mass fraction equation

v

vt

�
bgrgYH2Og

�
þ V$

�
bg

�
rgUgYH2Og � rgDH2Oeg

�
VYH2Og

���
¼ SH2Og

(7)

YNCg ¼ 1� YH2Og (8)

where YH2Og , is themass fractionof steam in the gasphase, YNCg is the
mass fraction of the non-condensable gases in the gas phase,DH2Og is
the effective kinematic diffusivity including turbulent diffusion and
SH2Og is a multicomponent mass source. For the shell side this
equation is not solved since the fluid only has one component there.

Gas and liquid volume fraction

By definition, the summation of the volumetric porosity bts, btube
and bss is equal to one, where bcw is the volumetric porosity for the
tube side, btube the volume fraction for the tube walls and bss is the
shell side volumetric porosity. The volumetric porosity bts depends
on the inner tube diameter di, number of tubes Ntubes and diameter
of the condenser dcondenser that is,

bts ¼ 1; for non� tube bundles area

bts ¼
p

�
di
2

�2

Ntubes

p

�
dcondenser

2

�2; for tube bundles area
(9)

The summation of volume fraction for gas bg and liquid bl inside
the tubes is equal to the volumetric porosity,

bg þ bl ¼ bts (10)

For the shell side the porosity bss depends on the outer diameter
of the tubes and the number of tubes.

bss ¼ 0; for non� tube bundles area

bss ¼ 1�
p

�
do
2

�2

Ntubes

p

�
dcondenser

2

�2; for tube bundles area
(11)

The volume fraction for the cooling water bcw is equal to the
porosity on the shell side,

bcw ¼ bss (12)

2.4. Correlations for the different sink and source terms

2.4.1. Energy sink term for the tube side
If the gas temperature is above the saturation temperature heat

is taken away from the gas by a heat source term in the energy
equation:

SEg ¼ � _q ¼ �Tg � Tcw
R0

A
V

(13)

where Tg is the gas temperature, Tcw is the cooling water temper-
ature, R0 is the overall thermal resistance, A is the average heat
transfer area of a control volume inside the tube package and V is
the average volume of a control volume inside the tube package.
The overall thermal resistance is defined below.

2.4.2. Mass source term for the tube side
If the gas temperature is below the saturation temperature the

water vapor condenses. The condensation rate, _m, is the mass
condensate rate per unit volume, which is due to the heat transfer
between the vapor and cooling water. It can be obtained by an
overall energy balance:

_mhlv ¼
Tg � Tcw

R0

A
V

(14)

where hlv is the latent heat of vaporization.
The condensation rate per unit volume is implemented as a sink

term in the continuity equation for the gas phase, SMSg, a source
term in the continuity equation for the liquid phase, SMSl and a sink
term in the mass fraction equations, SH2Og .

SMSl ¼ �SMSg ¼ �SH2Og ¼ _m ¼ Tg � Tcw
R0hlv

A
V

(15)

2.4.3. Energy source term for the shell side
To calculate the energy transferred to the cooling water a source

term is added to the energy equations for the cooling water. This
source term SEcw is equal in strength to the energy transferred from
the tube side to the shell side as,

SEcw ¼ _q ¼ Tg � Tcw
R0

A
V

(16)

2.4.4. Calculations of heat transfer coefficients
The overall thermal resistance, R0, is calculated as the sum of all

individual resistances calculated from semi-empirical heat transfer
correlations.

R0 ¼ Rcw
di
do
þ Rtw þ Rc (17)

where Rcw is the shell side thermal resistance, Rtw the tube wall
thermal resistance and Rc the thermal resistance for condensation
heat transfer.

The thermal resistance of the tube wall, Rtw is obtained through
the following expression for conduction through tube walls [14]:

Rtw ¼
diln

�
do
di

�
2ltw

(18)

where ltw is the thermal conductivity of the tube wall.

2.4.5. Thermal resistance on the shell side
For forced convection dominant flow conditions on the shell

side, the cooling water Nusselt number (Nucw) was calculated using
the following correlation [15]:

Nucw ¼
�
48=11; Recw < 2300
0:023Re0:8cw Pr0:35cw ; Recw > 10000 (19)

The Nusselt number in the transition regime (2300 < Recw
< 10,000) is calculated as linear interpolation between the two
limits.

The shell side thermal resistance Rcw is obtained through the
following expression:

Rcw ¼
�
lcw
do

Nucw

��1
(20)

M. Risberg, R. Gebart / Applied Thermal Engineering 58 (2013) 327e335330



2.4.6. Thermal resistance for condensation
The condensation thermal resistance Rc is obtained through the

following expression:

Rc ¼ ðhcÞ�1 (21)

The calculated condensation heat transfer coefficient hc by
Nagae et al. [6] consist of the heat transfer coefficient of the liquid
film, hf, and the heat transfer coefficient at the gaseliquid interface,
hi, which are separately evaluated since they are governed by two
different heat transfer mechanisms.

1
hc
¼ 1

hf
þ 1
hi

(22)

The liquid film heat transfer coefficient was calculated by the
following equation [7].

Nuf ¼ max

("
4
3
$

 
1� rg

rf

!#1=3
Re�1=3f ; C

 
1� rg

rf

!1=3

Renf

)
;

where C ¼ 0:82; n ¼ �1=4
(23)

The following limits suggested by Nagae et al. [7] was used to be
able to use the correlation in the upper part where Reynolds
number for the film are very low:

Nuf ¼
hf L
lf
� 2L

dw;i
; L ¼

 
n2f
g

!1=3

; Ref ¼
Uf dw;i

nf
� 0:1 (24)

The interfacial heat transfer coefficient was calculated by the
following equation [6]:

Nui ¼
hidi
lg
¼ 120

�
Psteam
PNC

�0:75

max
�
1:0; a$Rebg

�
(25)

Reg ¼ Ugdi
ng
� 10000; a ¼ 0:0035; b ¼ 0:8 (26)

2.4.7. Drag forces and pressure drop
The source term SMg in the momentum equations is used to

account for the effect of the tube bundles on the gas flow and it is
written as:

SMgz ¼ rg*
f
2di
jUjUz (27)

The following friction loss coefficient f obtained by Wallis [16]
was used:

f ¼ 0:02*
1þ 75

�
1� bg

�
b2:5g

(28)

For the transverse direction the source term SMgz is
multiplied by 10,000 to prevent flow in the other direction inside
the tubes:

SMgx ¼ SMgy ¼ 10000*SMgz (29)

For the liquid phase SMl is set equal to SMgz.
On the shell side the source term SMcw in the momentum

equations is calculated according to eq. (27) with the friction loss
coefficient from a polynomial fitted to a Moody chart [17].

2.5. Calculation procedure

Since the simulation consists of a model of the tube side and a
model of the shell side that are solved independent of each other,
data have to be transferred between the two models. Similar
approach has successfully been used by Li [18] to transfer data
between different models for the tube side and shell side in
modeling of co-current condensation in a vertical tube. From the
tube side to shell side the energy source term for heating the water
is transferred, SEcw. For the shell side to tube side the parameters
waterside thermal resistance Rcw and cooling water temperature
Tcw are transferred. The transfer of the parameters is done by a Perl
script that takes the results from the two different models for the
above parameter and transfers the parameters to the other model
every 20 iteration. The simulation is stopped when both models are
converged to the tolerance set at the start of iterations (typically the
change in temperature between the iterations was less than 0.01�

for a point between the tube packages). The model has been
checked against experimental results fromNagae et al. [6] and gives
similar predictions as their comparison between calculations with
the above heat transfer correlations and experiments.

2.6. Gas properties

The pressure of the gas is 27 bar, which means that the error
from the ideal gas law becomes significant. Therefore the Penge
Robinson equation of state [19] was used since it is more accurate at
higher pressures.

Two important parameters for calculating the heat transfer co-
efficient for condensation are thermal conductivity and molecular
viscosity. For these variables the TRAPP method [20] for gas mix-
tures at high pressures was used to calculate the thermal conduc-
tivity and molecular viscosity.

3. Results

In this section the results from the two cases (see above) are
presented. First the result from case 1 is presented.

3.1. Case 1: intermediate load

Fig. 3 shows the calculated condensation heat transfer coeffi-
cient along the axial direction of the condenser from the start of the
first tube package to the end of the second. The condensation heat

Fig. 3. Axial distribution of calculated condensation heat transfer coefficients for case 1.
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transfer coefficient is found to range from 1140 W/m2 K to
28.1 W/m2 K. In the lower part of the condenser the heat transfer
coefficient is high since the gas flow rate and thus the gas velocity is
highest at this point. The heat transfer coefficient is reduced higher
up in the condenser where more of the water vapor is condensed
awaywhich leads to lower velocity. In addition, themass fraction of
non-condensable gases increases with increasing height which also
leads to a lower heat transfer coefficient.

The sudden increase in heat transfer coefficient at about 3 m
height comes from the velocity increase when the flow enters the
second tube package. In Figs. 3 and 7 the discontinuity between 2.4
and 3.0 m for the heat transfer coefficient reflects that there are no
tubes in that region and as a result there is no heat transfer to
distributed solid surfaces.

In Fig. 4 the tube side temperature distribution along the axial
direction of the condenser is compared to experimental measure-
ments in the pilot plant that is described in section 2.1. The model
predicts a temperature decrease from 191.7 �C at the entrance of
the CCC to 61.7 �C after the first tube package. The predicted tem-
perature after the second tube package is 33.0 �C. These values
agree well with the measured temperature of 61.0 �C and 31.1 �C
after the first respectively second tube package.

Fig. 5 shows the shell side temperature variation in the
condenser. The coolingwater temperature increases from 29.3 �C at
the cooling water inlet at the top of the condenser (z ¼ 7.4 m) to
81.2 �C when the water exits at the bottom (z¼ 0m). The measured
temperature is 82.5 �C at the cooling water outlet. Between the first
and the second tube package the water temperature is predicted to
30.5 �C and measured to 30.8 �C.

In Fig. 6 the tube side mass fraction of water vapor along the
axial direction of the condenser is shown. The mass fraction de-
creases from about 42.0 %wt at the entrance of the CCC to 0.2 %wt
after the second tube package. Unfortunately, there are no mea-
surements available to compare with.

Unfortunately, there are no measurements available to compare
with.

3.2. Case 2: high load

In Fig. 7 the heat transfer variation for condensation in the
condenser is shown for case 2. The heat transfer coefficient for
condensation is 1400 W/m2 K in the beginning and decreases to
20 W/m2 K at the end of the first tube package. In the beginning
of the second tube package the heat transfer coefficient is
32.8 W/m2 K and then decreases to 27.3 W/m2 K.

Fig. 8 shows the tube side temperature distribution for the
condenser. The model predicts the temperature after the first
package to 56.2 �C and 30.1 �C after the second package. The
measured temperature is 59.6 �C after the first package and 33.8 �C
after the second package.

Fig. 9 shows the shell side temperature variation in the
condenser for case 2. The cooling water temperature increases from
29.8 �C at the cooling water inlet at the top of the condenser
(z ¼ 7.4 m) to 97.0 �C when the water exits at the bottom (z ¼ 0 m).
The measured temperature is 94.2 �C in the lowest part of the first
tube package. Between the first and the second tube package the
water temperature is predicted to 31.1 �C and measured to 31.4 �C.

In Fig. 10 the tube side mass fraction of water vapor along the
axial direction of the condenser is shown. The mass fraction is
decreased from about 50.0 %wt in the bottom of the condenser to
0.2 %wt after the second tube package.

Fig. 11 shows a comparison between simulation and measure-
ment of gas temperature after the first tube package for seven
different cases. The seven different cases are the two mentioned
above plus five other cases. The additional cases had gas and water
inlet temperature and flow rates in-between those in case 1 and
case 2. Fig. 11 shows that the average error is about 2% and that only
one prediction deviated by more than 5% from the measurement.
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Fig. 4. Axial gas temperature distribution calculated for case 1.

Fig. 5. Axial water temperature distribution calculated for case 1.

Fig. 6. Mass fraction of water vapor distribution calculated for case 1.
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4. Discussion

The decrease in heat transfer coefficient along the axial direction
comes mainly from the condensation of water vapor that leads to
lower velocity and an associated reduction of the turbulent heat
transfer. The decrease also comes from the increased amount of
non-condensable gases along the axial directionwhich also leads to
lower heat transfer coefficient. The jump in the heat transfer co-
efficient at the beginning of the second tube package comes from
the increase in gas velocity inside the tubes due to the total flow
area reductionwith the lower number of tubes in the second part of
the condenser.

The higher condensation heat transfer coefficient at the gas inlet
in the second case comes from the increased inlet velocity associ-
ated with a higher mass flow rate compared to the first case. Also
the higher inlet gas temperature allows the gas to carry a higher
mass fraction of water vapor and therefore the mass fraction of
non-condensable gases is lower which also leads to an increase of
the heat transfer coefficient for the second case.

From a design point of view the CCC in the pilot plant is not run
in an optimummanner, e.g. there is no steam produced on the shell
side. This was to be expected since the priority of the pilot plant
crew has been to optimize the gasifier and quench and the CCC has

only been used for gas cooling before pressure reduction and flar-
ing. The simulations show that almost all cooling and condensation
occurs in the lower tube package and that the upper tube package
mostly serves as a flow conduit to the exit of the CCC. In a com-
mercial gasifier this would be unacceptable and an optimization
would be necessary. The present model can be used both for opti-
mization of the operational parameters of an existing design or for
design optimization of a new design.

Since the heat transfer coefficient at the gaseliquid interface is
dependent on the thermal conductivity for the gas it is important to
have a proper description for it. Therefore the TRAPP method for
gas mixtures at high pressures was used. However, there are only a
few experimental data for gas mixtures at high pressures and, even
here, most studies are limited to simple gases and light hydrocar-
bons [21] which makes the estimation uncertain.

The results are in good agreement with the limited experi-
mental data that has been collected in the experimental gasifier.
However, since only seven different cases were considered and
temperature was measured only at certain locations for limited
variations, it would be of interest to do additional comparisons
with experiments to assess the range of validity for the model.
It would be of particular interest to run the CCC in steam generation
mode. However, an extension of the model with a two-phase flow
model for the shell side would be necessary.
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Fig. 9. Axial water temperature distribution calculated for case 2.
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In the model, a plug flow velocity boundary condition was used
at the inlet to the computational domain (see Fig. 2) and this
resulted in a uniform flow in the tube bundles. A full 3D solution is
possible with the present model but it was ruled out since the
purpose of the simulations was to develop and validate the model
primarily. A full 3D solution was computed for one case and it was
found that the velocity distribution between the tube bundles was
slightly non-uniform but not so much that the approximation with
rotational symmetry and a plug flow inlet velocity profile became
invalid. However, in future work with practical design and opti-
mization of counter current condensers it is recommended that the
full geometry, including inlet and outlet plenum chambers, should
be included. Based on the experience from the simulations in this
paper it is not expected that convergence issues should become a
problem and the computational time with a full 3D approach is
expected to be modest on a personal computer designed for engi-
neering calculations.

5. Conclusions

A multi-phase model for a counter current condenser used for
syngas cooling has been developed. The model combines an Eulere
Euler multi-phase formulation with experimental correlations for
drag forces and heat and mass transfer from distributed solid sur-
faces in the flow domain. The model was used to predict cooling
and condensation in an experimental gas cooler used in a 3 MW
Black Liquor Gasification development plant.

The main conclusions from this work are:

� The model is able to predict the temperature of both the gas
and the cooling water with good accuracy.
� The results are in good agreement with the experimental data
that has been collected in the experimental black liquor gasi-
fication plant.
� The model can be used for prediction of the heat transfer co-
efficients, water vapor mass fraction in the gas, velocities and
liquid volume fraction in the condenser.
� The model can also be used for prediction of the effect from
design changes, e.g. tube dimensions and geometry changes, as
well as for the effect of changes in operational parameters.

The model must be extended with a boiling heat transfer model
and a multi-phase formulation for the cooling water (shell side)
before steam production from the CCC can be predicted.
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Nomenclature

Roman letters
A Average heat transfer area of a control volume inside the

tube package (m2)
DH2Og Effective diffusivity of steam into gas (m2/s)
dcondenser Inner diameter condenser (m)
di Tube inner diameter (m)
do Outer diameter of the tubes (m)
g Gravitational acceleration (m/s2)
hm,tot Total enthalpy (J/kg)
hlv Latent heat of vaporization (J/kg)
hc Heat transfer coefficient condensation (W/m2 K)
hf Film heat transfer coefficient (W/m2 K)
hi Interface heat transfer coefficient (W/m2 K)
Uf Velocity film (m/s)
Ug Velocity gas (m/s)
L Length scale (m)
_m Condensation rate per unit volume (kg/m3 s)
Nucw Cooling water Nusselt number
Nuc Condensation Nusselt number
Ntubes Number of tubes
Psteam Partial pressure steam (Pa)
PNC Partial pressure non-condensable gases (Pa)
_q Heat transfer rate per unit volume (W/m3)
R0 Overall thermal resistance (m2 K/W)
Rw Waterside thermal resistance (m2 K/W)
Rtw Tube wall thermal resistance (m2 K/W)
Rc Condensation thermal resistance (m2 K/W)
Recw Cooling water Reynolds number
Prcw Cooling water Prandtl number
Ref Film Reynolds number
Reg Gas Reynolds number
SMS Mass source term (kg/m3 s)
SM Momentum source term
SE Energy source term (kg/m3 s)
SH2Og Multicomponent mass source (kg/m3 s)
V Average volume of a control volume inside the tube

package (m3)
Tg Gas temperature (�C)
Tcw Cooling water temperature (�C)
U Velocity (m/s)
YH2Og Mass fraction of steam in the gas phase
YNCg Mass fraction of the non-condensable gases in the gas

phase

Greek letters
b Porosity
bg Volume fraction of gas
bl Volume fraction of liquid

Gas Temperature Simulation [oC]

[o C
]

50 55 60 65 70

 G
as

 T
em

pe
ra

tu
re

 M
ea

su
re

m
en

t

50

55

60

65

70

-5%

+5%

Fig. 11. Comparison of gas temperature predicted by the CFD model with experimental
data from the DP1 counter-current condenser measured between the two tube pack-
ages. The two dashed lines indicate plus and minus 5% discrepancy between mea-
surements and prediction.
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bcw Volume fraction of cooling water
bts Volumetric porosity tube side
btube Volumetric porosity tubes
bss Volumetric porosity shell side
bl Liquid-phase volume fraction
d Kronecker delta
le Effective thermal conductivity, W/m K
lg Gas thermal conductivity, W/m K
ll Liquid thermal conductivity, W/m K
ltw Tube wall thermal conductivity, W/m K
mem Effective viscosity (Pas)
mm Molecular viscosity (Pas)
mtm Turbulent viscosity (Pas)
nf Liquid kinematic viscosity (m2/s)
ng Gas kinematic viscosity (m2/s)
rg Gas density (kg/m3)
rl Liquid density (kg/m3)
sm Stress tensor
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h i g h l i g h t s

� Performance of an air-blown cyclone gasifier have been investigated for different fuels.
� Cleaning system performance have been investigated with SMPS.
� Carbon conversion varied between 70% and 95% for the different fuels.
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a b s t r a c t

Entrained flow gasification of biomass using the cyclone principle has been proposed in combination with
a gas engine as a method for combined heat and power production in small to medium scale (<20 MW).
This type of gasifier also has the potential to operate using ash rich fuels since the reactor temperature is
lower than the ash melting temperature and the ash can be separated after being collected at the bottom
of the cyclone. The purpose of this work was to assess the fuel flexibility of cyclone gasification by per-
forming tests with five different types of fuels; torrefied spruce, peat, rice husk, bark and wood. All of the
fuels were dried to below 15% moisture content and milled to a powder with a maximum particle size of
around 1 mm. The experiments were carried out in a 500 kWth pilot gasifier with a 3-step gas cleaning
process consisting of a multi-cyclone for removal of coarse particles, a bio-scrubber for tar removal
and a wet electrostatic precipitator for removal of fine particles and droplets from the oil scrubber (aero-
sols). The lower heating value (LHV) of the clean producer gas was 4.09, 4.54, 4.84 and 4.57 MJ/Nm3 for
peat, rice husk, bark and wood, respectively, at a fuel load of 400 kW and an equivalence ratio of 0.27.
Torrefied fuel was gasified at an equivalence ratio of 0.2 which resulted in a LHV of 5.75 MJ/Nm3 which
can be compared to 5.50 MJ/Nm3 for wood powder that was gasified at the same equivalence ratio. A
particle sampling system was designed in order to collect ultrafine particles upstream and downstream
the gasifier cleaning device. The results revealed that the gas cleaning successfully removed >99.9% of the
particulate matter smaller than 1 lm.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The installed capacity of combined heat and power (CHP) in
Sweden is more than 4000 MW at around 160 plants [1]. The over-
all efficiency (thermal- and electric efficiency) that can be achieved
with this type of plant is 85–90% [2] and it is of interest to apply
the concept for all domestic and industrial heating. At present, al-
most all the possible sites for large scale heating in Sweden have
been developed but there are still a large number of possible sites
where heating demand is above 1 MW [3]. However, when CHP is
produced in smaller scale, the relative cost for operations and

maintenance increases significantly [4], while the power efficiency
goes down [4]. One way to improve power efficiency and poten-
tially reduce operations cost in small scale applications
(<10 MW) is to switch from the steam based systems, that are
commonly used in large scale processes, to biomass gasification
(in small scale) in combination with a gas engine with heat recov-
ery from the exhaust gases.

The cost of the fuel is another important factor that affects over-
all costs. Therefore, the more fuel flexible a gasifier is the easier it
becomes to optimize the overall process. A large number of differ-
ent types of biomass gasifiers have been proposed and entrained
flow gasifiers that operate like a cyclone separator have been
shown to tolerate a wide range of fuels [5–11]. The focus of the
present paper is to assess the fuel flexibility of a 500 kWth pilot
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cyclone gasifier with a complete gas cleaning system. The assess-
ment is done with respect to use of the cleaned product gas in a
gas engine, i.e. the heating value and particle content in the pro-
duced gas is determined for comparisons with target values by en-
gine manufactures. Also, the amount of unconverted fuel is
measured to make it possible to determine how well different fuels
are converted in the gasifier. Another important factor that is
important for the cost of gas engine maintenance is the amount
and composition of the submicron particles in the cleaned product
gas.

Five different fuels (stem wood, peat, rice husk, bark and torr-
efied spruce) were investigated. From this point on torrefied spruce
is referred to as ‘‘torrefied’’. The fuels were selected based on their
availability for small scale combined heat and power (in Sweden
and elsewhere), and to present results from a wide variation in fuel
properties. Torrefaction is thermal treatment of biomass at 200–
300 �C [12]. Torrefied biomass is of great interest as a fuel in the
energy sector in order to replace fossil fuels. Some of the advanta-
ges of torrefied material are lower power consumption during mill-
ing, less moisture absorption and higher volumetric energy density
[13] which also makes the material suitable for storage and trans-
portation over longer distances than virgin biomass. In Sweden,
peat is an interesting fuel that is available at low cost [14]. There
is, however, a debate as to whether peat is renewable or not. The
Intergovernmental Panel on Climate Change (IPCC) changed the
classification of peat from fossil to a separate category between
fossil and renewable in 2006 [15]. About 2 million m3[16] of bark,
as a residue from the saw mills, is sold and supplied to heating
plants in Sweden. More efficient use of low grade bark fuel is of
interest. Outside Sweden, in Asia, large quantities of rice husk are
available for use in combined heat and power plants [17]. Rice
husk is an especially challenging fuel due to its high ash content,
low bulk density and tendency to form bridges during feeding.
For example, Sun et al. [10,11] previously studied the effect of sec-
ondary air on cyclone gasification of rice husk. By the early 1990s
up to 150 rice husk gasifiers were in operation in China with sizes
between 100 and 200 kW. However, none of these were based on
the cyclone concept [18].

Reliable particle sampling for detailed characterization at high
temperatures is important for evaluation and design of efficient
gas cleaning devices. Particle filters have, due to the absence of a
strong deposition mechanism, low particulate removal efficiency
in the particle diameter range of about 0.1–0.5 lm [19]. If catalysts
of different types are used for subsequent product gas refinement
this fact may impact the overall process performance. Therefore, in
addition to the previously mentioned objectives, this work
includes high temperature sampling of ultrafine particles both

upstream and downstream of the combined multi-cyclone, bio-
oil scrubber and wet electrostatic precipitator (WESP). These mea-
surements are used to evaluate both the reliability of the applied
sampling technique and the particulate removal efficiency of the
product gas cleaning system.

2. Experimental

Five fuels were evaluated in these experiments. The five fuels
were torrefied (Bioendev, Sweden), peat (Överkalix, Sweden), rice
husk (An Giang Province, Vietnam), bark (Södra, Sweden) and or-
dinary stem wood from spruce and pine in approximately equal
proportions (GME, Sweden). In Fig. 1 the gasifier schematics are
presented. The gasifier consists of a fuel hopper (1) where the dried
biomass powder was stored. Before the different powders were fed
to the hopper, a hammer mill (Mafa EU-4B) was used to crush the
different fuels to suitable particle sizes for cyclone gasification.
During milling a sieve with a size of 2 mm was used for torrefied
material, peat, bark and wood, and a sieve size of 1.5 mm for rice
husk. A sieve stack (Fritsch Analysett 3) was used to determine
the particle size distribution of the different fuels. A Zeiss Stemi
2000-C optical microscope was used to visually observe the pre-
pared biomass powders.

From the hopper (1) the powder was transported and metered
with an auger screw (2) and fed to the gasifier using air ejectors
(3). The powder was then gasified in the cyclone separator shaped
reactor (4), char and ash were separated in the bottom of the cy-
clone (5) and product gas exited through the top of the reactor.
The product gas was cooled to an intermediate temperature
(300–400 �C), above the condensation temperature for tars, with
an air to gas heat exchanger (6). The product gas was cleaned in
three steps: (i) a multi-cyclone (7) separated remaining coarse par-
ticles into a bin (8), (ii) a bio-oil scrubber with RME (Rape Methyl
Ester) as scrubber liquid (9) was used to remove the tars (11), and
(iii) a wet electrostatic precipitator (10) where the remaining aero-
sols and small oil droplets were separated with electrostatic forces.
The cleaned product gas can be used in a gas engine (12) coupled to
a generator to produce electricity or it can be flared (13). In the cur-
rent work the gas was flared since the aim with the experiments
was to determine the gasification characteristics for the different
fuels tested.

2.1. Gasification conditions and gas sampling

During the gasification tests the fuel load was 400 kW and the
equivalence ratio (ER) was 0.27 for all fuels, except for torrefied
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Fig. 1. Schematic of the cyclone gasifier and the gas cleaning equipment.
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in which it was 0.2. Wood powder was gasified at both equivalence
ratios (0.2 and 0.27). The equivalence ratio is defined as the ratio of
air to fuel mass flow rate divided by the air to fuel mass flow rate
that is needed for stoichiometric combustion of the fuel. Each test
was started with a cold reactor that was heated over night to
around 900 �C with an oil burner that was inserted in the lower
part of the reactor. The oil burner was then removed and replaced
with a ceramic plug made from the same material as the reactor
refractory lining. Typically, the reactor temperature dropped
20 �C during this operation. Gasification was then initiated by
starting fuel feeding which resulted in ignition of a steady flame
in the upper part of the reactor. The gasification process was al-
lowed to continue for about half an hour in order to achieve a sta-
ble temperature before the gas sampling was started. However, in
all cases the reactor internal wall temperature was still changing
slowly as described below. The residues collected in the char bin
were analyzed to determine the fuel conversion efficiency. The
char bin was purged with nitrogen and then the residues were re-
moved and analyzed for ash amount and element composition by
inductively coupled plasma sector field mass spectroscopy. The
residues found in the char bin contained a mixture of char and
ash. The char was assumed to contain only carbon, whereas the
ash contain different ash elements. The char + ash yield was calcu-
lated, defined as the ratio of the mass of residues found in the char
bin after the experiment and total fuel mass fed to the gasifier dur-
ing the experiments. In addition, the char and ash yields were cal-
culated separately based on the ash content of the residues
collected in the char bin. Since char (and ash) is collected during
the whole gasification experiment, the composition of the residues
(char and ash) is a time average measurement over the whole gas-
ification time.

The gas composition was analyzed with respect to CO, H2, CO2,
N2, O2, CH4, C2H4 and C2H2 using a micro-gas chromatograph (Var-
ian 490-GC) with two thermal conductivity detectors (TCD). The
particle concentration was determined by passing a slipstream of
the cleaned product gas through a mini-cyclone and an absolute
filter (Munktell MG 160) that was heated to 250 �C. A vacuum
pump (Gast-72R655-V10-C222TX) was used to pass the slipstream
through the filter and a mini cyclone. A gas meter (Gallus 2000)
was used to determine the flow rate after the gas had been cooled.
The reactor temperature in the top, middle and at the bottom of
the cyclone reactor (see Fig. 1) was measured with thermocouples
mounted inside the cyclone wall. The calculated cold gas efficiency

(CGE) is the percent of fuel heating value converted into heating
value of the produced gas:

CGEð%Þ ¼ _mgLHVg

_mf LHVf
� 100 ð1Þ

where _mg and _mf is the mass flow rate (kg/s) of the produced gas
and fuel, respectively. LHVg and LHVf is the lower heating value
(MJ/kg) of the product gas and fuel, respectively. The producer gas
mass flow rate was estimated based on the amount of nitrogen
added to the gasifier with the air, fuel and inert nitrogen in various
locations in the plant, and the concentration of nitrogen in the gas
measured with the micro-gas chromatograph.

The carbon conversion was determined from the carbon in the
gasifier residue in accordance with the calculation from Higman
[20], which is based on the amount carbon in the residues collected
in the char bin and the amount of carbon in the fuel as:

carbon conversion ð%Þ ¼ 1� _mresiduexCr

_mf xCf

� �
� 100 ð2Þ

where xCf is the mass fraction of carbon in the fuel and xCr is the
mass fraction of char in the residue; _mresidue is the mass flow rate
of residue into the char bin and _mf is the mass flow rate of fuel into
the gasifier. In this definition of carbon conversion the char was as-
sumed to consist only of carbon which results in a conservative esti-
mate of the carbon conversion. The carbon conversion can also be
determined based on the carbon in the synthesis gas in accordance
with Weiland et al. [21]. However, since only the product gas flow
rate could be estimated in the current pilot plant, the carbon con-
version was determined in accordance with Higman [20].

2.2. Particle sampling system

The dilution system used for extraction of particles from the
gasifier product gas is illustrated in Fig. 2. The main parts were a
high temperature dilution probe, a container with activated carbon
granules and an ejector diluter. Similar systems for sample dilution
and tar absorption have previously been evaluated [22–24].

The dilution probe (length 300 mm) was constructed of a high-
temperature resistant stainless-steel alloy (Inconel 600) and con-
sisted of an outer tube (i.d. 12 mm) surrounding an inner tube
(i.d. 8 mm). Dilution was achieved at the tip of the probe where
the sample flow was mixed with N2. The entire probe, including

Fig. 2. Schematic of the high temperature particle sampling system. T1 and T2 are the inlet and outlet temperatures of the activated carbon container.
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the sample inlet and the dilution nitrogen were heated to a tem-
perature corresponding to the temperature of the sampled gas.

The sampling point was chosen such that sampling could be
performed both with and without the gas cleaning system at the
same sampling location. With the cleaning system by-passed the
temperature of the product gas at the sampling point was 400 �C.
With the cleaning system in use the gas temperature was about
50 �C. The dilution temperatures during the two cases were set
accordingly. Downstream of the dilution probe the sample dilute
sample gas entered a container with activated carbon. The con-
tainer consisted of a stainless steel pipe (length 300 mm, i.d.
21 mm) filled with activated carbon granules (Norit RB4).

The inlet and the outlet temperature of the carbon container
were continuously monitored with two separate K-type thermo-
couples. When the probe dilution temperature was 400 �C the car-
bon inlet temperature (T1) was 250 �C and the outlet temperature
(T2) was 60 �C. When the probe dilution temperature was 50 �C the
inlet temperature was 50 �C and the outlet temperature was 30 �C.
By keeping the temperature of the diluted sample high enough at
the carbon inlet pre-condensation of tar components on the solid
aerosol particles was minimized. Ideally, the dilution temperature
should be slightly lower than the sample temperature since con-
densation is a function of vapor pressure rather than temperature.

A PM1 cyclone was used downstream the carbon container to
protect subsequent particle analysis equipment and to avoid clog-
ging of the ejector diluter (Dekati Inc.), which was used to further
dilute the sample to 30 �C. The N2 flow rate was controlled by a
mass flow controller (F-201CV, Bronkhorst Inc.) and the pressure
applied to the ejector was controlled by a pressure controller (P-
602C, Bronkhorst Inc.). Typical N2 flow rate supplied to the dilution
probe was 6.5 lpm.

The total dilution ratio in the sampling setup ranged between
100 and 150 (6 times in the ejector diluter) and was determined
by measuring the CO concentration in the undiluted product gas
and in the diluted gas downstream the ejector. CO levels down-
stream of the ejector were monitored with a flue gas analyzer (Tes-
to 350XL, Nordtec Inc.). Particle analysis was performed with a
scanning mobility particle sizer (SMPS) and by filter sampling for
determination of ratios of elemental carbon and organic carbon
(EC/OC). The SMPS consisted of a bipolar charger (Ni-64), a Differ-
ential mobility analyzer (DMA, Model 3071, TSI Inc.) and a Conden-
sation particle counter (CPC, Model 3010, TSI Inc.). The SMPS
determines the particle size distributions with regards to the par-
ticle mobility diameter (dm). The SMPS was operating at a sheath
flow rate of 5.0 or 3.0 lpm and an aerosol flow rate of 1.0 or
0.6 lpm, giving the measured particle size intervals of 11–514 nm
and 14–790 nm respectively. EC/OC filter sampling was performed
in a tandem filter setup with a Teflon filter followed by a quartz fil-
ter in one sampling line and a single quartz filter in a parallel line.
The flow rate through each EC/OC sampling line was 5 lpm. A
1.5 sqcm sample punch from each quartz filter was analyzed by a
thermo-optical method with a Sunset Lab Dual Analyzer (Sunset
laboratory Inc.) using the EUSAAR_2 protocol. Correction for pyro-
lysis during the temperature stepping in the protocol was done by
measuring the laser transmission of the filter. A further description
of the thermal optical method for EC/OC determination can be
found in Birch and Cary [25].

3. Results and discussion

3.1. Fuel characterization

Table 1 shows the ultimate analysis results of the different fuels
gasified. The ultimate analysis shows that rice husk has highest H/
C and O/C ratio. This is explained by the lower C content in the rice

husk compared to the other fuels, see Table 1. As expected, the
torrefied material has H/C and O/C ratios lower than bark, wood
and rice husk but not as low as peat. The lower ratios in torrefied,
compared to wood, indicate that O and H have been removed dur-
ing the torrefaction process. Rice husk had similar ratios to those of
stem wood.

The proximate analyses of the fuels are also given in Table 1.
The rice husk sample contains a significant amount of ash
(19.3%). In contrast, the torrefied material only contained 0.3%
ash but has a higher volatile fraction than the other fuels, except
of course as compared to the virgin wood. The rice husk sample
had a lower heating value (14.9 MJ/kg) compared to the other four
fuels (18.7–20.7 MJ/kg). In addition, the moisture content of all
fuels was below 15%.

Four main steps are involved in the gasification process: (1) dry-
ing, (2) pyrolysis, (3) gas phase reactions (homogeneous reactions)
and (4) char gasification (heterogeneous reactions). Char gasifica-
tion is usually the slowest step, determines the overall conversion
rate for gasification, and is considered as the rate determining step
for gasification [26]. The gasification performance is affected by the
fuel properties, presented in Table 1, together with other parame-
ters like wall temperature, equivalence ratio, particle reactivity and
particles size.

3.2. Particle size distribution

The particle size distributions of the fuels are shown in Fig. 3.
Most of the particles were below 1000 lm. The five fuels had sim-
ilar particle size distributions with one exception. Peat had more
fine (<75 lm) particles compared to the other fuels. Both bark
and rice husk had a peak in the particle size distribution for parti-
cles between 500 and 1000 lm. The torrefied material was slightly

Table 1
Ultimate-, proximate analysis and lower heating value of the different fuels.

Torrefied Peat Rice husk Bark Wood

Ultimate analysis (wt% dry ash free)
C 54.9 56.9 49.2 53.1 50.6
H 6.0 6.0 6.1 6.0 6.2
O 38.7 34.1 43.9 40.5 42.9
N 0.1 2.6 0.4 0.4 0.1
S N.D. 0.3 0.0 0.0 0.0
Proximate analysis (wt% dry)
Volatiles 77.9 67.9 66.0 70.7 83.9
Fixed C 21.8 26.1 14.7 26.3 15.5
Ash 0.3 6.0 19.3 3.0 0.6
LHV (MJ/kg dry) 20.7 19.6 14.9 18.7 19.1

Fig. 3. Particle size distributions of the fuels tested.
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shifted to finer particles than bark, rice husk and stem wood pow-
der, probably as a result of its more brittle mechanical behavior.

Fig. 4 shows optical microscope images of the fuel with the
smallest particle size distribution (peat) and largest size distribu-
tion (rice husk). It can be seen that peat has a high amount of small
particles compared to rice husks which has a high amount of big,
flat particles, in accordance with the data in Fig. 3. The other fuels
had particle size distributions between these fuels but the particles
size distributions were more similar to the rice husk.

3.3. Gasification temperature and main gas components

Fig. 5 presents the gasification temperature in the wall at three
different heights (bottom, middle, and top of the gasifier, respec-
tively) for each fuel during 60 min of continuous operation. The
thermocouples were mounted inside the wall and therefore the
measured temperature will in these experiments be lower than
the temperature inside the reactor. The measured temperature
can be used to determine if the reactor has reached stable condi-
tion and if the temperature inside the reactor is different for differ-
ent fuels but should not be treated as the real gas temperatures.
The temperature at the bottom part of the gasifier is stable for all
the fuels at around 650 �C, except for bark which showed 550 �C
and wood with equivalence ratio 0.2 where the temperature de-
creased below 550 �C. In the middle of the gasifier the torrefied
and peat had stable temperatures of about 800 �C while the tem-
perature was unsteady and decreasing for rice husk, bark and
wood. The temperature decrease is the highest for wood at the
lower equivalence ratio. At the top of the gasifier the rice husk,
bark and wood (ER = 0.2) have reached stable temperature, while
for torrefied it was decreasing. For peat and wood (ER = 0.27) the
top temperature was increasing during the gasification. Bark and
wood (ER = 0.2) had the lowest overall temperature during gasifi-
cation (the gasification was started at a lower temperature). For
wood gasification at ER = 0.27 an increase in the temperature at
the top of the reactor was observed (see Fig. 5f). Similar phenom-
enon was observed for peat. This is slightly unexpected but could
be due to higher flame temperatures than the other cases and
hence more radiation which increase the temperature in the top
of the reactor.

The main gas components of the producer gas during each gas-
ification test are reported in Table 2. The reported gas components
are average values during the test with standard deviation figures
based on 10, 17, 17, 17, 4 and 17 samples with a gas sampling cycle
time of 3 min for torrefied, peat, rice husk, bark, wood (ER = 0.2)
and wood (ER = 0.27), respectively. Gasification of the torrefied
material resulted in a product gas with the highest LHV, 5.75 MJ/
Nm3. The LHV for torrefied is higher than for stem wood at the
same equivalence ratio (0.2). Also the CO and H2 contents were

higher which indicate higher gasification efficiency than for stem
wood.

The other fuels produced gas with a LHV from 4.09 to 4.84 MJ/
Nm3, which is at the same level as stem wood powder at the same
equivalence ratio (0.27). The higher LHV for torrefied was primarily
due to a higher CO content in the gas; 20.1% compared to 15.0–
16.9% for the other fuels, mainly because of the lower equivalence
ratio (0.2). The concentration of C2H4 was 0.52–1.25 mol% and C2H2

concentration was 0.3–0.8 mol% for the different fuel tested. It is
expected that the gas composition will change with temperature
inside the gasifier, but no clear trend was observed for the individ-
ual gas components during gasification. This indicates that the
overall gasification temperature does not vary significantly during
operation. Also, note that the temperature given is the temperature
measured by the thermocouples located at the wall and not neces-
sary the actual gas temperatures.

For comparison, the produced gas in the rice husk gasification
tests by Sun et al. [10,11] had a LHV of 3.5 MJ/Nm3 when the
equivalence ratio was 0.26, which is lower than in the present
study. In the present study a higher fuel load of rice husk was used,
400 kW, compared to 100 kW together with a larger gasifier. This
will give lower heat losses through the wall since the surface area
to volume is smaller for larger gasifiers. Lower heat losses will in-
crease the fuel conversion and give higher LHV for larger cyclones.
Also smaller particles were used in the present case which gives
higher fuel conversion and higher LHV.

3.4. Char characteristics, carbon conversion and cold gas efficiency

The characteristics of the residues collected in the char bin are
shown in Table 3. As expected, the char + ash yield was highest in
the rice husk gasification; 22.6%, i.e. 22.6% of incoming rice husk
fuel ended up in the char bin. The char + ash yield in the torrefied
gasification test was on the other hand much lower, 4.6%, which is
equal to the amount for wood gasification at same equivalence ra-
tio. Wood gasification with an equivalence ratio of 0.27 gives the
lowest char + ash yield (2.5 wt%). The residue (char + ash) from
the char bin was a black, dry and odorless powder for all fuels.
The char yield was highest for bark (14.1 wt%) while for wood
the char yield was only 2.3 wt%.

The high char yield for bark (14.1%), compared to the other fuels
(2.3–7.3%), is probably caused by a high amount of fixed carbon
(see Table 1), which needs to be converted by heterogeneous reac-
tions that is usually the slowest step during gasification, together
with lower wall temperatures during gasification.

The ash yields observed are in general as expected based on the
ash content of the fuel, compare Tables 1 and 3. For torrefied and
peat the ash yield was 0.3 and 3.8 wt%, respectively, which corre-
sponds to 100 wt% and 63 wt% of the ash in the fuel. For rice husk

Fig. 4. Optical light microscope images of peat (a) and rice husk (b).
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the ash yield was 15.3 wt%, which corresponds to 80 wt% of the ash
in the fuel. The remaining ash probably follows the product gas as

particles or may be evaporated to the gas phase and ends up in the
gas cleaning system. For bark, the estimated amount of ash
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Fig. 5. Gasification temperatures for the different gasification tests in the top, middle and bottom of the gasifier.

Table 2
Gas composition for the different fuels and heating value of the gas after the gas cleaning equipment.

CO2 (mol%) CO (mol%) H2 (mol%) CH4 (mol%) C2H4 (mol%) C2H2%(mol) LHV (MJ/N m3)

Torrefied (ER = 0.2) 10.8 ± 0.27 20.1 ± 0.83 9.2 ± 0.20 3.3 ± 0.25 1.25 ± 0.18 0.66 ± 0.08 5.75
Peat (ER = 0.27) 12.0 ± 0.05 15.7 ± 0.12 10.5 ± 0.16 1.5 ± 0.02 0.57 ± 0.02 0.30 ± 0.01 4.09
Rice husk (ER = 0.27) 14.1 ± 0.13 15.1 ± 0.29 6.8 ± 0.14 2.7 ± 0.07 0.99 ± 0.04 0.72 ± 0.01 4.54
Bark (ER = 0.27) 12.9 ± 0.19 16.9 ± 0.35 6.6 ± 0.13 2.7 ± 0.05 1.20 ± 0.03 0.65 ± 0.05 4.84
Wood (ER = 0.2) 12.6 ± 0.11 18.9 ± 0.19 7.7 ± 0.06 3.3 ± 0.10 1.28 ± 0.04 0.78 ± 0.05 5.50
Wood (ER = 0.27) 12.1 ± 0.20 16.0 ± 0.73 8.5 ± 0.41 2.2 ± 0.17 0.52 ± 0.03 0.80 ± 0.02 4.57
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collected in the bottom corresponds to a higher amount of ash than
in the bark fed to the gasifier. In these type of pilot scale trials, and
especially ash rich fuels, it is more difficult to collect fully repre-
sentative samples than in a small scale test unit which produces
much less material. For example, during start up and shut down
more unconverted carbon could end up in the char bin and this will
affect the ash yield which is calculated from the mass of ash in the
residues found in the char bin.

The carbon conversion was between 70 and 95 wt% for the fuels
tested, see Table 3. For torrefied the carbon conversion was 91 wt%
which is equal to that for wood (91 wt%) at the same equivalence
ratio (0.2). In Fig. 3 it can be seen that the average particle size is
smaller for the torrefied compared to the wood sample. It is there-
fore expected that the carbon conversion will be higher for the
torrefied fuel. On the other hand, torrefied has a higher amount
of fixed carbon than the wood fuel, see Table 1, which takes longer
time to convert and therefore could decrease the carbon conver-
sion. These two effects have the possibility to cancel each other
out resulting in similar carbon conversions for torrefied and wood.
At an equivalence ratio of 0.27 the carbon conversions were 85, 79,
70, 95 wt% for peat, rice husk, bark and wood, respectively. The low
carbon conversion for bark is probably due to the high amount of
fixed carbon in the fuel together with a relatively high amount of
large particles in the fuel. Peat has a higher carbon conversion
compared to bark which has nearly the same amount of fixed car-
bon. This could be explained by the fact that peat has a smaller
average particle size than bark. For peat, the carbon conversion
was on the other hand lower than for wood. One explanation for
this behavior could be that char reactivity for peat decreases with
increasing conversion while wood has the opposite behavior [27].
Also peat has a higher amount of fixed carbon compared to wood.
The lower carbon conversion for rice husk compared to wood is
probably due to the larger particle size distribution. In the present
work it is difficult to separate the effect of fuel reactivity and par-
ticle size. However, Guo et al. [28] found that carbon conversion
was increased from 59.95 wt% to 82.69 wt%, and gasification effi-
ciency was increased from 39.11% to 52.99% when the particle size
was decreased about 4 times.

In the calculation of carbon conversion the amount of particles
in the product gas has not been included as unconverted carbon.
The amount of particles in the product gas flow has been measured
to be around 1 wt% of the fuel input. If the particles are assumed to
consist only of carbon then this amount of particles in the product
gas corresponds to an error in the estimation of carbon conversion
between 2% and 3% for the different cases.

The cold gas efficiency for the 4 tests were 47%, 43%, 44%, 43%,
49% and 52% for torrefied, peat, rice husk, bark, wood (ER = 0.2) and
wood (ER = 0.27) respectively. The cold gas efficiency has a rela-
tively large uncertainty since the producer gas flow rate was esti-
mated from the concentration of nitrogen (as reference) in the
product gas and from the nitrogen added to the gasifier plant. Also,
the amount of tar formed was not taken into account. For compar-
ison, in the cyclone gasification tests with rice husk in Ref. [10], the
cold gas efficiency was 32% at the same equivalence ratio used here

(0.27). At lower equivalence ratios (0.21) a much higher cold gas
efficiency (64%) was observed [10]. Zhao et al. [29] found out a
maximum cold gas efficiency of 63.7% for their cyclone gasification
experiments with rice husk at a fuel load of 130 kW and an equiv-
alence ratio of 0.26 where they used fuel and air staging to increase
the gasification efficiency. The amount of tar measured by other
authors for cyclone gasification of wood powder and rice husk have
been in the range 1-3 g/Nm3[9,29].

A mass balance over the gasifier estimated that the mass flow
out from the gasifier was 9 wt%, 7 wt%, 9 wt%, 1 wt%, 9 wt% and
5 wt% lower than the total mass flow into the gasifier for torrefied,
peat, rice husk, bark, wood (ER = 0.2) and wood (ER = 0.27), respec-
tively. One possible source of inaccuracies is measurement errors
in the air flow controller. The product gas flow is therefore also
underestimated and the cold gas efficiency is also probably under-
estimated. Also, the equivalence ratio is therefore also probably
slightly higher for all experiments. For example if the mass flow
rate of air is underestimated by 10 wt% the estimated cold gas effi-
ciency is assumed to increase by 4%. A mass balance of carbon over
the gasifier estimated that mass flow of carbon out from the gas-
ifier was 18 wt%, 15 wt%, 6 wt%, 16 wt% and 8 wt% lower than
the mass flow of carbon into the gasifier for torrefied, peat, rice
husk, wood (ER = 0.2) and wood (ER = 0.27). For bark the estimated
carbon mass flow out from the gasifier was 6 wt% higher the car-
bon mass flow into the gasifier. The inaccuracy in the carbon bal-
ance comes mainly from the inaccuracies the predicated product
gas flow mention above, together with that the amount of tar in
product gas was not measured. The estimated higher mass flow
of carbon out from gasifier for bark case is possibly due to a not
fully representative ash+char sample mentioned before.

The composition of the residues obtained in the char bin is gi-
ven by the data in Table 4 for torrefied, peat, rice husk and bark.
Most of the residue from the rice husk test is composed of Si as ex-
pected. Peat and bark also had a significant amount of Si in the res-
idue but also some Al, Ca, Fe and K. The torrefied material had low
amount of ash, where most of it was Si and Ca. For stem wood the
ash composition was not measured.

Table 3
Char + ash yield, char yield, ash yield, carbon conversion and cold gas efficiency for the different fuels tested.

Char + ash
yield (wt%)

Char yield
(wt%)

Ash yield (wt%) Carbon conversion
(wt%)

Cold gas
efficiency (%)

Torrefied (ER = 0.2) 4.6 4.3 0.3 91 47
Peat (ER = 0.27) 10.1 6.3 3.8 85 43
Rice husk (ER = 0.27) 22.6 7.3 15.3 79 44
Bark (ER = 0.27) 20.4 14.1 6.3 70 43
Wood (ER = 0.2) 4.6 4.2 0.4 91 49
Wood (ER = 0.27) 2.5 2.3 0.2 95 52

Table 4
Analysis results of char + ash (as is).

Element Rice husk Peat Bark Torrefied

Char (wt%) 32.3 62.3 68.8 94.1
Ash 1000 �C (wt%) 67.7 37.7 31.2 5.9
Si (wt%) 30.71 8.32 8.98 1.09
Al (wt%) 0.04 2.86 1.44 0.09
Ca (wt%) 0.22 3.00 3.02 0.98
Fe (wt%) 0.14 5.48 0.71 0.41
K (wt%) 0.78 0.30 1.22 0.39
Mg (wt%) 0.10 0.36 0.41 0.18
Mn (wt%) 0.06 0.05 0.26 0.08
Na (wt%) 0.09 0.28 0.55 0.08
P (wt%) 0.08 0.27 0.16 0.11
Ti (wt%) 0.00 0.07 0.06 0.00
O (wt%) 35.47 16.70 14.39 2.48
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3.5. Sub-micron particulate matter measurements

The dust load in the cleaned gas was 43, 9, 16 and 13 mg/Nm3

for torrefied, peat, rice husk and bark respectively measured by let-
ting a side stream passing the particle through a mini cyclone and a
particle filter.

Fig. 6 depicts the sub-micron (<1 lm) particle size distributions
obtained upstream and downstream of the gasifier cleaning sys-
tem, including the oil scrubber and WESP. The fuel used for gasifi-
cation was rice husk.

A particulate removal efficiency >99.9% is observed, in terms of
total particle number concentrations, with a total concentration of
4 � 107 particles/cm3 (dm < 514 nm) for no gas cleaning and
3 � 104 particles/cm3 with gas cleaning. Assuming unit particle den-
sity (1 g/cm3) the total particle mass concentration was 880 mg/m3

and 0.2 mg/m3 respectively. Since the measurements were meant
for a relative comparison and not absolute quantitative determina-
tions particle losses in the sampling system were not considered.

Fig. 7 shows results from SMPS measurements downstream of
the WESP during bark gasification. The dilution temperature and
the temperature into the carbon container were altered in order
to make an evaluation of the volatility of the particles.

As the inlet temperature of the activated carbon container
(Fig. 7a) was allowed to decrease, the geometric mean diameter
(GMD) increased. This is mainly explained by increased condensa-
tion as the temperature decreased. Above 200 �C the size distribu-
tion is bimodal with a nucleation mode and an accumulation mode
(Fig. 7b). A higher temperature of the diluted gas into the carbon

container means that more volatile material is kept in vapor phase,
which subsequently can be absorbed by the carbon granules as the
temperature is lowered across the carbon container. With lower
temperatures pre-condensation on the existing aerosol particles
and nucleation of new particles occur. The fact that the accumula-
tion mode did not significantly increase in mean diameter
(�130 nm) indicates that these particles were solid agglomerates
[22]. The results imply that the particulate matter downstream
the WESP in terms of mass to a large degree consisted of volatile
material which can be argued to originate from the bio-oil being
used in the scrubber.

Filter samples for determination of the fraction of elemental car-
bon (EC) and organic carbon (OC) were collected during bark gasifi-
cation upstream the bioscrubber. The EC/OC ratio on the quartz
filters was determined to 1.3 ± 0.7 indicating that the particulate
matter present at the sample temperature (400 �C) consisted of
roughly equal amounts of EC and OC. 10% of the total carbon content
on the filter was detected below 300 �C in the EUSAAR-2 tempera-
ture stepping procedure. This shows that the sampling system, with
a combined dilution probe and a carbon container, successfully ab-
sorbed most of the volatile organics that condensed below the sam-
pling temperature. Since the surface area available for condensation
is much higher on the carbon granules, compared to the aerosol par-
ticles, condensation of the tars preferably occurs on the granules. At
high sampling temperatures (>250 �C) a temperature decrease is
necessary prior to the carbon container. During this temperature
decrease undesired condensation of OC on the aerosol particles
may occur. If higher temperatures could be used at the carbon con-
tainer inlet the absorption capacity could be increased. However,
with the current sampling design, a longer container would have
been necessary to keep the carbon outlet temperature at the same
level, which would come with the cost of higher particle losses.

4. Conclusions

In this work gasification of torrefied spruce, peat, rice husk and
bark were performed in a cyclone gasifier at a fuel load of 400 kW.
The lower heating value (LHV) of the clean producer gas was 4.09,
4.54, 4.84 and 4.57 MJ/Nm3 for peat, rice husk, bark and wood
respectively at a fuel load of 400 kW and an equivalence ratio of
0.27. Torrefied spruce was gasified at an equivalence ratio of 0.2
which resulted in a LHV of 5.75 MJ/Nm3 which can be compared
to 5.5 MJ/Nm3 for wood powder that was gasified at the same
equivalence ratio.

The estimated cold gas efficiency for the fuels tested were 47%,
43%, 44%, 43%, 49% and 52% for torrefied, peat, rice husk, bark,
wood (ER = 0.2) and wood (ER = 0.27), respectively. The cold gas
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Fig. 6. Particle size distributions obtained upstream and downstream gasifier
cleaning system (oil scrubber and WESP) during rice husk gasification.

Fig. 7. (a) Geometric mean diameter (GMD) of sampled particles as the temperature at the activated carbon inlet during bark gasification was decreased. (b) Normalized
particle number distributions at three different carbon bed inlet temperatures.
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efficiency was calculated from indirectly measured gas flow rates
and further work is needed to determine it more accurately. How-
ever, a preliminary analysis with estimated errors in the gas flow
rate indicates that the real cold gas efficiency is about 4% higher
than the values above. The gasification tests indicate that a higher
amount of fixed carbon in the fuel decrease the fuel conversion and
fuels with smaller particle size gives higher fuel conversion.

The particle measurement with SMPS shows that the gas clean-
ing efficiency of sub-micron particles with a combined oil scrubber
and WESP is >99.9% in terms of both particle number and mass.
The particle sampling technique that was applied was found to
be effective in preventing volatile material, which existed in gas
phase at the sampled temperature, from condensing on the exist-
ing particles during sampling. Undesired condensation during the
sampling process changes the obtained particle size distribution.
This is important to consider when evaluations of cleaning devices
are performed at high temperatures.
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Abstract 

 

Cyclone gasification of biomass in combination with a gas engine has been proposed as a 

method for combined heat and power production. In this work a numerical model of the 

cyclone gasification process of wood powder was developed that is intended to be used in 

future engineering design of cyclone gasifiers. The results from the simulation are compared 

with experimental measurement in a 500 kWth cyclone gasifier that uses wood powder as fuel. 

The model was able to predict the gas composition change with increasing equivalence ratio. 

The relative error for the main gas component was between 2.3-4.9%, 0.4-4.5%, and 1.6-

18.6% for CO2, CO and H2, respectively. CH4 was predicted with a relative error of between 

20.2-31.7%. Also the model was able to predict the char amount out from the gasifier with 

reasonable accuracy. The obtained lower heating value from the model was between 3.5 – 4.9 

MJ/Nm
3
 and the calculated based on measurement was 4.0-5.3 MJ/Nm

3
. 

 

Keywords: cyclone gasification, gasification modeling, biomass,  

1. Introduction 

 

Large-scale combined heat and power (CHP) is one of the most efficient ways of utilizing the 

chemical energy in any fuel, including biofuels, with reported overall efficiencies above 

90%
1
. When CHP is produced with a combined cycle process that uses a gas turbine and a 

steam turbine in series the power efficiency becomes higher than with an ordinary steam cycle 

and values over 60% have been reported
2
. Sweden, which has a need for domestic heating 

during a large part of the year, has built up CHP distribution networks in almost all population 
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centers, even in cities with a population as low as a few thousand inhabitants. The Swedish 

CHP plants are of varying sizes, depending of the size of the city, from around 25 MW up to 

600 MW. However, there are many additional sites, both in smaller cities and at industrial 

sites, where the heating demand is above 1 MW
3
 and could potentially be provided from a 

combined heat and power plant. However, for small scale combined heat and power 

production the relative cost for investment, operation and maintenance increases and also the 

power efficiency goes down
4
. One possible technology that has the potential to overcome 

these problems is cyclone gasification in combination with a gas engine that drives a 

generator, followed by heat recovery from the engine exhaust gases. The cyclone 

configuration has been shown to work well with a variety of fuels and with ash contents up to 

20 %
5
.  In this scenario, it will be very important to optimize plants of different scales so that 

the efficiency is maximized with the constraint that the plant size should be as small as 

possible to keep investment costs down. Ideally, this should be done with a suitable computer 

model since it would be too costly to do the optimization experimentally. However, although 

several experimental studies have been carried out on cyclone gasification
5-11

, only a few 

numerical simulations have been published. One example is the work by Gao et al
12

 who 

simulated a 100 kW cyclone gasifier, using the commercial CFD code Fluent and 

implementing models of biomass pyrolysis, oxidation and reduction. The overall agreement 

between experiments and simulation was encouraging with this model but there were some 

discrepancies between the predicted and measured CO2 and CH4 contents for low values of 

the equivalence ratio, indicating the need for further development of this model. In the present 

paper a new model has been developed, to complement the work of Gao et al
12

 and hopefully 

to achieve good agreement with experiments. The model is intended to be used in future 

engineering design of cyclone gasifiers of arbitrary size and shape, using a wide variety of 

biomass fuels. Of particular interest is to be able to predict the gas composition, the amount of 

unconverted char and various thermal parameters for the reactor, e.g. syngas temperature at 

the exit from the reactor and heat loss to the walls.  The qualitative and quantitative behavior 

of the model has been assessed by comparison to a pilot scale cyclone gasifier with a fuel 

flow rate of 500 kWth. 
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2. Experimental details 

 

In Figure 1 the gasifier schematics are presented. Before the wood powder entered the 

gasifier, it was crushed with a hammer mill and stored in a fuel hopper (1). The powder was 

transported, first with a screw feeder (2) and finally pneumatically with air ejectors (3) to the 

gasifier. The fuel feeding rate was calibrated against screw feeder rotational speed before the 

start of experiments whenever a new fuel batch was introduced. In the gasifier the mixture of 

powder and combustion air was introduced tangentially at around 25 m/s in the cyclone 

shaped reactor. Inside the refractory lined reactor, the fuel particles were decomposed into gas 

and a certain amount of char residue that differed depending on the process parameters. The 

remaining unconverted char and ash was separated from the syngas, by a combination of 

centrifugal and gravitational forces, in the bottom of the reactor (5) and the product gas left 

the gasifier through the vortex finder tube in the top. The cyclone reactor has an internal 

height of 1.7 m and an inner diameter of 0.32 m. The lower tapered part extends 0.8 m from 

the bottom of the reactor and the vortex finding tube with an inner diameter of 0.16 m extends 

0.3 m into the reactor on the upper side. The gas that came out of the reactor was cooled with 

an air-to-gas heat exchanger (6) and cleaned in a gas cleaning system. The gas cleaning 

system consists of a multi cyclone (7) for separating the coarse particles, a bio-scrubber (9) to 

condense and solve tars in a bio-oil and a wet electrostatic precipitator (WESP) (10) for the 

remaining aerosol particles and small oil droplets. The gas can either be fed to a gas engine 

(12) to produce electricity or it can be flared (13).  The char and ash that was collected in the 

char bin (5) was quenched with nitrogen and the amount could be measured by weighing after 

the experiment was completed. The product gas composition was analyzed, using a micro-gas 

chromatograph (Varian 490-GC) with two thermal conductivity detectors (TCD), with respect 

to CO, H2, CO2, N2, O2, CH4, C2H4 and C2H2. During the experiment nitrogen was added in 

the char bin, multi-cyclone bin and the bio-oil pump. For safety purposes, and to avoid the 

risk of explosions in the WESP, an oxygen meter continuously monitored the oxygen content 

in the syngas. 

The reactor wall temperature was measured with three thermocouples mounted inside the 

gasifier refractory wall at three different heights in the gasifier (0.3, 0.95 and 1.5 m from the 

bottom of the gasifier). More details about the experimental setup can be found in Risberg et 

al
5
. The results from the experiments are presented in Table 1.  
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The equivalence ratio is defined as: 

   
 ̇   

 ̇     
     (1) 

Where  ̇    and  ̇      is the mass flow of air and mass flow of air at stoichiometric 

combustion, respectively. The duration of the experimental runs was limited to about 4 hours 

by the size of the fuel hopper since the pilot plant fuel hopper could not, for safety reasons, be 

(manually) refilled while the  gasifier was in operation. In order to decrease the time needed 

to obtain steady state conditions the gasification reactor was preheated to slightly above the 

expected steady state temperature with an oil burner before the experiment with biomass fuel 

was started. In spite of this the average temperature in the refractory wall was still decreasing 

slowly with about 0.8 °C/minute towards the end of the experiments. However, although a 

completely steady state temperature could not be achieved, the gas composition did not 

change appreciably after one hours of experiment indicating that the measured composition 

was a good approximation of the steady state composition. 

 

 

 

 

Figure 1. Schematic of the cyclone gasifier and the gas cleaning equipment 
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Table 1: Process parameters and measurements from the experiments in the pilot gasifier  

Process parameters Case1 Case2 Case3 Case4 Unit 

Fuel mass flow rate 76.0 78.0 75.9 68.8 kg/h 

Gas inlet mass flow rate 114.8 130.0 150.0 150.0 kg/h 

Equivalence ratio (ER) 0.258 0.286 0.339 0.374  

Power 376 386 376 340 kW 

Measured wall temperature (°C) Case 1 Case 2 Case 3 Case 4  

Top 798 833 832 825  C 

Middle 789 810 818 841 °C 

Bottom 643 655 675 653 °C 

Measured gas composition (vol% dry) Case 1 Case 2 Case 3 Case 4 Unit 

CO2 12.7 12.8 13.0 13.5 vol% 

CO 17.9 17.1 14.7 13.1 vol% 

H2 9.3 9.3 8.6 7.8 vol% 

CH4 2.8 2.3 1.6 1.5 vol% 

C2H4 0.86 0.56 0.28 0.56 vol% 

C2H2 0.81 0.78 0.62 0.78 vol% 

N2 55.6 57.1 61.0 62.4 vol% 

Char amount (%wt of fuel in) 3.5 2.9 3.9 N.A. wt% 

 

Fuel Data 

 

The fuel used in this study was stem wood pellets (GME, Sweden) made from saw dust with 

low ash content and homogeneous composition. The pellets were milled in a hammer mill 

(Mafa EU-4B) with a sieve size of 2 mm and the resulting particle size distribution was 

measured with a vibrating sieve stack (Fritsch Analysett 3). The particle size distribution 

agrees well with a Rosin Rammler size distribution of power 1.8 and a characteristic size of 

425 m (see Figure 2).  In Table 2 the ultimate analysis and proximate analysis for the fuel 

are presented, respectively.  
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Table 2: Ultimate and proximate analysis of the fuel 

Ultimate analysis Value (wt% dry ash free) 

C 50.6 

H 6.2 

O 42.9 

N 0.1 

Proximate analysis Value (wt% dry) 

Volatiles 83.9 

Char 15.5 

Ash 0.6 

Moisture 6.0 

LHV (MJ/kg dry) 19.1 

 

 

Figure 2. Particle size distribution of the fuel and the fitted Rosin Rammler distribution with 

characteristic particle size 425 m and power 1.8 that was used in the numerical model. 
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3. Numerical model 

 

The gasification model described below was implemented in the commercial computational 

fluid dynamics code ANSYS CFX which uses a conservative finite element based control 

volume discretization and an implicit, pressure-based iterative method for the continuum fluid 

dynamics equations. The fuel conversion model consists of four sub models for drying, 

devolatilization, homogeneous reactions and heterogeneous reactions. The symmetry of the 

geometry with two symmetrical inlets and utilization of periodic boundary conditions on the 

plane of symmetry made it possible to use a computational mesh representing one half of the 

gasifier which led to significant memory savings and reduction in computational time. The 

two-phase flow inside the gasifier was modeled using an Euler-Lagrange formulation where 

the biomass particles were treated as a dispersed phase. In this formulation a solution is 

obtained by iterations between gas and particle phase solutions where the most recent solution 

for the other phase is used as input to the computation of the interaction between the phases. 

The particle size was set to a Rosin Rammler size distribution of power 1.8 and a 

characteristic size of 425 m (see Figure 2). To model the gas phase turbulence, a two-

equation k-epsilon model with curvature correction according to Spalart and Shur
13

 to account 

for swirling flow inside the gasifier was used. The turbulent dispersion of the biomass 

particles was treated with a model developed by Gosman and Ioannides
14

. The coefficient of 

restitution when particles hit the wall was calculated according to a polynomial dependent on 

the impact angle that was fitted to experiments made by Schade et al
15

 who measured how 

real particles bounce after impact with a wall. In the study by Schade et al
15

 pulverized coal 

was used instead of wood powder, so this model may have to be adjusted later if experimental 

data for wood powder becomes available. The computational mesh consisted of 163505 

elements. The discretization error for the average values at the outlet from the gasifier was 

estimated with Richardson extrapolation 
16

 to 1.4 % for the temperature and to 0.9 % for the 

CO mole fraction. The Richardson extrapolation was based on two finer meshes with 271028 

and 448886 elements. 

 

The discrete transfer model
17

 was used to model the radiative heat transfer with the wall 

emissivity set to 0.8 which is a reasonable value for typical refractory materials
18

. The 

absorption coefficient for the gas was calculated according to Barlow et al
19

. The gasifier wall 

temperature boundary condition was set with a vertical temperature profile calculated from a 
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third order polynomial that was fitted to the measured wall temperatures. The boundary 

condition at the inlet was set according to Table 1. At the bottom of the cyclone the exit to the 

char bin was modeled as a wall that absorbed and removed all particles that impacted on this 

surface from the computational domain. The outlet from the vortex finder tube at the top of 

the cyclone was modeled as a constant pressure outlet. The diameter of the spherical biomass 

particles was assumed to be constant, while the particles’ mass was continuously decreasing 

according to the sub models for drying, pyrolysis and char gasification (described below), 

during the conversion. The motivation for this assumption was that sieve measurements on 

the char particles in the char bin show that the char particles have almost the same size 

distribution as the initial biomass particles before the gasification.  

 

Drying 

 

The first step in the fuel conversion process is the drying where the moisture in the fuel is 

evaporated. Drying was calculated, according to the method used by Vicente et al
20

, with a 

simple heat balance between the heat transfer to the particle and the latent heat of 

vaporization, when the particle was above 100 °C: 

 

 
     

  
 

 ̇

      
                  

     

  
                   (2) 

 

Where  ̇ (J/s) is the heat added to the particle,    (    is the particle temperature and        

(J/kg) is the latent heat of vaporization for water.  In this way the heat transfer to the particle 

by convection and radiation was taken into account together with the latent heat of 

vaporization needed to dry the particles without the need for detailed modeling of the drying.  

 

Devolatilization 

 

After drying, the particles continue to heat up through radiation, from the flame and the hot 

walls, and through convection. The rate of the resulting devolatilization was calculated with a 

one-step global reaction with the rate coefficient set according to Wagenaar et al
21

: 

 

   

  
                                 

     

  
   (3) 
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Where    is the mass of the particle,      is the mass of the particle after complete 

devolitalization and    is the particle temperature. The gas species released during 

devolitalization were C2H4, CH4, CO, CO2, H2, H2O and Tar. 

 

Volatiles→aC2H4+bCH4+cCO+dCO2+eH2+fH2O+gTar  (4) 

 

The coefficients in eq. 4 were determined by the method described by Neves et al
22

 for 

prediction of biomass pyrolysis products. In this method the pyrolysis peak temperature, or 

the reactor temperature, is needed since the coefficients in eq. 4 depend on this parameter. In 

the present model, the parameter value was determined iteratively from a series of CFD 

simulations in which the pyrolysis peak temperature was updated after each iteration to the 

resulting average temperature for all fuel particles at the end of the pyrolysis step. Based on 

this method it was found that the optimum value for the pyrolysis temperature was around 900 

°C. For the individual fuel particles, the corresponding temperature at the end of the pyrolysis 

step varied between 800 and 1000 °C.  

 

One problem in modeling tar is that real tar is a complex mixture of large molecules. It is 

virtually impossible to model the decomposition of the mixture in detail in a complex flow 

situation. In order to find a compromise between detailed modeling of the multitude of tar 

species and reactions involving those species in the real syngas and the need for short 

computational times, it is assumed in the model, in accordance with Yan et al 
23

, that tar is 

assumed to consist only of benzene. In that work coal hydrogasification in an entrained flow 

gasifier is simulated and the results show that the simplified tar model leads to accurate 

predictions of the composition of the product gas. 

 

Homogeneous reactions 

 

The homogenous gas phase reactions are described with global reactions similar to those in 

Gao et al
12

 for the main gas species. One of the differences in the present model, is that all tar 

was lumped into benzene instead of generalized hydrocarbons obtained from mass and 

elemental balances as in Gao et al
12

. For benzene, the benzene oxidation and benzene steam 

reforming was taken into account in the model. 
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The homogeneous reactions in the present model are listed in Table 3 together with the 

corresponding kinetic reaction rate expressions. To calculate the reaction rates, a combined 

finite-rate/eddy-dissipation model was used. This model calculates both the kinetic reaction 

rate and the reaction rate according to turbulence mixing and uses the minimum of the two. 

For the water-gas shift reaction only finite-rate reaction rate was used.  

The reaction rate for benzene steam reforming is taken from the work by Jones and 

Lindstedt
24

 for butane. However, this value can only be seen as an approximation of the 

optimum value for the present model since the Jones and Lindstedt model was developed for a 

different purpose. The reaction rate for benzene should therefore be updated as soon as 

suitable experimental data becomes available. The value used in the present simulations is 

almost the same reaction rate as in Yan et al
23

 for benzene steam reforming. 

 

Table 3: Homogenous gas phase reactions with parameters, Gas Temperature T (K), Molar 

concentration [ ] (mol m
-3

). 

Reaction Reaction Rate Expression (mol m
-3

 s
-1

) Reference 

CH4+1.5O2 →CO+2H2O              ( 
     

 
)  [   ]   [  ]                                                                                                                                                                        25 

C2H4+2O2 →2CO+2H2O             ( 
     

 
)  [    ][  ]                                                                                                                                                                     26 

H2+0.5O2 →H2O             ( 
     

 
)  [  ]   [  ]                                                                                                                                                                    27 

CO+0.5O2 →CO2              ( 
     

 
)  [  ][  ]   [   ]                                                                                                                                                                       25 

CO+H2O ↔ CO2+H2                      ([  ][   ]  
[  ][  ]

     
) 

                  
      

 
                                                                                                                                                                                                                                                                                                                                      

28 

C6H6+4.5O2 →6CO+3H2O             ( 
     

 
)  [    ]    [  ]                                                                                                                                                                        25 

C6H6+6H2O →6CO+9H2 
         ( 

     

 
)  [    ][   ] 

24 

 

Heterogeneous reactions 

 

The last step in the fuel conversion is when the residual char starts to react through 

heterogeneous reactions with the gas. The heterogeneous reactions were modeled with the 

three reactions listed in Table 4 together with a reaction rate expression. The char was 

represented only by carbon (C) in this study for simplicity but could also consist of small 

amounts of hydrogen and oxygen.  
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The degree of conversion of the char, X in Table 4, is defined as: 

 

    
          

       
     (5) 

 

Where    the mass of the particle,    is the mass of particle after devolatilization, and      

is the mass of the ash in the particle. 

 

Table 4: Heterogeneous reactions, with kinetic parameters, particle temperature    (K), 

degree of conversion X and partial pressure   of the specified species (Pa) 

Reaction Reaction Rate Expression Reference 

C+0.5O2 →CO   

  
            ( 

      

   

)     
               

29 

C+H2O →CO+H2   

  
            ( 

      

   
)      

           
30 

C+CO2 →2CO   

  
             ( 

      

   
)      

           
31 

  

4. Results and Discussion 

 

Gas Composition 

 

In the current study the gasifier model predictions were compared to experiments conducted 

at four different equivalence ratios between 0.26-0.37. Since nitrogen was added for safety 

reasons at different locations in the experiments, the gas composition from the CFD model 

was normalized to the same amount of nitrogen as in the experiment for all cases. Figure 3 

shows experimental and predicted values for the main gas components versus equivalence 

ratio. The relative error between the simulation results and the experiments is listed in Table 

5. The relative error is quite large for the components with the lowest concentrations (CH4 

and C2H4), particularly for the lower values of the equivalence ratio. The problem of 

predicting the methane concentration correctly has been observed by others, e.g. Carlsson et 

al
32

 who found that the model they were using over-predicted the destruction of methane in an 

entrained flow gasifier model. When the model used by Carlsson et al
32

. was modified so that 

the methane concentration agreed well with experiments, the agreement for the major gas 
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components also became very good without any need for additional modification of the 

modeling of the governing equations for the major gas components. In the present case the 

model prediction of methane is much better than in the original model used by Carlsson et al
32

 

and it is believed that the main reason is that the methane steam reforming is neglected due to 

the expected low process temperatures in the air blown cyclone gasifier. 

 

For the major components in the syngas (CO, CO2 and H2), the agreement with experiments is 

very good and the relative errors (see Table 5) are below 5% except for H2 at the lowest 

equivalence ratios. The increasing errors with decreasing equivalence ratio can be explained 

as a direct effect of the increasing error in the methane concentration with decreasing 

equivalence ratio (see Figure 3) based on the observations in Carlsson et al
32

 where it was 

found that the concentrations for the major gas components can be computed with good 

accuracy from thermodynamic equilibrium if the measured value for the methane 

concentration is used as a constraint to the equilibrium calculation. Hence, if the present 

model produces an error in the non-equilibrium methane concentration, then that error will 

propagate into the major gas component concentrations. As a consequence, the best option for 

improvement of the present model is to improve the sub model for homogeneous reactions 

involving methane so that the prediction agrees better with the real kinetics for methane. 

 

The present model also predicts the ethene (C2H4) concentration in the syngas but the 

agreement with experiments is relatively poor. One possible explanation could be that the 

simple one-step scheme for ethene results in a much too fast conversion of ethene and that the 

production of ethene and methane from tar is neglected in comparison to the production from 

pyrolysis in the current model. In order to improve the ethene prediction with the present 

model, it would therefore be necessary to add a more realistic kinetic expression for ethene 

together with a more comprehensive model for the tar conversion.  
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Figure 3. Measured (empty) and predicted (filled with line) gas composition of the product 

gas. 

 

Table 5: Relative error in percent for the CFD model compared to the experiment 

Case 1 2 3 4 Unit 

CO2 4.9 3.2 2.3 4.9 % 

CO -3.8 -0.4 1.5 4.5 % 

H2 18.6 9.7 2.3 1.6 % 

CH4 -31.6 -27.6 -20.2 -22.7 % 

C2H4 -37.3 -14.9 31.3 -56.8 % 

 

Sensitivity to boundary conditions 

 

In the experiments, the wall temperature had not attained a completely steady state at the time 

when the measurements were made. However, it is reasonable to assume that the gas 

composition was in a quasi-steady state that corresponded to the instantaneous wall 

temperature due to the very short residence time (typically a few seconds) for the fuel and gas 

in the reactor. As a consequence of the short residence time the total gas volume in the reactor 
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is completely replaced many times before any appreciable change in wall temperature can be 

detected. In order to assess the sensitivity of the results to the wall temperature boundary 

condition, an additional calculation was performed with wall temperatures based on 

measurements one hour before those used in case 2. For this case, the top temperature was 46 

°C lower, the middle temperature 34 °C higher and the bottom temperature 26 °C lower 

compared to Case 2. In addition to the wall temperature variation, four other variations of 

boundary conditions were made in order to assess the model’s sensitivity to these parameters 

and its coupling to uncertainties in the measured values in the experiment. The additional 

changes were +-5% in both air (Air+ and Air-) and fuel flow rate (Fuel+ and Fuel-), for case 

2. 

In Table 6 the results from these variations are presented with the relative change from the 

base case (Case 2) in parenthesis. The results from Case 2 with different wall temperatures 

show that the largest change can be found for methane and ethene but that the change is 

moderate. This shows that the prediction of gas components is only slightly affected by 

variations in wall temperature, at least if the average wall temperature is approximately 

constant. Hence, based on the results from the model in Table 6, it seems likely that the 

change in gas composition, when steady state is achieved in the Case 2 experiment, will be 

small.  However, in future work it would be of interest to add heat conduction through the 

refractory lining to the model so that a constant external wall temperature boundary condition 

can be used instead of measured refractory wall temperatures. 

 

The variations in air and fuel flow rates do not result in drastic changes in gas composition 

and the maximum relative changes were 3.1% for CO2, CO and H2 and 7.4% for methane. 

Therefore an uncertainty of 5% in the measured flow rates in the experiment will not 

invalidate the conclusions in the comparison between experiments and simulations above. 
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Table 6: Simulated gas composition from a sensitivity study with different air and fuel flow 

rates together with a case with the wall temperature set according to measurements one hour 

before that used in the base case (Case 2). The values within parentheses represent the relative 

change between that case and the base case.  

Case CFD Case 2 Different 

Temp 

Air+ Air- Fuel- Fuel+ 

CO2 13.2 13.4 (1.8%) 13.5 (2.5%) 12.8 (-3.1%) 13.5 (3.1%) 12.8 (-2.8%) 

CO 17.0 16.9 (-0.7%) 16.9 (-0.2%) 17.2 (1.1%) 16.8 (-1.1%) 17.2 (1.4%) 

H2 10.2 10.0 (-2.2%) 9.9 (-2.5%) 10.2 (0.3%) 10.0 (-2.3%) 10.2 (-0.5%) 

CH4 1.66 1.72 (3.8%) 1.64 (-0.9%) 1.78 (7.2%) 1.64 (-1.2%) 1.78 (7.4%) 

C2H4 0.48 0.52 (5.2%) 0.47 (-0.3%) 0.52 (8.8%) 0.47 (-0.3%) 0.52 (9.5%) 

N2 57.1 57.1 57.1 57.1 57.1 57.1 

 

Temperature Distribution 

 

In Figure 4 the gas temperature distribution is presented for case 2. The calculated maximum 

temperature is 1312 °C and it is located in the upper part of the gasifier between the reactor 

wall and the vortex finder external wall, approximately at half height of the vortex finder. The 

high temperatures around the lower part of the vortex finder indicate that the flame should be 

visible there in a flame visualization experiment. The high temperature zone also extends into 

the vortex finder. In order to make a qualitative assessment of the simulation results, a flame 

visualization experiment was made with a pinhole camera installed in the lower part of the 

reactor (see Figure 4). The resulting photograph which is taken at an angle with the reactor 

centerline can be seen in Figure 5. In the upper part of this photograph the entrance to the 

vortex finder can be seen and it is clear that the flame is located on the outside of the vortex 

finder. In a live video it can be seen that the flame is strongly turbulent and swirling around 

the vortex finder. The qualitative agreement between simulation and flame visualization is 

quite good considering that the gas phase model is based on a Reynolds average (RANS) 

formulation. 

The model predicts outlet average temperatures of 822, 854, 872 and 900 °C for case 1, 2, 3 

and 4, respectively. The predicted heat loss from the wall, corresponding to the assumed wall 

temperature distribution, was 12.0, 13.6, 16.9 and 17.0 % of the thermal energy in the 

incoming fuel for case 1, 2, 3 and 4, respectively. In a larger gasifier, the relative heat loss 

would of course be much smaller due to the smaller surface area to volume ratio, if the 

gasifiers have the same specific fuel power (W/m
3
). 
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Figure 4. Predicted temperature distribution inside the cyclone gasifier and the camera 

location. 

 

Figure 5. Flame visualization with a pinhole camera installed in the lower part of the gasifier 

and looking upwards toward the vortex finder tube. The darker silhouette of the vortex finder 

tube can be seen at the top of the image. The camera position is indicated in Figure 4. 

Camera location 
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Unconverted char, lower heating value and cold gas efficiency 

 

The predicted amount of char that ended up in the char bin, expressed as %wt of incoming 

fuel was 2.0, 1.5, 1.2 and 1.2 wt% for case 1, 2, 3 and 4, respectively. The measured char 

amount was 3.5, 2.2 and 3.9 %wt for case 1, 2 and 3 respectively. For case 4 a measurement 

of char amount is not available. The measured char amount is higher than the model 

predictions for all the cases. It is also, a little unexpectedly, non-monotonous with a minimum 

for Case 2. The char measurements represent an average over each experiment, including the 

startup and shutdown of the reactor when the temperature is different compared to the 

assumed temperature in the simulation. Hence, it is to be expected that the measured average 

value over the whole experiment for unconverted char is not representative of the value 

during the part of the experiment when stable conditions have been obtained. Based on this 

reasoning, it is to be expected that the model will predict a different value of the char amount 

than what is found in the experiment. The effect of the start-up phase of the experiments can, 

in future experiments, be reduced if the experiments are carried out for a much longer time so 

that the relative contribution from the transients during startup and shutdown becomes much 

smaller.  

The lower heating value (LHV) obtained from the model was in the range 3.5 - 4.9 MJ/Nm
3
, 

with the highest value for the case with lowest equivalence ratio. The LHV in the experiments 

calculated from GC measurements is in good agreement to this with a range 4.0 - 5.3 for Case 

1 - 4. The cold gas efficiency (CGE) is an important performance parameter of a gasifier and 

it represents the percentage of the fuel heating value that is converted into heating value of the 

producer gas:  

 

       
 ̇     

 ̇     
         (6) 

 

where  ̇  and  ̇  is the mass flow rate (kg/s) of the produced gas and fuel, respectively. The 

     and      are the lower heating value (MJ/kg) of the product gas and fuel, respectively. 

For the LHV of the gas the contribution from benzene was not included. The model gives a 

cold gas efficiency of 52.0, 51.9, 49.3 and 48.2% for case 1, 2, 3 and 4, respectively. If the 

contribution from benzene is included in the lower heating value of the product gas, the cold 
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gas efficiency increases to 60.3, 60.0, 55.0 and 51.5% for case 1 to 4. It was not possible to 

compare this prediction to the experiments since there was no flow meter for the syngas 

coming out of the gasifier. 

The predicted amount of particles that follows the product gas out of the reactor was 0.0042, 

0.0038, 0.0047, 0.0093 %wt of fuel in for case 1, 2, 3 and 4, respectively. These numbers are 

very low compared to experimental values
5
 and the main reason is that the reactor wall was 

assumed to be perfectly smooth in the model in contrast to the refractory wall of the pilot 

gasifier which has a relatively rough surface. 

 

Sensitivity to fuel particle size 

 

Since the fuel particle size is an important parameter for entrained flow gasification, 

simulations with three different particle size distributions were carried out. One case where 

the characteristic size for the Rosin Rammler distribution was decreased 50% (Small) and one 

case with 50% increase (Big) compared to Case 2. In Table 7 the results from the particle size 

variations are presented and it can be seen that the cold gas efficiency increased from 51.9% 

to 52.2% for the small particle case. With smaller particles the amount of char was also 

decreased from 1.5 to 1.3 wt% of fuel in. 

For the case with an increase in particle size the impact on CGE was more pronounced with a 

reduction to 50.0% while the amount of char was increased less significantly to 1.7 wt%.  

It is clear from this comparison that a smaller fuel particle size will result in higher fuel 

conversion efficiency. On the other hand, in order to obtain a smaller particle size the energy 

consumption in the milling operation will increase significantly. Judging from the CGE 

results it appears that the particle size in the base case is close to an optimum since a further 

decrease in particle size only marginally increases the CGE while an increased particle size 

has a much larger effect. However, it would be of interest to make a system level 

optimization, including the fuel preparation and downstream processes to determine the 

global optimum for the particle size which may be different than that found in this 

comparison. 

  



19 

 

Table 7: Cold gas efficiency and char amount for different particle size distribution. 

Variable Small Case 2 Big Unit 

Cold gas efficiency 52.2 51.9 50.0 % 

Char amount (%wt of fuel in) 1.3 1.5 1.7 %wt 

 

5. Conclusions and Future work 

 

In this work a numerical model of a cyclone gasifier has been developed by implementing a 

multi-phase reacting flow model in the commercial CFD program Ansys CFX. The results 

from the model have been compared with experimental measurements from a 500 kWth 

cyclone gasifier. The main conclusions are: 

 

 The overall agreement between model and experiment with increasing equivalence 

ratio was good for the major species (CO, H2, CO2).  

 There is a potential for improvement of the treatment of the minor species methane, 

ethene and tars in the model and it is expected that the overall agreement would be 

even better if this is done. 

 The model predicts a maximum in the cold gas efficiency for the case with the lowest 

equivalence ratio 0.26. 

 The char amount decreased with increasing equivalence ratio as expected. The poor 

quantitative agreement with experiments for unconverted char, where the experimental 

values were significantly higher than the simulation in all cases, is most likely an 

effect of contributions from the start-up phase of the experiments before a stable 

temperature and flame has been established. It is not possible to assess the accuracy of 

the model with respect to char conversion further before more accurate experimental 

values for unconverted char are available. 

 The effect of particle size on the char amount in the char bin is significant and it 

appears that the particle size in the experiment is close to a global optimum. The 

sensitivity study with respect to particle size showed that the impact on cold gas 

efficiency was asymmetric with a much lower impact from a decrease in particle size 

than from an increase.  
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In the model, the reactor outer wall was treated as perfectly smooth in the boundary condition 

for the particles. It is well known from experiments on particle separation in gas cyclones that 

the surface roughness has a strong influence on the separation efficiency of cyclones for 

particle laden gas
33

. Therefore an improved boundary layer model that accounts for surface 

roughness both for the gas phase and the particle phase is needed before it can be expected 

that the model should be able to predict the particle concentration in the syngas more 

accurately. Moreover,  significant irregularities in the reactor wall, e.g. the hole for the startup 

oil burner, that have been neglected in the present model should also be added to the 

computational mesh in order to account for the increased dispersion of particles from 

macroscopic geometrical features. 
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Abstract 

 

Cyclone gasification in combination with a gas engine that drives a generator followed by 

heat recovery from the engine exhaust gases is a proposed technique for combined heat and 

power production at intermediate scale. In this work a previously developed gasification 

model have been used to predict what happens when a cyclone gasifier are scaled in both size 

and fuel power input. The model predicts that the cold gas efficiency was increased from 51.9 

% to 57% and the heat losses decreased 35% for the 4.4 MWth gasifier considered in this work 

compared to a 500 kWth gasifier. The result from the model was also compared with 

experimental measurement in a 4.4 MWth gasifier and shows that the model predicts the gas 

composition reasonable. The relative error for two cases considered in this work for CO2, CO 

and H2 was between 13.3-17.6%, 0.8-2.1%, and 4.4-23.5%, respectively. The methane and 

ethylene was under-predicted around 50%. 

 

Keywords: cyclone gasification, gasification modeling, biomass 

1. Introduction 

 

Cyclone gasification in combination with a gas engine that drives a generator followed by 

heat recovery from the engine exhaust gases is a technology that has the potential to be more 

suitable than steam based processes for small scale combined heat and power production. 

Cyclone gasification has been experimentally studied by several groups worldwide
1-4

. The 

experiments have typically been carried out in the 50-200 kW scale which is much smaller 

than the expected commercially interesting scale (1-20 MWth). Recently, results from 



2 

 

experiments in a slightly larger gasifier (500 kW) with several different types of solid biomass 

were published
5
. However, even with this significant amount of published data, it is difficult 

to make a reliable engineering design of commercial scale gasifiers without the need for 

contingency plans if the performance does not meet the target. This is a problem since the 

technical risk will lead to a commercial risk that may stop otherwise interesting projects. One 

alternative to costly experiments in a full scale gasifier is to use CFD based computer 

modeling that accounts for the geometry of the gasifier and other design parameters in 

sufficient detail to be able to predict the performance of the gasifier and to optimize the 

engineering design before the gasifier is built. However, the problem is that the accuracy with 

respect to scale up effects of the models that have been published
6-8

 is unknown. The present 

paper is aimed at improving this situation by comparing an existing model against 

experimental results from two different cyclone gasifiers with significantly different scales 

(500 kWth and 4.4 MWth).  

The model that is used in the present scale up study was developed by Risberg et al
7
 and it has 

been compared against experiments in a 500 kWth pilot gasifier. The results from the 

comparison in Risberg et al
7
 showed that the gas composition was predicted well for the 

tested cases and that the model’s sensitivity to uncertainties in the boundary conditions was 

relatively low. The latter result is particularly important when the model is used for 

engineering design for which it is impossible to use measured values as boundary conditions. 

In the present paper, new results from experiments in a 4.4 MWth gasifier are first presented 

before they are used for assessment of the model in Risberg et al
7
 with respect to scale up. 

 

2. Experimental details 

 

The experimental measurement was performed in a 4.4 MWth cyclone gasifier constructed by 

Meva Energy AB in Hortlax, Sweden. A simplified process flow diagram of the gasification 

plant is presented in Figure 1. The cyclone reactor has an internal height of 3.0 m high and an 

inner diameter of 0.75 m, which corresponds to about 10 times larger volume than the 500 

kW gasifier in Risberg et al
7
. The fuel used for the validation was wood pellets of similar type 

to that in Risberg et al
7
. The pellets were milled with a disc mill and transported 

pneumatically into the gasifier (1). In the gasifier the wood powder is gasified together with a 

controlled sub-stoichiometric amount of air and the unconverted char together with the ash is 

separated in the bottom (3) of the gasifier. The product gas left the gasifier through a vortex 
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finder tube in the top of the reactor and was cooled with a gas-to-oil heat exchanger (4). The 

cooled gas was then cleaned with a system consisting of a multi-cyclone (5) for removal of 

coarse particles, a bio scrubber (7) for absorption of tars and finer particles and a wet 

electrostatic precipitator (WESP) (8) for removal of remaining particles and aerosols in the 

syngas. The clean gas is then used as fuel in a 1 MW reciprocating piston internal combustion 

engine (made by Cummins) to produce electricity (11). During start up, before the gas quality 

was stable enough for use in the gas engine, the gas could be sent to a flare (10).  

The product gas composition at a position after the WESP was sampled into gas bags for later 

analysis. The gas was then analyzed with a gas chromatograph (Varian CP-3800) equipped 

with two thermal conductivity detectors (TCD) for detection of CO, H2, CO2, N2, O2, CH4, 

C2H4 and C2H2. The gasifier wall temperature was measured with four thermocouples 

mounted inside the refractory wall at four different heights (0.5, 1.2, 2.1 and 2.9 m from the 

bottom of the gasifier). The char (3) and the particles that were separated in the multicyclone 

(6) were mixed with water directly after the separation but no analysis of the char was 

conducted and the amount of char was not determined in this work.  

 

 

Figure 1. Schematic of the cyclone gasifier and the gas cleaning equipment 
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3. Experimental results 

 

The results from the experiments for two cases with different equivalence ratios are presented 

in Table 1. The equivalence ratio in Table 1 is defined as: 

   
 ̇   

 ̇     
     (1) 

where  ̇    and  ̇      is the mass flow rate of air and the mass flow rate of air at 

stoichiometric combustion, respectively. The main difference in gas composition between the 

two cases is that the CO and CH4 concentration is lower and that the N2 concentration is 

higher for the case with higher equivalence ratio. This is as expected since the temperature is 

higher and the relative flow rate of N2 is larger for the higher equivalence ratio.  

 

Table 1: Process parameters and measured results for two cases with different equivalence 

ratio. 

Variable Case1 Case2 Unit 

Fuel mass flow rate 730 648 kg/h 

Gas inlet mass flow rate 1216 1401 kg/h 

Equivalence ratio (ER) 0.281 0.365  

Power 3612 3208 kW 

Measured wall temperature (°C) Case 1 Case 2  

Top 841 968  C 

Middlehigh 718 786  C 

Middlelow 720 773 °C 

Bottom 508 550 °C 

Measured gas composition (vol% dry) Case 1 Case 2 Unit 

CO2 12.3 12.3 vol% 

CO 21.3 19.7 vol% 

H2 10.2 10.7 vol% 

CH4 3.6 3.0 vol% 

C2H4 1.22 0.94 vol% 

C2H2 0.62 0.88 vol% 

N2 50.6 52.3 vol% 
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Fuel Data 

 

The fuel that was gasified was stem wood pellets with a low ash content. The results from 

ultimate and proximate analysis are presented in Table 2. Before the fuel was gasified it was 

milled with a disc mill (Skiold) and transported pneumatically into the reactor. A vibrating 

sieve stack (Fritch Analysett 3) was used to determine the particle size distribution. In Figure 

2 the resulting particle size distribution is shown. The particle size distribution agrees well 

with a Rosin Rammler size distribution of power 2 and a characteristic size of 660 um (see 

Figure 2).   

Table 2. Ultimate and proximate analysis of the fuel 

Ultimate analysis Value (wt% dry ash free) 

C 50.5 

H 6.3 

O 42.7 

N 0.1 

Proximate analysis Value (wt% dry ash free) 

Volatiles 84.1 

Char 15.9 

Ash 0.3 

Moisture 4.0 

LHV (MJ/kg dry ash free) 19.2 

 

Figure 2. Particle size distribution of the fuel and Rosin Rammler distribution used in the 

numerical model. 

 

0

5

10

15

20

25

30

35

40

45

50

<75 75-125 125-250 250-500 500-1000 >1000

w
t%

Particle size (μm)

Exp CFD



6 

 

 

4. Numerical model 

 

The gasification model was implemented in the commercial computational fluid dynamics 

code Ansys CFX and it is described in detail in Risberg et al
7
 and will therefore only be 

summarized here. The biomass particles were treated as a dispersed phase in an Euler-

Lagrange multi-phase flow formulation, and the particle size distribution was set according to 

Rosin Rammler distribution of power 2 and a characteristic size of 660 um (see Figure 2). The 

particle conversion inside the gasifier was calculated with sub models for drying, 

devolatilization, homogeneous reaction and heterogeneous reaction that are described in 

Risberg et al
7
. For the homogenous reactions a combined finite-rate/eddy-dissipation model 

was used. 

The gas phase turbulence was modeled with a k-epsilon model that was modified to account 

for swirling flow according to Spalart and Shur
9
. The turbulent dispersion of the biomass 

particles was treated with a model developed by Gosman and Ioannides
10

. When the particles 

hit the wall the coefficient of restitution was calculated according to a polynomial dependent 

on the impact angle that was fitted numerically to experiments made by Schade et al
11

. To 

model radiative heat transfer the discrete transfer model
12

 with a wall emissivity specified to 

0.8 according to the refractory material in the gasifier
13

. The gas radiative absorption 

coefficient was calculated according to Barlow et al
14

. The wall temperature boundary 

condition was interpolated from a third order polynomial that was fitted to the measured wall 

temperatures at four different heights in the gasifier. The connection to the char bin at the 

bottom of the cyclone was modeled as a wall and when the particles hit the wall they were 

removed from the computation. The outlet in the top of the vortex finder in the upper part of 

the reactor was modeled as a constant pressure outlet. The inlet boundary conditions were 

specified according to Table 1 for the two different cases. The computational mesh that was 

used for assessment of the model consisted of 191471 elements. It was not possible to utilize 

symmetry to reduce the grid size, in contrast to the computations for the 500 kW pilot scale 

gasifier, since there is only one fuel inlet in the full-scale gasifier. The discretization error for 

the average temperature and average CO mole fraction at the outlet of the gasifier was 

estimated with Richardson extrapolation
15

, using one additional mesh with 395648 elements 

and by assuming second order grid convergence. The resulting estimated error was 1.1% for 

the temperature and 1.6% for the CO mole fraction. 
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5. Results and Discussion 

 

Gas Composition and Performance of the full scale gasifier 

 

Figure 3 shows the gas composition for the main gas components for the two cases. Both 

cases exhibit good agreement between the experiment and the model for CO. Compared with 

the results from a simulation of a 500 KWth cyclone gasifier with the same model
7
 the trends 

are the same.  

In Table 3 the relative error in percent are presented. The biggest relative error was found for 

CH4 and C2H4 which are underestimated by around 50% for both cases. The under-prediction 

of CH4 and C2H4 is probably a result of the simplified tar reactions used in the model since tar 

is cracked to lower hydrocarbons like CH4 and C2H4 that are further converted to CO and H2.  

The lower heating value obtained by the model was 5.03 MJ/Nm
3
 and 4.25 MJ/Nm

3
 for case 1 

and 2, respectively, which is qualitatively in agreement with the trend in the experiments. 

However, the quantitative agreement is not as good when compared to the measured values 

from the GC that was 6.08 and 5.7 MJ/Nm
3
. 

The cold gas efficiency (CGE) is an important performance parameter of a gasifier and it 

represents the percentage of the fuel heating value that is converted into heating value of the 

produced gas:  

 

       
 ̇     

 ̇     
         (2) 

 

where  ̇  and  ̇  is the mass flow rate (kg/s) of the produced gas and fuel, respectively. The 

     and      are the lower heating value (MJ/kg) of the product gas and fuel, respectively. 

The CGE was 57.0% for case 1 and 56.2% for case 2 if C6H6 is excluded from the lower 

heating value. If C6H6 is included the CGE obtained was 62.4% and 58.3% for case 1 and 2, 

respectively. Since there are no measurements of the syngas flow rate or char mass flow rate 

in the full scale experiment, it was not possible to compare the predictions of CGE to 

experimental values. However, since the LHV was under-predicted in the model it is likely 

that the CGE in the full scale gasifier is higher than the predicted values. 

The predicted amount of particles in the product gas was 0.012 and 0.019 %wt of the 
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incoming fuel into the gasifier. There are no measurements to compare with. 

 

 

Figure 3. Measured and predicted gas composition of the product gas. 

 

Table 3. Relative error in percent for the CFD model compared to the experiment 

Case 1 2 Unit 

CO2 17.6 13.3 % 

CO -0.8 -2.1 % 
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Temperature Distribution in the full scale gasifier 

 

The temperature distribution inside the gasifier is presented in Figure 4. Notice, that the 

asymmetric temperature field is a result of the asymmetric single fuel inlet. The highest 

temperature is found around the vortex finder tube and along the wall of the opposite side of 

the inlet of the gasifier. In the lower part of the gasifier the temperature is quite low. The 

outlet temperature was predicted to 885 °C for case 1 and 981 °C for the case 2.  The heat 

losses were 8.9 and 10.9% of the thermal energy in the incoming fuel for case 1 and 2, 

respectively.  

 

 

Figure 4. Predicted temperature distribution inside the full scale gasifier. 
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Scale up effects 

 

To assess the effect of scale on gasifier performance a comparison was made between the full 

scale 4.4 MWth gasifier the pilot scale 500 kWth gasifier that was studied by Risberg et al
7
. 

The results for the pilot gasifier are taken without any normalization of nitrogen level that was 

done in Risberg et al
7
 to account for nitrogen that was added for safety purposes, since no 

nitrogen is added in the full-scale gasifier.  

The results from this comparison are summarised in Table 4. For the gas composition the 

major difference is in the CO content that has increased from 19.5% to 21.1%, together with 

an increase in H2 and a decrease in CO2. The heat loss has decreased by 4.7 percentage points 

which corresponds to an improvement of 35% for the full-scale gasifier compared to the pilot 

scale gasifier. This was expected since the surface area to volume was app. 50% lower for the 

full-scale gasifier compared to the pilot scale gasifier and therefore the heat losses should be 

less. Also an increase of the cold gas efficiency was seen for the larger gasifier, from 51.9 to 

57% and 59 to 62.4% if benzene is included. The amount of particles in the product gas is 3 

times larger for the bigger gasifier. 

 

Table 4. Comparison between two cyclone gasifiers with different sizes. 

 500 kWth 4.4 MWth Unit 

Power (kW) 386 3612 kW 

Equivalence ratio (ER) 0.286 0.281  

CO2 15.1 14.4 vol% 

CO 19.5 21.1 vol% 

H2 11.7 12.6 vol% 

CH4 1.9 2.1 vol% 

C2H4 0,55 0,53 vol% 

C6H6 0.46 0.35 vol% 

Heat Losses 13.6 8.9 %of energy in fuel 

Outlet Temperature 854 885 °C 

Char amount 1.5 1.0 %wt of fuel in 

Particles in productgas 0.004 % 0.012% %wt of fuel in 

CGE without Benzene 51.9 57.0 % 

CGE with Benzene 59.0 62.4 % 
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6. Conclusions and Future work 

 

In this work a numerical simulation of a 4.4 MWth cyclone gasifier has been performed 

together with a comparison with a 500 kWth cyclone gasifier to predict scale-up effects. The 

following conclusions can be drawn: 

 

 The overall agreement between the model and experiment is good with respect to gas 

composition but the concentrations of minor species (CH4, C2H4, C2H2) are under-

predicted 

 The model shows similar trends for both gasifier sizes with an over-prediction of H2 

content at lower equivalence ratio, over-prediction of CO2 and under-prediction of 

CH4 and C2H4. 

 The CFD model predicts a significant increase (app. 5% absolute change) in the cold 

gas efficiency when the gasifier size is increased tenfold. 

 The heat losses were decreased by 35% for the full-scale gasifier compared to the pilot 

scale gasifier. 

 The predicted amount of particles in the product gas was increased 3 times compared 

to the smaller gasifier. 

 

Overall the model predicts the gas composition well and the predictions of other performance 

parameters like heat losses through the reactor walls and cold gas efficiency seems 

reasonable. If the model is used judiciously and the results are carefully assessed based on the 

findings in the present paper it would be possible to use the model for engineering design of 

full scale gasifiers up to about 5 MWth. In particular, it is expected that the LHV in the syngas 

and the cold gas efficiency in the real gasifier would be higher than predicted with the present 

model. For larger gasifiers the results should be used more cautiously, at least until the model 

has been further validated against experiments.   

In future developments of the model, it would be of primary interest to improve the prediction 

of methane concentration in syngas since it has an impact both on the prediction of lower 

heating value and on cold gas efficiency. Also the pyrolysis sub model would be of interest to 

improve since the pyrolysis products are intimately linked to the gas phase sub model.  
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