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ABSTRACT 

 

High temperature pressurised black liquor gasification has the potential to significantly 

improve the efficiency of energy and chemical recovery in the pulping industry. 

However, a lack of demonstration of the reliability of the process has delayed its large 

scale industrial implementation. As an important step towards a greater trust in the 

process reliability, a self-consistent CFD model has been developed. This paper 

contains a detailed description of the model and a performance prediction of an 

entrained flow pilot gasifier for a typical operational condition. Emphasis is put on the 

modelling of input data for the CFD simulation where eight key assumptions form the 

basis for a consistent model of the black liquor composition. The results for the pilot 

gasifier performance with typical values for the design variables indicate that the droplet 

size should be <200 µm and/or have a residence time of 2-3 s for a high level of carbon 

conversion. 
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NOMENCLATURE 

c concentration (mole m-3) 
Cp specific heat at constant pressure (J kg-1 K-1) 
D gas diffusion coefficient (m2 s-1) 
d droplet diameter (m) 
h heat of reaction (J kg-1) 
k mass transfer coefficient (m s-1); turbulent kinetic energy (m2 s-2); kinetic 

reaction rate constant (s-1) 
K equilibrium constant 
m mass (kg) 
m&  mass transfer rate (kg s-1) 
M molar mass (kg mol-1) 
p partial pressure (Pa) 
Q&  heat transfer rate (J s-1) 
r reaction rate constant (s-1) 
t time (s) 
Re Reynolds number 
Sc Schmidt number 
T temperature (K) 
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Greek letters: 

α ratio of stoichiometric reaction coefficients of reactants A and B 
ε rate of dissipation of turbulent energy (m2 s-3) 
θ degree of swelling 
λ oxygen equivalence ratio 

ρ density (kg m-3) 
 

Subscripts: 

A reactive specie in droplet 
B reactive specie in gas 
boil boiling point 
c char carbon 
C carbon 
char char gasification stage; char compounds 
conv convection 
d droplet 
dev devolatilization stage 
dry drying stage 
film boundary layer film at droplet surface 
g gas phase 
i index for specie i 
kinetic reaction kinetics 
max maximum value 
out outlet value 
pore pore diffusion in droplet 
rdi radiation 
smelt smelt phase 
vol volatile matter 
0 initial value 
+ forward direction 
- backward direction 
 
Acronyms: 

BL black liquor 
BLS black liquor solids 
CFD computational fluid dynamics 
HHV higher heating value 
PEHT-BLG pressurised entrained flow high temperature black liquor gasification 
HR-ICP-MS high resolution inductively coupled plasma mass spectrometry 
ICP-AES inductively coupled plasma-atomic emission spectrometry 
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INTRODUCTION 

 

Black liquor (BL), a valuable by-product of the chemical pulping process, is an 

important liquid fuel in the pulp and paper industry. It consists of approximately 30% 

inorganic cooking chemicals along with lignin and other organic matter separated from 

the wood during chemical pulping in a digester. One of the most commonly used 

chemical pulping processes is called Kraft pulping, where the active cooking chemicals 

are a water solution of Na2S and NaOH. Conventionally, Tomlinson Kraft recovery 

boilers (Adams et al. 1997) are used to recover the organic combustion heat as steam 

and, most importantly, to recover the cooking chemicals from the produced black liquor 

in Kraft pulp mills. This type of boiler has served the pulping industry for about 70 

years and a continuous effort has been made to improve its efficiency. However, despite 

these efforts the Kraft recovery boiler still has a relatively low efficiency for generation 

of electricity ~10% (Arakawa and Tran 2003) and suffers from problems with explosion 

risk and tube fouling. 

 

Due to both economical and environmental protection driving forces, one of the most 

important objectives with the black liquor recovery unit is to recover the inorganic 

cooking chemicals in the form of green liquor. Good green liquor quality is associated 

with low content of organic carbon, high degree of sodium sulphate reduction, low 

dregs content, and high effective alkali content (as NaOH). Ideally, this should be 

combined with high energy recovery efficiency. 

 

In the USA, the world’s largest producer of pulp, about 60 million tons per annum of 

black liquor solids are produced and burnt in recovery boilers. This corresponds to more 

than 1% of the total annual energy production in the U.S.A. (Maček 1999). For Sweden 

and Finland, the two largest pulp producing countries in Europe, the black liquor share 

of the energy balance in 2003 was even higher corresponding to 5.7% or 35.3 TWh 

(Energy in Sweden 2004) and 9.9% or 42.1 TWh (Energy review 2005) of the total 

energy consumption, respectively. The use of a more efficient recovery technology 

would hence have a significant impact on green energy production in these countries. 
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One such potential technology is Pressurised Entrained-flow High Temperature Black 

Liquor Gasification (PEHT-BLG). In combination with combined cycle power 

production, PEHT-BLG has the potential to nearly triple the net amount of electricity 

production in a modern pulp mill compared with the conventional Tomlinson steam 

power cycle (Larson et al. 2000). An interesting alternative to power generation is to 

generate green chemicals, e.g. fuels for transportation, from the syngas produced. 

Furthermore, this unit may be able to decrease the capital cost for the mill recovery 

system and open up possibilities for alternative pulping technologies with higher yield 

(Frederick 1999).  

 

In comparison with the traditional recovery boiler where the black liquor is sprayed into 

the boiler as relatively large droplets (~1-5 mm), the gas-assisted (oxygen with some 

possible nitrogen is use as atomizing fluid) fluid atomizer in the PEHT-BLG gasifier 

produces small droplets (~100-300 µm). In addition, PEHT-BLG uses pure oxygen 

instead of air as oxidant. As a result of this, the residence time can be much shorter than 

in recovery boilers and still result in complete carbon conversion. An important feature 

of PEHT-BLG is that more than half of the energy content in the BL is converted to 

chemical energy, i.e. syngas rich in H2 and CO, and not into heat. Another feature of 

PEHT-BLG is that a significant fraction of the sulphur leaves the gasifier in the gas-

phase rather than with the liquid smelt phase.  

 

The recovery unit for the PEHT-BLG process mainly consists of (Figure 1): 

 

� an entrained-flow gasifier with a gas assisted burner nozzle where fine black 

liquor droplets are directly gasified through reactions with oxygen, steam and 

carbon dioxide to produce syngas and a smelt containing mainly Na2CO3 and 

Na2S; 

� a quench cooler where the product gas and smelt are separated and the smelt is 

dissolved in water; 

� and a counter current condenser that cools the syngas and condenses water 

vapour and possibly volatile species. The heat recovered from the gas is used to 
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generate low/medium pressure steam that can be used in the pulp and paper 

process. 
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Figure 1. Schematic drawing of the PEHT-BLG process. 

 

The syngas is cleaned and used for generation of electricity or production of chemicals, 

e.g. methanol or dimethyl ether (DME). 

 

The concept of black liquor gasification at high temperature using an entrained flow 

gasifier and quench has been proven successful for atmospheric pressure (Brown et al. 

2004).  Also, at moderate operating pressures this concept has been proven at the pilot-

scale (Whitty and Nilsson 2001). However, even though the concept of gasification of 

black liquor at high pressure has been proven experimentally, uncertainties about the 

reliability and robustness of the technology have prevented a large-scale market 

introduction. 

 

In order to prove the concept of PEHT-BLG over extended periods of operation, a pilot-

scale development plant (20 tonnes BL solids/day) has been constructed by Chemrec 

AB at Energy Technology Centre in Piteå, Sweden. The initiative and funding of the 
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plant comes from a Swedish black liquor gasification consortium consisting of a group 

of companies, government agencies and independent research foundations. The goal of 

the development plant is to optimize the performance of each of the components and to 

prove the reliability and robustness of the technology. 

 

It is well known from other technologies that the development process can be speeded 

up significantly if supported by suitable theoretical tools, such as computational fluid 

dynamics (CFD). CFD models for the conventional recovery boiler are already available 

(Wessel et al. 1997, Mueller et al. 2002, and Blasiak et al. 1997). However, since the 

process in the recovery boiler differs considerably from the process in PEHT-BLG these 

models are not directly applicable to the latter process. The main differences in PEHT-

BLG compared to the recovery boiler, besides the physical furnace geometry, can be 

found in the elevated process pressure, highly reducing atmosphere with a high H2(g) 

and CO(g) generation, smaller BL droplets with associated higher heating rate and 

reaction rates, different conversion chemistry, differences in swelling behaviour of the 

BL droplets and the absence of a char bed. 

 

The scope of the present paper is to present a detailed description of our proposed 

model for PEHT-BLG and to present a sample simulation of the gasifier performance 

for a specified operating condition. The paper is divided into a section about pre-

processing of input data including a thorough description of the choices that must be 

made to obtain a self-consistent model that conserves chemical species, mass and 

energy based on the ultimate analysis of the fuel, experiments and physical reasoning. 

This is followed by a detailed description of the conversion model, a discussion of 

numerical accuracy and a description of the sample simulation. Finally, the results from 

the example, a typical design simulation, are presented along with conclusions about the 

model. 

 



 - 8 - 

 
 

MATHEMATICAL MODELLING 

 

Pre-processing model of input data 

A flow chart of the solution strategy for the proposed model of the PEHT-BLG process 

is presented in Figure 2. The dashed box at the top, representing the pre-processing 

steps, indicates the work needed prior to specifying the inputs to the CFD solver. An 

obvious step in all CFD models is that the geometry must be specified and discretised 

into a set of control volumes. It is also necessary to specify the spray characteristics in 

terms of droplet distribution parameters. Another important pre-processing step, which 

is rarely considered in detail, is the proximate analysis modelling that leads to the 

definition of an idealized model black liquor composition and corresponding heat of 

formation of the modelled species. This last step, about translation of chemical analysis 

data and thermodynamic data into model information, must be consistent with known 

experimental data and is described in detail below. 

 

 

Figure 2. Flow chart of the PEHT-BLG CFD solution strategy. 

PROXIMATE ANALYSIS MODEL. The detailed elemental composition of black liquor 

differs between different pulp mills depending on the feedstock and the process 

engineers’ preferences regarding cooking chemicals. However, for a Kraft pulp mill a 
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typical composition obtained by standard chemical analysis (e.g. with ICP-AES and 

HR-ICP-MS) is presented in Table 1. Based on this elemental analysis the relatively 

small amount of chlorine in BL can be neglected from the current modelling point of 

view since this is only important for the eutectic properties of the resulting smelt and for 

the analysis of corrosion. Moreover, the elemental potassium can be lumped (on molar 

basis) with the elemental sodium since these two alkali elements have approximately 

the same behaviour in the recovery process. The composition of the model black liquor 

solids, in moles, can thus be written as Na9C31H35S2O23 for the black liquor solids 

(BLS) in Table 1. However, the elemental composition is not sufficient as input to the 

model since the model describes the reactions of different compounds, e.g. evaporation 

of water and release of volatile hydrogen and carbon containing gases with several 

different components. Hence, the elements in the model black liquor need to be 

distributed into a consistent amount of compounds in the gas, solid, and liquid phases 

that are treated by the CFD model. This needs to be done in a physico-chemically 

consistent way conserving mass and energy. 

 

Analysis Model Model
Element %wt %wt %mole
C 34.90 35.25 30.51
H 3.40 3.43 35.41
Na 19.40 20.85 9.43
S 5.00 5.05 1.64
K 2.12 0.00 0.00
Cl 0.11 0.00 0.00
O 35.07 35.42 23.01
Others 0.00 0.00 0.00  

Table 1: Elemental analysis of typical black liquor and the corresponding idealized 

elemental composition. The molar amount of potassium is added to the original 

molar amount of sodium in the model composition. 

 

The composition of the idealized black liquor is assumed to consist of a water solution, 

volatile matter, fixed carbon in char, and inorganic cooking chemicals that will form a 

smelt after complete conversion. The species that are assumed to make up each of these 

fractions are given in Table 2. The distribution of the various elements in the virgin 

black liquor solids, e.g. Na9C31H35S2O23, along with the solvent water is determined by 
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conservation of elements and eight key assumptions. These assumptions are based upon 

the best available experimental data and knowledge, and are the following: 

 

1. All of the solvent water in the black liquor is released during the first drying 

stage of the conversion. The water content in the process black liquor depends 

on the evaporation unit of the black liquor preparation system but is typically 

between 25-35% by weight. 

2. A fixed fraction of the total sulphur in the black liquor is released as H2S during 

devolatilization. At present this fraction is assumed to be 50%, which is based 

upon experience from pilot tests (Whitty and Nilsson 2001). 

3. The remaining sulphur is lumped into sodium sulphide and sodium sulphate in a 

fixed mole ratio. At present the mole ratio is assumed to be one to one but can 

easily be changed. The remaining sodium, when all the sodium bound to sulphur 

is accounted for, is then assumed to be sodium carbonate. This is based on the 

knowledge that organic sodium salts decompose very fast on heating and will 

not be found in the smelt. 

4. During devolatilization, a fixed fraction of the carbon in the black liquor is 

released as various gaseous compounds. The fraction of carbon that goes into 

these compounds is assumed to be 50%, which is based upon small scale 

experiments (Whitty 1997). In the current model the carbon containing gases are 

assumed to be CO, CO2 and CH4. 

5. The total amount of CO and CO2 in the volatile gases depends upon the amount 

of oxygen chemically bound in the virgin black liquor still left after formation of 

the oxygen containing components described in steps 3 and 4 above. The mole 

ratio for [CO]/[CO2] has to be defined. At present, this mole ratio is assumed to 

be 8, which is in reasonable agreement with experimental work on 

devolatilization for Kraft black liquor (Sricharoenchaikul et al. 1998). 

6. The remaining part of the volatile carbon in the black liquor is then lumped into 

CH4. 

7. The remaining hydrogen in the system after the steps above is dealt with as H2. 

8. Finally, the remaining carbon is modelled as char carbon. 
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These eight assumptions guarantee that the elements from the model black liquor are 

conserved and that the gas and smelt composition produced by the gasification reactions 

is in reasonable agreement with experimental observations. The model parameters, e.g. 

the fraction of sulphur in BL that is emitted as H2S, can be adjusted when better 

experimental data become available. The resulting distribution of elements into 

compounds for the idealized black liquor in Table 1 is presented in Table 2. The char 

carbon, sodium sulphide, and sodium sulphate still left in the droplet after the reactions 

described above will eventually inter-react or react with oxygen, water vapour, and 

carbon dioxide in the surrounding gas to reform into a different liquid composition or to 

form H2, CO, and CO2. The exact amounts of each of these depend on details in the 

gasifier that will be explained below. 

 

Specie %wt %mole Proximate matter
H2O 24.80 34.61 Moisture 
H2S 2.02 1.49 Volatile matter
CO 15.70 14.09 Volatile matter
CO2 3.08 1.76 Volatile matter
H2 0.56 6.94 Volatile matter
CH4 7.58 11.88 Volatile matter
C 9.87 20.65 Char in smelt
Na2SO4 4.20 0.74 Smelt
Na2S 2.31 0.74 Smelt
Na2CO3 29.87 7.08 Smelt

 

Table 2. Gaseous and liquid species in the present model. Some of the species are 

present in the virgin black liquor and some are produced by gasification reactions. 

The weight and mole fractions are consistent with the idealized BLS composition. 

 

HEAT OF BLACK LIQUOR DECOMPOSITION. The next step in the pre-processing 

model of input data is to ensure that the total chemical energy in the BL is conserved. 

The heat needed for the decomposition of black liquor solids (BLS) into volatile matter, 

char and smelt according to the description above is based on the experimentally 

determined higher heating value (HHV) from calorimetric combustion. The model 
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involves three processes that must be matched to the experimental HHV of 13.840 

MJ/kg BLS: 

 

I. Complete stoichiometric combustion of the model BLS pure elements. The 

exothermic heat of reaction for this can be calculated from thermodynamic data as 

20.797 MJ/kg BLS elements at 298 K. This value is much higher than the HHV of 

the BLS since the exothermic heat is generated from pure elements. 

II. Distribution of the model BLS elements into the compounds described in the 

previous section. The exothermic heat of reaction associated with these reactions 

can be calculated from thermodynamic data as 6.674 MJ/kg BLS elements at 298 

K. 

III. Heat from devolatilization. When the heat in II is subtracted from the heat in I 

there is still a difference when compared with the HHV. This endothermic heat 

must come from the reactions associated with devolatilization that forms char 

from the original BLS. For the current model the resulting endothermic heat of 

devolatilization becomes 283 kJ/kg BLS. 

 

Hence, depending on the thermal input (i.e. HHV and BLS load), the heat from the 

modelled devolatilization balances the enthalpy of the system consistently with the 

decomposition model of BLS into volatile matter, black liquor char and smelt. 

 

Multi-phase chemistry 

The chemical interaction between the black liquor droplets and the surrounding gas in 

Kraft recovery boilers occurs mainly through drying, devolatilization, char gasification, 

and smelt oxidation (Adams et al. 1997). The same general scenario is valid for 

pressurised gasification conditions but with significant differences within the 

conversion stages. 

 

DRYING. Drying is assumed to start when the droplet temperature, Td, is at the boiling 

temperature, Td,boil. This temperature is set to be equal to the boiling temperature of pure 

water at 30 bar (233.9 ºC) and with an additional boiling point rise of 20 ºC to account 
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for the solute BLS material (Adams et al. 1997). The drying is activated by a smooth 

ramp function: 

 

( )( )( )13.0tanh5.0)(H boild,d +−= TTT  (1) 

 

instead of a step function in order to prevent numerical instabilities. However, the 

difference is relatively small. The mass transfer rate due to drying is assumed to be 

controlled by the heating rate according to: 

 

( )rdiconv
dry

dry

)(H
QQ

h

T
m &&& +

−
= . (2) 

 

The drying rate expression (eq. 2) is not strictly correct from a physical point of view 

since the water contained in the droplet will start to evaporate before the droplet reaches 

the boiling temperature. However, the error is expected to be negligible since the 

droplets are small and the drying is complete within a very short time and thus within a 

very short distance from the burner nozzle. The difference with a more detailed model 

would be a small change in the size and shape of the small drying zone but no 

significant change in the overall result from the model. 

 

The effect of exothermic heat of dilution due to the solution of water and black liquor 

solids is included in the model. This effect arises because the forces of attraction 

between dissimilar molecules differ from those of similar molecules. The contribution 

from the heat of dilution is collected in the heat of reaction during drying resulting in 

the following expression: 
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The first two terms in eq. 3 represent the latent heat for pure water at Td,boil. The last 

bracketed term in eq. 3, which is a constant, is the exothermic heat from the heat of 
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dilution, which is about 5% of the latent heat of water at 298 K for the present liquor 

composition. Equation 3 is based on the work by (Stoy and Fricke 1994) with the 

additional assumption of a linear relationship between the heat of dilution and the dry 

solids content in the range of 60 – 80 % dry solids. 

 

DEVOLATILIZATION. The mass transfer rate of volatile matter due to devolatilization 

is controlled by reaction kinetics as (Järvinen et al. 2001): 

 

cvol

T

dev mem d

,
3705310755.1 −⋅−=&  (4) 

 

where mvol,c is the amount of volatiles and fixed carbon in the droplet. This expression is 

based upon experimental data (Sricharoenchaikul and Frederick 1995) made on small 

particles of black liquor solids (~100 µm) and at high heating rates. The relative masses 

of the volatile substances in Table 2 are assumed to be preserved during 

devolatilization. The heat of reaction for devolatilization is discussed under section 

2.1.2 and has been determined to be 283 kJ/kg BLS. 

 

CHAR GASIFICATION. Mass transfer from char gasification is modelled by three 

heterogeneous reactions and one homogeneous reaction with the fixed carbon in the 

black liquor char. The following heterogeneous reactions describe gasification of black 

liquor char carbon through diffusion of H2O, CO2, and O2 into the droplet: 

 

( ) ( ) ( ) ( )gHgCOgOHsC 22 +→+ , (5) 

 

( ) ( ) ( )g2COgCOsC 2 →+ , (6) 

 

and 

 

( ) ( ) ( )gCOgOsC 22 →+ . (7) 
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The chemical reaction rates (r) at which the heterogeneous reactions in eq. 5 – 7 react 

are controlled by three different resistances originating from either mass transfer 

limitations through the boundary layer film at the droplet surface (1/rfilm), limiting pore 

diffusion in the droplet (1/rpore), or by reaction kinetics inside the droplet (1/rkinetic) 

(Whitty 1997). The overall reaction rate (roverall) is dominated by the largest of these 

resistances and determined through: 

 

kineticporefilmoverall

1111

rrrr
++= . (8) 

 

The film mass transfer resistance depends on the gas film diffusion coefficient, the 

concentration of the reacting species, and size of the droplet (Crowe et al. 1998) and the 

corresponding reaction rate is given by: 

 

dc

ck
r

A

Bfilm
film

6α
=  (9) 

 

where the gas film coefficient is based on the low mass transfer rate approximation 

given by (Bird et al. 1960): 

 

)ScRe6.02( 33.05.0
dfilm +=

d

D
k . (10) 

 

The pore diffusion resistance is related to the gas diffusivity, concentration of the 

reacting species and the size of the droplet (Frederick and Hupa 1991) and the 

corresponding reaction rate is given by: 

 

2
A

B
pore

36

dc

Dc
r

α
= . (11) 
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The reaction rate due to kinetic limitations are determined from Arrhenius expressions 

(van Heiningen and Connolly 2003) and given by: 

 

dT
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and 
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for gasification by H2O and CO2, respectively. For black liquor char oxidation by O2 the 

kinetic limitation is taken from (Järvinen 2002), which is based on activated carbon 

(Smith 1982) and given by: 

 

dT
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O

kinetic epr
/217005108.4

2

2 −⋅= . (14) 

 

Gasification of the char carbon can also occur through the sodium sulphate reduction 

reaction: 

 

( )
( )

( )
( )
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f
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where fC/S is a modelling constant. Here, a value of 0 is used since CO2 has been shown 

experimentally to be the main product for this reaction (Wåg et al. 1995). The reaction 

rate for this reaction is controlled by chemical kinetics as (Wåg et al. 1995): 

 

[ ]
[ ] [ ]

[ ] [ ] [ ]
dT

BLSd

SONa

kinetic e
CONaSNaSONa

SONa

m

C

SONa
r

/187003

4.1

32242

42

,42

1079.3
1

42 −⋅








++
= . (16) 

 



 - 17 - 

 
 

The resulting mass transfer rates of carbon from the char gasification reactions (eq. 5 - 7 

and 15), resulting in the products CO, H2, CO2, and Na2S, are then calculated as: 

 

[ ] [ ]( ) C
CO

overall
CO
char MC , NaMIN22 rm −=& , (17) 

 

[ ] [ ]( ) C
OH

overall
OH

char MC , NaMIN22 rm −=& , (18) 
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char MC22 rm −=& , (19) 

 

and 

 

[ ] C
SC

42
SONa

kinetic
SONa

char M
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4
SONa4242

−
−= rm& . (20) 

 

where the sodium content dependence in eq. 17 and 18 is according to observations by 

van Heiningen and Connolly (2003). 

 

Finally, the total mass transfer rate of carbon into products due to the gasification 

reactions in eq. 5 – 7 and the reduction reaction (eq. 15) is the sum of the rates defined 

above: 

 

42222 SONa
char

O
char

OH
char

CO
charchar mmmmm &&&&& +++= . (21) 

 

SMELT REACTIONS. The model also includes the most important inorganic 

components in the black liquor. The sodium sulphide present in the black liquor solids 

and in the resulting smelt can easily be oxidized in contact with oxygen through the 

reaction: 

 

( ) ( )lSONagOlSNa 4222 )(2 →+ . (22) 
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Even though the atmosphere around a black liquor char/smelt droplet is strongly 

reducing in most of the gasifier volume, the reaction in eq. 22 is still considered in the 

present model. This is due to the importance of characterizing the green liquor quality 

as discussed in the introduction. Exclusion of this reaction (eq. 22) will result in a 

slightly over predicted reduction efficiency. Furthermore, the oxidation of Na2S in 

highly oxidizing regions within the flame will result in less O2 being available for 

oxidation of the carbon. This will in turn affect the flame temperature and shape. The 

rate for reaction (22) is treated in the same way as the heterogeneous char gasification 

reactions (eq. 5 – 7 above). The chemical kinetic rate is based upon oxidation of 

activated carbon (Smith 1982) and approximations for the pre-exponential factor made 

by Järvinen (Järvinen 2002) as: 

 

dT

O

SNa

kinetic epr
/217005104.2

2

2 −⋅= . (23) 

 

The resulting internal oxidation of sodium sulphide due to reaction (22) is then given 

by: 

 

[ ] SNa2
SNa

overall
SNa

char 2

22 MSNarm −=& . (24) 

 

Since reaction (22) is the only smelt phase reaction considered in the current model the 

total mass transfer rate due to smelt phase reactions is the absorption of oxygen through 

reaction (22) based on the rate given by expression (24). 

 

The heat of reaction for the char gasification reactions (5) – (7) and (15), and the smelt 

phase reaction (22) are determined from the reaction enthalpies for the species at 298 K. 

In reality the heats of reaction vary at most up to 18% in the interval 300 - 1700 K. 

However, the influence from the approximation with constant values is expected to be 

negligible. 

 

One concluding remark within the discussion of multi phase chemistry modelling is the 

absence of a reaction dealing with the release and re-condensation of alkali vapour (e.g. 
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Na+(g) or NaOH(g)) during black liquor conversion. The reason for this is the difficulty 

in treating two-way heterogeneous reactions within the numerical Euler-Lagrangian 

description we are using. However, it is expected that the effect of this omission on the 

overall performance prediction will be small since it is believed that most of the 

vaporized alkali will re-condense on the char/smelt droplets away from the flame 

region. 

 

Gas phase chemistry 

In the current model transport equations are solved for the gas components: H2O, H2S, 

CO, CO2, H2, CH4, and O2. The chemical interaction between the gas-phase species are 

modelled via the Jones and Lindstedt mechanism (Jones and Lindstedt 1988) developed 

for combustion of hydrocarbons. This mechanism involves all of the above specified 

gas species except H2S, which currently is treated as chemically inert in our model. The 

amount of H2S released to the gas phase during devolatilization is based on 

experimental data (Whitty and Nilsson 2001), as mentioned above. The Jones and 

Lindstedt reaction scheme is a four-step mechanism and given as: 

 

224 2HCOO
2

1
CH +→+ , (25) 

 

224 3HCOOHCH +→+ , (26) 

 

OHO
2

1
H 222 →+ , (27) 

 

and 

 

222 HCOOHCO +↔+ . (28) 

 

The reaction rates for the scheme above are chosen as the minimum of the turbulent 

mixing rate according to the Eddy dissipation model (Magnussen and Hjertager 1976) 



 - 20 - 

 
 

and the chemical kinetic rate as given by (Jones and Lindstedt 1988). The backward 

kinetic rate (k-) for the water-gas shift reaction (eq. 28) is based on the forward kinetic 

rate (k+) and the thermo-chemical equilibrium constant (K) as k- = k+/K using: 

 

-2613 100.1079064  101.5853859  -1.4969614)log( TTK ⋅+⋅+= − , (29) 

 

which is based on data from (Bale et al. 2002). The reaction direction effect (Brink et al. 

2000) that might occur when modelling a reversible reaction is included in the present 

model for the water gas shift reaction in eq. 28. This is to prevent the apparent rate from 

unrealistically forcing the reaction away from equilibrium during the iterative solution 

procedure. 

The heats of reaction for the combustion reactions in eq. 25 – 28 above are calculated 

from the reaction enthalpies for the species at 298 K. No temperature dependencies for 

the reaction heats are considered for the reactions in eq. 26 and 27 since the changes in 

the heat of reactions are all less than 10 % in the temperature range 300 - 1700 K. 

However, since the reaction in eq. 25 and the water-gas shift reaction (eq. 28) have 

considerable temperature dependence in the heat of reaction and are also decisive for 

the total heat balance the temperature dependence in their heat of reaction is considered. 

 

Black liquor swelling 

The black liquor swelling model is based on (Blasiak et al. 1997) which is based on 

experiments by (Frederick and Hupa 1993). The droplets are assumed to swell during 

heat up as: 

 

( )
d,0boild,

d,0d
dry00 1

TT

TT
ddd

−

−
−+= θ  (30) 

 

and when the droplet temperature has reached the boiling point and moisture is still 

present in the droplet, the diameter remains constant: 

 



 - 21 - 

 
 

dry0θdd = . (31) 

 

During the following devolatilization stage the black liquor droplet continues to swell 

according to: 

 

( )
8.0

char,0d,BLS,0d,

dBLS,0d,
drymax0dry0 











−

−
−+=

mm

mm
ddd θθθ . (32) 

 

Finally, during char gasification and smelt phase reactions the droplet shrinks as: 

 

( )
3

1

smelt,0d,char,0d,

smelt,0d,d3
smelt

3
max

3
max0 1


























−

−
−−−=

mm

mm
dd θθθ  (33) 

 

where 

 

smeltd,

d,0

BLS,0d,

smelt,0d,3
smelt

ρ

ρ
θ

m

m
=  (34) 

 

and ρd,smelt is set to 2300 kg/m3. Hence, the final droplet diameter after complete 

conversion becomes θsmeltd0. 

 

The effect of pressure on the maximum relative diameter (θmax) and the maximum 

relative diameter during drying (θdry) for the droplet are based on (Whitty 1997). The 

resulting values for θmax and θdry at the 30 bar gasifier pressure are 1.6 and 1.14, 

respectively, corresponding to a volume change of about 400% and 150% from the 

initial volume, respectively. 

 

Black liquor specific heat 

The specific heat for black liquor changes from an initial value of ~3 kJ kg-1 K-1 to a 

value of ~1.5 kJ kg-1 K-1 for the resulting smelt after complete conversion (Adams et al. 
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1997). To model the specific heat of the black liquor, constant values for the specific 

heats of the different components present in the black liquor droplets were assumed. 

During conversion, the black liquor specific heat was determined as a mass fraction 

weighted average (mixing formula) of the compounds in the black liquor droplet. The 

values used for the different components in the black liquor solids are shown in Table 3. 

Here, the values for the volatile matter and char carbon have been chosen so that the 

mass-weighted value for the specific heat of dry solids is the same as the experimental 

value at the boiling temperature (2.86 kJ kg-1 K-1) (Adams et al. 1997). The specific 

heats for the alkali species in Table 3 are based on initial mass-weighted reference 

values of the individual alkali components.  

 

Specie Cp kJ/kg/K

H2S 4.02
Na2S 1.54
Na2SO4 1.54
Na2CO3 1.54
CO 4.02
CO2 4.02
H2O 4.02
H2 4.02
CH4 4.02
Char C 4.02  

Table 3. Specific heats of the different species in the black liquor solids. 

 

Radiation 

Heat transfer due to radiation is modelled by the discrete transfer model (Lockwood and 

Shah 1981) treating the gas as grey with a pressure absorption coefficient of 0.5 bar-1 m-

1. The emissivity of the black liquor droplets is set to 0.9 (Wessel et al. 1998). The 

gasifier walls are treated as optically smooth having an emissivity of 0.5. 

 

Geometry and burner modelling 

The gasifier under consideration is of an axially symmetric entrained-flow type with a 

co-axial burner at the top, see Figure 1. The dimensions are 1.9 m in height and 0.6 m 
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inner diameter. Since the gasifier is axi-symmetric around its centre axis the simulations 

were performed in 2D using cylindrical coordinates to reduce the computation time. 

 

The burner is modelled as a centrally placed circular inlet (19 mm in diameter) for the 

black liquor with a surrounding annular inlet (22.4 and 27 mm inner and outer diameter, 

respectively) for the oxygen. 500 representative droplets (results differed <0.5% 

compared to simulations with 2000 droplets), released at ten equally spaced positions 

along the radius of the black liquor inlet, constitute the black liquor droplet load. The 

droplet size distribution of the modelled spray is assumed to have a 2nd order Rossin-

Ramler shape (Sirignano 1999) with a characteristic diameter of 200 µm (corresponding 

to a Sauter mean diameter of 113 µm).  

 

Wall-droplet interaction 

Droplets that hit the wall are assumed to bounce off with a reduction in the 

perpendicular velocity component given by a coefficient of restitution (0.5 in present 

model). Since the gasifier is refractory lined, the wall surface will be well above the 

melting temperature of the smelt. Hence, the smelt is not likely to stick on the wall to 

form solid deposits but rather flow downwards into the quench. By modelling the 

droplet-wall interaction via a coefficient of restitution all the mass will be forced to 

leave the gasifier without need for a wall film model to ensure global conservation of 

species, mass and energy. Modelling the true reacting film flow on the gasifier walls is 

challenging task and will be considered in future model refinement. 

 

Numerical procedure 

The numerical modelling of the hot gasifier is performed by customization of the 

commercial CFD code CFX4.4. The model described above has been implemented in 

the software through subroutines that define source terms in the conservation equations 

for turbulent, chemically reacting multi-phase fluid flows with heat transfer. CFX4.4 is 

a finite volume code using a structured computational mesh with co-located variables 

and a sequential iterative solver based on the SIMPLEC algorithm (Ansys Europe Ltd. 

2004). The model uses the Eulerian-Lagrangian approach (Crowe et al. 1998) to model 
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the gasification process of black liquor droplets, similar to in e.g. (Liu et al. (2001)) for 

coal gasification. For the continuous gas phase the Reynolds Averaged Navier-Stokes 

equations (RANS) and energy equation are solved using an Eulerian description. The 

RANS equations are closed by the use of the k-ε turbulence model with standard wall 

functions (Wilcox 1993) but other turbulence models available within the code can 

easily be used. The discrete droplets are tracked through the domain by integration of 

the droplet momentum equation using a Lagrangian description. As the droplets are 

tracked through the gasifier they exchange momentum, mass and heat with the gas 

phase and generate gas phase sources according to the particle source in cell description 

(Kuo 1986). A turbulent dispersion model (Gosman and Ioannides 1981) accounts for 

the effect of turbulent fluctuations on the droplet motion. 

 

The simulations were performed in a computational domain represented by a structured 

2D mesh consisting of 50*410 elements with an estimated discretization error, using 

Richardson extrapolation (Ferziger and Perić 1996), of approximately 1% (Marklund et 

al. 2001). The resulting equations were solved for cylindrical coordinates using a 2nd 

order discretization scheme and double precision for numerical accuracy. Due to the 

different time scales of the fluid dynamics and the combustion reactions it is very 

difficult to find a converged solution with this kind of model, as noted earlier by 

(Marklund et al. 2005). To obtain a solution a multi-step solution approach was adopted 

where first an isothermal gas flow field was calculated before all the different 

conversion/reaction sub models were added one after another (see the solver flow chart 

in Figure 2). The time needed for the final solution was around one week on a Linux-

based PC with a 2.8 GHz processor. The sum of the absolute residuals in the final 

solutions was used to estimate the iterative errors by comparing with corresponding 

physical quantities (Ferziger and Perić 1996). The magnitudes of the estimated iterative 

errors were all below 0.1%.  

 



 - 25 - 

 
 

DESIGN SIMULATION 

 

The model has been used to study the current gasifier performance for a sample design 

case with input data corresponding to the Chemrec development unit under 

commissioning in the ETC laboratory. Below are some details about the operating 

conditions and the boundary conditions applied. 

 

Operational condition 

The standard black liquor load was set to 20 tons BLS/day having a dry solids content 

of 75.2%. The rate of oxygen supply was set to 233 Nm3 h-1, corresponding to an 

oxygen equivalence ratio (λ) of 0.40. The inlet temperatures of the black liquor and 

oxygen were both set to 120°C and the gasifier pressure was 30 bar.  

 

Boundary conditions 

The black liquor was fed through the central nozzle orifice with an angular distribution 

corresponding to a 70° full-cone angle. The droplet size distribution from the burner is 

described above (see section on Geometry and burner modelling). The oxygen was 

supplied at the specified rate through the surrounding annulus (see Geometry and 

burner modelling) in a direction normal to the inlet surface. The axial velocity 

component for the droplets was the same as for the axial velocity of the oxygen. The 

turbulent quantities (k and ε) at the inlet were set to values (Casey and Wintergerste 

2000) corresponding to a turbulent intensity of 10% and a turbulent length scale of 10% 

of the width of the inlet annulus. 

 

At the outlet a constant static pressure profile was set. For all other variables a 

vanishing normal derivative was assumed. This means that the flow at the outlet is 

assumed to be fully developed. 

 

Due to the low thermal conductivity in the refractory lining, the gasifier wall is treated 

as adiabatic.  
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RESULTS AND DISCUSSION 

 

The results obtained from the sample design simulation are presented as 2-dimensional 

(2D) plots on a plane through the centre axis of the geometry. 

 

In the left plot in Error! Reference source not found. the 2D streamlines of the 

resulting gas flow in the gasifier are displayed. It can be seen that a relatively large 

toroidal re-circulation zone is formed around the centreline of the gasifier. Some of the 

black liquor droplets, especially the smaller droplets, generated from the burner will be 

trapped in this flow as can be seen in the centre plot in Error! Reference source not 

found., which shows the resulting droplet trajectories (only 20% of the total simulation 

trajectories are shown for clarity). However, a relatively large fraction of the droplets 

travel through the central core region of the gasifier to the outlet. The short residence 

time for these droplets may yield an incomplete gasification of the black liquor if the 

droplets are too large in size. However, the high temperature of the flame that is located 

close to the centreline appears to compensate for the short residence time as evidenced 

by a total carbon conversion of about 96 %. 
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Figure 3. Streamlines (left), droplet trajectories (middle), and temperature contour 

field (right) for the current simulation. Note, a toroidal re-circulation zone is 

formed around the centreline of the gasifier and the highest temperature is 1432 

°C at the tip of the flame. 

 

Due to the re-circulation pattern shown in the left plot in Error! Reference source not 

found., hot gas from the lower part of the gasifier will move up along the wall to the top 

of the gasifier. The re-circulated gas is rich in reactive species (i.e. CO and H2) and has 

a high temperature. Hence, it will easily be oxidized when brought in contact with the 

oxygen coming from the burner. This assists the flame to hold its high temperature even 

though the operating condition is at a sub-stoichiometric level.  The gasifier temperature 

field plot (right plot in Error! Reference source not found.) shows that the maximum 

flame temperature is 1432 °C in the flame tip region. Hotspots, with temperatures up to 

1400 °C, are also present close to the burner where oxygen mixes with the re-circulated 

gas. 

 

The average gas temperature at the outlet is predicted to be 1090 °C as noted in Table 4. 

For this temperature, a thermodynamic equilibrium composition of the water gas shift 

species (see eq. 28) using eq. 29 can be calculated. The predicted equilibrium constant, 

based on the gas composition in Table 5, is about 23 % higher than the calculated 
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thermodynamic equilibrium constant at 1090 °C. Thus, the predicted fractions of CO 

and H2O are about 5% higher than the thermodynamic equilibrium composition, or on 

the other hand, the predicted amounts of CO2 and H2 are about 5% lower than the 

thermodynamic equilibrium composition at the outlet temperature. A deviation from 

equilibrium is to be expected due to the relatively short residence time of the BL 

droplets. However, only experimental results from the PEHT-BLG pilot plant in Piteå 

can show whether the prediction is accurate or not. 

 

Parameter Unit Value
T max °C 1432
T g,out °C 1090
Sulphate reduction % 99.8
Carbon conversion % 96.3
Carbon activity of gas - 0.042  

Table 4. Predicted values for the key performance parameters from the current 

example simulation. 

 

The other key performance parameters shown in Table 4 are the carbon conversion, 

carbon activity at the outlet, and resulting sodium sulphate reduction to sodium 

sulphide. The carbon activity is a measure of the tendency to form solid carbon (soot). 

Specie %mole
H2S 1.30
CH4 0.00
H2 22.25
CO 25.47
CO2 16.18
H2O 34.80
O2 0.00  

Table 5. Predicted outlet gas composition from simulation.  

 

The carbon activity is determined from the resulting outlet gas composition at the 

corresponding temperature using the reactions in eq. 5 and 6 as equilibrium reactions 

(Marklund et al 2007). A value close to unity would indicate that solid carbon is likely 



 - 29 - 

 
 

to be formed locally. Due to the amount of oxygen added into the system and the high 

outlet temperature, the carbon activity of the resulting outlet gas composition (see Table 

5) is predicted to be quite low (0.042). Hence, one would not expect to find soot in the 

raw gas at these operating conditions. 

 

Species %mole
Na2CO3 76.63
Na2S 15.09
Na2SO4 0.02
C 8.27  

Table 6. Predicted outlet smelt composition from simulation. 

 

The observed carbon conversion of 96.3 %, indicated by 8.27 %mole of C in the smelt 

(see Table 6), is considered to be low for the current process application. Besides the 

energy loss, this would also result in green liquor that is difficult to handle from a 

chemical recovery point of view. In Figure 4 the mean residence time and carbon 

conversion for the different droplet diameters are presented. From this figure it can be 

seen that gasification is nearly complete for all droplets <200 µm. For these droplets, 

where a large fraction is entrained in the toroidal re-circulation zone, the residence times 

are up to several seconds. For the droplets that pass along the symmetry axis, the 

residence times are much shorter but this is compensated for by the very high heating 

rate and maximum temperature obtained that yields very fast carbon conversion. For 

droplets >200 µm the variation in residence time is much smaller and also the carbon 

conversion decreases considerably for increasing droplet diameters. This indicates that 

the fraction of BL droplets >200 µm generated from the spray burner should be 

minimized. 

 

Regarding the value for sodium sulphate reduction (99.8 %), this must be considered as 

complete. This is also expected since the ambient atmosphere for the black liquor 

droplets in the gasifier is highly reducing at the current oxygen equivalence ratio 

(λ=0.4). 
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Droplet mean residence time and mean carbon conversion
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Figure 4. Predicted mean residence times and mean carbon conversion for the 

different droplet diameters. 
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CONCLUSIONS 

 

A consistent CFD model for pressurised high temperature black liquor gasification has 

been described in detail along with results obtained from an example design simulation. 

The main conclusions that can be drawn are the following: 

• Through the use of eight key assumptions for the translation of experimental 

data into a model black liquor composition, conservation of elements is assured. 

• A self-consistent theoretical heat from devolatilization is determined in order to 

close the energy balance to make it consistent with the experimental heating 

value. 

• For the specified gasifier geometry and burner characteristics it has been shown 

that droplets having an initial diameter > 200 µm the carbon conversion will not 

go to completion. This is particularly true for droplets passing straight through 

the gasifier with corresponding short residence times (~0.5 s). 

• The input parameters in the example simulation are probably not at an optimum. 

However, a systematic design optimization study with the model will make it 

possible to find optimal choices for spray pattern, droplet diameter distribution, 

oxygen equivalence ratio and other design parameters.  
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