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Black liquor (BL), a by-product of the chemical pulping process, is an important
liquid fuel in the pulp and paper industry. It contains almost all of the inorganic
cooking chemicals along with the lignin and other organic matter separated from
the wood during pulping in the digester. To recover the organic combustion heat
and cooking chemicals (sodium and sulphur) from the produced black liquor in
kraft pulping, Tomlinson kraft recovery boilers are traditionally used. However,
the kraft recovery boiler is not thermodynamically efficient and suffers from
problems with explosion phenomena, fouling, and emissions. A potential
technology for improving the recovery cycle is pressurised gasification of black
liquor. However, uncertainties about the reliability and robustness of the
technology are preventing a large-scale market introduction. One important step
towards a greater trust in the process reliability is the development of simulation
tools that can provide a better understanding of the process and improve
performance through optimisation.

This licentiate thesis is concerned with the modelling and simulation of an
entrained flow gasifier for pressurised gasification of black liquor at high
temperature. The thesis comprises three papers presenting the simulation results
obtained from different models using CFD (Computational Fluid Dynamics).

In ������� a simplified gasification model, considering just the gas phase, is used
to make a qualitative study of the effect of burner spray angle on the gas flow in
the gasifier. In ������� the simulation results from a more advanced model with
gas/droplet interaction, are compared to the results presented in �������. Finally,
in paper C a complex model for pressurised gasification of black liquor droplets is
presented and used to study the influence of uncertainties in model parameters.
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Black liquor, a by-product of the papermaking process, is an important fuel in the
paper industry that is conventionally burned in a large boiler for the recovery of
energy and chemicals. Pressurised gasification of black liquor in an integrated
combined cycle configuration has the potential to produce twice as much
electrical power as conventional technology. Another advantage with this process
is the increased control of the fate of sulphur and sodium in the process that can
be used to improve the pulp yield and the quality for the mill.

In the entrained flow gasification process, black liquor is atomised in a burner
nozzle and partially combusted in a cylindrical reactor to form a combustible fuel
gas and a molten smelt of alkali salts. Important factors for optimum process
conditions are that the heat loss to the walls is minimised and that an optimum
amount of the liquid phase is advected to the walls so that a protective layer of
solidified smelt is formed.
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In the approximate model for the gasification process that we propose, it is
assumed that the droplets have no effect on the gas flow before gasification and
that the distribution of mass sources corresponding to the gasification of droplets
is known �� ���
��. Source terms for the energy and momentum equations,
consistent with the mass source distribution, can be derived from the
corresponding control volume equations by assuming a symmetric outflow of gas
from the droplets and a uniform degree of conversion of reactive components in
the droplets. The resulting model has been implemented in a commercial finite
volume code (AEA-CFX) through customised Fortran subroutines.

The magnitude of the degree of conversion of the energy content in the droplets,
necessary to obtain a target temperature in the reactor, was optimised during the
solution. The optimisation was done by minimising the difference between the
computed and a target value for the volume average temperature in the upper half
of the reactor.

The drawback with the approximate model is that the distribution of mass transfer
from droplets to the gas phase must be prescribed. However, when an optimum
distribution has been found the problem becomes to design a burner that satisfies
this requirement. The main advantage of the model is its simplicity and its
inherent physical realism. There is no need for kinetic model data or droplet size
distributions while at the same time the effects of turbulence, radiation and
density changes from thermal expansion are included in the model.

The approximate model will be utilised for conceptual design optimisation of the
burner in a pilot plant for black liquor gasification that is being built at ETC in
Piteå, Sweden. However, work has also started on a spray combustion model
where gas-droplet interaction, vaporisation and chemical reactions are included.
Experimental results from the pilot plant will later be used for validation of the
models.

The primary goal of this study was to investigate the influence of burner spray
angle on heat flux to the reactor wall and residence times of black liquor droplets
of different sizes. From the results it could be concluded that a wide spray pattern
is preferable with respect to demand for long residence times for black liquor
droplets and a low amount of heat flux to the reactor wall.
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Pressurised black liquor gasification is an important new technology for energy
and chemical recovery in the pulp and paper industry. However, the technology is
still in its infancy and there is potential for improved performance.

To this end a numerical model for a pressurised black liquor gasification process
has been developed. The model is based on the commercial CFX4.4 CFD code
and is used to investigate the flow patterns of gas and black liquor droplets in a
gasification reactor. Droplets are modelled via a Lagrangian approach as a
modelled spray burner injects them into the reactor together with oxygen. The
droplets release their moisture and volatiles as they are being heated, and the
resulting char particles are then gasified. A limitation with the model is that the
char gasification is with oxygen only even though other gasification reactions are
highly important in the real process. Furthermore, transport equations are solved
for the mass fractions of volatiles, oxygen, gaseous combustion products, and char
combustion products where the Eddy dissipation concept models the
homogeneous combustion reactions.

The results from simulations do not confirm the presence of two distinct flow
patterns predicted by an earlier simplified model. Hence, the process appears to be
more robust than what has previously been assumed and the results indicate that
the gas flow field is relatively insensitive of the burner spray angle.

The model has so far not been compared to experimental data since there is no
data available from experiments yet. However, model validation is an important
task in future research in our group.

�������

Introduction of pressurised gasification of black liquor in the pulping industry has
the potential to give a significant increase in energy efficiency. However,
uncertainties about the reliability and robustness of the technology are preventing
a large-scale market introduction. One important step towards a greater trust in the
process reliability is the development of a better understanding of the sensitivity
of the process to parameter variations. In this paper a CFD model for pressurised
gasification of black liquor in an entrained flow gasifier is presented and used for
investigation of the effects of uncertainties in specific heat, radiation absorption
coefficient, and the volatile devolatilization rate using factorial design
methodology.
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It is found that all main factor effects, but none of the interaction-effects,
influence the considered responses: char conversion, maximum temperature and
outlet temperature. However, the main effects are found to be relatively small and
the uncertainties in the examined model parameters would not invalidate the
results from a design optimisation with the presented model.
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Black liquor, a by-product of the papermaking process, is an important fuel in the
paper industry that is conventionally burned in a large boiler for the recovery of
energy and chemicals. Pressurised gasification of black liquor in an integrated
combined cycle configuration has the potential to produce twice as much
electrical power as conventional technology. Another advantage with this process
is the increased control of the fate of sulphur and sodium in the process that can
be used to improve the pulp yield and the quality for the mill.

In the entrained flow gasification process, black liquor is atomised in a burner
nozzle and partially combusted in a cylindrical reactor to form a combustible fuel
gas and a molten smelt of alkali salts. Important factors for optimum process
conditions are that the heat loss to the walls is minimised and that an optimum
amount of the liquid phase is advected to the walls so that a protective layer of
solidified smelt is formed.

In the approximate model for the gasification process that we propose, it is
assumed that the droplets have no effect on the gas flow before gasification and
that the distribution of mass sources corresponding to the gasification of droplets
is known �� ���
��. Source terms for the energy and momentum equations,
consistent with the mass source distribution, can be derived from the
corresponding control volume equations by assuming a symmetric outflow of gas
from the droplets and a uniform degree of conversion of reactive components in
the droplets. The resulting model has been implemented in a commercial finite
volume code (AEA-CFX) through customised Fortran subroutines.

The magnitude of the degree of conversion of the energy content in the droplets,
necessary to obtain a target temperature in the reactor, was optimised during the
solution. The optimisation was done by minimising the difference between the
computed and a target value for the volume average temperature in the upper half
of the reactor.
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The drawback with the approximate model is that the distribution of mass transfer
from droplets to the gas phase must be prescribed. However, when an optimum
distribution has been found the problem becomes to design a burner that satisfies
this requirement. The main advantage of the model is its simplicity and its
inherent physical realism. There is no need for kinetic model data or droplet size
distributions while at the same time the effects of turbulence, radiation and
density changes from thermal expansion are included in the model.

The approximate model will be utilised for conceptual design optimisation of the
burner in a pilot plant for black liquor gasification that is being built at ETC in
Piteå, Sweden. However, work has also started on a spray combustion model
where gas-droplet interaction, vaporisation and chemical reactions are included.
Experimental results from the pilot plant will later be used for validation of the
models.

The primary goal of this study was to investigate the influence of burner spray
angle on heat flux to the reactor wall and residence times of black liquor droplets
of different sizes. From the results it could be concluded that a wide spray pattern
is preferable with respect to demand for long residence times for black liquor
droplets and a low amount of heat flux to the reactor wall.

�������
����

Black liquor is an essential part of the papermaking process. It consists of the
remaining substances after the digestive process where the cellulose fibres have
been extracted from the wood. Today, black liquor is conventionally burned in a
large boiler for the recovery of energy and chemicals. An alternative technology
where the black liquor is gasified under pressure is presently under development
by Chemrec AB. This technology will provide:

• Up to twice as much electrical power compared to a modern recovery boiler
[1], by using an integrated gasification combined-cycle (IGCC) process.

• A natural separation of sodium and sulphur that doesn’t exist in conventional
technology, thus allowing better control of mill chemistry and improving
product yields and quality.

• A more robust process than the conventional one, leading to a less sensitive
overall pulping process.

At the laboratory of Energy Technology Centre (ETC) in Piteå, Sweden, a pilot
scale pressurised black liquor gasifier is currently being constructed by Chemrec
AB. This unit will be used in a development program of a full-scale commercial
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unit and for an underpinning research program aimed at development of a
complete process model.

The pilot gasifier consists mainly of two parts (figure 1), the gasification reactor
(0.6 m in diameter and a total length of ~1.9 m) in the upper part and a quench-
cooler in the lower part. The quench-cooler is needed for separation of the gas and
smelt exiting the reactor. The gases exiting from the quench-cooler pass through a
counter-current condenser where steam and other volatile substances are
condensed and then further on to a cleaning process before the gas can be used in
a gas turbine. The gasifier is pressurised to 30 bar and the process temperature in
the reactor is about 975°C.

 
Figure 1: Schematic drawing of the gasification plant.

The black liquor is atomised by pressurised injection and enters the reactor
through a spray nozzle together with oxygen. At the inlet the temperature of the
black liquor is around 120°C but the small black liquor droplets are heated
quickly in the hot environment (estimated to a few hundred ms to raise the
temperature to 600°C). As the black liquor droplets are being heated they are
converted in three stages [2]; drying, pyrolysis and char gasification. The resulting
hot inorganic smelt in the reactor is very corrosive and will severely damage the
reactor wall if allowed to come in contact with the wall. One key idea with the
process proposed by Chemrec AB is to try to get the inorganic smelt to form a
protecting solid layer on the wall by use of a cooling screen.

The objective with this study was to investigate the influence of burner spray
angle on heat flux to the reactor wall, mass flux of smelt to the reactor wall and
reactor residence times of black liquor droplets of different sizes. The simulations
were done by a simplified numerical model of the gasification process.
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One way to model this process would be to use a spray combustion model
assuming infinitely fast chemistry [3]. However, due to lack of experimental data
there are a number of unknowns in this model that still would make the results
questionable. Hence, it was decided to use a simpler approach that eliminated the
need for experimental data or unavailable additional data. Marklund [4] has
developed such a simple model for the gasification process of black liquor. This
model, with some modifications, was used in this study and is briefly described
below.

In the conversion process mass, momentum, and energy are transferred from the
black liquor droplets to the gas flow. Instead of modelling droplets present in the
flow transferring these quantities, sources are being located along assumed
trajectories of the drops. These trajectories are assumed to fill a conical volume
starting from the inlet, thus leading to a cone of uniformly distributed sources
(figure 2). The extent of this conical volume is given by the vertical distance from
the burner inlet to the end of the gasification zone (X) and was set to 40% of the
length of the main cylindrical wall of the reactor.

Figure 2: Definition sketch for the assumed spray pattern. To model a full-cone
pattern, φ1 is set to zero.

With this approximation the interactions between the droplets and the surrounding
gas are ignored except with respect to the mass transfer from the droplets to the
gas phase. Tests have shown [5] that, the rate at which black liquor droplets are
gasified, is high near the inlet and then decays further down in the reactor. To
approximate this behaviour, a vertical power law distribution of the strength of the
sources has been assumed. The total added mass by mass sources was set to 2/3 of

φ2

φ1

�

Droplet
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the total mass flow rate. The remaining 1/3 of the total mass flow is assumed to be
vapour and gas from volatilisation outside the computational domain and oxygen
from the burner. This flow enters the reactor through the burner inlet, modelled as
a circular inlet at the top of the reactor with a diameter of 3.2 cm.

An iterative routine was used to find the required heat flux from conversion of
chemical energy in the black liquor that would give the target value of 975°C for
the average temperature in the upper half of the reactor.  The variations in density
due to thermal expansion were assumed to follow an ideal gas equation of state.
The equation of state was assumed to be the same as for air.

In order to validate the assumed spatial distribution of mass transfer to the gas
phase inert droplets of various sizes (0.1; 0.4; 0.7; 1.0; 1.3; 1.6; 1.9; mm in
diameter) of equal amount were introduced at ten equally spaced positions along
the radius of the inlet. The droplets were given the same initial velocities as the
entering gas. The volumetric expansion (swelling) effect on the droplets during
pyrolysis was considered by calculating an approximate volumetric swelling
factor (ratio of swollen volume and initial volume) using a relation for specific
swollen volume for a certain pressure [2]. The calculated factor was 6.2 and
reduced the density of the black liquor from 1.38 g/cm3 to 0.223 g/cm3. The
corresponding trajectories were computed taking account of gravitational and
aerodynamic forces. The phase coupling between the droplets and gas was
assumed to be one way so that the droplets did not affect the continuous gas flow
but the gas flow did affect the droplets.

The k-ε model with wall functions was used to model the turbulent flow in the
reactor. At the inlet the turbulent quantities were set to widely recognised values
[6] and furthermore, a gas velocity was prescribed consistent with the conical
pattern of distributed sources described above. At the outlet a fully developed
flow was assumed.

At the wall, a total heat transfer coefficient with an estimated value of 100 W/m2K
was set considering both convective and radiative heat transfer. Outside the
reactor wall (cooling screen) a reference temperature of 200° C was set.

The simulations were made with AEA-CFX 4.3 in a 2-dimensional axi-symmetric
model of the gasification reactor consisting of 21300 cells. The iterative errors
were estimated from residual reduction to <0.1% and the grid convergence errors
were estimated with Richardson extrapolation [7] to about 1.0%.
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A first conceptual design study for the burner in the pilot gasification reactor done
by Marklund [4] indicated that a wide (~100°) full-cone spray pattern was the
optimum configuration. The configurations chosen in this study were 85°-120°
full-cone spray patterns (φ1 equal to zero in figure 2) without swirl.

In figure 3 the heat fluxes through the vertical reactor wall for the different full
spray patterns are displayed. This includes the convective part, radiative part and
the sum of these. Notice that there is a minimum in heat flux for a spray angle of
about 95°.

Vertical wall heat flux

15
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Figure 3: Total heat flux through the vertical wall of the reactor for different full
spray angles.

Figure 4 displays computed average residence times against droplet diameter for
three different configurations (90°; 100°; 110°; degrees). The computed values are
taken as the mean residence time for droplets not ending up on the wall. These
droplets either leave the reactor through the outlet or exceed the time integration
limit (5.0 s). For droplets exceeding this limit the corresponding residence times
were set to 5.0 s. Notice that the droplet residence time for most of the droplet
sizes is a maximum for a spray angle of 100°.
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Figure 4: Average droplet residence times for 7 different droplet diameters and 3
full spray configurations. The numbers in the legend correspond to spray angles in
degrees.

In table 1 the fractions of the number of droplets that end up on the wall are given
for different droplet diameters and spray angles. Notice that the fraction of
droplets that end up on the wall for cases with a spray angle 100°-105° is
moderate (0,3-0,4) for droplets with a diameter in the range 0,7-1,0 mm whilst the
fractions for both smaller and larger droplets is higher (0,6-0,9).

Table 1: Fraction of the released droplets that end up on the wall. Droplet
diameters are given in mm and the different spray angles are given in degrees.

Visualizations of the results from the 90°, 95° and 100° cases are presented below.
Only one half of the reactor is shown (horizontally with the reactor top to the left)
since the results are rotationally symmetric.

In figure 5 the plot of streamlines for the 90° case shows that there is a large
toroidal re-circulation zone in the lower part of the reactor (to the right). In the
upper part the flow is similar to the flow from a circular line source with flow
going both upwards and downwards from the line source. A fairly large fraction
of the flow from the inlet appears to pass directly to the outlet giving that part of
the flow very little time to react.

Diameter 85 90 95 100 105 110 115 120
0,1 0,2 0,2 0,9 0,8 0,7 0,9 0,9 0,8
0,4 0,4 0,2 0,4 0,7 0,6 0,6 0,8 0,7
0,7 0,2 0,4 0,3 0,3 0,3 0,4 0,5 0,3
1 0,5 0,9 0,5 0,4 0,4 0,5 0,6 0,5

1,3 0,8 0,8 0,6 0,7 0,7 0,7 0,9 0,7
1,6 0,8 0,7 0,8 0,7 0,7 0,8 0,7 0,8
1,9 0,6 0,8 0,7 0,8 0,9 0,7 0,8 0,8
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Figure 5: Streamlines for the 90° full-cone case.

Increasing the spray angle from 90° to 95° results in a totally different character
on the flow of gas in the reactor (figure 6).  The large re-circulation zone in the
lower part of the reactor in the 90° case has been replaced by a new zone with
clockwise rotation at the top of the reactor and the line source-like flow has
disappeared. The straight-through flow from inlet to outlet in the 90° case has also
disappeared.

Figure 6: Streamlines for the 95° full-cone case.

The temperature field for the 100° full-cone case, shown in figure 7, indicates that
the lowest temperatures occur near the inlet and along the walls in the upper part
due to the cooling effect of inlet flow and walls.

393 680 967 1253 1540393 680 967 1253 1540

¨Figure 7: Temperature field in K for the 100° full-cone case.

In the plot of streamlines for the 100° full-cone case (figure 8) it can be seen that
the character on the flow of gas is similar to the 95° case above (figure 6). Gas in
the upper part of the reactor will re-circulate from the wall region, inwards to the
symmetry axis and upwards to the inlet, forcing the entering gas sideways out
towards the wall.
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Figure 8: Streamlines for the 100° full-cone case.

In figure 9 the droplet trajectories for the 100° full-cone spray pattern case are
presented. It can be seen that larger droplets follow trajectories inside the
predicted conical region of gasification. Smaller droplets are more affected by
viscous forces and hence, have a tendency to follow the gas flow along the wall.

0.0001 0.0005 0.0010 0.0015 0.0019

Figure 9: Droplet trajectories for the 100° full-cone case. Legend shows diameters
in m.

���
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One of the difficulties in modelling the droplet motion is that no data on droplet
sizes and velocities at the inlet were available. Hence, the computed values for
e.g. average droplet residence times should only be considered as indicators for
selection of the best spray type. Experimental results in terms of size distributions
and velocities of the black liquor droplets for a typical burner in the reactor would
be very valuable in future developments of the model.

The approximate process model does only involve droplet gasification indirectly,
through source terms in the continuity, momentum and energy equations.
However, useful information about the droplet dynamics has still been obtained
from a separate computation of the trajectories of a distribution of inert droplets
released at the inlet of the computational domain.

In future work the aim will be to develop an advanced gasification model
including drying, evaporation, char conversion and the interactions between the
gas and black liquor droplets [8]. When such a model is available a comparison
will be made with the current model so that conclusions about its accuracy can be
drawn.
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The assumption of gasification in a conical region (depending on the spray angles)
is consistent with the droplet trajectory computations except for the smaller
droplets that diverge from the prescribed conical region just below the burner
inlet. However, since these droplets are very small and hence will dry and
devolatilize (through pyrolysis) very fast they will probably, in the real process,
have generated most of their gas before they escape from the assumed conical
region. The reason why smaller droplets tend to follow the gas flow more easily
than larger droplets is that the motions for the smaller droplets are dominated by
viscous forces and inversely, larger droplets are more affected by inertia forces.
All of the studied cases have more or less tendencies of delivering black liquor
droplets on the wall or to the boundary layer on the vertical wall. In table 1 it can
be seen that the fraction of droplets with a diameter in the range 0.7-1.0 mm that
end up on the wall is 30-50% for full spray configurations ≥95°, while the
fractions of both smaller and larger droplets is higher. This may be used as an
indicator on preferable droplet size since it is probably not wise to allow too much
of the spray to impact on the reactor wall immediately due to risk for severe
corrosion and incomplete gasification. Hence, one may conclude that the burner
nozzle should be designed to produce droplets smaller than about 1,0 mm.

As indicated by the plots of streamlines for the 90° and 95° cases (figure 5 and 6)
the flow pattern in the reactor change shape dramatically in this spray angle range.
From a jet-like type of flow down the centre core to a flow that follows the wall
and re-circulate upward in the centre of the upper part of the reactor. The clear
tendency of circulation zones in the upper part of the reactor for the 95° and 100°
spray angle cases (figure 6 and 8) was the same for all studied configurations with
a spray angle ≥95°. The significant increase in average droplet residence time
indicates that the ≥95° alternatives are to be preferred. However, the increased
deposition of smelt on the reactor wall for these cases may have an adverse effect
on the lifetime of the reactor.

The low temperatures along the walls (see figure 7) for the 100° full spray case
are due to the inflow of ‘cold’ gas from the inlet that follows the walls in this case.
The same tendency could be noticed for all the wider cases (not presented).

Considering the wall heat flux the results showed that the 95° case had the least
heat loss to the vertical wall among the studied cases. Ás a consequence the
remaining heating value in the product gas will be higher for this case. The results
of the vertical wall heat flux also showed that radiative heat transfer is important
and cannot be ignored.
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The most significant benefit with the simplified numerical model is that neither
kinetic data nor droplet distribution data is needed for the computations. On the
other hand, the task then becomes to design a burner that will give the assumed
distribution of mass transfer from gasification of droplets.

Iterative errors for the solution of some variables were decreased from three up to
nine orders of magnitude. Estimation of the discretisation error from solutions
with several different meshes showed that around 20000 cells are sufficient to
reduce the relative error to about 1%. Hence, it can be concluded that the
numerical results are a good approximation of the mathematical model.

According to the trajectory plots of the droplets, the assumed distribution of
sources agrees well with the trajectories for larger droplets. On the other hand,
these droplets were thought to have the same velocity as the mean gas flow at the
time for the instant gasification [4], which agrees better with the state of the
smaller droplets. Thus, the model is not perfectly representative for all droplets
and all aspects. However, the overall conclusion is that the results obtained with
the current model is a good approximation of the real process and that they can be
used as a first guide to the design of an optimum burner configuration.

The best design appears to be the 100° full-cone spray pattern as suggested by
Marklund [4]. Choosing a less wide spray pattern (~95°) may cause instabilities in
the flow since the results indicated that the flow pattern change dramatically
around this angle. The 100° case had low heat flux through the vertical wall and
displayed a relatively uniform temperature field. The residence times for the black
liquor droplets in this case were relatively long (almost the same for the wider
configurations) which is expected to result in increased gasification efficiency of
the reactor.
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Pressurised Black Liquor Gasification -
Numerical Modelling of an Entrained Flow Reactor

Magnus Marklund, Rikard Gebart
 Energy Technology Centre, Box 726, 941 26 Piteå, Sweden

������
�

     Pressurised black liquor gasification is an important new technology for energy
and chemical recovery in the pulp and paper industry. However, the technology is
still in its infancy and there is potential for improved performance.
     To this end a numerical model for a pressurised black liquor gasification
process has been developed. The model is based on the commercial CFX4.4 CFD
code and is used to investigate the flow patterns of gas and black liquor droplets
in a gasification reactor. Droplets are modelled via a Lagrangian approach as a
modelled spray burner injects them into the reactor together with oxygen. The
droplets release their moisture and volatiles as they are being heated, and the
resulting char particles are then gasified. A limitation with the model is that the
char gasification is with oxygen only even though other gasification reactions are
highly important in the real process. Furthermore, transport equations are solved
for the mass fractions of volatiles, oxygen, gaseous combustion products, and char
combustion products where the Eddy dissipation concept models the
homogeneous combustion reactions.
     The results from simulations do not confirm the presence of two distinct flow
patterns predicted by an earlier simplified model. Hence, the process appears to be
more robust than what has previously been assumed and the results indicate that
the gas flow field is relatively insensitive of the burner spray angle.
     The model has so far not been compared to experimental data since there is no
data available from experiments yet. However, model validation is an important
task in future research in our group.

������� �Black liquor, gasification, spray, numerical modelling, CFD, CFX4
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- evolved volatiles, [m]
-� final yield of volatiles, [m]
.� rate of volatile yield, [s-1]
�� rate constant, [s-1]
�� activation temperature, [K]
.� rate coefficient, [s-1]
�� partial pressure of oxygen in free stream,

[atm]

�� partial pressure of oxygen at
surface, [atm]

.� rate coefficient, [s-1]
�� rate constant, [s-1]
�� activation temperature, [K]
. turbulent kinetic energy, [m2/s2]
ε� rate of dissipation ., [m2/s3]
/� mean normal inlet velocity, [m/s]
0 turbulent mixing length, [m]
1 inlet diameter, [m]
��, �	, �µ constants
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     Black liquor (BL), a by-product of the papermaking processes, is an important
liquid fuel in the pulp and paper industry. It consists of the remaining substances
in wood chips after the digestive process that separates the cellulose fibres from
the wood. Today, black liquor is conventionally burned in large recovery boilers
(also called Tomlinson boilers), acting both as high-pressure steam boilers and as
chemical reactors, for the recovery of energy and chemicals. An alternative
technology, not yet commercialised, is pressurised gasification of black liquor
where the fuel is only partially combusted to produce combustible gases and
steam. This technology will provide up to twice as much electrical power
compared to a modern recovery boiler [1] by using an integrated gasification
combined-cycle (IGCC) process. Furthermore, a natural separation of sodium and
sulphur, not possible in conventional technology, can be done allowing better
control of mill chemistry and improving product yields and quality.
     A pilot-scale development plant for pressurised black liquor gasification with
the so-called Chemrec process is to be constructed during 2002 at the laboratory
of Energy Technology Centre in Piteå, Sweden. This unit will serve as a part in a
development program of a full-scale commercial unit and for an underpinning
research program aimed at
development of a complete process
model. This gasification plant will
include a gasifier and a counter-
current condenser as shown
schematically in figure 1.
     The pressurised gasifier consists
of two parts, a gasification reactor
in the upper part and a quench-
cooler needed for separation of the
gas and smelt exiting the reactor.
The synthesis gas exiting the
quench-cooler passes through a
counter-current condenser where
steam and other volatile substances
are condensed. In the full-scale
process the gas will then pass
further on to other cleaning
processes before it can be used for
generation of electricity by a
combined gas and steam turbine
cycle.
     This paper is concerned with

Black liquor

Oxygen

Atomizing
Gasifier

Counter-current
condenser

Gas to cleaning
before turbine
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Condensate

Green liquor

Weak wash

Reactor

Quench
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����'(� &����
�
'(� ������� ��� ����2+
���!���



3

modelling of the gasification reactor, which is an axi-symmetric entrained flow
downflow reactor (outlined in figure 1). It has a main diameter of 0.6 m, a total
height of 1.9 m, and is pressurised to 30 bar. Black liquor is injected and atomised
together with oxygen at the top of the reactor. The quantity of oxygen is
controlled to maintain the process temperature at a high enough level to obtain
high conversion of the black liquor droplets, but low enough to consume only a
fraction (as small as possible) of the heat contained in the produced gas. Once the
droplets have dried and released their volatiles a mixture of char (unburned
carbon) and smelt (ash) remains. The char then undergoes reactions mainly with
CO2 and H2O to produce CO and H2. The resulting gas mixture will mainly
consist of CO, CO2, H2, CH4, H2O, and H2S.
     It is known from combustion of pulverised coal that the most dramatic effect
from the pyrolysis of coal is the rapid release of volatile matter. In certain cases
the local volumetric expansion from rapid pyrolysis might influence the near-
burner fluid dynamics [2]. Marklund et. al. [3] have developed a simplified model
of the gasification process in the present reactor to obtain some qualitative
information on the flow of gas and droplets in the reactor for different burner
spray angles. One important conclusion was that the gas flow pattern changed
mode completely when the spray angle was increased from 90° to 95°. This result
indicates that the process can become sensitive to small disturbances if the spray
angle is around 90°-95°. The shift in flow behaviour can have important
consequences for the stability of operation if it occurs unexpectedly due to e.g.
small disturbances in the process parameters. The present study is therefore aimed
to investigate if these different modes can be detected with a more accurate model
of the process.

�����������������������

     The model is based on an Eulerian description of the gas phase and a
Lagrangian description of the black liquor droplets. The used analyses for the
black liquor, the different sub-models, and how the simulations were performed
are described below.

����.���3 
������("�"

     The proximate and ultimate analyses data for the black liquor used in all
simulations are given in table 1. The data was calculated from assumptions on the
composition and volatile yield from a typical black liquor sample [4]. It is
assumed that all elements other than C, H and O (e.g. S and Na) goes into the
solid phase as inorganic material (smelt).
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     Other important physical
properties for the black liquor
used in the simulations are
specified in table 2. The
specific heat and higher
heating value are taken from
an analysis on a black liquor
sample done by Swedish
national testing and research
institute in 2000 and the other
properties are taken from a
reference example for coal
combustion provided in the
CFX4.4 package [5].

��
$���(�$
!�����'

     Since the flow of gas and
droplets in the reactor are
expected to be symmetric
around the centre axis, the
same 2-dimensional axi-
symmeric model as Marklund
et. al. [3] used in their earlier
study is adopted. In their
study they indicated that a
structured mesh consisting of
around 20000 cells was
needed in order to reduce the
numerical relative errors to
about 1 %. In the present
study a non-staggered structured mesh with ~23000 cells, with good quality
considering orthogonality and grid expansion [6] is used.
     The burner in the centre of the reactor top is modelled as a circular nozzle inlet
with a diameter of 3.2 cm for which the spray angle could be varied. Through this
inlet oxygen is introduced with a prescribed velocity, according to a certain mass
flow rate and spray angle. The black liquor droplets are mixed with the oxygen
upon their entry into the reactor and are released at ten equally spaced radial
positions with equal mass flow rates along the radius of the nozzle inlet. The
droplets are given the same velocities as the entering oxygen and with a 2nd order
Rosin-Rammler diameter distribution [7] with a characteristic diameter of 250 µm

�������	
�����"��� ���������	���
Moisture 0.2500
Volatiles 0.2753
Fixed carbon 0.1926
Ash (smelt) 0.2821
#�	���	
�����"���
Carbon 0.5664
Hydrogen 0.0647
Oxygen 0.3689

&�%����	���
,�$������!� ���$��������("�"�!�����
�
���� %���.� ��3 
��  "�!� ��� ���� "�$ ����
�"�� &��
 ���$���� ����("�"� "����"� ���� ���$������ �
$�
"���
�

��4
������"���!���,�!����%
��

����
�	" $���
 #��	
Specific heat 2.1 kJ/kg
Higher heating value 13.92 MJ/kg
Liquor emissivity 1.0 -
Char emissivity 0.6 -

Density of volatiles 1000 kg/m3

Density of ash 2000 kg/m3

Density of fixed carbon 2000 kg/m3

Heat of reaction of volatile 14.61 MJ/kg
Heat of reaction of char 34.08 MJ/kg

&�%��� 	� ��("����� ��
������"� �
�� ���� %���.� ��3 
�
 "�!��������"�$ ����
�"�
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from each position. The distribution was discretised to 200 sizes giving a total of
2000 droplets.

����.���3 
���
�4��"�
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     In this paper a Lagrangian description is used to model the dispersed flow of
droplets [8]. To model the mass and heat transfer between gas and droplets a
slightly modified version of the coal combustion model available in CFX4.4 was
used [5]. In this model two separate gases are given off by the particles as they are
heated and exposed to oxygen. These are the volatiles (e.g. H2O, H2, CH4 and CO)
and the char products that come from burning of the carbon within the droplet.
The latter consists strictly of CO2 since in this model the only char gasification
reaction is with oxygen,

)()()( 22 '�5'5"� →+ . (1)

     This is a weakness with the present model since the char gasification in
conditions with low O2-concentration is dominated by gasification with CO2 and
H2O [9] as

)(2)()( 2 '�5'�5"� →+  (2)

)()()()( 22 '�5'6'56"� +→+ . (3)

     The droplets are treated as non-interacting spheres with internal reactions
(reaction (1)) and heat transfer, and full coupling of mass, momentum, and energy
with the continuous gas phase. The gasification of a black liquor droplet is a
three-stage process: drying of the droplet (steam to the gas phase), pyrolysis of the
dried droplet (volatile gases to the gas phase), and gasification of the residual char
to leave (ideally) an inorganic ash called smelt. In the present paper
devolatilization is considered to involve both drying and pyrolysis, and the
released volatiles contain both the evaporated water and gases generated from
pyrolysis.
     The used devolatilization sub-model is a single reaction model [10] where the
black liquor is considered to have fixed fractions of moisture, volatiles, char, and
ash (table 1). The rate of production of the volatiles is given by the first order
reaction

)( --.
!�
!-

�� −= , (4)
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where - is the mass of volatiles which have evolved per unit mass of black liquor,
and -� is the final yield of the volatiles. To account for a higher volatile yield than
specified in the approximate analysis (table 1) -� is set to 1.3 times that value. The
rate coefficient .� is expressed in an Arrhenius form as

)exp(
�

�

�� &

�
�. −= , (5)

where &� is the droplet temperature (assumed uniform), ��  is a rate constant, and
�� is another model parameter (activation temperature).
     The char gasification sub-model is only considering reaction (1) and assumes
the spherical char particle to be surrounded by a stagnant boundary layer through
which oxygen must diffuse before it reacts with the char [11]. The oxidation rate
of the char is calculated with the assumption that the process is limited by the
diffusion of oxygen to the external surface of the char particle and by the effective
char reactivity. The rate of diffusion of oxygen is given by .�(��-��), where �� is
the partial pressure of oxygen in the reactor gases, �� is the partial pressure of
oxygen at the particle surface, and .� is dependent on the particle radius, particle
temperature, local pressure and gas temperature. The char oxidation rate per unit
area of particle surface is given by .���. Here, the chemical rate coefficient .� is
given by

)exp(
�

�

�� &

�
�. −= , (6)

where the parameters �� and �� are the rate constant and activation temperature,
respectively. The overall char conversion rate of a particle is inversely
proportional to the sum of .� and .�, and hence controlled by the smaller of these
rates.
     The values for the model parameters in (5) and (6) are assumed to be the same
as for coal combustion [5]. The values are listed in table 3.

&�%���7	���
"���4�� �"��
����������$����"���������,���""�
�"��
��.����!�.�
8"���89:���!�8�::�

�����
	
� $���
 #��	
Rate constant for volatiles (� � ) 2.0*104 s-1

Activation temperature for volatiles (� � ) 5.941*103
K

Rate constant for char conversion (� � ) 2.5*102 s-1

Activation temperature for char conversion (� � ) 8.8*103
K
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     To model the turbulent reacting gas flow the standard .*ε turbulence model
with wall functions [12] is used together with the Eddy dissipation concept (EDC)
model [13]. The underlying argument for the EDC model is that since turbulent
mixing may be viewed as a cascade process from the integral down to the
molecular scales, the cascade process also controls the chemical reactions as long
as mixing rather than chemistry is the rate-determining process.
     In the heat transfer modelling, the ceramic reactor wall is assumed to have a
constant uniform heat flux of 15 kW/m2 and the discrete transfer method for
radiative heat transfer [14] is adopted.

��$ ����
�"

     All simulations reported in this paper were performed using the multi-purpose
CFD code CFX4.4 [5] on a Sun Blade 1000 workstation. The simulations were
run in steady state with all convection terms modelled with a second order-
differencing scheme for accuracy. The iterative error was monitored by inspection
of the absolute residual source sum for all equations [6]. Convergence was
relatively slow for all the investigated cases due to the coupling between the
droplets and the gas flow. A residual reduction factor of about 103-104 was usually
obtained after about 8000 iterations indicating an iterative relative error of about
103-104.
     In table 4 the conditions at the burner inlet are specified. At the outlet a
constant static pressure was set and for all other variables a vanishing normal
derivative was assumed.

     The radial velocity is set to vary linearly with the inlet radius (dependent of the
chosen spray angle) to obtain a prescribed spray pattern. The turbulent quantities,
. and ε, at the inlet are calculated as [12]

$����%�
 $���
 #��	
Axial velocity 5.5 m/s
Mass flow rate of oxygen 0,1008 kg/s
Mass flow rate of black liquor 0,3067 kg/s
Oxygen temperature 293 K
Black liquor temperature 373 K

&�%���;	��
�!���
�"�������������
��% �����������
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where /� is the mean normal velocity and �<��1 is a turbulence length scale,
where 1 is the diameter of the inlet. The constant �� and constants �� and �µ in
(7) and (8), respectively, were set to widely recognised standard values [15].

������

     Two different spray burner configurations; 70° and 110° burner spray angles,
with the inlet conditions as specified in table 4, have been studied to investigate if
the two flow modes of Marklund et. al. [3] are present in the new model. In the
figures below, where the shape of the reactor is shown, only one half of the
reactor is displayed with the centre axis placed horizontally. Oxygen mixed with
dispersed black liquor droplets enters the reactor through the burner inlet (lower
left corner in the figures) in a pattern prescribed by the burner spray angle and the
products exit the reactor through the narrow outlet (lower right corner in the
figures).

��#�' ���	������$����"��������=�>*% �����"���(���'����
���' ����
��

     Figure 2 shows the streamlines for the 70°-burner spray angle configuration. It
can be noted that a large torus-shaped zone with re-circulating gas (counter
clockwise rotation) is formed around the main reactor wall. The area near the
centre axis where no streamlines are plotted is characterised by a jet like type of
flow from left to right.

��#�' ���7	������$����"�����������>*% �����"���(���'����
���' ����
��

     Figure 3 shows the streamlines for the 110°-burner spray angle configuration.
As for the former case a large zone with re-circulating gas is also formed around
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the main wall for this case and close to the centre axis a jet like type of flow is
present. Note that the centre of the re-circulation zone for this case has moved
slightly upwards.
     Figure 4 shows
axial temperature
profiles one quarter
of the burner
nozzle diameter
away from the
centre axis for both
70° and 110°
burner spray
angles. It can be
noted that the peak
temperatures are
high (2900-3600K)
and that the peak
for the narrower
spray is located
further
downstream
compared to the peak for the wider spray.
     Figure 5 shows axial profiles of oxygen mass fractions along the same line
considered in figure 4 for both 70° and 110° burner spray angles. From the figure
it can be seen that oxygen is consumed closer to the burner in the wider spray
angle case.
     In table 5
quantitative yields
of resulting gases
from gasification
is presented.
Volatiles from
devolatilization
are the mass added
to the gas phase
from
devolatilization
per unit of time.
Char products
from gasification
is the added mass
to the gas phase

#�' ��� 9	� �,���� ��
����"� 
�� 
,('��� $�""� ������
�� ?� $$� ��
$� ���
��������,�"������.� ����� �"� �������>*% �������!�'��(� ����� �"� ����=�>*
% �����

��������	
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per unit of time during char gasification with oxygen, and volatiles through outlet
are the unburned masses of volatiles leaving the reactor per unit of time.

���
������

     According to the results presented above, no major differences in the resulting
flow patterns between the two studied spray burner configurations, 70° and 110°,
were found. This finding contradicts the earlier study on the same reactor made by
Marklund et. al. [3], which indicated that when a critical burner spray angle
(around 90°-95°) was passed the resulting flow pattern changed mode completely
from a jet like flow along the centre axis to a re-circulating flow at the centreline
and a downflow along the walls. Bearing in mind that the model of Marklund et.
al. for the gasification process only considers the gas phase and accounts for
gasification by adding mass through distributed sources, one might suspect that
the model does not predict the forces acting on the gas phase, due to the
distributed mass sources, correctly. One explanation why the two different modes
were found by Marklund et. al [3] but not detected with the current model might
be that too much of the mass resulting from gasification is added too close to the
burner inlet in the earlier study. In the results found with the current model it is
found that only some amount of water vapour is added to the gas flow nearest the
burner inlet. This difference between the models is a probable reason why the
flow is forced towards the reactor wall in the model proposed by Marklund et. al.
[3] and not with the model presented in this paper. Even though none of these
models are validated, the results obtained in this study are believed to be closer to
the real process than the results presented in the earlier study. Future research in
our group will however include model validation with experimental data and thus
allow us to discuss this issue more thoroughly.
     Comparing the streamlines from the two burner spray configurations shows
that when the spray angle is increased the re-circulating zone moves upward. This
is due to the forces from wider spray of droplets and gases that tend to force the
re-circulating gas upward and out toward the wall. A wider spray also gives lower
velocities downstream from the nozzle due to continuity, leading to a slightly
shorter flame compared to a more narrow spray as indicated by the plots of
oxygen mass fractions in figure 5.

&���	�	" ������������	
��'()*+ ������������	
��',,)*+ #��	
Volatiles from devolatilization 0.1864 0.1864 kg/s
Char products from gasification 0.01250 0.01215 kg/s
Volatiles through outlet 0.1000 0.09908 kg/s

&�%��� 9	���""� ��
�� ����"� 
�� 4
������"� ��
$��(�
�("�"+� ����� ��
! ��"� ��
$� '�"�������
�+� ��!
4
������"����
 '�����������
��
 ������
��=�>���!����>�% �����"���(���'��"�
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     The low amount of char products that is produced (table 5) can be explained by
the fact that the model for gasification of char is only considering gasification, or
actually combustion, with oxygen. Since the oxygen is supplied for a large fuel
equivalence ratio, resulting in only a partial combustion of the volatiles, most of
the oxygen is consumed before it can oxidise the char. This results in simulations
showing incomplete gasification (conversion) of the black liquor. To reach a
nearly full conversion, as in the real process, gasification by CO2 and H2O needs
to be added to the current model.
     Since the gasifier is oxygen blown gasification will occur relatively close to
the burner nozzle and there will be high temperatures in the reactor as indicated
by the temperature profiles presented in figure 4. However, the process is aimed
to operate at about 1000°C so the predicted temperatures above 2000°C are much
too high. The fact that the important endothermic char gasification reactions with
CO2 and H2O (reaction (2) and (3)) are not included in the present model will
partly explain way high temperatures are predicted. Other explanations might be
that a too low value for the heat flux through the reactor wall has been used and
that the amount of supplied oxygen is too high. Accounting for a higher heat flux
through the reactor wall (higher heat losses) would result in lower temperatures
and so would also a lower mass flow rate of oxygen.
     The small difference in results between the 70° and 110° case may be a result
of the rapid gasification close to the burner nozzle that would tend to reduce the
importance of particle initial velocities. It is possible that a refined modelling of
process kinetics may change that behaviour and this is the subject of an ongoing
study in our group.

���
�������

     From this study, concerning modelling of a pressurised entrained flow
downflow reactor for gasification of black liquor, the following conclusions can
be drawn:
• No major differences in the flow patterns between the 70° and 110° burner

spray configurations were found.
• High temperatures in the reactor are predicted. This is due to the presence of

pure oxygen and the fact that CO2(g) and H2O(g) cannot react further with
char to produce CO and H2.

• The submodel for the char gasification needs to be refined in order to predict
the real conversion process of black liquor in the reactor.

�
�����������

     This work could not have been done without the generous support from the
Swedish National Energy Administration and from Chemrec AB.
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Introduction of pressurised gasification of black liquor in the pulping industry has
the potential to give a significant increase in energy efficiency. However,
uncertainties about the reliability and robustness of the technology are preventing
a large-scale market introduction. One important step towards a greater trust in the
process reliability is the development of a better understanding of the sensitivity
of the process to parameter variations. In this paper a CFD model for pressurised
gasification of black liquor in an entrained flow gasifier is presented and used for
investigation of the effects of uncertainties in specific heat, radiation absorption
coefficient, and the volatile devolatilization rate using factorial design
methodology.

It is found that all main factor effects, but none of the interaction-effects,
influence the considered responses: char conversion, maximum temperature and
outlet temperature. However, the main effects are found to be relatively small and
the uncertainties in the examined model parameters would not invalidate the
results from a design optimisation with the presented model.

�������: Numerical modelling, Liquid droplets, Sprays, Gasification

�������
����

Black liquor (BL), a by-product of the chemical pulping process, is an important
liquid fuel in the pulp and paper industry. It contains almost all of the inorganic
cooking chemicals along with the lignin and other organic matter separated from
the wood during pulping in the digester. One of the most commonly used
chemical pulping processes is called kraft pulping, where the cooking chemicals
are basically made up of Na2S and NaOH. To recover the organic combustion heat
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and chemicals (sodium and sulphur) from the produced black liquor in kraft
pulping, Tomlinson kraft recovery boilers are used (Adams et al. 1997). This type
of boiler has been around for many years and large efforts have been made to
improve its efficiency. However, the kraft recovery boiler is still not
thermodynamically efficient and suffers from problems with explosion
phenomena, fouling, and emissions.

In USA, 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
US energy production (������ ����	
� ���� ��� ��� �� ����� ���������� ��������
technology would hence yield a considerable increase of “green” energy
production. One such potential technology is pressurised gasification of black
liquor with combined cycle technology (BLGCC) which has the potential to
nearly triple the amount of net electricity production in a modern pulp mill
compared with the conventional Tomlinson steam power cycle (Larson et al.
2000). Furthermore, this unit may be able to decrease the capital cost for the mill
recovery system and open possibilities for alternative pulping technologies with
higher yield (Frederick 1999).

At the laboratory of ETC (Energy Technology Centre) in Piteå, Sweden, a
development plant for pressurised oxygen-blown gasification of black liquor is
under construction and is scheduled to be commissioned in the middle of 2004.
This plant is designed for a capacity of 20 tonnes black liquor solids per day and
includes an entrained flow gasifier operating at 30 bar. As a tool in the future
optimisation work of the gasifier a CFD based model for pressurised gasification
of black liquor has been developed and partially verified (Marklund et al. 2003).
Earlier simulation studies using simpler models have been made by Marklund et
al. (2001) and Marklund and Gebart (2002). The present model development has
mainly been based on a model developed for general biomass gasifiers (Fletcher
et al. 2000) and modified for black liquor by use of the work done by Frederick
and Hupa (1993) and Whitty (1997).

One of the problems with model predictions is the uncertainty in many of the
input parameter values. This is especially true for modelling
combustion/gasification applications, such as the present one. Significant
uncertainties are added into the model through parameters, such as gasification
rates, thermodynamic properties, and radiation properties. In this paper the effects
from some uncertain parameters in our CFD model are determined using factorial
design in a similar way to the works by Engström (2003) and Cervantes (2003) on
hydropower flows. With the use of a factorial design, joint effects may easily be
detected which may not be found in more general parametric studies.
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The present CFD model was implemented in the commercial code CFX4.4
through modified subroutines. 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 (AEA Technology 2001). The model uses the
Eulerian-Lagrangian approach (Crowe et al. 1998) to model the gasification
process of black liquor droplets in an entrained flow gasifier. For the continuous
gas phase the Reynolds Averaged Navier-Stokes equations (RANS) and energy
equation are solved using an Eulerian description. The RANS are closed by the
use of the k-ε turbulence model with standard wall functions (Wilcox 1993). The
discrete droplets are tracked through the domain by integration of the droplet
momentum equation (Crowe et al. 1998) 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 turbulent fluctuations in the droplet motions.

��
$���(���!�%
 �!��(��
�!���
�"

The gasifier presently under consideration is of a symmetric entrained flow type
with a centred burner at the top. The dimensions are ~1.9 m in height and 0.6 m in
diameter. Since the gasifier is axisymmetric around its centre axis the simulations
were performed in 2D using cylindrical coordinates to reduce computational time.
The computational domain was made up of a mesh consisting of 20,500 structured
elements with an estimated discretisation error of ~1% (Marklund et al. 2001).

The ceramic lined wall of the gasifier is modelled as adiabatic with a radiative
emmisivity of 0.5. The burner is modelled as non-swirling and made up of a small
circular inlet where oxygen (λ = 0.5 and 20° C) and discrete black liquor droplets
(115° C) enters the gasifier in a 70° full-cone angle. This is not an optimised spray
angle but will suffice for the purpose of the present study. 500 representative
droplets, released at ten equally spaced positions along the radius of the burner
inlet, constitute the black liquor droplet load (20 tonnes BLS/24h). The droplet
size distribution is assumed to have a 2nd order Rossin-Ramler shape (Sirignano
1999) with a characteristic diameter of 250 µm (corresponding to a Sauter mean
diameter of 141 µm). Droplets that hit the wall are modelled to bounce off so that
all droplets are tracked through the gasifier to the exit and overall mass
conservation is ensured.
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The modelled black liquor is assumed to have a solid content of 74.8% with the
following elemental composition

C31H36Na8.4K0.5S1.6O22. (1)

Through the conversion stages (drying, pyrolysis, and char gasification) the
following species are assumed to be present: H2O (l,g), H2S (g), H2 (g), CO (g),
CO2 (g), CH4 (g), Na2CO3 (s), K2CO3 (s), Na2S (s), K2S (s), and C (s) as char.
Furthermore, it is assumed that all H2O (g) is released during drying, 50% of the S
ends up as volatile H2S, 50% of the C ends up as volatile matter (CO (g), CO2 (g),
and CH4 (g)), and all alkali (Na and K) ends up as inert carbonates and sulphides
in the resulting smelt.

��""�����"���

During drying the conversion of moisture in the black liquor (H2O (l)) to water
vapour (H2O (g)) is assumed to start when the droplet temperature, &, is at the
boiling temperature at 30 bar, &���� = 537 K (The boiling point rise is set to 30 K
(Adams et al. 1997)). The onset of drying is governed by the parameters in a
‘smooth’ ramp function

( ) )1(3.0tanh(5.0)( +−=
����

&&&6  (2)

in the expression for the drying rate

( )�������

���

	
 BB
�

&6
$ ��� +−= )(

2
, (3)

where ���� is the latent heat of water at &����, and 
�������

BB ��  and are the convective

and radiative droplet heating rates, respectively. The ramp function, 68&:, is
needed in order to prevent numerical difficulties.

During devolatilization of the black liquor droplets H2S (g), H2 (g), CO (g), CO2

(g), and CH4 (g) are released to the gas phase. The devolatilization rate is based
on work done on combustion of coal particles (Ubhayakar et al. 1976) and is
given by
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( )
����

$.C.C$ 2211 +−=�  (4)

where $� is the amount of volatiles and fixed carbon (C in char) in the droplet, C�

and C� are model constants, and

2,1   , ==
−

���. ��

�

��

�

 (5)

where �� is a pre-exponential factor, �� is the activation energy, A is the universal
gas constant, and & is the droplet temperature. The relative masses of the volatile
substances in the black liquor given above are assumed to be preserved during
devolatilization.

The heterogeneous reactions during the gasification of the char in the black liquor
droplets is modelled by

( ) ( ) ( ) ( )'6'�5'56"� 22 +→+ , (6)

( ) ( ) ( )'�5'�5"� 22 →+ , (7)

and

( ) ( ) ( )'�5'5"� 22 →+ . (8)

The rates for these char gasification reactions are based on the work done by
Frederick and Hupa (1993) and controlled by the limiting contribution from either
mass transfer through the boundary film layer at the droplet surface, ( )

����

�

�$� , or

by reaction kinetics inside the droplet, ( )
���

�

�
$� , limited by pore diffusion. The

effective rates are then determined by

( ) ( )( )
���

�

������

�

�

�

� $$$ ��� η,min−=  (9)

where η� is an effectiveness factor due to the rate-limiting effect of pore diffusion
(Frederick and Hupa 1993) and �

�
$�  is the effective rate of gasified C in the char

droplet by gasifying agent �, i.e. H2O, CO2, or O2.

The film mass transfer rate is expressed as



6

( ) [ ]���$ �����

�

� =� . (10)

where � is the droplet surface area, [��] is the concentration of gasifying agent
(i.e. �5�, 6�5, or 5�) at the droplet surface, and the mass transfer coefficient�� is
found from the correlation

1
�!

�� =  (11)

where �� is the Sherwood number, ! is the droplet diameter, and 1 is the
diffusivity. The Sherwood number, which accounts for both free and convective
effects, is specified as (Treybal 1980)

62.05.025.0 )(Re347.0)(569.02
���

�������� ++=  (12)

where �� and ��� are the Grashof number and Schmidt number for gasifying agent
�, respectively.

Since the kinetic rates in the work done by Frederick and Hupa (1993) are based
on a 3 mm droplet with a maximum swelling factor of 3.0 the rates have been
scaled by a factor π(3*0.003)2/���� to account for the difference in droplet
diameter for the present case. Here, ���� is the maximum area for the modelled
droplets based on the initial diameter and a maximum swelling factor during
devolatilization of 1.6. The kinetic rate expressions for gasification by �5�, 6�5,
and 5� are given by

( ) [ ]
����

���

���

��

� ��

�
�-�

�
$

4.3
102.3

009.0

2

22 /225007

max

3

+
⋅= −π

� , (13)

( ) [ ]
22

22

42.1
1056.2

009.0 /253009

max

3

���

���

���

��

� ��

�
�-�

�
$

+
⋅= −π

� , (14)

and

( )
2

2 )987.1/(339504
0

max

3

1038.1
009.0

�

�

���

�

�
��@

�
$ −⋅= π
� , (15)
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respectively, where [�] is the molar concentration of carbon in the droplet, - is
the droplet volume, and 

2��
� , 

��
� , 

��
�

2
, and 

2�
� are the partial pressures of the

indexed species in the gas phase at the droplet surface.

The swelling behaviour of black liquor droplets during the conversion stages is
based on the model presented by Blasiak et al. (1997) with high pressure
corrections on the maximum swollen volume during drying and devolatilization
based on the work done by Whitty (1997).

6��������"���

Droplets are heated through convective and droplet/gas coupled radiative heat
transfers, where the discrete transfer model (Lockwood and Shah 1981) is used to
model radiative transfer. From the BLS heating value –13.92 MJ/kg, determined
experimentally for the specified BLS composition and the specified assumptions
about formed species above, a theoretical heat due to devolatilization is
determined as 1.289 MJ/kg pyrolysis gas.

Combustion of the volatile gas species with the supplied O2 at λ = 0.5 is modelled
by a four-step mechanism suggested by Jones and Lindstedt (1988):

224 2        5.0 6�55�6 +⇒+  (16)

224 3        2 6�556�6 +⇒+  (17)

5656 222            5.0 ⇒+  (18)

222              6�556�5 +⇔+  (19)

The effective rates for reactions (16) – (18) are controlled by chemical kinetics or
turbulent mixing according to the model of Magnussen and Hjertager (1976). The
water-gas shift reaction (19) is controlled entirely by chemical kinetics since
numerical instabilities occurred when turbulent mixing effects were included for
this reaction. This arises because the reversible reaction can be controlled in both
directions by the turbulent mixing rate and the resulting equilibrium is no longer
consistent with the chemical kinetics. The backward rate in reaction (19) is based
on its equilibrium according to Gururajan et al. (1992).
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To verify the heat balances in the present CFD model, a simplified model in the
form of a long rectangular duct was used (Marklund et al. 2003). Oxygen and
droplets enter at one end and the droplets dry, devolatilize, and are gasified in the
duct. The droplets are assumed to consist of H2O, CO, C, and smelt. Hence, as a
droplet dries it releases its water and as it devolatilize it releases its CO content.
CO reacts with O2 in the gas phase to produce CO2 through

)()(5.0)( 22 '�5'5'�5 →+ . (20)

The resulting CO2 gasifies the char to produce CO by reaction (7). The heats of
reaction for the reactions are known, as well as the latent heat of vaporisation for
drying and devolatilization and the same constant specific heat is used for all
species. The result is a case where the heat balance can be calculated by hand and
compared with the one obtained from the model.

The verification for this case was performed in three steps. First only the
devolatilization was considered. Then drying was added and finally the
gasification was considered. This procedure was used in order to detect
programming errors in any of the different conversion submodels. A theoretical
outlet temperature was calculated for all three cases and compared with the
numerical values. For all three cases the error was less than 1%, which most likely
is due to numerical truncation errors. Hence, the model gives an accurate
prediction of temperatures and a proper heat balance.

D $�����������
�$����

The simulations were performed for a 2D axisymmetric geometry (20,500 cells)
in cylindrical coordinates using a 2nd order discretisation scheme and double
precision for numerical accuracy. Due to the different time scales in the fluid
dynamics and the combustion reactions it is very difficult to find a solution with
this kind of model, as noted earlier by Fletcher et al. (2000). The problem gets
even worse when the model is applied to a pressurised application like the present
one due to the higher concentrations of rate determining species. To obtain a
solution a multi-step solution approach is adapted. First, a solution to an
isothermal gas flow is found. Then, a solution is found for the case of including
the combustion reactions (16) – (18) and the CO oxidising reaction (20) instead of
the water-gas shift reaction (19) since the latter generates numerical instabilities.
Finally, the water-gas shift reaction (19) is included with strong underrelaxation
of the rate constants (2.0E-6) instead of reaction (20). The strong underrelaxation
is needed in order to get a stable iterative process. However, the resulting slow
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convergence necessitates a large number of iterations. The final solution step with
the inclusion of the water-gas shift reaction was made for 600-700 particle
iterations with 200 continuous phase iterations in between each particle iterations.
Hence, at least 120 000 iterations were made during the last solution step. The
time needed for the final solution was ~3 weeks on a SUN Ultra Spark with a 333
MHz processor.

The residuals in the simulations were reduced by 3 orders of magnitude or more
resulting in an estimated iterative error of 0.1% (Ferziger and ������ ����	

However, since the iterative error also is affected by the discretisation error
(estimated to ~1% (Marklund et al. 2001)) when model parameters are changed
the limit for an effect to be significant is set to 1% of the mean response.

%�
�������������������

The goal with the current model development is to obtain a model that can predict
the trends in gasifier function under different operating conditions. It is desirable
to have a model that is simple and robust but yet realistic in order to perform
optimisation studies on the gasifier design. Since the present model is already
relatively complex it involves many model parameters with significant
uncertainties, such as reaction rates, thermodynamic properties, turbulent
parameters, and spray properties. In this study the uncertainties in specific heat of
black liquor, radiative absorption coefficient, and devolatilization rate are
investigated. These parameters are all difficult to specify in the wide range of
temperatures in the present gasifier (~400-2000 K), especially if they are to be
approximated as constants. In order to quantify the effects on the uncertainties in
the model parameters in an objective way, factorial design was applied. In this
method low and high levels for the parameters must be chosen.

Specifying a representative constant specific heat for black liquor in the
temperature interval ~400-2000 K is difficult. From being a mixture of water and
BLS at ~400 K to an inviscid smelt at 1500 K, Cp for black liquor changes
considerably. Cp for BL during drying is ~2.8 kJ/kg/K while for the smelt at 1500
K it is ~1.7 kJ/kg/K. Therefore, a low constant value of 1.7 kJ/kg/K and a high
constant value of 2.8 kJ/kg/K are chosen.

The absorption coefficient, Ka, of thermal radiation in gases is proportional to
pressure (Modest 1993). Hence, if Ka is changed slightly at 1 atm the equivalent
change at 30 bar will be 30 times as large. A typical constant value for this
parameter used in combustion modelling at atmospheric conditions is 0.5 m-1, e.g.
in (Magel et al. 1996). In some recovery boiler computations by Wessel et al.
(1998) the absorption coefficient was computed to be ~1.0 m-1 at locations near
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the spray nozzles. Hence, in this study, after adjustment for the higher pressure,
the low value for Ka is set to 15.0 m-1 and the high value is set to 30.0 m-1.

Accurate devolatilization rate parameters for gasification of tiny black liquor
droplets (~200-300 µm) with very high heating rate under pressure is not
available. Using parameters from coal combustion probably under predicts the
rate since it is known that black liquor is a lot more reactive than coal due to the
catalytic effect of the alkali in black liquor (Whitty 1997). However, the high
pressure in the gasifier probably reduces the rate compared with atmospheric
conditions, since the swelling during devolatilization is much less under pressure.
Lowering the activation energies in the expression for the devolatilization rate, eq.
(4), by adding a reduction factor, αE, to Ea results in faster devolatilization. The
high value for this factor was chosen to 1.0, i.e. the same parameter value as for
coal pyrolysis (Ubhayakar et al. 1976), and the low value was set to 0.85, i.e. 85%
of the parameter value for coal pyrolysis.

&�
������������

Factorial design was originally developed as a statistical method for experimental
design (Montgomery 2001). In this method the factors that are believed to
influence the process are varied systematically in order to determine effects from
the factors and their interactions. For this work a full 23 factorial design was used
to examine the effects from the three different uncertain input parameters (factors)
within their individual intervals as discussed above. By making a factorial design
of the simulations joint effects may be found which would not have been found in
a parametric study where only one parameter was changed at the time. The chosen
factors are labelled as:

• ��: Black liquor specific heat [J/kg/K]
• α�: Reduction factor for the activation energies in the equation for the

pyrolysis rate (eqs. (4) and (5)) [-]
• E�: Gas absorption coefficient for thermal radiation [1/m]

In table 1 the different cases that were simulated are presented along with the
corresponding levels of the three factors. The influence from the uncertainties in
the three factors was studied on the char conversion (����), maximum temperature
(&���) in the gasifier, and the outlet temperature (&�	
). The objective is to
determine if the effects are considered to be significant enough to invalidate future
results from design optimisation studies using the current model.
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Table 1. Factor levels for the cases in the 23 factorial design
Case � �  (J/kgK) E �  (1/m) α�

1 (- - -) 1700 15 0.85
2 (+ - +) 2800 15 1
3 (+ + -) 2800 30 0.85
4 (- - +) 1700 15 1
5 (- + +) 1700 30 1
6 (+ + +) 2800 30 1
7 (- + -) 1700 30 0.85
8 (+ - -) 2800 15 0.85

��������������
������

����������" ��"

In fig. 1 the resulting temperature field for low values of all parameters (case 1) is
presented. Notable is the long torch-shaped flame in the centre of the gasifier,
which is due to the relatively narrow spray angle and the lack of swirl
stabilisation. The highest temperature (2016 K) can be seen at the end of the flame
in the lower half of the gasifier.

Fig. 1. Gasifier temperature field (K) for case 1.
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In fig. 2 the axial velocity and some streamlines are displayed for case 1. Note the
re-circulation along the gasifier wall and the narrow jet-shaped region with
relatively high velocities in the centre. The high flame temperatures may partially
be explained by the re-circulation of hot combustible gases (mainly CO and H2) to
the top of the gasifer. The hot combustible gases mix and react with pure O2,
which yields an even higher temperature.

Fig. 2. Axial gas flow velocity (m/s) and streamlines for case 1.

The flame shape seen in fig. 1 is similar to the ones in the other cases and
probably not near the optimum shape with respect to char conversion and
emissions. Black liquor droplets that travel near the wall away from the flame
might not get hot enough for an acceptable char conversion during the short
residence times (~1 s). Also the high peak temperature created by the re-
circulating flow can produce unnecessarily high NOx emissions compared with a
case where the flame temperature is lower. However, the optimisation of the
flame shape and other process characteristics is the subject of ongoing work in our
group and will not be discussed further in this paper.

In fig. 3 trajectories for droplets with an initial diameter of 250-300 µm are
shown. In the first plot from the left the droplet diameters are shown during the
conversion of the droplets. The increase in diameter along the droplet paths
corresponds to the swelling during drying and devolatilization and the decrease in
diameter corresponds to the droplet shrinking during char gasification. These
consecutive steps: drying, devolatilization, and char gasification, can be seen in
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the three following figures to the right of the droplet diameter plot. The path ends
of the white trajectories correspond to the completion of each conversion step. It
is notable that the largest droplet diameters are obtained where devolatilization is
completed (compare the droplet diameter plot with the third plot from the left in
fig. 3).

Fig. 3. Droplet trajectories for droplets with an initial diameter of 250-300 µm. In the left most
figure droplet diameters (m) are shown during conversion. In the following three figures from left
to right the distances for complete drying, devolatilization, and char gasification, respectively, are
outlined. The point where the path lines change colour is the end of each conversion step.

In this initial droplet diameter range (250-300 µm) it can be seen that the droplets
are completely converted since the white droplet paths ends before the gasifier
exit in the right most plot in fig. 3. In the case of unconverted char in the
simulations it is mainly larger droplets (>~300 µm) that are unconverted. The
result of unconverted char is mainly due to short residence times for the droplets.
An optimised burner/gasifier design would increase the residence times and thus
the char conversion.

A�" ��"�
������
�����!�"�'�

The resulting response values for the eight different cases are presented in table 2.
The first column indicates the different cases with factor levels within
parentheses. The second column shows the resulting char conversion and the third
and fourth columns represent the maximum temperatures and outlet temperatures,
respectively. Notable here is the relatively low char conversion (<99%) for all
cases, where case 6 with all factors at the high level has the lowest value
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(93.51%). A wide range of flame temperatures can also be seen, from 1735 K
(case 6) up to 2016 K (case 1).

Table 2. Resulting response values for the 8 different cases
Case � ���  (%) & ��� � (K) & �	
 � (K)
1 (- - -) 98.46 2016 1261
2 (+ - +) 95.39 1828 1160
3 (+ + -) 95.54 1831 1133
4 (- - +) 97.12 1921 1222
5 (- + +) 95.58 1831 1155
6 (+ + +) 93.51 1735 1099
7 (- + -) 97.20 1921 1198
8 (+ - -) 96.81 1937 1192

There seems to be a trend between the flame temperature and the degree of char
conversion. The higher the flame temperature is the higher is the char conversion
except for case 8 that has a higher flame temperature than cases 4 and 7 but
slightly lower char conversion. This may be explained by the fact that a higher
flame temperature results in higher droplet temperatures and thus faster
gasification rates except for when the specific heat is at the high level (case 8)
which slows the droplet heat up. Finally, as one might have expected, case 1 with
all factors at the low level has the highest flame and outlet temperature due to a
fast pyrolysis, low radiative absorption, and a low specific heat. It also results in
the highest char conversion.

The main effects and the interactions of the factors in percentage of the
corresponding mean response for the 8 different cases are presented in table 3.
The first column shows the considered responses, the second column the mean of
the responses over the design space, and in the following seven columns the main
effects and interactions of the factors on each response are presented. Values in
bold indicate an effect that is larger than the specified significance level of 1%.

Table 3. Mean responses and main factor and interaction effects in percent of averaged responses.
Significant values (>1%) are in bold. Factors: A = ��; B = E�; C = α�

Response Mean A B C AB AC BC
� ���  (%) 96.20 '()* '()+ '(), -0.1 -0.1 -0.2
& ��� � (K) 1878 '-)* '+)( '+). -0.2 -0.3 0.2
& �	
 � (K) 1178 '+)- '+)/ '/)( 0.2 0.3 -0.1

From table 3 it is seen that there is no expected interaction of the factors on the
considered responses since the interaction effects are all below 1%. The main
effects in table 3 are more clearly presented in fig. 4. For the char conversion
(����) all factors seem to have nearly the same negative effect –1.8% - –1.5%.
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This is also the case for the maximum (flame) temperature where the effects are in
the range –5.2% - –4.8% when the factors are changed from the low to the high
level. For the outlet temperature (&�	
) the effect from the devolatilization rate
factor (α�) is about half the effect from the other two factors. Thus, the
devolatilization rate has less effect on the outlet temperature than the specific heat
and absorption coefficient within the studied factor intervals.

Fig. 4. Diagram of main factor effects. Factors: A = ��; B = E�; C = α�.

Even though all of the factors seem to have effects on the considered responses it
is believed that if the parameter values are within the present intervals the model
may be used for gasifier design optimisation in spite of the underlying
uncertainties in the model parameters. The reason for this is that if the model can
predict the trends in gasifier function qualitatively depending on its design, low-
level uncertainties will not alter those trends by much.
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An advanced CFD model for pressurised gasification of black liquor has been
developed, partially verified, and used to determine the influence from model
parameter uncertainties in black liquor specific heat, absorption coefficient, and
devolatilization rate using a factorial design. The simulations have shown the
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shift reaction being needed and as a result a large number of iterations (>100 000)
were performed in order to achieve an acceptable convergence level.

The verification showed that the submodels for the conversion of the black liquor
(drying, devolatilization, and char gasification) have proper heat balances and
yield theoretically correct outlet temperatures within 1%. From the factorial
design it is found that there are no significant interaction effects between the
studied factors on the considered responses: char conversion, maximum
temperature, and outlet temperature. Among the main effects it is seen that all the
chosen factors have significant effects on the responses. For the char conversion,
all of the relative main factor effects are clearly less than for the maximum and
outlet temperatures. However, no major relative main effects (>6%) on the
responses could be seen in the responses from the studied factors within the
specified intervals.

It is concluded that all the examined model parameters influence the studied
responses without interactions but not substantially. Specifying the considered
parameters as accurately as possible within the studied limits would be acceptable
for a use of the model in design optimisation under the condition that the real
values are within these limits.
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