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Summary of content 

Black liquor, a by-product from the Kraft pulping process is a highly viscous fluid consisting 
of approximately 30% water, 30 % alkali salts and 40 % combustible material. The alkali salts 
originating from the pulp making process need to be recovered in order for the pulp mill to be 
economical and to satisfy environmental regulation. Currently, the recovery takes place in 
large boilers called Tomlinson recovery boilers named after their inventor. However, a more 
energy efficient way to recover the chemicals could be via gasification in a pressurized, 
entrained flow, high temperature gasifier. To demonstrate this technology a development 
plant (DP1) was built in 2005 by the technology vendor Chemrec. Since then, the plant has 
been running for more than 10 000 h and frequently been updated and optimized. As steps 
towards commercialization and scale–up different computational models of varying 
sophistication are used as design and optimization tools for the process. Still, the engineering 
tools can only provide sensible predictions if they are properly validated and verified.  

This licentiate thesis is concerned with validation of a comprehensive mathematical model 
based on Computational Fluid Dynamics (CFD) describing the gasification reactor and 
experimental investigations of the process characteristics in the DP1 gasifier.  

Paper A describes the system design and methodology for high temperature gas sampling 
during pressurized black liquor gasification. In this work a water-cooled gas sampling probe 
is installed in the hot part of the DP1 gasification reactor and several gas samples are 
withdrawn and analyzed. The experimentally obtained data in Paper A are then used as 
validation data for the CFD-model described in Paper B. In Paper C the obtained data from 
Paper A are thoroughly analyzed and the influence of reactor operation on producer gas 
composition is determined. In Paper D black liquor sprays from a gas assisted nozzle is 
experimentally investigated using high speed photography. Furthermore, the particle content 
in the cooled producer gas is measured using a particle sizing impactor. The obtained results 
in Paper D can be used to explain some of the observations in Paper A. 
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Paper abstracts 

Paper A 

This paper describes the system design and methodology for high temperature gas sampling 
during pressurized black liquor gasification. The motivation for developing a system that can 
withstand the harsh conditions in the reactor part of the gasifier (30 bar, 1000 ºC, reducing 
conditions and corrosive environment) comes from an ambition to better understand the 
various stages in the conversion of the fuel (black liquor) and provide spatially resolved data 
of the gas composition inside the gasification reactor. Important components in the high 
temperature sampling system which are all described in detail in the paper, are the syngas 
sampling line, nitrogen purging system, water cooling line and an quench probe with an anti-
clogging shield. Several measurement campaigns have been conducted in the gasifier where 
the concentration of CO2, CO, H2, CH4, H2S, and COS close to the outlet of the hot reactor 
have been measured with the high temperature gas sampling system. The results showed that 
the repeatability of the measured gas composition was excellent and that significant effects on 
the gas composition from different operating parameters of the gasifier could be found. 

Paper B 

Gas samples were withdrawn from a pressurized entrained flow high temperature black liquor 
gasification reactor at 27 bar pressure using a newly developed in-situ suction probe. The 
samples were analyzed for CO, CO2, CH4, H2 and H2S and compared against predictions 
obtained by a comprehensive numerical Computational Fluid Dynamics (CFD) model of the 
process. By adding a direct oxidation reaction of CO with O2 to the existing gas phase 
reaction scheme described by the reactions below, gas temperature and sampling point gas 
composition obtained by the two different reaction schemes could be compared. 

2HCOOCH 2
2

1
24 +→+      

22 HCOOHCH 34 +→+

OHOH 22 →+ 22

1

22 HCOOHCO +↔+ 2

The results showed that both schemes over-predict the CO/CO2 ratio significantly and that the 
sampling point gas compositions as well as volume average and outlet gas temperature are 
similar between the two cases. However, by implementing direct oxidation of CO with O2 the 
flame temperature was increased significantly. The most distinguishing difference in flame 
temperature between the two cases can be found in the shear layer of the oxygen jet that is 
used for atomization of black liquor caused by entrainment of CO. 

Paper C 

Gas samples were withdrawn from the hot part of an entrained flow pressurized black liquor 
gasifier of semi industrial scale (3 MWth) using a high temperature gas sampling system. The 
influence of process conditions on gas composition (CO2, CO, H2, CH4, H2S, and COS) 
were examined by systematically varying the operational parameters: system pressure, black 
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liquor to oxygen equivalence ratio (λ), black liquor flow rate to pressure ratio (BLP) and 
black liquor pre-heat temperature. Pressure was varied from 15 bar(g) to 30 bar(g), λ from 
0.37 to 0.44, BLP from 16.2 kg bar-1 h-1 to 62.5 kg bar-1 h-1 and the black liquor pre-heat 
temperature 115 °C to 150 °C. The results, obtained from two separate experimental 
campaigns show that all investigated operational parameters have an influence on the gas 
composition and presents valuable insights to process characteristics. 

Paper D 

Black liquor gasification is a new process for recovery of energy and chemicals in black 
liquor resulting from the Kraft pulping process. Currently, the energy and chemicals recovery 
from black liquor is done in Tomlinson recovery boilers but the new process opens up new 
possibilities for both increased power production and for production of transportation fuels 
and chemicals with a high added value. The large interest in the new process in Sweden has 
made it possible to build a large process development plant in Piteå, Sweden that was 
commissioned in 2005. The so called DP-1 plant, a 3MW or 20 tons per day of black liquor 
gasifier, is based on the Chemrec technology and has been run more than 9100 hours by the 
Chemrec team. In parallel with the industrial development an applied research program has 
been run since 2001. The large scale experiments in the research program are carried out in 
the DP-1 plant. 

In this paper, recent results obtained by spatially resolved measurements of the gas 
composition with a water cooled quench probe are presented. The measurements have been 
done under various process conditions that enable conclusions about the general process 
characteristics and create an experimentally based platform for continued process 
optimization. 

In addition to the spatially resolved measurements, detailed experiments with high speed 
photography of black liquor sprays have been carried out. The results from these experiments 
make it possible to explain some of the observations in the in-situ measurements, e.g. the 
effect of black liquor preheat temperature on the droplet size distribution. 
Finally, the particle content in cooled syngas has been measured with a particle sizing 
impactor. The particle content is extremely low (0.1 mg/Nm3) so the sampling had to be 
carried out for over 6 hours to get a sufficiently large sample. The major constituents were 
found to be O, Na, Si, S, Cl, K and Ca. 
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ABSTRACT 

This paper describes the system design and methodology for high temperature gas sampling 

during pressurized black liquor gasification. The motivation for developing a system that can 

withstand the harsh conditions in the reactor part of the gasifier (30 bar, 1000 ºC, reducing 

conditions and corrosive environment) comes from an ambition to better understand the 

various stages in the conversion of the fuel (black liquor) and provide spatially resolved data 

of the gas composition inside the gasification reactor. Important components in the high 

temperature sampling system which are all described in detail in the paper, are the syngas 

sampling line, nitrogen purging system, water cooling line and an aerodynamic quench probe 

with an anti-clogging shield. Several measurement campaigns have been conducted in the 

gasifier where the concentration of CO2, CO, H2, CH4, H2S, and COS close to the outlet of the 

hot reactor have been measured with the high temperature gas sampling system. The results 

showed that the repeatability of the measured gas composition was excellent and that 

significant effects on the gas composition from different operating parameters of the gasifier 

could be found.

Keywords: Black liquor, gasification, sampling,  
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1. Introduction 

This paper describes the design, the construction and the evaluation of an in-situ gas sampling 

system used to withdraw gas from the hot reactor part (see figure 1) of a PEHT-BLG 

(Pressurized Entrained-flow High Temperature Black Liquor Gasifier) [1].  The motivation 

for developing a probe that can withstand the harsh conditions in the gasifier comes from an 

ambition to better understand the various stages in the conversion of the fuel (black liquor) 

and provide spatially resolved data. The data will later be used as validation data for 

mathematical modelling of the process (CFD and thermo-chemical equilibrium) and as input 

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

The main components of the PEHT-BLG process are shown schematically in figure 1. A 

refractory lined entrained-flow gasification reactor, with a gas assisted burner centrally placed 

on top producing small black liquor droplets is the main process vessel. Pressurised (30 bar) 

high temperature (~1000 °C) entrained flow gasification takes place there, mainly through 

reactions with oxygen, steam and carbon dioxide producing a syngas and a liquid smelt 

mainly consisting of Na2CO3 and Na2S. Beneath the reactor is a quench cooler where the 

syngas and smelt are quenched and separated. The majority of the smelt particles are 
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dissolved in the quench water forming green liquor but the smallest particles will remain 

suspended in the gas. The syngas then passes through a CCC (Counter Current Condenser) 

that cools the syngas. The resulting condensation of water vapor and tar species will take 

place on particles in the gas that as a result will become so heavy that suspension becomes 

impossible. Hence, the CCC acts as an efficient particle scrubber. The heat recovered from the 

gas is used to generate low/medium pressure steam that can be used in the pulp and paper 

process, from which the black liquor is originated.   

High temperature, high pressure, high smelt loading and reducing conditions make gas 

sampling inside the hot part of a black liquor gasifier a challenging task. Severe corrosion 

issues appear as well as clogging of the sampling probe caused by the high particle loading 

inside the reactor. To the authors knowledge, no measurement system that withdraws syngas 

from the hot reactor zone of an industrial pressurised slagging gasifier (black liquor, biomass 

or coal) has been described earlier in the literature.  The aim of this paper is therefore to 

describe a safe and working gas sampling system in such an environment, making it available 

for the research community. 

2. High temperature gas sampling system

In Figure 2, a sketch of the high temperature gas sampling system can be seen. As the gas 

sampling system handles inflammable and explosive gases it was designed in compliance 

with ATEX [2, 3], IEC 61508, and IEC 61511 directives. The sampling system consists of; 

the gas sampling line, the water cooling line and the gas sampling probe. These are all 

described in more detail in the following sub sections.  
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Figure 2. Schematic drawing of the high temperature gas sampling system. 

2.1 Gas sampling line

The gas sampling line consists of the following components from the probe tip and 

downstream: An orifice with a diameter of 1.5 mm mounted at the probe tip in order to 

restrict the maximum possible syngas flow out from the reactor; A thermocouple (TC-1G)

measuring the gas temperature close to the probe tip; Another thermocouple (TC-2G)

measuring the gas temperature close to the outlet of the probe; Two automatically1 controlled 

ball valves (AV-1G and AV-2G) controlling the syngas or nitrogen flow out or into the reactor.  

If the temperature after the probe (TC-2G) exceeds 150 °C during a measurement the two ball 

valves (AV-1G and AV-2G) are automatically closed. A visually inspected pressure gauge 

(PG-1G), measures the pressure in the sampling line. Downstream the pressure gauge the gas 

sampling line is divided into two separate systems, the nitrogen purge system and the syngas 

sampling system.  

G Gas sampling line 
1 The valves named automatically controlled are controlled by the gasifier process controll system but are, for 
simplicity, called automatically controlled in this paper. 
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2.1.1 Nitrogen purge system 

The pressure in the nitrogen purge system is kept above the reactor pressure and is controlled 

by two ball valves. The first ball valve (MV-1G) is operated manually and the second ball 

valve, (AV-1G) is automatically controlled. A flow indicator (FI-1G) measures the mass flow 

rate of nitrogen to the probe. To prevent fouling at the probe tip, a nitrogen purge flow of 0.1 

kg/h is maintained at all times when no syngas is withdrawn from the reactor.  

2.1.2 Syngas sampling system 

The first component in the syngas sampling system is an orifice with a diameter of 1 mm that 

limits the flow of gas into the syngas sampling system. A manually operated ball valve (MV-

2G) is then used to control the gas flow rate into the syngas sampling system. The flow 

indicator FI-2G measures the flow rate of gas from the reactor into the sample vessel. Two ball 

valves (MV-4G and MV-7G) and two needle valves (MV-5G and MV-6G) are used to control 

the filling of the sample vessel and the purging of the sampling line. To reduce possible 

adsorption of H2S in the sample vessel it has been lined with Teflon. 

2.2 Water cooling line

The water cooling line is connected to the burner cooling system which is an integral part of 

the PEHT-BLG process that is constantly monitored by the process control system. To 

measure the volume flow rate of cooling water into the probe a flow indicator (FI-1W) is used. 

After the flow indicator two ball valves are installed; the first one (AV-1W) is automatically 

controlled and the second one (MV-1W) is manually operated. The temperature of the 

incoming water is measured with a thermocouple (TC-1W).

W Water cooling line 
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On the water cooling outlet side the same configuration of valves, thermo couples and flow 

indicators is used as on the water inlet side. Two ball valves controls the water cooling outlet, 

the first one (MV-2W) is manually operated and the second one (AV-2W) is automatically 

controlled. A thermocouple (TC-2W) measures the temperature and a flow indicator (FI-2W)

measures the flow rate of the outgoing water.  

A difference between the two flow indicators FI-1W and FI-2W would indicate a leakage in the 

probe and in such an event, the two valves AV-1W and AV-2W will automatically close and 

the valve AV-3W will open so that dry nitrogen will flow into the water cooling passage and 

out through the leak. The pressure on the dry nitrogen is always 1 bar higher than the reactor 

pressure, thus ensuring a pressure gradient that will drive nitrogen into the reactor in case of 

leakage. 

2.3 Gas sampling probe

Due to the harsh environment in the rector the probe had to be designed to withstand both 

high temperature and severe corrosion. The probe and especially the tip had to be designed to 

avoid fouling and clogging by smelt and to ensure rapid quenching of the sampled gas in 

order to obtain a representative sample of the gas composition inside the reactor. These issues 

are addressed and discussed in the following sections. 

2.3.1 Mechanical considerations 

The geometry of the gas sampling probe is presented in figure 3. The probe mainly consists of 

3 concentric pipes (outer, middle and inner) with outer diameters of 30 mm, 18 mm and 8 

mm, respectively. The wall thicknesses of the three pipes were 2.0 mm (outher), 2.0 mm 

(middle) and 1.5 mm (inner). Gas samples from the reactor were withdrawn through the inner 

pipe. At the probe tip an orifice with a diameter of 1.5 mm was formed. The purpose of the 
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orifice is to limit the maximum possible mass flow rate of syngas and also, by creating the 

largest pressure drop in the gas sampling system close to the probe tip, to quench the sample 

gas by rapid expansion of the syngas downstream the orifice. 

Water 
in

Water 
out

Syngas out
or

Nitrogen in

1 Nozzle ∅1.5

2 Pipe ∅8x1.5

3 Pipe ∅18x2.0

4 Pipe ∅30x2.0

1
2

3

4

789

[mm]

239

Figure 3. Schematic drawing of the gas sampling probe (without the anti-clogging shield) 

The probe, made of stainless steel (SS-2333) was water cooled to reduce corrosion from direct 

contact with hot alkali smelt and the hot reducing conditions inside the reactor. The flow rate 

of cooling water was estimated from a heat balance calculation taking external convection and 

radiation from the hot gas and internal convection from the cooling water into account. It was 

found that the probe surface temperature is significantly dependent on the flow rate of cooling 

water (Figure 4). Furthermore, the heat balance calculation showed that, using water as a 

cooling medium, the flow is sufficient to give a surface temperature of about 200 °C, which is 

estimated to be enough to ensure the structural integrity of the probe. 
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Figure 4. Probe surface temperature as a function of the cooling water flow rate. 

When hot syngas is withdrawn through the probe, the length of the inner pipe will increase 

due to thermal expansion. To avoid large tensile stresses in the inner pipe the probe was 

constructed with a 90° bend (see Figure 3). By doing so, the inner pipe can expand up to 9 

mm corresponding to about a 900 °C temperature increase before it is brought in contact with  

the outer pipe. The corresponding bending moment at the end of the probe where the inner 

pipe is welded to the outer pipe is for all practical purposes negligible.  

2.3.2 Probe tip design

The initial probe sampling tests suffered from rapid clogging of the probe tip orifice. When 

this occurred the sampling experiment had to be stopped; the process plant shut down, the 

sampling probe removed, cleaned, and reinstalled; and the plant taken into operation again. 

All of these steps took approximately 24 hours to perform. Hence, to prevent clogging, the 

probe tip was redesigned in several stages. 

The smelt, which primarily consists of a binary mixture of Na2CO3 and Na2S, has a melting 

behavior that depends on the smelt mixture composition [4, 5]. Pure Na2CO3 melts at a 

temperature of 858 ºC and pure Na2S at a temperature of 1188 ºC. The eutectic point for a 

binary mixture of Na2CO3 and Na2S is approximately 762 ºC and occurs for XNa2S of 0.4.
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A flow visualization experiment using a water spray and a vacuum suction pump was 

conducted in order to get an illustration of the key features of the liquid smelt behavior close 

to the probe tip during gas sampling. The result then made it possible to redesign the probe tip 

to prevent clogging during the real experiments. Since the smelt has a viscosity similar to 

water at high temperature [6] it was believed that by using water as model liquid the real 

conditions inside the reactor could be properly simulated. The water spray experiments 

showed that great care has to be taken in the probe tip design, not only during suction 

(sampling) but also during purging between samples. Some of the tested probe tip 

configurations performed very well during suction but poorly during purging. This was 

mainly due to recirculation caused by the anti-clogging probe tip shields. From the water 

spray experiments it was found that two concentric holes and an anti-clogging probe tip shield 

with an angled piece shield at the end (see figure 5) gave good results with respect to 

separation of water from the gas during sampling and possible problems during purging. 

220 L 30

9

3.25
26

220 L 30

9

3.25
26

Ø 7Ø 7

Figure 5. Schematic drawing of the probe tip and the critical nozzle. The flow direction during suction is 

from left to right in the figure. 

The anti-clogging shield at the probe tip was designed so that the liquid smelt film formed on 

the top of the shield would not be convected to the inside of the shield during suction. 

However, for this to work the probe shield temperature must be higher than the melting 

temperature for the smelt. If the anti-clogging shield is colder than the liquid smelt film it will 

freeze on the surface and thus eventually cause clogging.  
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On the other hand, keeping the tip hot would result in rapid corrosion that would destroy the 

shield in a few hours. This was also confirmed by real high temperature experiments in the 

gasifier where severe corrosion was seen on the anti-clogging shield. In one of the performed 

experiment the anti-clogging shield even corroded away completely. However, in these 

experiments the ability to withdraw gas was uncompromised. It was therefore not possible to 

determine if the shield was crucial for the design of the probe tip but since the probe showed 

good performance with the shield mounted, it was kept in the design as an added safety 

measure. 

Even though the anti-clogging shield was designed to eliminate the problem of getting smelt 

film convected into the probe a small fraction of the film still will flow inside the shield, 

probably due to surface tension effects. This was recognized as one of the mechanisms that 

may still cause clogging. Even if the rate of entrainment of smelt into the shield is low it will 

eventually result in a pool of liquid smelt in the anti-clogging shield. The syngas will exert 

forces on this pool during suction that will force smelt towards the first orifice where it will 

freeze and cause clogging. Another potential mechanism that could cause clogging is small 

liquid smelt particles that are entrained by the gas stream and will impact on the surface close 

to the first orifice where they will freeze and stick to the wall. 

Since the concentric hole configuration was chosen for the probe tip, and the experiments had 

exhibited good particle-gas separation, the aerodynamics in the probe were analyzed using the 

commercially available finite volume method based on CFD (Computational Fluid Dynamics) 

program, ANSYS CFX 11. The calculations were performed in order to confirm the intuitive 

results about the behaviour of the probe tip during suction and when purged with nitrogen. 

The simulations also yield information about the quenching effect from expansion of the gas 

from the reactor pressure to atmospheric pressure. The flow model was fully compressible 

with gas properties close to those for the expected gas mixture in the reactor. Turbulence was 
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modeled using the k-ε turbulence model with scalable wall functions [7]. The boundary 

conditions (pressure in, pressure out) were set to the measured values during sampling and 

purging. The walls of the probe were treated as adiabatic. 

During purging, the length of the anti-clogging shield (L in Figure 5) played an important 

role; it had to be sufficiently long so that recirculation would not cause a transport of smelt 

into the shield. As can be seen in Figure 6a when a shorter anti-clogging shield is used, there 

are three main eddies in the anti-clogging shield; the tip, the upper and the lower eddy. With a 

longer anti-clogging shield a plug flow at the probe tip is created (Figure 6b) that suppresses 

the tip eddy that could potentially entrain and transport smelt into the shield. 

(a)

(b) 

Figure 6. Streamlines in the shielded probe tip during purging: Shield length L =50 mm (a), shield length 

L = 100 mm (b). Flow is from right to left. 

During suction, the gas was accelerated through the shield, the first orifice and finally through 

the flow restrictor orifice. As can be seen in Figure 7, a velocity increase with one order of 

magnitude was achieved through the first orifice. Through the flow restrictor orifice the 
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velocity was increased even further, reaching sonic conditions (Mach 1), with a strong shock 

diamond pattern at the exit from the orifice (Figure 8). 

Figure 7. Contour plot of Mach number (M) up to M < 0.1. Flow is from left to right. 

Figure 8. Contour plot of Mach number (M). Solid line indicate M = 1. Flow is from left to right. 

The rapid expansion in the orifice has an associated rapid temperature drop that will freeze 

any chemical reactions. Assuming isentropic expansion, a reactor pressure of 30 bar, a reactor 

temperature of 1000 °C, a nozzle downstream pressure of 1 bar and a syngas specific heat 

ratio (Cp/Cv) of 1.25, the gas temperature would be lowered approximately 350 °C due to the 

expansion. Similar results were seen in the simulations (Figure 9), however, even larger local 

temperatures drops were observed caused by the predicted shockwaves. Since cooling due to 

wall heat flux was neglected in the CFD simulations the temperature reaches the reactor 

temperature again after the expansion.  
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Figure 9. Contours by temperature, line showing M = 1. Flow is from left to right. 

Gas sample experiments using the probe in the gasifier has also showed that the thermo 

couple TC-2G never exceeded 90 °C during sampling, implying that the cooling rate is of the 

order of 10 000 °C/s given the short residence time in the probe (Figure 10). 

3. Measurement procedure

To prevent contamination from previous gas samplings or from the atmosphere, the sample 

pressure vessel was purged with dry nitrogen prior to gas sampling. The pressure vessel was 

connected to the sampling system with needle valve MV-5G open and needle valve MV-6G

closed. The valves MV-2G, MV-3G and MV-7G were opened sequentially and the flow rate of 

nitrogen through the sample pressure vessel was regulated manually with needle valve MV-

6G, making sure that the pressure in the system did not drop below reactor pressure (see 

Figure 10 point 1-2). The sample pressure vessel was purged approximately 30 seconds then 

needle valve MV-6G was closed together with valve MV-2G. The purging procedure was 

finished by opening and closing valve MV-4G, venting any syngas in the pressure release loop 

between valves MV-4G and MV-7G.
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Figure 10. Typical behavior of purging nitrogen flow rate (Fl-1G), cooling water temperature (TC-2W) 

and probe temperature (TC-2G) during gas sampling. 1-2: The pressure vessel is purged with nitrogen. 2: 

The nitrogen is turned off. 3-4: Gas sampling from the reactor 5: The purging nitrogen is turned on. 

The gas sampling procedure is similar to the sample pressure vessel purging procedure. First, 

the nitrogen flow through the probe tip was turned off by closing ball valve MV-1G (Figure 

10, point 2). Thereafter, the ball and needle valves downstream MV-2G was opened (except 

MV-4G) so that syngas from the reactor could flow through the sampling line. The mass flow 

rate of syngas was controlled with the needle valve located after the pressure vessel (MV-6G).

Practical tests showed that, a syngas flow of ~0.1 kg/min was sufficient to keep the residence 

time in the sampling line short and also, to avoid clogging of the nozzle (see section 2.3.2 

above). During the sampling procedure, the temperature downstream the probe (TC-2G)

increased rapidly and leveled out at approximately 60 ºC when the mass flow rate of syngas 

had been adjusted to ~0.1 kg/min. The temperature increase and the flow rate of the cooling 

water to the probe indicated that the probe had a cooling power of ~3 kW. The pressure vessel 

and the sampling line were flushed with syngas for approximately 20 s after which the needle 
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valve MV-6G was closed. When the pressure in the sampling line had reached reactor 

pressure, valve MV-6G was opened again for about 5 s and then closed (Figure 10, point 3-4). 

When the pressure in the vessel reached reactor pressure, needle valve MV-5G was closed. 

With the pressure vessel valves closed the system was ventilated to atmosphere by closing 

valve MV-2G and opening valve MV-4G. The nitrogen purge flow was turned on (Figure 10, 

point 5) by opening valve MV-1G and the sample pressure vessel was removed from the gas 

sampling line and taken for gas analysis.  

4. The gasifier

The high temperature gas sampling system was installed in the Chemrec development plant 

(DP-1) for PEHT-BLG in Piteå, Sweden. The DP-1 was built to verify the design of the 

PEHT-BLG technology and has a capacity of 20 ton dry black liquor/24 h. The DP-1 has been 

in operation since 3rd quarter 2005 and has an accumulated run time of more than 10000 h in 

June 2009. The dimensions of the reactor are 2.3 m in height with an inner diameter of 0.6 m.  

5. Experimental procedure 

The probe was installed in the reactor before the start of the gasification process. There are 

two horizontal positions in the reactor were the probe can be installed. When the gasification 

process was stable, determined by monitoring the process control sensors, a gas sample from 

the reactor was taken according to section 3. At the same time, syngas was collected after the 

DP-1 gas cooler (see figure 1) into a Tedlar® bag so that the gas composition from the reactor 

hot zone sampled with the probe described above could be compared with the gas 

composition after the gas cooler. After each gas sample the sample pressure vessel was moved 

to the ETC laboratory where the gas sample was filled into a Tedlar® bag. The gas samples, 
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both from the reactor and from the gas cooler, were analyzed with respect to CH4, CO, CO2,

H2, N2, H2S, COS, and O2/Ar using a Varian CP-3800 gas chromatograph.  

6. Results and discussion   

Several measurement campaigns with the new sampling probe have been conducted in the 

gasifier. The left column plots in Figure 11 shows the concentration of CO2, CO, H2, CH4,

H2S and COS close to the outlet of the reactor obtained from the current high temperature gas 

sampling system and the sample obtained after the gas cooler during an experimental 

campaign performed in October 2008. Each data point corresponds to a certain combination 

of operational parameters. The aim with this measurement campaign was to investigate the 

gas composition at the exit from the reactor and to compare that gas composition with the gas 

composition after the gas cooler. The probe was therefore installed in the lower part of the 

DP-1 reactor, approximately 100 mm from the centerline and 580 mm above the outlet which 

corresponds to 280 mm above start of the straight pipe exit from the reactor (see Figure 1). 

According to CFD simulations of reacting flow inside the hot rector, the gas concentration in 

the lower part of the reactor where the probe is installed is homogeneous and one can 

therefore assume that the sampling point is representative for the syngas flow out from the 

reactor. 

During the experimental campaign (7 October 15:30 – 10 October 17:10) 44 gas samples 

were withdrawn with the high temperature gas sampling system and several process 

parameters were varied systematically around a normal operation condition, both in the 

reactor and the quench. The normal operation was a reactor pressure of 27 bar and an 

oxygen/wet black liquor flow ratio (wt) of 0.29. The gasifier was repeatedly operated at 

normal operating conditions to determine the repetitiveness of the experimental conditions. 
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The gas compositions from those measurements, that should be identical if the operating 

conditions are identical, are shown in the right column in Figure 11.  

Figure 11. Gas concentration measured with the high temperature gas sampling system close to the outlet 

but inside the hot reactor (r), and after the gas cooler (s). The left column shows all measurements (44 

samples). The right column shows only repeatability measurements when the reactor is running at normal 

conditions (15 samples). 

Repeated measurements and subsequent analysis of the experimental data proved to be fully 

reproducible. The measurements also showed that the operating conditions had a significant 

influence on the gas composition. The average gas composition and the variation (± one 
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standard deviation) of the syngas during normal operating condition of the gasifier is 

summarised in table 1.

Table 1. Average dry gas composition ± one standard deviation during normal operation condition of the 

gasifier 

Measuring position

Specie 

Probe measurements After CCC 

CO2 (% mole) 33.9±0.3 33.6±0.2 

CO (% mole) 28.7±0.2 28.5±0.2 

H2 (% mole) 34.3±0.2 34.8±0.1 

CH4 (% mole) 1.36±0.07 1.44±0.07 

H2S (% mole) 1.65±0.04 1.71±0.02 

COS (ppm mole) 468±22 122±5 

In general, the trends in gas composition of the major gas components (CO2, CO, H2, CH4,

and H2S) at the exit from the hot zone of the reactor and after the gas cooler follow each other 

relatively well. On the other hand, COS undergoes a significant reduction during the passage 

from the reactor and through the gas cooler. In the evaluation of the performance of the probe 

the concentration of CH4 at the exit from the reactor compared to the CH4 concentration after 

the gas cooler is of special interest. The concentration of CH4 can be regarded as relatively 

inert when the temperature of the gas is rapidly reduced in the quench. The concentration of 

the other components can be affected due to chemical reactions and/or absorption in the water 

sprays or the green liquor bath. As an example, the proportions between CO, H2O, H2, and 

CO2 can be altered by the water gas shift reaction [8]

222 COHOHCO +⇔+                      (1) 
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when the syngas temperature is reduced and the partial pressure of water vapor is increased 

due to introduction of water spray in the quench. Furthermore, the concentration of CO2, H2S

and COS may be reduced due to absorption in the water sprays and the green liquor bath. The 

concentration of CH4 measured with the probe was the same as the CH4 concentration after 

the gas cooler. Therefore, it is likely that the reaction in the probe tip is adequately suppressed 

by gas quenching since without the quenching CH4 would be converted to CO and H2 in a 

high temperature reaction with H2O [8] in the probe.  

224 3HCOOHCH +⇒+                      (2) 

In all measurements (se figure 11), the CH4 concentration out from the reactor measured with 

the high temperature sampling system and in the syngas after the gas cooler follow each other 

and are almost identical. This indicates that the fast quenching rate in the probe tip (~10 000 

ºC/s) was fast enough to freeze all reactions of CH4 and that the measured CH4 concentration 

is representative of the CH4 concentration in the lower part of the hot reactor. For the major 

gas components H2, CO, and CO2 it is more difficult to prove that the measured gas 

composition represents the true gas composition inside the reactor. The main difficulty is that 

these species can undergo further changes as a result of the water-gas shift reaction both after 

the hot reactor and inside the high temperature gas sampling probe. Thus, it is not reliable to 

make a direct comparison of the measured gas composition with the high temperature gas 

sampling probe and with measurements on cooled raw gas. However, based on the estimated 

quenching rate of 10 000 ºC/s in the hot probe it is likely that the water-gas shift reaction will 

be too slow to significantly alter the major gas component concentrations measured with the 

high temperature gas sampling probe. 
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The aim with the present paper was to evaluate the performance of the high temperature gas 

sampling system described above. The effect of different process parameters on the syngas 

composition, as could be seen in Figure 11, is therefore not discussed further in this paper. 

However, this will be evaluated in an on-going work by our research group. 

Figure 12a is a photography of the probe after the experiment. It is surprising that, for the 

majority of cases, no significant amount of smelt could be found on the cooled surface of the 

probe, only a thin layer of carbonized material (solid carbon) could be seen. After cleaning, 

no attack from corrosion could be seen on the cooled surface of the probe. There are at least 

two possible explanations for this phenomenon. i) It is likely that during the gasification 

process, solid carbon is formed on the surface of the probe from the syngas. The properties of 

the solid carbon deposit prevent liquid smelt droplets to stick to the probe surface and the 

droplet will therefore fall off the probe instead. ii) The other explanation is that the radiation 

from the cooled surface is sufficient to cool approaching smelt droplets below the melting 

point and thereby make them non-sticky before they get in contact with the probe surface. As 

can be seen in Figure 12b, the un-cooled probe tip suffers both from deposits and corrosion 

from the smelt.  
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(a)

(b) 

Figure 12. Gas sampling probe after it has been used in the PEHT-BLG gasifier;  

(a): Carbon and smelt deposits on the cooled surface of the probe, notice that the anti-clogging shield has 

corroded away completely. (b) Close-up on the anti-clogging shield after approximately 12 

hours of operation in the DP-1 gasifier. 
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7. Conclusion and further work  

The following conclusions could be drawn from this work: 

• A water jacketed cooled sampling probe will survive the conditions inside the reactor 

in a PEHT-BLG plant for a long time.  

• Smelt droplets will not stick to the cooled surface of the probe but on the un-cooled 

part of the probe deposits will form and corrosion of the stainless steel will be severe. 

• Syngas could be withdrawn from the hot reactor with the gas sampling system without 

jeopardizing the safety of the operators.  

• During sampling, the most crucial part is to avoid clogging of the probe tip. This could 

be done by an appropriate design of the probe tip. 

• The measurement of the gas composition was fully reproducible and a significant 

effect on the gas composition from different operating parameters of the gasifier was 

discovered.

In the planned future work, the high temperature gas sampling system will be developed to 

also measure gas temperature, condensable species and fumes in the gas stream.  
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Abstract

Gas samples were withdrawn from a pressurized entrained flow high temperature black liquor 
gasification reactor at 27 bar pressure using a newly developed in-situ suction probe. The 
samples were analyzed for CO, CO2, CH4, H2 and H2S and compared against predictions 
obtained by a comprehensive numerical Computational Fluid Dynamics (CFD) model of the 
process. By adding a direct oxidation reaction of CO with O2 to the existing gas phase 
reaction scheme described by the reactions below, gas temperature and sampling point gas 
composition obtained by the two different reaction schemes could be compared. 

2HCOOCH 2
2

1
24 +→+      

22 HCOOHCH 34 +→+

OHOH 22 →+ 22

1

22 HCOOHCO +↔+ 2

The results showed that both schemes over predict CO/CO2 ratio significantly and that the 
sampling point gas compositions as well as volume average and outlet gas temperature are 
similar between the two cases. However, by implementing direct oxidation of CO with O2

flame temperature was increased significantly. The most distinguishing difference in flame 
temperature between the two cases can be found in the shear layer of the oxygen jet that is 
used for atomization of black liquor caused by entrainment of CO. 

Keywords: Black liquor; Gasification; CFD; Modeling 
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Introduction 

Pressurized Entrained-flow High Temperature Black Liquor Gasification (PEHT-BLG) is a 
potential substitute or complement to the recovery boiler traditionally used for the recovery of 
chemicals and energy in black liquor in the Kraft pulping process. Black liquor consists of 
roughly 30 % moisture, 35 % inorganic pulping chemicals and 35 % combustible material 
(i.e. lignin). The PEHT-BLG technology can give an increase in total energy efficiency of the 
mill and provide new products with high added value, such as green motor fuels. The main 
parts of the recovery unit in the process are (see figure 1); a slagging refractory lined 
entrained-flow gasification reactor, with a gas assisted burner nozzle producing small black 
liquor droplets, used for direct gasification of the black liquor at about 1000 °C to produce a 
‘raw’ syngas and a liquid smelt containing mainly Na2CO3 and Na2S; a quench cooler beneath 
the reactor where the product gas and smelt are separated and the smelt is dissolved in water 
forming green liquor; a counter current condenser (CCC) that cools the syngas and condenses 
water vapor and any volatile and tar species that may be present. The heat recovered from the 
gas condensation is used to generate low/medium pressure steam that can be used in the pulp 
and paper process. Furthermore, the chemicals in the green liquor are recovered as cooking 
chemicals in the downstream processing. 

Due to lack of demonstration of long term operation of the technology, a development (pilot) 
plant for PEHT-BLG (named DP-1) with a capacity of 20 tones dry solids/24h is in operation 
by the technology vendor Chemrec AB at the Energy Technology Centre in Piteå, Sweden 
[5]. An important tool for reduction of the technical risk associated with scale up of new 
technology is a comprehensive CFD model for the PEHT-BLG reactor that has been 
developed by Marklund [8]. The model includes drying, pyrolysis, char gasification and smelt 
formation of black liquor droplets as well as a simplified gas phase reaction mechanism. 

Figure 1. Schematic drawing of the PEHT-BLG process (Courtesy of Chemrec AB) 

Marklund et. al [8] has made an initial validation of the model against the outlet gas 
composition after the Counter Current Condenser (CCC), see figure 1. The model predicted a 
CO / CO2 ratio that was approximately 50% higher compared to the measurements. However, 
it is possible that the well known water-gas shift reaction is active in the quench and this 
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could explain that the experimentally determined gas composition after the CCC differs from 
the computational results at the outlet from the hot zone.  

Recently, in-situ measurements have been performed in the DP-1 reactor and a further 
validation of the model has been made possible. The measurements have been performed by 
sampling gas with a water-cooled suction probe from the lower part of the hot zone, followed 
by offline gas analyses. The details regarding the probe sampling equipment and procedure 
will be described elsewhere. 

The first measurements in the hot reactor showed that; reactions in the quench vessel and 
following CCC did not change the gas composition significantly. The over-prediction of the 
CO / CO2 ratio was therefore assumed to be caused by a mechanism not included in 
Marklund’s model [9]. The model relies on a four step simplified gas phase reaction scheme 
for hydrocarbons, proposed by Jones and Lindstedt [4]. This reaction scheme does not include 
oxidation of CO by O2 and was believed to be the main contributor to the over-predicted CO / 
CO2 ratio. 

The present paper investigates the difference between Marklund’s model [9], which uses the 
reaction scheme by Jones and Lindstedt for the gas phase, and a modified model with the 
additional CO + O2 reaction added to the Jones - Lindstedt reaction mechanism as proposed 
by several other authors [2, 11, 13]. The simulation results are compared against 
measurements obtained by the gas sampling probe in the DP-1 reactor. 

Geometry and Mathematical Model

The DP-1 reactor is an axi-symmetric entrained-flow reactor with the spray burner centrally 
placed at the reactor top, see figure 1. The reactor dimensions are 2.3 m in height and 0.6 m in 
inner diameter. Based on the rotational symmetry, the reactor geometry was modeled as a 2D 
slice using periodic azimuthal boundary conditions. Heat losses were neglected in this study 
and the refractory lined reactor wall was modeled as adiabatic. However, rough estimates 
have shown that the heat loss through the reactor wall is of the order of 100 kW or about 3% 
of the total thermal fuel power. 

Marklund [9] implemented his model in the commercially available finite volume method 
based CFD program, ANSYS CFX 4. Since then, the model has been implemented in ANSYS 
CFX 11 by the present authors to take advantage of the improved numeric schemes in the 
later version of the code. The implementation of the current model into CFX 11 has been 
made with particle user Fortran routines in a similar manner as in [8] and should in theory 
yield the same results. The details of the model are described thoroughly by Marklund [9] and 
will therefore only be described in brief below. 

The burner was modeled as a simplified spray burner with concentrical annular inlets where 
oxygen and discrete black liquor droplets enter the gasifier at a prescribed angle and velocity. 
The dispersed black liquor particles were modeled using the Euler – Lagrange formulation 
[1]. In the present paper the black liquor spray was represented by 1003 discrete particles 
having a fitted Rosin Rammler size distribution. The droplet size distribution and flow 
velocity are consistent with data from nozzle experiments measured by phase Doppler 
anemometry. 
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As the black liquor droplets pass through the reactor they undergo four main steps of 
conversion: drying, devolatilization, char gasification and finally smelt formation. During the 
different conversion stages there is a large mass transfer from the particles to the gas phase. 
During drying, water is vaporized, during devolatilization gaseous species (CO, CO2, CH4, H2

and H2S) are released and when the remaining char is gasified CO, CO2 and H2 are released. 

In the model by Marklund [9] the simplified reaction scheme described by Jones and 
Lindstedt was used for the gas phase reactions, see reaction R1 to R4. Only CH4 was 
considered in the model, hence n=1. 

( ) 222nn HnnCOO
n

HC 1
2 2 ++→++   R1 

( ) 2222nn HnnCOOHnHC 12 ++→++ R2

OHOH 22 →+ 22

1
R3

22 HCOOHCO +↔+ 2 R4

Several authors [2, 11, 13] has included an additional reaction (R5) to the gas phase reaction 
scheme above when modeling gasification and achieved acceptable results.  

2OCOOC →+ 22

1
R5

In the present paper the simplified reaction scheme by Jones and Lindstedt (reactions R1-R4) 
was implemented. The influence of reaction R5 was also implemented together with reaction 
R1 to R4 to see the response in flame temperature and outlet gas composition. 

Due to numerical difficulties, kinetics could not be included for all reactions. Reaction R1, R2 
and R5 was modeled using only the Eddy Dissipation Model (EDM) [7]. Reaction R3 and R4 
was modeled using a combination of Finite Rate Chemistry (FRC) and EDM using the 
kinetics from Jones and Lindstedt. The EDM-FRC model calculates the turbulent and kinetic 
reaction rate and uses the minimum of the two. The simplified reaction scheme described by 
reactions R1 to R4 will be referred to as case 1, and reactions R1 to R5 to case 2. 

To model turbulence the k-ε model with standard wall functions [12] was used. The radiative 
heat transfer was modeled using the Discrete Transfer (DT) radiation model by Lockwood 
and Shah [6] treating the wall as optically smooth with a radiative emissivity of 0.5. The 
absorption coefficient for the gas was calculated as the mass weight average of the 
participating species. Particles that hit the wall were assumed to lose 50% of their momentum 
in the perpendicular direction and none in the parallel direction in order to simulate a wall 
film flow. Initial calculations with deterministic particle trajectories suffered from poor 
convergence and a large amount of the particles became trapped in the recirculation zone. By 
introducing a model for turbulent dispersion as suggested by Gosman and Ioannides [3] this 
phenomenon was reduced. 

In the current model the proximate analysis done by Marklund [9] was used with some 
modification based on more recent elementary and heating value data. The proximate analysis 
results are presented in table 1, the composition of the volatile matter in table 2 and initial 
smelt composition in table 3. 
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Table 1. Proximate analysis result, the weight fractions are consistent with elemental analysis. 

Proximate matter %wt
Moisture 30.00
Volatile matter 27.67
Char in smelt 9.38
Smelt (ash) 32.95

Table 2. Volatile matter composition as released during devolatilization. 

Specie %wt 
H2S 7.66 
CO 53.13 
CO2 10.44 
H2 2.26 

Volatile matter 

CH4 26.51 

Table 3. Initial smelt composition present in the virgin black liquor. 

Specie %wt 
Na2SO4 13.13 
Na2S 1.03 Smelt 
Na2CO3 85.84 
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Results 

Experimental 
Four measurements were made in the DP-1 reactor with the gas sampling probe placed close 
to the outlet but still inside the hot zone. The oxygen / dry black liquor mass flow ratio 
(kg/kg) and pressure were held constant at 0.42 and 27 bar respectively. The synthesis gas 
samples that were withdrawn from the reactor were analyzed for: CO, CO2, CH4, H2 and H2S
using a Varian CP-3800 gas chromatograph. The resulting dry average gas composition from 
the measurements in DP-1 is presented in table 4 together with the average LHV.  

Table 4. Average molar gas composition ± one standard deviation, CO / CO2 ratio and average LHV. The 
measurements were made with the probe in the DP-1 reactor at 0.42 oxygen / dry black liquor ratio 
(kg/kg) and 27 bar pressure. 

Specie Gas composition (%mole)  
CO 27.6 ± 0.83 
CO2 33.7 ± 0.46 
CH4 1.2   ± 0.05 
H2 36.2 ± 0.71 
H2S 1.3   ± 0.05 
CO / CO2 0.82 
LHV 7.62 MJ/kg 

During the measurements all relevant process parameters, e.g. mass flow rates, temperatures 
and operating pressure, were logged using the process monitoring system available in DP-1. 

Computational
The computed gas composition was sampled at a point that corresponds to the position of the 
hot probe tip used in the measurements. The results are presented in table 5 with the H2O
excluded so a comparison can be made between the calculated and measured values.   

Table 5. Molar gas composition, CO / CO2 ratio and LHV from the PEHT-BLG-CFD model with reaction 
R1-R4 implemented (left) and with extended reaction scheme R1-R5 (right). 

Specie 
Case 1 R1-R4 
Outlet gas composition (%mole) 

Case 2 R1-R5 
Outlet gas composition (%mole) 

CO 33.11 33.49 
CO2 26.01 26.36 
CH4 0.00 0.00 
H2 38.87 38.12 
H2S 2.01 2.03 
CO / CO2 1.27 1.27 
LHV 7.85 MJ/kg 7.77 MJ/kg 

The volume average gas temperature was calculated over the complete modeled reactor. The 
difference between the volume average gas temperature, the sampling point gas temperature 
and the reactor outlet gas temperature was minimal for each case, see table 6. The peak gas 
temperature was significantly higher in case 2 compared to case 1. 
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Table 6. Calculated gas temperatures from the PEHT-BLG-CFD model with reaction R1-R4 implemented 
(left) and with extended reaction scheme R1-R5 (right). 

Case 1 R1-R4 
Temperature (K) 

Case 2 R1-R5 
Temperature (K) 

Peak gas temperature 2866 3576 
Volume average gas 
temperature 

1322 1366 

Sampling point gas 
temperature 

1331 1372 

Reactor outlet gas  
temperature 

1330 1372 

Discussion 

The peak temperatures in the simulations are noticeably high. However, an estimate of the 
peak temperature, assuming that hot CO is recirculated from the lower part to the top of the 
gasifier where it reacts with O2 from the burner nozzle, shows that the temperatures are 
thermodynamically possible. Figure 2 shows a vector plot from the simulations and the flow 
pattern is consistent with the assumption that hot CO can be convected to the top of the 
reactor. Assuming that CO is entrained into the shear layer created by the oxygen jet that is 
used for atomization of the black liquor and the resulting  CO / O2 mixture has a temperature 
of about 900K results in an adiabatic flame temperature of about 3570K at 27 bar which is 
close to the computed values. The calculation of the adiabatic flame temperature was done 
with the chemical equilibrium program Gaseq [10] using thermodynamic data from the 
database in this program. 

The volume average gas temperature and outlet gas temperature are much lower and are 
reasonably close to the temperatures measured with wall mounted and shielded 
thermocouples in the DP1 gasifier. It is well known that measurements in high temperature 
environments are difficult due to the large radiative heat flux to the temperature sensor. It is 
therefore likely that the experimental temperatures also differ from the true gas temperature 
and the validation of the computed gas temperature is therefore not possible based on the 
current experimental set-up. 

Validation of the temperatures and especially the peak temperature are extremely difficult due 
to the highly corrosive atmosphere inside the reactor. However, more detailed temperature 
measurements with a different sensor technology are planned. 



8

Figure 2.  Velocity vectors and temperature field at the top of the reactor from the PEHT-BLG-CFD 
model. 

Since wall heat losses are neglected in the model it can be assumed that the simulated gas 
temperatures are higher than in the DP-1 reactor. The elevated temperature will shift the 
chemical equilibrium of the water gas shift reaction (R4) towards the left i.e. a larger 
concentration of CO. Implementation of wall heat losses in the model would lower the gas 
temperature which would yield a gas composition closer to the one measured in the DP-1 
reactor. 

H2S is currently implemented as an inert gas species in the model; the concentration of H2S in 
the outlet gas is therefore determined already when specifying devolatilization species and 
mass fractions.

CH4 is not present in the outlet gas composition from either of the models. This is consistent 
with thermodynamic equilibrium but differs from the experiments where the CH4

concentration is about 1.2%. The most likely reason for this is that tars are not included in the 
models. In the real gasifier, lignin is decomposed into heavy volatile compounds (tars) which 
in turn are decomposed further until equilibrium is achieved. It is possible that the kinetics of 
this chain of reactions is such that a significant fraction of CH4 is still unreacted when the gas 
exits the gasifier. In the models; the CH4 released during devolatilization will immediately be 
oxidized to CO and H2 (reaction R1 and R2) limited only by the rate of mixing. If tars were 
included into the model, it would be possible to implement mechanisms for the thermal 
decomposition of tars to CH4. However, validation of the mechanisms are difficult and the 
implementation would have to be made more or less ad hoc.
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Conclusions

It has been showed that by implementing reaction 5 into the PEHT-BLG CFD model 
developed by Marklund [8] the local flame temperature was increased significantly. The 
effect on volume average and outlet gas temperature was minimal. It has also been showed 
that reaction 5 has very little effect on outlet gas composition when used with the Jones – 
Lindstedt simplified reaction scheme. 

The peak temperatures in both models are very high while the volume average and outlet 
temperatures are consistent with measurements. However, it was shown that the computed 
temperatures are thermodynamically possible if one assumes that hot CO is entrained into the 
shear layer of the oxygen jet that is used for atomization of black liquor. 

 For the improvement of the model, heat losses through the reactor wall should be 
investigated further. It is also of interest to investigate chemical reaction models that can 
predict the experimentally determined levels of CH4 at the outlet of the gasifier, 
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Abstract 

Gas samples were withdrawn from the hot part of an entrained flow pressurized black liquor 

gasifier of semi industrial scale (3 MWth) using a high temperature gas sampling system. The 

influence of process conditions on gas composition (CO2, CO, H2, CH4, H2S, and COS) were 

examined by systematically varying the operational parameters: system pressure, black liquor 

to oxygen equivalence ratio (λ), black liquor flow rate to pressure ratio (BLP) and black 

liquor pre-heat temperature. Pressure was varied from 15 bar(g) to 30 bar(g), λ from 0.37 to 

0.44, BLP from 16.2 kg bar-1 h-1 to 62.5 kg bar-1 h-1 and the black liquor pre-heat temperature 

115 °C to 150 °C. The results, obtained from two separate experimental campaigns show that 

all investigated operational parameters have an influence on the gas composition and presents 

valuable insights to process characteristics. 

Keywords: Black liquor gasification, Entrained flow, High temperature, Measurements, 

Experiments 
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1. INTRODUCTION 

Among the current efforts to mitigate the climate changes and improve energy security, 

efficient production of bio based motor fuels is of great importance. A novel technology to 

achieve this is Pressurized Entrained flow High Temperature Black Liquor Gasification 

(PEHT-BLG) in combination with an efficient fuel synthesis using the resulting syngas [1]. 

Black liquor is a by-product in the chemical Kraft pulping process [2] where wood chips are 

fed into a digester and white liquor (water solution of Na2S, NaOH) dissolves the lignin that 

bonds the cellulose fibers. The cellulose fibers are then separated from the lignin and cooking 

chemicals to form pulp that can be used for paper production. The remaining solution with 

spent cooking chemicals and lignin make is referred to as black liquor. The objectives with 

the PEHT-BLG process are to efficiently produce a high calorific value product gas rich in H2

and CO from the direct gasification step and form well composed green liquor from the ash 

part of the black liquor. 

Combustion and gasification characteristics of black liquor in lab-scale have been investigated 

by several authors [3-9]. However, to the authors’ knowledge, no analyses have been 

conducted with samples taken inside an industrial size gasification reactor for PEHT-BLG. In 

this work, the local gas composition inside such a reactor has been measured through the use 

of a water cooled gas sampling system [10]. The process conditions; pressure, temperature, 

residence time and level of atomization have been affected by varying the operational 

parameters; black liquor to oxygen equivalence defined as λ=(xO2/xfuel)/(xO2,stoich/xfuel,stoich),

where x is mole fraction, black liquor flow rate to pressure-ratio and black liquor pre-heating 

temperature. The main objective with this work is, to evaluate the performance of an 

industrial size PEHT-BLG reactor with respect to gas composition under different operational 

conditions. The presented data is intended to be used as a base for validation and 
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improvement of existing Computational Fluid Dynamics–models [11] and for continued 

optimization of the process operation. 

1.1 Process overview 

The considered PEHT-BLG plant in the present paper was the industrial Developments Plant- 

1 (DP1) schematically presented in Figure 1. The plant is owned and operated by Chemrec 

AB (first commissioned in October 2005) and has a nominal capacity of capacity of 20 

ton/day of black liquor (as dry solids), corresponding to approx. 3 MW thermal throughput 

[1]. The main parts of the plant are; a slagging refractory lined entrained-flow gasification 

reactor, (2.3 m in height and 0.6 m in inner diameter) used for direct gasification of the black 

liquor at about 1000 °C to produce a product gas and a liquid smelt; a quench cooler beneath 

the reactor where the product gas and smelt are separated from each other and the smelt is 

dissolved in water forming green liquor; a Counter Current Condenser (CCC) that cools the 

saturated product gas and condenses of water vapor and any other condensable species that 

may be present.  

Figure 1. Schematic drawing of the PEHT-BLG process (Courtesy of Chemrec AB) 

The heat recovered from the gas condensation can be used to generate low/medium pressure 

steam that can be used in the pulp and paper process. Furthermore, the spent cooking 

chemicals from the black liquor are regenerated in the quench and recycled back to the mill. 
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Compared to a bench-scale gasifier, all equipment in DP-1 comply with industrial standards; 

hence, the experiments conducted in this work are not idealized, instead they may serve as a 

benchmark for how the product gas composition can be altered by changing some of the 

operational parameters in a fully industrialized PEHT-BLG plant.  

As a fuel, black liquor differs significantly from coal and solid biomass (see Table 1). It is 

characterized by high water and ash content, where the ash mainly consists of spent cooking 

chemicals in the form of Na2CO3 and Na2SO4 (called smelt at high temperature) and low 

levels of non process elements [2]. 

Table 1. Proximate and ultimate analysis for typical Scandinavian black liquor [11], bituminous coal [13], 

and pine [12]. 

Proximate analysis 
Black liquor 

% wt 
Bituminous coal 

% wt  
Pine  
% wt 

Moisture 28.0 13.0 12.9
Volatiles 29.5 37.0 71.5
Fixed carbon 8.5 39.3 15.3
Ash 34.0 10.7 0.3

Ultimate analysis
C 34.9 78.4 41.9
H 3.4 5.4 4.5
O 35.1 9.9 40.2
N < 0.1 1.4 0.2
S 5.0 4.9 /
Na 19.4 / /
K 2.2 / /
LHV MJ/kg 13.1 33.7 16.8 

In the entrained flow gasification reactor of the PEHT-BLG process, pre-heated black liquor 

is centrally introduced at the reactor top via a gas assisted burner nozzle producing a fine 

spray of droplets and ligaments [14] with a characteristic diameter of the order ~102 µm. 

As the atomized black liquor pass through the gasification reactor, the black liquor undergo 

four steps of conversion [3, 15]: drying, devolatilization, char gasification and smelt 

formation (see Figure 2). During the conversion the morphology of the droplets undergoes a 

significant change of which swelling is most predominant [7]. The stages mainly transpire 

sequentially, one after another, but can also overlap [3]. 
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Figure 2. Schematic drawing of the gasification reactor and a qualitative indication of the different stages 

of black liquor conversion. 

During the different conversion stages there is a large net mass transfer from the black liquor 

to the gas phase. During drying, the contained water in the black liquor is vaporized. During 

devolatilization, volatile (H2, CO, H2S, CO2, H2O CxHyOz,, others) matter is released due to 

the thermal degradation of the organic material originally in the black liquor [3, 4]. The 

remaining char is then probably gasified via reactions envolving CO, CO2, H2 and H2O and 

finally the NA2SO4 in the ash or smelt is reduced to Na2S [11]. All these main reactions are 

summarized in Table 2.  
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Table 2. Main reactions in black liquor gasification 

Nr. Reaction Common name
1 H2 + ½O2→ H2O Combustion 

2 CO + ½O2→ CO2 Combustion 

3 CH4 + ½O2→ CO + 2H2 Partial combustion

4 CH4 + 2O2→ CO2 + 2H2O Partial combustion

5 H2S + O2→ SO2 + H2 Partial combustion

6 COS + O2 → SO2 + CO Partial combustion

7 Cx Hy + (x/2)O2 → xCO + (y/2)H2 Partial combustion

8 CxH(2x+2) + (x - 1)H2 ↔ xCH4 Tar formation /degradation

9 CO + H2O↔ CO2 + H2 Water gas CO-shift

10 CH4 + H2O↔ CO + 3H2 Steam methane reforming

11 COS + H2O ↔ CO2 +H2S COS hydrolysis 

12 SO2+3H2 ↔ 2H2O+ H2S H2S hydrolysis 

13 C + CO2 ↔ 2CO Boudouard

14 C + H2O ↔ H2 +CO Water gas

15 C + 2H2 ↔ CH4 Methanation

16 C + O2 ↔ CO2 Combustion 

17 C + ½O2 ↔ CO Partial combustion

18 C + ½Na2SO4(l)  ↔ ½Na2S + CO2 Sulphate reduction

19 2NaOH(l) + CO2 ↔ Na2CO3(l) +H2O Smelt formation

20 Na2S(l) + H2O+CO2↔ Na2CO3(l) + H2S Smelt formation

21 Na2S(l) + 2CO2 ↔ Na2CO3(l) + COS Smelt formation

The rapid gas phase reactions involving oxygen (1-6) take place close to the burner since the 

sub-stoichiometric amount of supplied oxygen will be consumed very quickly in the hot and 

reactive gas atmosphere inside the reactor. Because of this, mass transfer limited 

heterogeneous reactions with oxygen (16, 17) only occur to a very small degree. Reactions (7) 

and (8) represent the degradation of heavier hydrocarbons; the formation and degradation of 

these compounds (typically tars) is complex and will not be discussed in detail in this work. 

The water gas CO-shift reaction (9) is believed to be the dominating reaction for the bulk gas 

composition (H2O, H2, CO2 and CO). Because of recirculation from the lower part of the 

reactor to the top, H2S and COS could be oxidized to SO2 close to the burner were oxygen is 

present. However, in the post flame region reaction (5) and (6) are most probably equilibrated 

by (12) thus converting SO2 to H2S and COS given the reducing conditions. The 
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heterogeneous gasification reactions (13)-(15) take place in the absence of oxygen in the post 

flame region and possibly on the walls of the reactor, these together with the reduction of 

Na2SO4 (18) converts most of the fixed carbon in the resulting black liquor char. The 

dominating reactions for the smelt formation are reactions (19)-(21). 

2 EXPERIMENTAL 

The experimental equipment in the current paper mainly consisted of two parts, the DP-1 

gasification plant (described in section 1.1) and a high temperature gas sampling system. The 

latter is thoroughly described by Wiinikka et al. [10] but also briefly in the following 

subsection. At the end of this section, the two different measurement campaigns considered in 

this work are presented. 

2.1 High temperature gas sampling system 

The environment inside the gasification reactor (high temperature, high pressure and reducing 

conditions) makes gas sampling a challenging task. Severe corrosion issues appear as well as 

clogging of the sampling probe caused by the high particulate concentration inside the reactor. 

Because of this, a specially designed high temperature gas sampling system was developed 

[10]. In short, the system consists of four parts: a water cooled gas sampling probe, a water 

cooling system, a nitrogen purge system and a pressure vessel sampling system. The high 

temperature gas sampling system fulfils ATEX and SIL class 2 directives and is therefore 

complex with several back-up valves and monitoring systems (see Figure 3). 
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Figure 3. Schematic drawing of the high temperature gas sampling system. Thermocouple (TC), 

Automatic Valve (AV), Manual Valve (MV), Pressure Gauge (PG), Flow Indicator (FI). 

The water cooled gas sampling probe was installed in the lower part of the DP-1 reactor 

approximately 100 mm from the centerline and 580 mm above the outlet. A continuous purge 

flow of nitrogen through the probe insured that the probe tip was kept clean from liquid smelt 

that could potentially clog the probe. Connected to the probe is a pressure vessel that through 

a set of valves and quick-connections can be removed from the gas sampling system and 

taken for analysis when a sample from the reactor has been taken. To prevent contamination 

from previous gas samplings or from the atmosphere, the pressure vessel was purged with 

nitrogen several times prior to gas sampling. After each gas sample the sample pressure vessel 

was moved to the ETC laboratory where the gas sample was filled into a Tedlar® bag. The 

gas samples were then analysed with respect to CH4, CO, CO2, H2, N2, H2S, COS, and O2/Ar 

using a Varian CP-3800 gas chromatograph. 



9

2.2 Experimental campaigns

The results presented in this paper were obtained from two independent experimental 

campaigns performed in May 2008 and October 2008 where the focus was on four specific 

process conditions: reactor pressure, reactor temperature, residence time and level of black 

liquor atomization. These process conditions were varied systematically by changing the 

operational parameters: system pressure, λ, black liquor flow rate to pressure ratio (BLP), and 

black liquor pre-heat temperature. The operational parameter values for the two base cases are 

presented in Table 3 together with the ultimate analysis for black liquor used in each 

campaign. 

Table 3. Reactor base operating parameters and ultimate analysis for May 2008 and October 2008 

campaign. 

Variable May October Unit
Pressure 30 27 bar(g)
Black liquor mass flow rate 1250 870 kg h-1

O2 mass flow rate 375 254 kg h-1

Black liquor temperature 140 140 °C
O2 temperature 50 50 °C
λ 0.42 0.41  -
BLP 41.67 32.22 kg bar-1 h-1

Black liquor ultimate analysis
C 33.8 31.3 %wt
H 3.6 3.4 %wt
O 35.1 37.3 %wt
N < 0.1 < 0.1 %wt
S 5.1 5.6 %wt
Na 20.2 20.1 %wt
K 2.2 2.3 %wt
LHV 12.60 11.85 MJ/kg

The temperature inside the reactor was monitored by four wall-mounted thermocouples. The 

thermocouples were placed inside 8 mm alumina oxide tubes filled with nitrogen at a balance 

pressure of system pressure plus 1 bar. The monitor readings of the temperature signals from 

the thermocouples (which may differ from the real gas temperature due to radiative heat 

transfer) were used to observe trends during the experiments and also to ensure that the 

gasifier was run in a safe mode, in regards to tar formation where a excessively low 
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temperature could lead to fouling of downstream equipments and excessively high 

temperature could damage the refractory lining. 

The BLP was primarily used as an estimate of reactor residence time, using a plug flow 

assumption and the findings by Marklund et al. [11] regarding reactor residence time, 

equation 1 shows the relation between BLP and residence time, where a high BLP value 

corresponds to a short residence time and vice versa. 
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Here, m& is the mass flow rate of black liquor, A is the rector cross-sectional area (main 

cylindrical part), v is the plug flow velocity, ρ is the gas density, L is the reactor length, t is 

the black liquor residence time, P is the system pressure, R is the specific gas constant, C a 

correction coefficient = 2 and T is the temperature. Based on equation 1, a typical residence 

time in the DP-1 gasifier is estimated to 6-7 s at a BLP of 35 kg bar-1 h-1.

2.3 Operating conditions 

The effect of reactor pressure was investigated by running the DP-1 plant at five different 

system pressures: 15, 20, 25, 27 and 30 bar(g). During the experiments the temperature inside 

the reactor was held constant at around 1050 °C by changing λ in the range of 0.41 - 0.45 

(increased ratio at reduced reactor pressure). In Table 4, the pressure, black liquor to oxygen 

equivalence ratio and BLP for the May and October campaign are summarized. Notice that, 

the BLP is nearly constant for the runs within each of the individual campaigns but differ 

significantly between the two considered campaigns. The reduction of BLP in the October 

campaign was caused by changed base operating parameter determined by the technology 
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owner. Since the wall heat losses (estimated to ~90kW) will be a greater portion of the total 

thermal throughput at reduced pressure (and consequently reduced black liquor flow rate), λ

needed to increase at reduced pressure in order to maintain a constant temperature.  

Table 4. Operating parameters when investigating the influence of pressure on local gas composition. 

Campaign Pressure [bar]       λ BLP [kg bar
-1

 h 
-1

]
15 0.45 41.67
20 0.44 41.50
25 0.43 41.56
30 0.42 41.73
15 0.43 32.47
20 0.43 32.25
27 0.41 32.22

May

October

By varying the oxygen equivalence ratio from 0.37 to 0.42 the temperature inside the reactor 

was changed from approximately 1020 °C to 1080 °C in the October campaign. During the 

measurements, pressure and BLP were held constant at 27 bar(g) and 32.2 kg bar-1 h-1

respectively. In the May campaign similar variations were done but at a different pressure and 

BLP see Table 5. 

Table 5. Operating parameters when investigating the influence of oxygen equivalence ratio on local gas 

composition. 

Campaign Pressure [bar]       λ BLP [kg bar
-1

 h 
-1

]
30 0.40 41.67
30 0.42 41.67
30 0.44 40.67
27 0.37 32.22
27 0.41 32.22
27 0.42 32.22

May

October

In the October campaign, BLP was changed from about 16 to 50 kg bar-1 h-1 which 

corresponds to changing the residence time from approximately 12 s to 4 s using the plug 

flow assumption described in section 2.2. The variations were made by changing both the 

black liquor flow rate and the system pressure. In the May campaign the pressure was held 

constant at 20 bar(g) whilst the black liquor flow rate was varied to achieve a corresponding 

change in BLP (see Table 6). 
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Table 6. Operating parameters when investigating the influence of residence time on local gas 

composition. 

Campaign Pressure [bar]           λ BLP [kg bar
-1

 h 
-1

]
20 0.44 41.50
20 0.42 62.50
30 0.42 16.17
30 0.41 21.50
20 0.41 24.25
30 0.40 29.00
20 0.42 32.25
30 0.40 33.33
20 0.41 43.50
20 0.41 50.00

May

October

The pre-heat temperature of black liquor was systematically varied around normal operating 

conditions. In the October campaign the black liquor pre-heat temperature was varied between 

115 °C to 150 °C which can be compared with the normal temperature of 140 °C. In this 

temperature range a significant viscosity decrease is expected [16] as well as a decrease in 

surface tension [17]. The extra sensible heat input by the increased black liquor temperature 

from 115 °C to 150 °C was calculated to be about 30kW which corresponds to approximately 

one third of the wall heat loss. In the May campaign the influence of black liquor pre-heat 

temperature on gas composition was investigated in a similar fashion by reducing the black 

liquor temperature from 140 °C (base case) to 120 °C (see Table 7).  

Table 7. Operating parameters when investigating the influence of black liquor pre-heat temperature on 

local gas composition. 

Campaign Pressure [bar]        λ BLP [kg bar
-1

 h 
-1

] Black liquor temperature [°C]
May 30 0.42 41.67 120

27 0.41 32.22 115
27 0.41 32.22 150

October
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3 RESULTS 

The results presented below include the measured gas composition for variations in reactor 

pressure, oxygen equivalence ratio, BLP and black liquor preheat temperature. All gas 

samples were withdrawn from the reactor using the high temperature gas sampling system 

described in section 2.1. Since there are variations in the black liquor composition between 

the May and October campaign (see Table 3), the results from these two campaigns are 

presented separately. The gas composition is presented as dry and nitrogen free on molar 

basis.
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3.1 Pressure 

Similar trends were observed in the May and October campaign when investigating the 

influence of pressure on local gas composition (see Figure 4). In both cases a reduction of 

CO2, and an increase of CO and H2 was observed when the pressure was increased. For CH4,

H2S and COS which in this work are referred to as trace gases, an increase in pressure 

resulted in higher concentrations of each species, apart from the May campaign in which CH4

was almost constant. 
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Figure 4. Pressure influence on gas composition; (a) bulk gas composition and (b) trace gas composition 

for May campaign. (c) bulk gas composition and (d) trace gas composition for October campaign. 
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There is an oxygen equivalence ratio dependency in the pressure variation experiments as can 

be seen in Figure 5, with reduced pressure and thus reduced mass flow rate of black liquor 

additional oxygen were used to counter the wall heat losses. 
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Figure 5. Molar gas concentration as function of lambda for the pressure variation experiments. (a) bulk 

gas composition and (b) trace gas composition for May campaign. (c) bulk gas composition and (d) trace 

gas composition for October campaign. 
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3.2 Oxygen equivalence ratio 

Even though a change can be seen for all gas components (Figure 6) the most significant one 

is for CH4. In the May run (Figure 6b), CH4 is reduced from 2.75 % to 0.90 % when the 

oxygen black liquor ratio is increased from 0.29 to 0.31 which corresponds to an black liquor 

to oxygen equivalence ratio of 0.40 and 0.44 respectively. In both the May and October 

campaign the monitored reactor temperature changed from approximately 1020 °C to 1080 °C

during these variations.   
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Figure 6. Oxygen equivalence ratio influence on gas composition; (a) bulk gas composition and (b) trace 

gas composition for May campaign. (c) bulk gas composition and (d) trace gas composition for October 

campaign 

Similar effects can be seen in the October run (Figure 6d) were CH4 is decreased from 2.72 % 

to 0.76 %. For the bulk gas components (CO2, CO and H2), the increase of CO with increasing 
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λ is the most predominant effect both in the May and October campaign. It is also possible to 

distinguish a reduction of H2 and an increase of CO2 in the October campaign. 

3.3 Residence time 

Both in the May and October campaign CO2 decreased with decreased residence time, see 

Figure 7 and Figure 8. In May, the CO2 content in the gas is reduced from ~34 % to ~31 %. In 

October, similar trends were seen, a reduction of CO2 content from approximately 37 % to 35 

% at 20 bar(g) pressure, and 37 % to 34 % at 30 bar(g). (see Figure 8a, Figure 8c)  
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Figure 7. Residence time influence on gas composition; (a) bulk gas composition and (b) trace gas 

composition for May campaign. For the shorter residence time (BLP = 62.5 [kg bar-1 h-1]) λ was 0.42 and 

for the longer residence time 0.44 

As residence time is decreased i.e. BLP increased the H2 and CH4 content in the gas increase, 

this was observed for both campaigns. In the October campaign, CO content varies around 27 

% at 20 bar(g) reactor pressure (see Figure 8a). With a reactor pressure of 30 bar(g), CO 

content was almost constant apart from the shortest residence time with a corresponding BLP 

of 33.33 kg bar-1 h-1. In the May campaign, CO content in the gas increased from 

approximately 29% to 30.5 % when the residence time was reduced. H2S content in the gas 

seem to be unaffected by residence time in both in the October campaign (Figure 8b, Figure 
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8d) and in the May campaign (Figure 7b). COS showed very large variations in the October 

campaign and a small increase with reduced residence time in the May campaign. 
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Figure 8. Residence time influence on gas composition; (a) bulk gas composition and (b) trace gas 

composition for October campaign at 20 bar(g) reactor pressure. (c), Bulk gas composition and (d) trace 

gas composition for October campaign at 30 bar(g) reactor pressure. 

3.4 Black liquor pre-heat temperature 

Compared to the influence of system pressure, oxygen equivalence ratio, and residence time 

the effect of black liquor pre-heat temperature show very little influence on the composition 

for the bulk gas components (Figure 9a, Figure 9c). However, for the trace gases (Figure 9b, 

Figure 9d) a reduction can be seen for all components when the black liquor temperature is 
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increased, particularly CH4 shows a substantial decrease in the investigated temperature 

range. 
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Figure 9. Black liquor pre-heat temperature influence on gas composition; (a) bulk gas composition and 

(b) trace gas composition for May campaign at. (c), Bulk gas composition and (d) trace gas composition 

for October campaign. 
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4 DISCUSSION 

At low reactor load i.e. low black liquor flow rate, the wall heat losses will be a greater 

portion of the total energy going into the reactor. Hence, to maintain constant temperature at 

decreased reactor load, oxygen equivalence ratio needs to increase. Consequentially, at low 

black liquor flow rates CO2 content in the gas will increase since CO will be combusted to a 

larger extent and, in a similar fashion H2 will be combusted to H2O. The effect of this can be 

seen both the pressure variation experiments (Figure 4, Figure 5) and in the residence time 

experiments conducted in October (Figure 8). However, if reactor load is kept constant and 

oxygen equivalence ratio is increased this will result in a temperature increase in the reactor. 

The resulting bulk gas composition (Figure 6) will then be dictated by both the temperature 

increase and the displacement of the water gas CO-shift reaction (Table 2, reaction 9) due to 

the increased oxygen. 

In the pressure variation experiments (Figure 4) the CO2 content in the gas decrease with 

increased pressure, the decrease is most likely explained by the reduction of oxygen 

equivalence ratio in these experiments. Also, the increase of CO and H2 can be prescribed to 

the reduction of oxygen equivalence ratio. However, it is possible that CO2 absorb into the 

smelt forming Na2CO3, H2S and COS according to reactions 20 and 21 to a larger extent at 

elevated pressures, the H2S and COS content increase significantly as pressure increase which 

could support this. Still, it is not possible to rule out kinetic effects or an effect of oxygen 

equivalence ratio since H2S content also decrease at constant pressure when λ is increased 

(see Figure 6). Apart from this, no significant pressure dependency can be detected. The lack 

of pressure dependency is expected since; the main reaction determining the bulk gas 

composition is the water gas CO-shift reaction (reaction 9) which has no pressure dependency 

according to the Le Chatelier's principle. The steam methane reforming reaction (reaction 10) 

has a pressure dependency, with increased pressure the equilibrium will shift towards the side 
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with fever moles. However, since the residence time in the reactor is short and the kinetics for 

the reaction is relatively slow, a pressure dependency is not detected. 

When λ is increased at constant pressure (Figure 6) the sum of the analyzed carbon containing 

gases increase from 63.2 % to 63.8 % in the May campaign. In the October campaign the 

increase was from 62.4 % to 65.1 %. It is possible that the conversion of non-analyzed carbon 

containing gases and/or condensable matter and solids is higher at increased λ. However, it 

could also indicate that CO2 reacts less with the smelt through reactions 20 to 21 since H2S

content in the gas decreases with increased λ.

The BLP was used as a measure of reactor residence time; however, it could also be 

interpreted as a measure of gasifier flow characteristics. An exceedingly low BLP (low black 

liquor flow rate, high pressure) results in low velocities in the reactor which could alter the 

flow field compared to a high BLP. It is possible that the presumed recirculation-zones may 

be less well established, i.e. shorter in a low BLP case. Still, BLP have an influence on the gas 

composition. The October experiment conducted at 20 bar(g) pressure (see Figure 8a, b) had 

very small variations in λ and hence, the variations in the gas composition can most probably 

be explained by the variations in BLP. In the experiments it is possible to distinguish an 

increase of H2 and CH4 at elevated BLP. Similarly, a reduction of CO2 content in the gas is 

observed at elevated BLP. As BLP was increased a reduction of analyzed carbon containing 

gases was observed. In the October experiment conducted at 20 bar(g) pressure the reduction 

was from 65.75 % to 63.84 % with a corresponding BLP of 24.25 kg bar-1 h-1  and 50.00 kg 

bar-1 h-1 respectively. It is possible that the reduction is directly associated to residence time. 

That is, given a longer residence time, non-analyzed carbon containing species (char, soot, 

condensables and gases) are converted to a larger extend which could explain the increase of 

carbon in the gas. This in turn could cause a displacement of the water gas CO-shift reaction, 

explaining the increase of H2 in the experiment.     
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When the black liquor pre-heat temperature is increased, it is believed that the change in 

concentration for the bulk gases is caused by the increased thermal input to the gasifier 

(roughly 30kW). This results in a temperature increase in the reactor, (Figure 9). However, as 

showed by Risberg et al. [14] increasing the black liquor pre-heating temperature will result in 

smaller droplet size distributions from gas assisted spray nozzles. Smaller droplets will be 

subjected to higher heating rates in the gasifier which in turn can alter the composition of the 

volatile species released during pyrolysis. Sricharoenchaikul et al. [4] showed that higher 

temperature during black liquor conversion promotes semi volatile species at short residence 

time. It was also discovered that the semi volatile species decreased rapidly with increased 

residence time. Assuming that CH4 can be used as an indication of heavier hydrocarbons it is 

possible that, increased black liquor pre-heat temperature results in higher heating rates which 

in turn gives longer residence time at high temperature (flame) for the pyrolysis products. 

Thus, the conversion (through reactions 7 and 8) of large hydrocarbons released during 

pyrolysis is higher if the black liquor pre-heat temperature is increased. This could possibly 

explain the reduction of CH4 that is observed in the two experimental campaigns. 

A similar line of thought can be used to explain the small reduction of H2S with elevated 

black liquor pre-heating temperature. The higher heating rate will promote that sulphur will 

be bound as Na2S and Na2SO4 in the droplet dictated by thermodynamic equilibrium, instead 

of being released as H2S and COS. 
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5 CONCLUSIONS 

From the two experimental campaigns the following conclusions can be drawn. 

• The bulk gas composition is to a large extent determined by the water gas CO-shift 

reaction and thus, temperature and λ.

• Increased pressure promotes H2S in the gas. 

• Increased λ suppresses CH4 in the gas. 

• The amount of analyzed carbon containing gases increase with increased λ.

• The amount of analyzed carbon containing gases increase with decreased BLP. 

• Increased black liquor pre-heat temperature suppresses CH4 and H2S content in the 

gas. 
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Black liquor gasification is a new process for re-
covery of energy and chemicals in black liquor from
the Kraft pulping process. The process can be com-
bined with catalytic conversion of syngas into motor
fuels. The potential for motor fuel production from
black liquor in Sweden is to replace about 25% of the
current consumption of gasoline and diesel. For Fin-
land the figure is even higher while for Canada it is
about 14% and for the USA about 2%. � 2009 Ameri-
can Institute of Chemical Engineers Environ Prog, 28: 316–
323, 2009
Keywords: black liquor gasification, syngas, par-

ticles, alkali salts, refractory oxides

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

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

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

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

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

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

INTRODUCTION

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

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

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

EXPERIMENTAL PROCEDURES

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

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

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

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

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

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

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

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

Figure 1. Schematic drawing of the black liquor gasifier.

Environmental Progress & Sustainable Energy (Vol.28, No.3) DOI 10.1002/ep October 2009 317



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

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

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

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

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

Pressurised Atomization Experiments with Black
Liquor

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

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

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

RESULTS

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

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

Table 1. Chemical composition of black liquor.

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

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

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

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

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

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

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

Parameter

Case

1B 2B 4B 5B

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

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

Figure 2. Schematic drawing of the high temperature gas sampling system.
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pressure is elevated to 10 bar the black liquor forms
nonspherical droplets but almost no stretched liga-
ments. Furthermore, it was more difficult to illumi-
nate the spray when the ambient pressure was
increased. The mean velocities were calculated to be
42 m/s and 25 m/s at atmospheric pressure (Case 4B)
and elevated pressure (Case 5B), respectively.

Influence on Gas Composition from Black
Liquor Preheating Temperature

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

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

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

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

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

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

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

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

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

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

DISCUSSION

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

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

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

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

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

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

Figure 9. The particle mass size distribution and the
particle concentration in the syngas.

Environmental Progress & Sustainable Energy (Vol.28, No.3) DOI 10.1002/ep October 2009 321



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

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

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

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

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

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

Influence on Gas Composition from Black
Liquor Preheating Temperature

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

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

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

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

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

Element Average gas concentration

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

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

CONCLUSIONS

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

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

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

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

• The major syngas trace elements are NH4-N, Cl,
and S (bound as H2S and COS).
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