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SUMMARY 

This thesis describes a study of the atmospheric gasification of wood powder 
in a cyclone. The need for research has been highlighted by several studies of 
different co-generation options for electricity production, based on the 
utilisation of biomass fuels, for future use in Sweden. These studies have 
indicated that direct wood powder fired gas turbines are an economically 
attractive alternative for cogenerating power plants up to 20  MW.  Such 
plants incorporate a gas turbine and a steam turbine in series to maximise 
the electricity output. 
At present the potential to use of wood powder in such a power plant is 
limited by problems caused by the inorganic materials in the fuel. The 
presence of these materials may lead to both erosion of the turbine blades 
due to the appearance of particles contained within the gas stream, and 
deposition of alkali compounds on the blades themselves, which may cause 
flow blockage, vibration, and possibly corrosion. 
A possible process for such power plants is two-stage combustion of the 
wood powder where the first stage is a cyclone gasifier/separator. In this 
stage the volatiles, and some of the fixed carbon is oxidised at low 
temperatures. The corrosive ashes remain solid in the char particles and are 
separated from the product gas in the cyclone. The wood powder can be 
injected into the cyclone using steam as the transport medium. 
The work described here concerns an investigation of wood powder 
gasification and separation of ash elements in the cyclone. A cyclone 
separator and second stage combustor has been designed and built. The 
effects of stochiometry and steam injection on the gasification temperature, 
gas composition and separation of char particles have been investigated 
experimentally. The amount of alkali metals that can be separated together 
with the char has also been studied, since this parameter is of particular 
interest in the operation of a gas turbine. The measured temperature and gas 
composition have been compared with chemical equilibrium predictions. 
Papers A and  B  present results from the first evaluation of the experimental 
set-up. Paper A deals with the gasification process, with emphasis on the 
quality of gas obtained from the cyclone. The quality of the gas is an 
important factor for the short-term function of a gas turbine system. 
Conversely, in the longer term the particles and inorganic material (ash) in 
the gas will have a large impact on the overall life time of such a system. 
The separation of particles and ash and problems related to this are studied 
in Paper  B.  
A second evaluation has also been done with a modified experimental set-
up. The results of this investigation of the gasification process are presented 
in Paper  C,  in a similar manner to the presentation in Paper A. 
This work has demonstrated the possibility to operate a cyclone gasifier with 
stable generation of a combustible product gas. The possibility to separate 
some of the ash elements that can lead to deposition in the turbine has also 
been verified. It is concluded that further tests at elevated pressure are 
needed to determine the carry over of alkali compounds under realistic 
conditions and that a more sophisticated model must be developed if the 
effects of fuel properties and operating conditions shall be predicted with 
reasonable accuracy. 
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EFFECTS OF STEAM INJECTION AND STOCHIOMETRY 
ON CYCLONE GASIFICATION OF WOOD POWDER 

Christian  Fredriksson,  Bengt Degermanl and  Björn  Kjellström 
Division of Energy Engineering  
Luleå  University of Technology 

S-97187  Luleå,  Sweden 

1DEMEC AB 
G.Byavägen 14, Gunnarsbyn 

S-96167 Gunnarsbyn, Sweden 

ABSTRACT 
Atmospheric gasification of wood powder in a cyclone has been stud-

ied. A cyclone gasifier has been designed where the wood powder is in-

jected into the cyclone with air or air/steam as transport media. The effects 
of stochiometry and steam injection on the gasification temperature and 

gas composition are investigated. The experimental results are compared 
with theoretical equilibrium calculations. 

The fuel flow has been 26 kg/h corresponding to a thermal input of 140 

kW. Equivalence ratio was varied between 0.15 and 0.4. Wood powder has 
been injected with steam mass flows of 50-80% of the fuel flow. The gas 

from the cyclone gasifier was analysed regarding CO, I-12, CH, and CO,. 
The lower heating value of the gas varies between 4 and 6 MJ/Nm3  with 

lower values for steam injected gasification. Compared to theoretical cal-

culations the air/steam injected measurements showed better agreement 
with equilibrium predictions than only air injection. 

INTRODUCTION 
Studies of different future co-generation options for Sweden based on 

biomass fuels has indicated that direct wood powder fired gas turbines are 
an economically attractive alternative for cogenerating power plants up to 

20  MW,.  
Although this technique is promising there are many problems to solve 

before this technique can be put into practice. The main problem is possi-

ble erosion, caused by particles in the gas and deposition of alkali com-
pounds which may also cause corrosion of the turbine blades  (Fredriksson  
and Kjellström, 1991). The corrosive compounds of concern are sulphates, 

chlorides and hydroxides of potassium and sodium. The problems can be 
expected to be more severe if a high inlet temperature to the gas turbine is  

chosen in order to improve cycle efficiency. Experiences with direct fuel-

ling of a gas turbine with wood powder (Hamrick, 1991) show no erosion 

or corrosion but severe deposits when the inlet temperature exceeded 800°C. 

A possible process for power plants is two-stage combustion of the 

wood powder where the first stage is a cyclone gasifier/separator. In the 
cyclone the volatiles and some of the fixed carbon is oxidised at low tem-

peratures. The corrosive ashes remain solid in the char particles and are 

separated from the flue gas in the cyclone. The wood powder can be in-
jected into the cyclone with steam as transport media. From the cyclone 
gasifier the gas goes into the modified gas turbine combustor. In previ-

ously reported experiments with atmospheric cyclone gasification the fuel 

was injected with air (Cousins and Robinson, 1985;  Kaller  et al., 1994). 

This has several draw-backs from a safety point of view which should be 
eliminated with the use of steam for wood powder injection. 

The aim of this work has been to investigate the effect of steam injec-

tion on the gasification. 

EXPERIMENTS WITH CYCLONE GASIFICATION 

Experimental eq_uipment 
The experimental set-up is a two stage atmospheric gasification/com-

bustor rig (Fig. 1). The fuel system consists of a fuel bin, screw feeders and 

two chutes that are connected to the cyclone inlets. The inlets are two op-

posite injectors driven by pressurised air or steam. The injectors are enter-
ing the cyclone in a tangential direction. From the screw feeders down 
through the chutes an air-fuel mixture is sucked into the injectors where it 

mixes with the transport medium (steam or air) and is blown into the cy-
clone. This cyclone gasifier which is designed as a standard cyclone sepa- 



rator (Perry and Green, 1984) works as a particle separator as well and the 

separated char is collected at the bottom outlet. The top outlet of the cy-

clone is connected to a combustor where the gas is completely burned with 

air. 
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mm. The cyclone and the pipe connecting with the secondary combustor 

are insulated with a thin layer of heat resistant insulation surrounded by a 

200 mm layer of  rockwool.  For heating during start-up, a propane burner 

can be introduced in the cyclone. 

During the experiments, cyclone gas- and wall temperature, fuel-, air-

and steam flow and gas composition (CO, Hz, CH, CO) at the cyclone 
outlet are the measured variables. Six wall temperatures are measured with 

Type  K  sheathed thermocouples attached vertically three and three to the 
outside of the wall. The upper wall temperature is measured at the level of 

the cyclone inlet and the lower at the level where the cylindrical and coni-

cal part of the cyclone meet. The two vertical rows of thermocouples are 
displaced from each other 90 degrees in tangential direction. A type  N  

sheathed thermocouple with radiation shield is used for gas temperature 

measurements at the cyclone outlet. Steam- and air flows are measured 

with orifice plates according to ISO 5167-1:1991(E). The fuel screw feed-
ers were calibrated manually to determine the fuel flow as a function of 

screw speed. 
The gas composition is determined with photometric measurements 

for CO, CO, and CH, and heat conductivity measurements for  H,.  The gas 

measurement equipment is calibrated before each start-up with a calibra-
tion gas. All the measured variables are logged at 1 Hz. Experiments have 

been made at different equivalence ratio. This is achieved mainly by chang-

ing the air mass flow that is sucked into the injectors together with the fuel. 

Experimental conditions  
The range for different parameters covered in the experiments are listed 

in Table 1. 

Ideally the experimental equivalence ratio should cover the samerange 
for both air and air/steam injection but this was not possible with this ex-

perimental set-up. The lower level for this parameter corresponds to the 
level at which the gasifier function turns unstable, leading to decreasing 

temperatures. The higher level is determined by how much air it is possible 

to inject together with the fuel or steam/fuel. 

Table 1. Experimental parameter ranges 

• RUB_ lei 

0  CYCLONE 

• INLET INJECTION MEDIUM 
(STEAM OR AIR) 

• OUTLET SEPARATED CHAR 

• SECOND STAGE COMBUSTOR 

Parameter Specification/tange  

_  
Gam oknew 

Figure 1. Side view and top view A-A of the experimental 
set-up. 

The cyclone is made of temperature resistant stainless steel and is 
mounted vertically standing on a rotary feeder where the separated char is 

collected. The cylindrical pan of the cyclone is 250 mm in diameter and 

- 560 mm in height. Overall height with the conical part included is 1060  

Fuel feed rate 
Thermal input 

Injection media 

Equivalence ratio 
-  Air injection 

- Air/Steam injection 

Stearn/Fuel ratio 
Cyclone inlet velocities 
Cyclone pressure 

Gas temperature 
- Air injection 

- Air/Steam injection 900-1000°C 

0.16-0.32 

0.30-0.40 
0.5 and 0.8 kg steam/kg fuel 

10-25  mis  

Atmospheric 

800-950°C 

26 kg/h 

137 kWh 
Air or Air/Steam 
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The wood powder that has been used is a commercial fuel. Ultimate 

analysis of the fuel and the size distribution of the powder can be seen in 

Table 2. Preliminary tests with different fuels show that differences in size 

distribution can change both the behaviour during feeding and the gasifi-

cation process significantly. The gasification reactions are affected because 

the particle residence time is short, of the order of 1 second. The gasifica-

tion rate is inversely proportional to the particle size (Glassman, 1987) and 

if the particle residence time is short, the smaller particles will give most of 
the heat release in the cyclone. 

Table 2. Fuel analysis and particle size distribution 

Fuel analysis 

Substance weight-%  
C 50.2 
H 6.4 
N 0.2 

<0.04 
Cl  <0.01 
0 (diff.) 38.8 
Ash 0.3 
Moist. 4.1 
Size distribution 

Particle size 
> 1 mm 0.3 
0.5-1 18.4 

0.25-0.5 38.9 
0.125-0.25 17.7 
0.100-0.125 6.3 
0.074-0.100 1.4 
0.063-0.074 9.3 
0.040-0.063 6.5 
< 0.040 rum 1.6 

Operational experience  
Before starting wood powder injection, the cyclone is pre-heated to 

give a wall temperature of 800-900°C. To start the gasification process the 
injectors are turned on and immediately after the wood powder flow as 

well. If the equivalence ratio (air/fuel) is above approximately 0.25 the 

gasification will start after a couple of seconds and produce a combustible 
gas. 

When steam is used as injection medium it is important that the steam 

entering the injectors is free from condensed water. Otherwise the wood 
powder will get wet and block the inlet. 

After ten to fifteen minutes the system is in equilibrium and is running 

smoothly. Some variations of the length of the flame in the gas combustor 
can be observed, probably as a consequence of some variation in the wood 

powder feeding rate. These variations caused no problem during the ex-
periments reported here. Efforts will be made to reduce the fuel flow vari-

ations before the pressurised gasification tests are started. 
When running with only air injection at gas temperatures lower than 

approximately 820°C the gasification becomes unstable and sometimes 
ceases producing a combustible gas. At lower gas temperatures there was  

also a tendency to char build-up on the cyclone walls. Cyclone wall tem-

peratures at the inlet level are generally 50-100°C lower than the outlet gas 

temperature and -200°C lower at the level where the cylindrical and coni-

cal part meet. 

The gasification and second stage combustion were more stable as gas 
temperature was increased. 

The temperature in the cyclone is determined by the equivalence ratio 

which has been kept at approximately 0.3 in these experiments. This value 
was chosen to give a gasification at an approximate temperature of 800-

850°C which is below the temperature at which corrosive alkali metals 

vaporise (Misra et al., 1993) and above temperatures at which the char 
begins to stick to the cyclone. 

With this experimental set-up it was not possible to run the gasifier 

within this temperature interval with steam as injection medium. The heat 

release in the cyclone is a function of the temperature of the reaction and 

the residence time of the particles in the cyclone. As more steam is added, 

the volume flow through the cyclone will increase. Ifs plug-flow model is 

used for estimation of the residence time, the particle residence time will 

decrease due to the added steam. To keep the cyclone warm enough for the 

gasification to proceed, the shorter residence time must be compensated 
with a higher temperature to increase the speed of the reactions. The low-

est possible temperature with steam giving stable gasification was approxi-

mately 900°C for 0.5 kg steam/kg fuel and 940°C for 0.8 kg steam/kg fuel. 

The present running condition when steam is used as injection medium is 
not to satisfactory and work has been initiated to make it possible to run the 

cyclone at the desired temperature between 800-850°C. 

THEORETICAL CONSIDERATIONS 
For comparison with the experiments, equilibrium calculations for the 

same conditions using the ChemSage computer model (ChemSage, 1991) 

have been carried out. With this program it is possible to calculate the 
equilibrium composition and temperature at different reaction conditions. 

The input data are the fuel composition, the thermodynamic data of the 
fuel and the amounts of air and steam supplied per kg of fuel. Three cases 

of gasification at atmospheric pressure have been analysed: 

• With air as injection medium 
• With air/steam as injection medium, 0.5 kg steam/kg fuel 

• With air/steam as injection medium, 0.8 kg steam/kg fuel 

For these three cases the equivalence ratio has been changed by step-

ping the input amount of air. The results show the predicted temperature 

and the  molal  amounts of all the reaction products in vapour-, condensed-

and solid phase at equilibrium. 
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COMPARISON BETWEEN EXPERIMENTS AND EQUILIBRIUM 
PREDICTIONS 

Temperature  
In Fig. 2 the measured gas temperature is plotted as a function of equiva-

lence ratio for gasification with air as injection medium. Fig. 3 shows re-

sults with air/steam injection. The continuous lines show the results of the 

equilibrium calculation for adiabatic gasification. The heat loss is assumed 
to be negligible. 

	

Experiments 	 Calculated 

	

I Air injection 	— Air injection 

0 
C- 
E 	6 0 0 — 
a) 

co 
 cts 

0.20 0.30 0.40 

Equivalence ratio (air/fuel) 

Figure 2. Gas temperature when only air is used as injection 
medium. 

Experiments 	 Calculated 
-I- 	0.5 kg st./kg fuel   0.5 kg st./kg fuel  
E 0.8 kg  stikg  fuel 	• - - 0.8 kg  stikg  fuel 

• 1000— c 

o • 800— o 

o_ 
E 600— 
cu  
(7) 
co 
O 0.20 0.30 0.40 

Equivalence ratio (air/fuel) 

In all three cases, the experimental data show a similar behaviour. The 

temperature increases with increasing equivalence ratio. The same slope 

can be seen in the calculated data but the curves are shifted in horizontal 
direction compared to the experimental data. 

In all experiments with air injection only, the measured temperature is 

higher than the calculated at corresponding equivalence ratio. This is in 

agreement with earlier results obtained by Kallner et al. (1994). With air/ 
steam injection, the difference between observations and predictions is less. 

Gas composition  
The measured gas compositions are shown in Fig. 4-7. Results of equi-

librium calculations are shown as continuous lines. As the equivalence ra-
tio is increased, the volumetric concentrations of the different species are 

almost constant. There is a slight decrease in CO and CH, concentration 

and a similar increase in CO, and  H.  
Compared to calculated compositions with air injection, the measured 

and CO contents are lower and CO, and CH, contents are higher. Simi-

lar results have been reported for fluidized bed biomass gasification by 
Wang and Kinoshita (1992). The comparison between predictions and ex-

periments when air/steam is used as injection media shows better agree-
ment in all cases except for CH, in flu. 6. There is not a clear difference 

between experiments with different amount of steam injection. 

Legend for Figure 4-8 

Experiment 	 Calculated 
• Air injection 	— Air injection 
• 0.5 kg st./kg fuel 	 0.5 kg st./kg fuel  
E 0.8 kg st./kg fuel - - - 0.8 kg st./kg fuel 

H2 

0.20 0.30 0.40 

Equivalence ratio (air/fuel) 

10— 

Figure 3. Gas temperature when air/steam is used as 	 Figure 4. Measured and predicted content of H2  in the gas 
injection medium, 	 from the cyclone. 
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Equivalence ratio (air/fuel) 
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2 — 

Figure 8. Calculated gas heating value based on measure-
ment and theoretical predictions. 

..... ... ...  

3 0— 

e 2 0 — 

1 0— 

•............ 	.......................... .... _ _ _itter  -  

0.20 0.30 0.40 

Equivalence ratio (air/fuel) 

Figure 5. Measured and predicted content of CO in the gas 
from the cyclone. 

The resulting gas heating values are plotted in Fig. 8. As expected, it is 
higher when only air is used for wood powder injection, mainly due to a 

higher CO-content. The results for air/steam injection correspond better 

with the calculated values. The heating value is slightly higher than calcu-

lated due to a higher content of CH,. Owing to a fluctuating fuel flow the 

gas composition and the resulting heating value are not constant. In Figure 
9 the heat value is plotted for a typical experiment. 
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4 — 
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a
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a
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e
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M
J/

N
m

3
)  

I  
0.20 0.30 0.40 

Equivalence ratio (air/fuel) 

Figure 7. Measured and predicted content of CO2  in the gas 
from the cyclone. 

DISCUSSION 
Figure 2 and Fig. 3 show a measured gas temperature that is higher 

than predicted. The deviation is less when air/steam is used as injection 

medium. In Fig. 4-7, the measured gas compositions shows poor agree-

ment with predictions when only air is used as injection medium.  H,  and 

CO contents are lower while CH, and CO, contents are higher than pre-

dicted. When air/steam is used for wood powder injection the measured 
compositions of  H,,  CO and CO, correspond better to the predictions. The 
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Figure 9. Gas heat value vs time for a typical experiment. 
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Figure 6. Measured and predicted content of CH4  in the gas 
from the cyclone. 
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deviation in the case when only air is used as injection medium can be 

explained if the overall gasification process is divided into different reac-

tion zones (Reed et al., 1988). As the wood powder enters the cyclone 

reactor the flaming pyrolysis starts with release of volatiles and intensive 

combustion between the released volatiles and oxygen at high local tem-

perature. This produces CO,, 11,0, char and CH, as a small part. After this 

the remaining char particles react with CO, and H,0 to form CO and  H,  
while CH4  will reform to CO and  H,  as well. The latter char reduction part 
is not nearly as fast as the earlier pyrolysis and combustion stages and with 
a limited residence time for the char particles these reactions will not be 

complete and give a deviation from equilibrium predictions. The gas tem-

perature will be higher than predicted as there is not enough time for the 
endothermic reactions C+CO3->2C0 and C+H,0->C0+H,. 

This means in fact that there is an amount of carbon that is never par-

ticipating due to short residence time. The separation of char (2-3% of fuel 

flow) in the cyclone bottom will enhance this effect. The actual equiva-

lence ratio is higher than the one used in the adiabatic equilibrium calcula-

tions. As the particle load in the cyclone gas is not measured it is not possi-

ble to estimate the loss of carbon due to short residence time. Visually it 
has been possible to detect unburnt particles in the flue gas. The amount of 

particles in the gas varies and in general the particle load decreases when 
the temperature increases. 

Ifs plug-flow model is used, the particle residence time in the cyclone 

can be estimated to about 0.4s. The gas temperature is measured in the 

cyclone outlet but the gas for the gas analyser is extracted two meters down-

stream which means that the total residence time is about 0.6s. When steam 

is added the residence time decreases by approximately 20% and accord-
ing to the previous model this would increase the deviation from predic-

tions. This can not be observed, instead the measured temperatures and 
compositions correspond better to the equilibrium predictions. This is prob-
ably due to a combination of presence of H,0 and the higher temperature 

interval in which the experiments are done. The rate constant for the reac-
tion C+H,0 -> CO+H, increases with both H,0 partial pressure and tem-
perature (Kojima et al., 1993). I-120 disintegrates to form OH-radicals which 
are important in gasification reactions. Kormilytsin et al. (1990) has re-
ported that the dissociation products of the steam is actively involved in 

the combustion process and will make the combustion more efficient. To-
gether with higher temperature this will increase the speed of reaction con-

siderably and the gas composition will be closer to equilibrium. 

A improved theoretical model is necessary for predictions of gas com-
position from cyclone gasifiers. 

In a gas turbine application, the fluctuating fuel flow can cause prob-

lems as a gas turbine cycle is a complicated system. To reduce these varia-

tions is of major concern in following work. According to Kormilytsin et 

al. (1990), steam injection will make the mixing of fuel and oxidant more 
effective. The combustion will therefor be more stable and efficient. 
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ALKALI SEPARATION IN STEAM INJECTED CYCLONE WOOD POWDER 
GASIFIER FOR GAS TURBINE APPLICATION 

FREDRIKSSON,  C.  AND KJELLSTRÖM,  B.  
Division of Energy Engineering  
Luleå  University of Technology 
S-971 87  Luleå,  Sweden 

Abstract 
Cyclone gasification of wood powder at atmospheric pressure has been studied. The cyclone 
gasifier works as a particle separator as well and the wood powder is injected into the 
cyclone with air or air/steam as transport medium. The effects of stochiometry and steam 
injection on the gasification temperature and separation of char particles are investigated. 
The experimental results are compared with theoretical predictions. The amount of 
Potassium  (K)  and Sodium  (Na)  that can be separated together with the char is also studied 
since this is of special interest if the gas is used to operate a gas turbine. The fuel flow has 
been 26 kg/h corresponding to a thermal input of 140 kW. The equivalence ratio was 
varied between 0.15 and 0.4. Wood powder has been injected with air only or air/steam 
with steam mass flows of 50-80% of the fuel flow. It has been possible to separate 20-40% 
of the potassium and 10-20% of the sodium supplied with the wood. The resulting alkali 
content in the gas entering a turbine at a temperature of 850°C is between 4 and 8 mg/kg 
gas. 
Keywords: Alkali, cyclone, gasification, gas turbine, steam injection, wood powder. 

Introduction 

Environmental aspects has increased the interest in biomass as an alternative fuel for power 
generation. To maximise the electricity output from a power plant, a combined-cycle power 
generating system is necessary. This means that both a gas turbine and a steam turbine are 
used in series. Economical studies in Sweden have shown that one promising way to use 
biomass in a co.-generating power plant is to bum wood powder directly in a modified gas 
turbine combustor. The use of such a process is however associated with problems that are 
caused by the inorganic materials in the fuel. In the case of a direct wood powder fired gas 
turbine the problems are possible erosion, caused by the particles in the gas and deposition 
of alkali compounds on the turbine blades which may cause flow blockage, vibrations and 
possibly corrosion [1,2]. The compounds of concern are sulphates, chlorides and hydroxides 
of potassium and sodium. The problems can be expected to be more severe if a high inlet 
temperature to the gas turbine is chosen in order to improve cycle efficiency. Experiences 
with direct fuelling of a gas turbine with wood powder [3] show no erosion or corrosion 
but severe deposits when the inlet temperature exceeded 800°C. 

A possible approach to the problem is two-stage combustion of the wood powder where 
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the first stage is a cyclone gasifier/separator. In the cyclone, the wood is gasified at tempe-
ratures below 900°C. Alkali metals are supposed to be in the fuel mainly as carbonates 
which has melting temperatures between 850-890°C [4]. These carbonates has been reported 
to dissociate and vaporise above 900°C [5]. If the gasification takes place at sufficiently 
low temperature, the corrosive ashes remain condensed in the char particles and can be 
separated from the gas in the cyclone. The wood powder can be injected into the cyclone 
with air or steam as transport medium. The gas from the cyclone gasifier can be burned in 
a modified gas turbine combustor. 

In previously reported experiments with atmospheric cyclone gasification the fuel was 
injected with air [6,7]. This has several draw-backs from a safety point of view which 
should be eliminated with the use of steam for wood powder injection. 

The aim of this work has been to investigate the effect of steam injection and stochiometry 
on the gasification temperature and separation of alkali in the cyclone gasifier which forms 
the first stage of a two-stage gas turbine combustor for wood powder. 

Experiments with cyclone gasification 

Experimental equipment 
The experimental set-up is a two stage atmospheric gasification/ combustor rig (Fig .1). 
The fuel system consists of a fuel bin, screw feeders and two chutes that are connected to 
the cyclone inlets. The inlets are two opposite injectors driven by pressurised air or steam. 
The injectors are entering the cyclone in a tangential direction. From the screw feeders 
down through the chutes an air-fuel mixture is sucked into the injectors where it mixes 
with the transport medium (steam or air) and is blown into the cyclone. This cyclone 
gasifier which is designed as a standard cyclone separator [8] works as a particle separator 
as well and the separated char is collected at the bottom outlet. The top outlet of the 
cyclone is connected to a combustor where the gas is completely burned with air. 

The cyclone is made of temperature resistant stainless steel and is mounted vertically 
standing on a rotary feeder where the separated char is collected. The cylindrical part of 
the cyclone is 250 mm in diameter and 560 mm in height. Overall height with the conical 
part included is 1060 mm. The cyclone and the pipe connecting with the secondary 
combustor are insulated with a thin layer of heat resistant insulation surrounded by a 200 
mm layer of  rockwool.  For heating during start-up, a propane burner can be introduced in 
the cyclone. 

During the experiments, cyclone gas- and wall temperature and the flows of fuel-, air-
and steam are measured. Separated char is collected at the cyclone bottom each two minu-
tes. It is collected at the rotary feeder and is stored in an air tight collecting vessel. Six wall 
temperatures of the cyclone are measured with Type  K  sheathed thermocouples attached 
vertically three and three to the outside of the wall. A type  N  sheathed thermocouple with 
radiation shield is used for gas temperature measurements at the cyclone outlet. Steam-
and air flows are measured with orifice plates according to ISO 5167-1:1991(E). The fuel 
screw feeders were calibrated manually to determine the fuel flow as a function of screw 
speed. 

All the measured variables are logged at 1 Hz. Experiments have been made at different 
equivalence ratios. This was achieved mainly by changing the air mass flow that is sucked 
into the injectors together with the fuel. 

2 



r1/4././..rn 	(2x) 

Gyctwo 

G. o..  

• FUEL BIN 

• CYCLCNE 

• INLET INJECTION MEDIUM 
(STEAM OR AIR) 

O OUTLET SEPARATED CHAR 

0 SECOND STAGE CCMBUSTOR 

    

  

0000   

  

  

Al 

 

J 

	/-"*- . 

PSECONDARY AIR 

Fig. I . Side view and top view A-A of the experimental set-up. 

Ash analysis 
The ash has been analysed at SGAB  Analys  in  Luleå.  Sweden. Ash samples of 0.5  g  were 
dissolved in HF/HNO3/HC104 and final analysis was made by Inductively Coupled Plasma 
Atomic Emission Spectroscopy, ICP-AES [9]. The ash samples have been produced from 
the fuel and char by decarbonisation at 550°C. 

Experimental conditions 
The range for different parameters covered in the experiments are listed in Table 1. 

Ideally the experimental equivalence ratio should cover the same range for both air and 
air/steam injection but this was not possible with this experimental set-up. The lower level 
for this parameter corresponds to the level at which the gasifier function turns unstable, 
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leading to decreasing temperatures. The higher level is determined by how much air it is 
possible to inject together with the fuel or steam/fuel. 

Table 1. Experimental parameter ranges Table 2. Fuel and ash analysis and 
particle size distribution 

Parameter Specification/ 
Range 

Fuel analysis 
Substance weight-%  

Fuel feed rate 26 kg/h C  50.2  
Thermal input 137 kW H  6.4  
Injection medium Air or Air/Steam N  0.2 
Equivalence ratio <0.04 
-Air injection 0.16-0.32 CI <0.01 
-Air/Steam injection 0.30-0.40 0 (diff.) 38.8 
Steam/Fuel ratio 0.5 and 0.8 kg Ash 0.3 

steam/kz fuel Moisture 4.1 
Cycl. inlet velocities 10-25 rn/s 
Cyclone pressure Atmospheric 
Gas temperature 

Ash analysis -Air injection 800-950°C 
-Air/Steam injection 900-1000°C Substance w-% of fuel 

Al  0.003 
Ca  0.070 
Fe 0.002 
K 0.020 
Mg  0.008 
Na  0.002 
P  0.016 
Mn  0.006 

Table 3. Wood particle size 
distribution 

Table 4. Inorganic elements in 
injected steam 

Size distribution 
Particle size 

Water analysis 
Substance  ppm-w 

>1 mm 0.3 Al  1.05 
0.5-1 18.4 Ca  3.98 
0.25-0.5 38.9 Fe 3.3 
0.125-0.25 17.7 K 2.48 
0.100-0.125 6.3 Mg  0.65 
0.074-0.100 1.4 Na  3.17 
0.063-0.074 9.3 P  0.135 
0.040-0.063 6.5 1.26 
<0.040 mm 1.6 Mn  2.38 
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The wood powder that has been used is a commercial fuel. Ultimate analysis of the fuel, 
ash analysis and the size distribution of the powder can be seen in Table 2 and 3. Inorganic 
elements in the steam that is injected together with the fuel are listed in Table 4. 

Operational experience 
The behaviour of the char is very much dependent on the temperature in the cyclone. 
When temperature is decreased the char build-up on the cyclone walls seems to increase. 
Pieces of char are collected at the cyclone bottom when they fall off the cyclone wall. 
When the wall temperature at the conical part of the cyclone is below 600°C and the gas 
temperature is under 830°C, tar is coming out of the rotary feeder. A similar observation 
was made by [7] where a sticky char was generated at gas temperatures below 800°C. 
When the cyclone has been inspected visually after the test, there has been char build-up 
at the top of the cyclone even if the wall temperature has been above 800°C. At the top of 
the cyclone there is some turbulent regions close to the inlets where small particles can 
rest and start a build-up of char. This seems to happen even if the particles does not have 
any sticky characteristics. The amount of build-up is however very small and should not 
have any effect in these experiments. 

The amount of char that is collected at the cyclone bottom each two minutes is slightly 
varying due to variation in the fuel flow. Irregular combustion in the second stage combustor 
leads to abrupt pressure changes in the cyclone which will also cause a varying, amount of 
separated char. As the char is collected for 15-20 minutes, these variations are considered 
to be negligible. 

The char is stored in a collecting vessel with a air tight cap to minimise weight loss due 
to combustion of the hot char. 

Theoretical predictions 

For the application of this cyclone gasification technique in a power plant it is of interest 
to be able to predict the resulting temperature and gas composition from the gasifier. 

The measured temperatures are therefore compared with equilibrium calculation for the 
same condition performed by the ChemSage computer Program [10]. 

The computer program predicts the equilibrium composition by minimisation of Gibbs 
free energy. The output are the adiabatic gas temperature and the  molal  amounts of all 
reaction products in gas-, condensed- and solid phase at equilibrium. In this work the 
predictions are focused on the adiabatic gas temperature and the amount of alkali in diffe-
rent phases. 

Results from experiments and equilibrium predictions 

Temperature 
The gas temperature is a function of equivalence ratio and is increasing as equivalence 
ratio is increased, see Fig. 2 and Fig. 3. In the same figures the results from theoretical 
predictions are plotted as continuous lines. As can be seen the measured temperatures 
differ from the predicted temperatures. When only air is injected the difference in tempera- 
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ture  is significant. When the wood powder is injected with air/steam the difference is 
smaller. This has earlier been explained by the fact that there is an amount of carbon that 
does not participate in the reactions due to the separation of char and short residence time 
for the particles in the cyclone [11]. 

Char separation 
The amount of char that is separated and collected at the cyclone bottom is plotted versus 
gas temperature in Fig. 4. The general trend is that the char separation decreases as tempera-
ture is increased. There does not seem to be any difference in collection efficiency when 
the amount of steam that is injected is changed. Note that the temperature is increased by 
increasing the equivalence ratio in the cyclone. A higher temperature is therefore corre-
sponding to a higher volume flow and inlet velocity. 
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Ash composition 
The char has been analysed with respect to the total ash contents and the distribution of 
ash components in the ash. In Fig. 5 the quantity of ash in the char is plotted and in Fig. 6 
the concentration of calcium is shown. Figure 7 to 9 shows the contents of potassium, 
sodium and magnesium relative calcium contents in the ash plotted versus gas tempera-
ture. Calcium is considered to stay condensed in the ash and is therefore used as reference. 
For the comparison between Fig. 7 to 9, the range for the left axis is chosen as ±40% of the 
average value in the plot . The amount of ash in the char is increasing as temperature is 
increased while the distribution of different ash element are almost constant independent 
of gas temperature and injection media. In Fig. 10 the predicted amount of condensed 
alkali are plotted versus temperature. 
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Separation of alkali metals 
The total amount of alkali metals that has been separated in the cyclone gasifier/separator 
can be seen in Fig. 11 and 12. The quantity of alkali that can be separated in the cyclone is 
a measure of the cyclone performance. In practice it is of secondary importance as the 
main concern is the amount of alkali and the form of alkali compounds entering the gas 
turbine. The amount of alkali relative to gas volume leaving the cyclone is shown in Fig. 
13. The alkali content in the gas from the cyclone are calculated as the difference between 
input alkali with fuel and separated alkali with char. The temperature is raised by adding 
more air to the cyclone and the increase in volume flow is the main reason for the decrease 
in alkali content in the gas from the cyclone. The total alkali content in the gas to a gas 
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Fig. 13. Alkali content in gas from cyclone. Fig. 14. Alkali content in gas to turbine 
inlet with inlet temperature 850°C. 

turbine can be seen in Fig. 14 where the gas flow is calculated for a turbine inlet tempera-
ture of approximately 850°C. The alkali in the steam is supposed to vaporise and leave the 
cyclone with the gas. 2-3% of total alkali in the gas to the turbine origins from the injected 
steam. 

Discussion 

In the case of cyclone gasification with separation of char with approximately 95% carbon 
content, the loss of carbon may explain why the predicted temperature is lower than the 
measured temperature shown in Fig. 2 and Fig. 3 [11]. This difference will increase because 
there is an error in the measured gas temperature due to radiation from the surrounding 
surfaces. As the surrounding surfaces are colder than the gas temperature, the actual tempera-
ture will be higher than measured due to radiation losses. This will further enhance the 
difference between predicted and measured gas temperature. This error is decreased by 
surrounding the thermocouple with a radiation shield. Measurements shows that the shielded 
thermocouple underestimates the gas temperature between 10 and 20°C compared to a 
sucking pyrometer. 

For the application of this cyclone gasifier connected to a gas turbine, it is of interest to 
know how much alkali metals that can be separated in the first gasification/separation 
stage. This is shown in Fig.11 and 12. Measurements show an increasing separation of 
alkali when air is used as injection media. If this effect really exists or if it is caused by 
experimental inconsistency is not clear. Until now it seems reasonable to calculate with a 
separation of potassium to between 20 and 40 % of input and a separation of 10 to 20% of 
input sodium. The level of alkali separation are almost constant as temperature is increased. 
This is a result of decreasing char separation, increasing ash content in the char and an 
almost constant distribution of ash elements in the ash. Ash analysis in Fig. 6 to 9 shows 
that the ash composition remains almost the same independent of temperature or injection 
media. This can be compared with equilibrium calculations shown in Fig.10 which predicts 
that all alkali metals are vaporised between 750° and 800°C. Experimentally it has been 
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shown by Misra et al. [5] that the potassium carbonates dissociate and oxidise to CO2  and 
K20 as gas above 900°C. Both the equilibrium predictions and experimental results are 
only valid for long reaction time where all transformations can be completed. The wood 
ash samples in the experiments in [5] have been held at the specified temperature for over 
an hour. This indicates that even if the temperature are above the temperature of vaporisa-
tion for the alkali compounds, the residence time in the cyclone is to short for the alkali 
compounds to vaporise. If a plug-flow model of the cyclone is used [12], the particle 
residence time in the cyclone can be estimated to about 0.4s. From this it follows that the 
reactions in the cyclone appear not to reach equilibrium conditions due to the short residence 
time. As the temperature do not influence the ash composition, the separation of alkali 
metals is only a matter of separation efficiency and carbon burnout (i.e. ash content in 
char). 

Figure 6 shows that the level of K/Ca is higher in the char than in the fuel. Figure 9 
shows the opposite relation for Na/Ca i.e. the level of Na/Ca is lower in the char than in the 
fuel. As calcium is considered not to volatilise from the char, it is not clear why the amount 
of potassium is higher in the char than in the fuel. Besides possible errors in char analysis, 
it might be explained by different levels of calcium in wood powder particles of different 
size. If there is less Ca in larger particles that are separated while the content of  K  remains 
the same, the level of K/Ca in the collected char can be higher than in the original fuel. The 
loss of  Na  may be caused by release of easily volatilised compounds such as NaCl. The 
remaining sodium can be in the form of carbonates which remain condensed in the particles. 
These observations are in conflict with the equilibrium calculation which predict that 
potassium is more easily volatilised than sodium. In these calculations it is assumed that 
the alkali metals are bound in the fuel as carbonates which may not be the case. 

Of even more interest than the separated alkali is the amount of alkali in the gas from 
this first stage cyclone. The content of alkali in the gas from the cyclone is decreasing 
when gas temperature is increased, see Fig. 13. This is mainly a result of an increase in 
mass flow as the temperature level is controlled by the amount of air that is injected together 
with the fuel. If steam is used as injection media, the relative amount of alkali will of 
course decrease further. The calculated amount of total alkali content in the gas to the 
turbine inlet is shown in Fig. 14. It is calculated for an inlet temperature of approximately 
850°C and the amount is between 4 and 8 mg alkali/kg gas and more or less constant as the 
temperature in the cyclone is increased. Kallner et al. [7] has for the same turbine inlet 
temperature presented levels of alkali between 6 and 10 mg/kg gas. The lower level was 
measured at a cyclone gas temperature of 800°C and the level was increasing as tempera-
ture is increased. 
The results obtained in these experiments show that the effect of steam injection on the 
relative alkali content in the gas is positive due to the increased mass flow. In a co.-genera-
tion plant there will be high pressure steam available which is reported to also have positive 
effects on cycle efficiency [13]. It has also been concluded that the ash composition is 
more or less constant as temperature is increased. The particle residence seems to be too 
short for any volatilisation of alkali compounds to take place in the cyclone. For the use of 
the gas in a gas turbine application it is necessary to investigate the chemical composition 
of the unseparated char particles and the faith of the alkali compounds as they pass through 
the cyclone, second stage combustor and turbine. Special attention should be taken to the 
form of the alkali compounds in the gas and char particles. The melting temperature and 
temperature of vaporisation of the compounds relative to the material temperature in the 
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turbine are important for the deposition mechanism. This work does not include such a 
study but is of importance in future research. 
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Abstract 
Gasification of wood powder in a cyclone at atmospheric pressure has been studied. The 
wood powder is injected into the cyclone with either air or a mixture of air/steam as the 
transport medium. The gas and wall temperatures, gas composition and amount of char 
separated by the cyclone were measured for two types of wood powder fuel at different 
operating conditions. The experiments were made at fuel flow rates corresponding to 150 
- 190 kW or up to 6.5 MW/m3 thermal energy input. The equivalence ratio (air/fuel) was 
varied between 0.15 and 0.4. In the case of air/steam injection, the fuel was injected with 
a steam mass flow of 0.3 kg steam/kg fuel. The gas was analysed with respect to CO, 
CH4 and CO2. Chemical equilibrium calculations have been made for comparison with 
the experimental results. The gas temperature and the CO2 content were found to be 
overpredicted, the CH4 content underpredicted and the CO content overpredicted. The 
results show that pyrolysis products burn with the oxygen available and that there is not 
sufficient time for the diffusion controlled reduction reactions. To be able to predict the 
gas temperature and gas composition it is necessary to take into account the particle flow 
pattern as well as the kinetics of pyrolysis and reduction reactions. 

Introduction 
Studies of different future co-generation options for Sweden based on biomass fuels have 
indicated that direct gas turbines fuelled directly with wood powder are economically 
attractive for cogenerating power plants up to 20 MWe. There are many problems to solve 
before this technique can be put into practical use however. The main problems are 
possible erosion, caused by particles in the gas and deposition of alkali compounds in the 
turbine. The alkali compounds may also cause corrosion of the turbine blades if they are 
in liquid form  (Fredriksson  and Kjellström, 1991; Moses and Bernstein, 1994). The 
compounds of concern are sulphates, chlorides and hydroxides of potassium and sodium. 
The problems can be expected to be more severe at high turbine inlet temperatures i.e if a 
very high cycle efficiency is strived for. Experiences with direct fuelling of a gas turbine 
with wood powder (Hamrick, 1991) show no erosion or corrosion but severe deposition 
when the inlet temperature exceeded 800°C. A possible process for handling of the alkali 
deposition problem is two-stage combustion of the wood powder where the first stage is 
a cyclone gasifier/separator operated at a comparatively low temperature. The ash 
elements may then remain solid in the char particles and can be separated from the product 
gas in the cyclone. From the cyclone gasifier the gas is directed into a modified gas 
turbine combustor. The wood powder can be injected into the cyclone with either air or 
steam as transport medium. In previously reported experiments with atmospheric cyclone 
gasification the fuel was injected with air (Cousins and Robinson, 1985;  Kaller  et al., 
1994). This method has several draw-backs from a safety point of view which can be 
eliminated with the use of steam for wood powder injection. The aim of this work has 
been to investigate the effect of equivalence ratio and steam injection on the gasification 
process. Results of earlier experiments have been reported elsewhere  (Fredriksson  and 
Kjellström, 1996). The results presented here were obtained after some modifications of 
the experimental set-up. 
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Experimental equipment 
The experimental equipment is shown in Fig. I. It is a two stage combustor rig where the 
first stage is a cyclone gasifier with double tangential inlets. The wood powder is partially 
combusted in the cyclone with a shortage of air to produce a combustible gas. In the 
second stage more air is supplied to achieve the final combustion of the product gas from 
the cyclone. The wood powder is supplied to the two cyclone inlets from a fuel bin via 
screw feeders and two chutes. From the screw feeders down through the chutes an air-
fuel mixture is sucked into the injectors and blown into the cyclone by the transport 
medium (steam or air). The injectors direct the mixture to enter the cyclone in a tangential 
direction, which will generate a swirl flow in the cyclone. The swirl will force the 
incoming wood powder particles to follow a trajectory close to the cyclone wall, where 
the main part of the reactions take place. The product gas leaves through the top outlet of 
the cyclone, while the char particles fall downwards toward the bottom outlet, where they 
can be collected. The top outlet of the cyclone is connected to a combustor where the gas 
is completely burned with air. The cyclone is basically designed in a similar manner to a 
standard cyclone separator (Perry and Green, 1984) and is made of temperature resistant 
stainless steel. It is mounted vertically, and stands on a rotary feeder where the separated 
char is collected. The cylindrical part of the cyclone is 210 mm in diameter and 700 min in 
height. The overall height including the conical section is 1060 mm. The cyclone and the 
pipe connecting with the secondary combustor are insulated with a thin layer of heat 
resistant material, and surrounded by a 200 mm layer of  rockwool.  For heating during 
start-up, a propane burner can be introduced in the cyclone. 

As a consequence of the operational experiences made from earlier experiment, the 
cyclone has been modified in order to improve its operational range and performance. 
Fluctuations in the fuel mass flow has been decreased by modifications in the fuel feeding 
system. To increase the particle residence time in the cyclone, the outlet pipe was 
lengthened. The distance from the top of the cyclone to the end of the outlet pipe was 
increased from 300mm to 600mm. Modifications to the cyclone inlets also improved 
cyclone performance. 

During the experiments, cyclone gas and wall temperatures, fuel, air and steam mass flow 
rates and gas composition (CO, CH4, CO2) at the cyclone outlet were measured. H2 was 
measured but it was later realised that the results were erroneous. Four wall temperatures 
was measured with sheathed Type  K  thermocouples, attached in two vertically rows of 
two to the outside of the wall. The upper wall temperature was measured at the level of 
the cyclone inlet and the lower at the level where the cylindrical and conical part of the 
cyclone meet. The two vertical rows of thermocouples were displaced 90 degrees from 
each other in the tangential direction. A sheathed type  N  thermocouple with radiation 
shield was used for gas temperature measurements at the cyclone outlet. Air flow was 
measured with orifice plates according to ISO 5167-1:1991(E). To measure the steam 
flow a differential pressure V-Cone flow meter was used. The fuel screw feeders were 
calibrated manually to determine the fuel flow as a function of screw speed. The gas 
composition is determined with photometric measurements for CO, CO2 and CH4. CO2 
and CH4 were measured as concentration in wet gas and CO in dry gas. The gas 
measurement equipment is calibrated before each start-up with a calibration gas. All the 
measured variables are logged at 2 Hz. 

The wood powders that have been used are commercial fuels. Ultimate- and proximate 
analysis and the particle size analysis for the fuels used in the experiments can be seen in 
Table 1. A few tests with another fuel have been made for the purpose of comparison. F 
Fuel 1 contains of 20% bark material which is the reason for the much higher ash content. 
Another difference is the particle size distribution where fuel 1 has a higher fraction of 
larger particles compared to test fuel 2. 

2 



  

C)  FUEL BIN  

C)  CYCLONE  

GJ  INLET INJECTION MEDIUM 
(STEAM OR AIR) 

() OUTLET SEPARATED CHAR  

C)  SECOND STAGE COMBUSTOR 

0000  

  

    

A 

SECONDARY AIR 

FueVairlstearn inlet (2x) 

Fig. 1. Side view and top view A-A of the experimental set-up. 

Procedure 
As the cyclone has no external heating, the heat necessary for the reactions to proceed 
must be generated by the reactions themselves. To start the gasification the cyclone must 
be heated before injection of wood powder and air or air/steam. The fuel injection starts 
when the wall temperatures reaches 800-900°C. If the equivalence ratio is above 
approximately 0.25, the gasification will start within five seconds. 

The second stage combustor will burn the gas from the gasifier provided that the air 
supply is sufficient. A pilot flame has been introduced in the second stage combustor to 
secure final combustion of the gas. The air supply to the second combustor was adjusted 
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so the oxygen content in the flue gas after the combustor was between ten to fifteen 
percent. 

To stop the gasification the fuel feed screws are simply turned off. To avoid a sudden 
temperature rise after a stop due to a rise in equivalence ratio, it is also necessary to choke 
the air flow. The temperature rise is smaller when steam is used as injection medium, as 
compared to air injection. 

When the system has been running for about fifteen to twenty minutes it reaches an 
equilibrium state, and runs smoothly. When the operating parameters are changed, ten to 
fifteen minutes are normally required for the cyclone to stabilise at the new operating 
conditions with stable temperature levels. 

Experiments have been made at various equivalence ratios. This was achieved mainly by 
changing the air mass flow that is sucked into the injectors together with the fuel. When 
the cyclone and second stage combustor were running at steady state conditions with 
stable temperatures and at a specific equivalence ratio, char was collected at the cyclone 
bottom for ten to fifteen minutes. Unseparated particles in the gas from the cyclone were 
collected during the same period. The gas analyser was continously sampling the gas 
from the cyclone outlet. The collected char and fly ash particles were weighed to 
determine the cyclone performance regarding combustion efficiency and particle 
separation efficiency. The range of different operating parameters covered in the 
experiment are listed in Table 2. 

Table 1. Fuel analysis and particle size 
distribution. 

Table 2. Experimental parameter ranges. 

Fuel analysis Fuel 1 Fuel 2 
dry wt-% dry wt-% Parameter Specification/Range 

Ultimate  Fuel feed rate 29 and 36 kg/h 
C  50.8  49.3 Thermal input 153 and 190 kW 
H  6.2  6.2 Injection media Air or Air/Steam 
N  <0.1 <0.1 Equivalence ratio 0.15-0.4 

<0.1  <0.1 Steam/Fuel ratio 0.3 kg steam/kg fuel 
Cl  0.05 0.10 Cyclone pressure Atmospheric 
0 (diff.) 42.0 43.6 Gas temperature 800-940°C 
Ash 1.3 0.6 
Moist. 3.0 4.3 

Proximate 
Volatiles 81.7 83.8 
Fixed carbon 17.0 15.6 
Ash 1.3 0.6 
Size distribution 
Particle size % 
>1 inm 0.5 0.16 
0.5-1 23.4 19.2 
0.25-0.5 36.4 39.2 
0.125-0.25 20 19.8 
0.071-0.125 10.6 11.8 
<0.071 9 10 

Theoretical predictions 
For comparison with the experiments, equilibrium calculations for the same conditions 
using the ChemSage computer model (ChemSage, 1991) have been carried out. With this 
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program it is possible to calculate the equilibrium composition and temperature at different 
reaction conditions. The input data are the fuel composition, the thermodynamic 
properties of the fuel and the amounts of air and steam supplied per kg of fuel. Two cases 
of gasification at atmospheric pressure have been analysed: 

• With air as injection medium 
• With air/steam as injection medium, 0.3 kg steam/kg fuel 

The results show the predicted temperature and the  molal  amounts of all the reaction 
products in vapour-, condensed- and solid phase at equilibrium. The model was used to 
calculate the equilibrium temperature, assuming adiabatic conditions in the cyclone. Gas 
compositions were calculated for equilibrium at the measured gas temperature at the 
cyclone outlet. 

Experimental results and experiences 

Stable operating ranges 
The temperature in the cyclone is determined by the equivalence ratio, which has been 
varied between 0.2 and 0.4. This interval is chosen to give gas temperatures between 
800-900°C. The normal operating condition is when the gas temperature is 800-850°C 
which is below the temperature at which corrosive alkali metals are supposed to vaporise 
(Misra et al.), and above temperatures at which the char begins to stick to the cyclone wall 
(Kallner et al., 1994). The gasification is stable as long as the gas temperature is above 
approximately 800°C and the wall temperature is above 600°C. When the gas temperature 
is further decreased by reducing the air mass flow, the wall temperature starts to decrease 
rapidly until the gasification process ceases to produce a combustible gas. In this case the 
released heat of combustion is not sufficient to keep the cyclone walls warm enough for 
the gasification to proceed. At lower temperatures there was also a tendency for char to 
build-up on the cyclone walls. A more stable gasification and final combustion was 
experienced when the temperature was increased by increasing the equivalence ratio. The 
upper level of the temperature was limited by the amount of air that was possible to inject 
together with the fuel or steam/fuel. Some deformation of the cyclone was observed after 
running at wall temperatures above 950°C for periods longer than one hour. 

Blocking of the cyclone inlets can be a problem if the injector performance is poor with a 
low vaccum in the fuel chutes. When steam is used as injection medium it is important 
that the steam entering the injectors is free from condensed water. If not, the wood 
powder becomes wet, causing a blockage of the inlet. 

Gas and wall temperatures 
The measured gas temperature at the cyclone outlet is shown in Fig.2 together with the 
calculated adiabatic gas temperature. The gas temperature at the cyclone outlet was found 
to increase slowly with increasing equivalence ratio. Compared to earlier results with the 
same experimental set-up  (Fredriksson  and Kjellström, 1996), the temperature levels 
have decreased for the same equivalence ratio. This is a result of a lengthened exhaust 
pipe which has increased the particle residence time in the cyclone. Experiments with test 
fuel2 show that a fuel with another particle size distribution and ash content does not 
appear to have a large effect on the gas temperature. 

Wall temperatures were measured at four points as described earlier. Average wall 
temperatures at the upper and lower part of the cyclone are plotted versus equivalence 
ratio in Fig. 3. The wall temperatures are generally increasing as equivalence ratio is 
increased. Wall temperatures at the cyclone bottom were roughly the same as the gas 
temperature at the cyclone outlet. However, there is a clear difference between upper wall 
temperatures when air is used as injection medium compared to steam injection. Wall 
temperatures at the fuel inlet were about 50°C higher than the outlet gas temperature when 
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air was used for fuel injection and approximately 200°C lower when steam was used. The 
lower wall temperatures at the inlet level with steam injection is not surprising since 
gasification with only air will be faster and release more heat in the upper part of the 
cyclone compared to experiments with steam as injection medium. 
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Fig. 2. Gas temperature. 
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Gas composition and heating value 
Reliable data for the contents of CO, CO2 and CH4 at the cyclone outlet were obtained 
from the experiments. The results are plotted in Fig. 4 to Fig. 6 vs equivalence ratio. The 
contents of carbon monoxide and methane present in the mixture decrease when the 
equivalence ratio is increased. In both cases the experiments show a lower concentration 
of CO and CH4 when steam is used as injection media. CO2 is increasing slightly with 
equivalence ratio and shows no significant difference between air and air/steam injected 
experiments. 

Legend for Fig. 4 to Fig. 12 

Experiment 
• Air injection 

Air/steam injection 
0.3 kg steam/kg fuel1 

fl Air/steam injection 
0.3 kg steam/kg fuel2 

Calculated 
Air injection 
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Fig. 4. Measured concentration of CO the 
gas from the cyclone 
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Fig. 6. Measured concentration of CH4 
in the gas from the cyclone 

Due to to instrumental failure relaible data for H2 could not be obtained. It is therefore not 
possible to estimate the resulting gas heating value. Similar experiments presented earlier  
(Fredriksson  and Kjellström, 1996) show that a gas heating value between 4 and 6 
MJ/Nm3 has been achieved. The measured gas components in these experiments do not 
differ appreciably from the previous ones. It is thus concluded that the gas from the 
cyclone has a gas heating value between 4 and 6 MJ/Nm3. The heating value decreases as 
equivalence ratio is increased. The use of steam as injection medium will lower the gas 
heating value compared to experiments with air as injection medium. 

Solid residue 
Separated char particles were collected at the cyclone bottom. The amount of separated 
char can be seen in Fig. 7. With a few exceptions the amount is decreasing with 
increasing equivalence ratio. When steam is used as injection medium, the separation 
efficiency is higher compared to experiments with air as injection medium. Steam injected 
experiments with fuels with different particle size distribution and ash contents show a 
significant difference in char separation. Experiments with fuel 1, see Table 1, with a 
higher ash content and slightly bigger particles give roughly twice as much char 
separation as fuel 2. 

The amount of ash in the char is primarily dependent on the cyclone wall temperature and 
the residence time of the particles in the cyclone. Fig. 8 shows the percentage of ash in 
the char as a function of the equivalence ratio. A higher equivalence ratio leads to a higher 
outlet gas temperature and a higher ash content. 

Equivalence ratio 
	 Equivalence ratio 

Fig. 7. Amount of char collected at 	Fig. 8. Ash content in char. 
the cyclone bottom. 
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Differences from earlier experiments 
The modifications that were made between earlier experiments  (Fredriksson  and 
Kjellström, 1996) and these experiments have improved the cyclone performance. The 
variations in the fuel mass flow has been decreased from about ±100% down to 
maximum of ±20% of the average fuel mass flow. This had a positive effect on the 
stability of the gasification and second stage combustion. The particle residence time in 
the cyclone was increased. It also became possible to run the cyclone at stable conditions 
with air or steam as injection medium at temperatures down to 800°C. The lengthened 
cyclone outlet pipe increased the ash content in the separated char with approximately 
30%. The amount of separated char for a given fuel input was unaffected by this 
modification. The most noticeable effect on cyclone performance was achieved by 
increasing the cyclone inlet velocity from 5-10  m/s  to 15-30m/s. This almost doubled the 
ash content in the char. The char separation increased with 50-100%. 

Comparison between predictions and experimental results 
Figures 1 and 9 to 11 show comparisons between the predictions with the equilibrium 
model and the experimental results. The general impression is that the quantitative 
agreement is poor at low equiavalence ratios but improves as the equivalence ratio 
approaches 0.35. Figure 1, illustrating the predicted adiabatic temperature and the 
measured temperature at the cyclone outlet, shows that the measured temperature is 
between 100-200°C higher than that predicted, as long as the equivalence ratio is below 
0.35. The temperature that has been measured is not increasing as much as the predicted 
temperature and consequently it is lower than calculated at higher equivalence ratios than 
approximately 0.35. Similar results have been reported by Kaliner et al.(1994). Fig 9 to 
Fig. 11 shows the measured gas composition relative to the predicted amount plotted vs 
equivalence ratio. This relation is unity when the measured gas component corresponds to 
the predicted concentration of the component which is calculated at the measured 
temperature. A general observation is that the measured concentrations of CO and CO2 
correspond better to predicted composition at higher stoichiometric ratios. This is not the 
case for CH4 as it does not decrease as predicted at higher stoichiometric ratios. Further, 
the experimental composition of CO2 and CH4 are higher than predicted while measured 
CO is lower than predicted. When fuel 2 is used the agreement between measurements 
and theoretical predictions are poorer in the case of CO. 
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equivalence ratio. The scale on the  
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Discussion 
The comparisons between predictions and measurements show that equlibrium 
calculations do not predict the resulting gas temperature and gas composition from the 
cyclone gasifier. 

Measurement errors can of course not be excluded as an explanation. Those errors are 
believed to be small for the gas composition since the meters were calibrated daily and the 
scatter of the data is relatively small. Effects of radiation on the measured gas temperature 
at the cyclone outlet can however not be neglected. A radiation shield was used to 
minimise this effect. Tests with a sucking pyrometer show that the measured temperature 
with the shielded thermocouple is influenced by the wall temperature. Generally the 
radiation shielded thermocouple is overestimating the gas temperature 20-30°C during 
these experiments. This is because the wall temperature at the outlet is higher than the gas 
temperature. The deviation between measured and predicted temperature is generally 
much larger, i.e. 100-150°C, which means that the radiation effect can not explain it. 

Another possible explanation for the deviation of the temperature is the effect of fuel flow 
fluctuations. In previous experiments  (Fredriksson  and Kjellström, 1996) these amounted 
to ±100%. After modifications to the feeding system they were reduced to below ±20%. 
The fluctuation frequency is about 1 Hz. If the steep predicted temperature raise above 
equivalence ratio 0.25 is considered, it is possible to see that a small change in 
equivalence ratio will have a large effect on the adiabatic temperature. In practice the 
equivalence ratio will vary around an average value due to the fluctuations in fuel mass 
flow. The unlinearity of the variation of the equilibrium temperature with equivalence 
ratio will lead to an average temperature which is higher than the temperature predicted for 
the average equivalence ratio. This explanation for the deviation between predictions and 
observations is not relevant when the instantaneous equivalence ratio is always below 
0.3. Since this is the case for the experiments at low equivalence ratio with the improved 
feeding system used in the experiments reported here, other explanations for the deviation 
must be sought. 

Reed et al.(1988) has presented a model for biomass gasification which may explain the 
observed deviations between the experimental results and predictions. The gasification 
process is in this model going through different reaction stages. The first stage starts 
when the wood powder enters the hot cyclone. Flaming pyrolysis will start with release 
of volatiles. The volatilised hydrocarbons will react with oxygen to form CO2 and H20, 
at high local temperatures. The remaining char particles will then react with CO2, H20 
and CH4 to form CO and H2 through endothermic reactions which will lower the gas 
temperature. This char reduction stage is diffusion controlled and much slower than 
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earlier pyrolysis and combustion stages and with a limited residence time in the cyclone 
the char will not be completely consumed. The residence time in the cyclone used in the 
experiments reported here can be estimated to between 0.5 - 1 s if a plug-flow model of 
the cyclone is used as proposed by  Lede  et al. (1989). Kinetic studies on gasification of 
wood char particles (Wang and Kinoshita, 1992; Wang and Kinoshita, 1993) suggest that 
it takes more than 5 seconds for the reactions to reach chemical equilibrium. This means 
that the reactions do not have sufficient time to reach equilibrium. The resulting 
temperature will consequently be higher than predicted just as observed in Fig. 2. That all 
the solid carbon is not gasified is obvious from the fact that 3-8% of input fuel with a 
fairly high carbon content is separated, see Fig. 10 and  Il.)  

The sudden increase in calculated temperature at an equivalence ratio around 0.30 is 
mainly due to the combustion of solid carbon and methane. In these experiments the 
concentration of methane does not diminish like the predicted concentration. This can be 
the reason why the measured gas temperature does not increase as predicted for 
equivalence ratios above 0.35. 

From the gasification model mentioned above it follows that the limited residence time in 
the cyclone will result in a higher concentration of CO2, H20 and CH4 and a lower  CO-
and  H2 concentration than predicted. This is confirmed by the experimental results in Fig. 
9 to Fig. 11. A parameter that seems to influence the resulting gas composition is the char 
conversion efficiency. Depending on fuel properties, wall temperature and residence time 
in the cyclone the amount of char that is gasified in the cyclone after pyrolysis will differ. 
The solid carbon will in the char reduce CO2 to CO through the Boudouard reaction 
C+CO2 <=> CO and reduce H20 through the carbon-steam reaction C+H20 <=>C0+H2. 
A higher char conversion will increase the concentration of carbon monoxide and 
hydrogen and consequently reduce the amount of carbon dioxide and water. The char 
conversion is the share of char that is converted into gaseous products. Since the amount 
of particles in the gas is small, the char conversion can be estimated by examination of the 
char collected in the cyclone bottom. Figure 7 shows the amount of char collected at the 
cyclone bottom and Fig. 12 the fraction of the char, remaining after pyrolysis, that has 
been gasified. The char conversion is clearly better when only air is used as injection 
medium compared to air/steam injected experiments. The lower conversion efficiency 
with steam injection is probably caused by the lower wall temperature when steam is 
used. A different fuel does not seem to have a significant influence on the char 
conversion. 

As mentioned before, comparisons between measured and predicted gas concentration are 
based on predictions for equilibrium at the measured gas temperature. It can be seen from 
Fig. 10 that the agreement is poor for CO2 at low equivalence ratios when air is used as 
injection medium but quite good when steam is used. Under gasification conditions the 
added H20 is participating in the reactions and is not just a diluent (Reed, 1981). 
Generally the presence of steam will increase the rate of reactions as H2O will disintegrate 
to form OH-radicals which are important in gasification reactions. Kojima et al.(1993) 
has shown that the reaction rate constant for the carbon-steam reaction C+H20<=>C0+H2 
increases with increasing H20 partial pressure. The added steam will therefore speed up 
the gasification reactions and the resulting composition will be closer to equilibrium. The 
effect is not however visible for CO and CH4. 

Note 1: Unburnt particles have also been collected at the cyclone outlet, the amount of unseparated 
particles is estimated to 1500  ppm-v or 0.001%-m of fuel input. Carry over of particles does apparently 
not contribute much to the amount of char that is not gasified. 
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The influence of char conversion on the CH4 concentration is not clear. More available 
carbon will probably produce more methane by the hydrogasification reaction 
C+2H2 4=>CH4. This reaction is suppressed by the presence of the carbon-steam reaction 
(Reed, 1981). Most of the methane is instead likely to form during the first 
devolatilisation stage . Freshly volatilised char is highly reactive and will form methane at 
a high rate which is enhanced by rapid heating. When steam is injected the heating rate of 
the incoming wood particles will be lower with a resulting lower methane formation. This 
can also be observed in Fig. 6. 

When fuel 2 is used with air/steam as injection media, the amounts of CO and CH4 are 
lower than with fuel 1. The CO2 concentration is slightly higher. Following the reasoning 
above this should be a consequence of less char conversion in the cyclone. The possibly 
inferior carbon consumption with test fuel 2 can not be confirmed by Fig. 12 where an 
approximation of the char conversion has been made. This estimation is on the other hand 
not sufficient to draw any final conclusion. It is clear though that the fuel properties have 
an influence on the gasification and separation. A fuel with larger particles will follow a 
path closer to the wall which will increase their residence time in the cyclone and 
subsequently increase their char conversion. A higher ash content seems to have the same 
effect. Another parameter of importance is the wall temperature which can be expected to 
influence the reaction rates in the cyclone. This is of special interest in the upper part of 
the cyclone where the gas actually forms through the volatilisation of the incoming wood 
powder. 

The modifications that have been made to increase the residence time in the cyclone 
effected the gas temperature but do not seem to change the resulting gas composition. 
Similar experiments made by Cousins and Robinson (1985) show gas concentrations 
with the same trends as the equivalence ratio is increased. The level of the concentrations 
in their work are slightly different with higher content of CO2 and lower concentration of 
CO and CH4. This is partly caused by the higher range of equivalence ratio at which the 
experiments are conducted. Larger particles and higher moisture content also has 
probably an effect. 

It appears that the char conversion efficiency is of importance for the gasification and 
separation of particles in a cyclone gasifier. The char conversion is dependent on 
residence time, wall temperature and fuel properties such as particle size distribution and 
ash content. For modelling of the effects of fuel properties and operating conditions on 
the performance of a cyclone gasifier it seems necessary to make a much more detailed 
analysis including modelling of the particle flow and the kinetics of pyrolysis and 
reduction reactions. 
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