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1. Introduction

With the pending energy crisis, there is a need to 
fi nd alternative sources of fuel to provide energy, and 
renewable biomass sources are clearly benefi cial from 
an environmental perspective. When using sources of 
biomass as a fuel, because biomass is bulky, transportation 
costs and their environmental impact favour local 
processing of the fuel to produce energy. Distributed 
sources of energy generation are also advantageous to 
reduce power losses in transmission lines. Hence there is 
a market to develop a wider range of gasifi cation units, 
ranging in size, for example, from 50kWe up to 6MWe.

Discussions on the choice of technology to convert 
biomass into energy feature in a number of publications 
[1, 2], and the relative merits of pyrolysis, gasifi cation and 
combustion are compared. In this paper, it was stated that 
the process of gasifi cation, in a down-draft gasifi er, was of 
special interest.

Although the general principles of biomass 
gasifi cation are broadly understood, at a larger scale of 
operation (> 0.5MWe), there is still a lack of confi dence 
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Summary

It is crucial to increase the level of understanding of some of the processes that occur in a biomass gasifi er to advance the 
gasifi cation technology. This was seen as a key requirement, as in many experimental and pilot-scale studies this aspect was 
missing, and in private discussions with a few investigators (from two diff erent companies), this led to many questions about 
what was actually going on inside the unit, as this was not adequately explained in the literature that they had. In this study, 
an experimental system was designed, in which a visual section enabled observations of the gasifi cation process to be made at 
a well-controlled location read. Gasifi cation experiments were performed in a small scale, 21mm i.d. quartz tube gasifi er. The 
biomass consisted of wood pellets (cylindrical, 13mm length x 5mm diameter), and this was packed to a height of 400mm in 
the tube. The air was fed into the top of the tube under a slight positive pressure of 0.1bar (g) and the fl ow was varied from 1 to 
5 litre/minute (STP). The position and height of the red-hot zone inside the quartz tube could be observed, and the composition 
of the resulting gas measured. Depending on the air fl owrate, the hot zone may move upwards or downwards. This important 
visual observation provides useful insight into what is occurring inside the gasifi er, and the complexity and roles of the various 
reaction zones in a downdraft gasifi er.
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in the translation of the basic scientifi c concepts into 
a fi nancially viable operation that satisfi es current 
regulatory requirements. This lack of understanding 
is evident from discussions with companies that are 
active in this fi eld, and from discussions with companies 
that supply peripheral equipment who also highlight 
diffi  culties that their customers encounter.

The literature on the subject of gasifi cation is 
extensive, with many books, papers and patents on the 
topic. To a newcomer into the fi eld, a very useful reference 
with contributions from many experts is the book edited 
by Knoef [3], where the technologies and progress of 
many demonstration projects in Europe are described.

In this paper, the authors focus on the operation of 
a downdraft gasifi er and start with a brief description 
of the main drying and reaction zones. Descriptions of 
such regions can be found in the literature. For examples, 
Dogru et al. [4] described their experimental 5kWe gasifi er 
consisting of 4 distinct regions:

- Drying (70 to 100ºC): height approximately 100mm.

- Pyrolysis (350 to 500ºC): height approximately 
170mm.
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- Oxidation (1,000 to 1,200ºC): height 
approximately 120mm.

- Reduction zones (gases leave this zone 
from 200 to 300ºC).

In that particular design of test gasifi er, 
there was clearly an axial temperature profi le 
in the gasifi er, and the regions as indicated in 
the paper had a signifi cant depth. Biomass 
consumption rates varied from 1.73 to 5.4kg/
hour (optimum was 4.02kg/hour), and the 
diameter of the drying zone was 305mm which 
tapered through the pyrolysis zone, reaching 
a diameter of 450mm in the oxidation zone. 
This was then reduced to a throat diameter 
above the reduction zone of 135mm.

In a study of Sheth and Babu [5], 4 
zones were also identifi ed. The biomass 
consumption rates varied from 1 to 3.6kg/
hour. The diameter of the pyrolysis zone was 
310mm, and that of the reduction zone was 
150mm. The experiments were performed at 
equivalence ratios that varied from 0.167 to 
0.355, and these aff ected the temperatures in 
the respective zones. For example:

- Drying.

- Pyrolysis (260 to 550ºC): height 
depends on biomass loading.

- Oxidation (900 to 1,050ºC): height 
approximately 53mm.

- Reduction zones: height approximately 
100mm.

The highest temperatures in the pyrolysis 
and oxidation zones corresponded to an 
equivalence ratio of 0.205.

Even by looking at these last two studies, 
it is clear that although there are similarities 
in the design, there are big diff erences in the 
internal geometry and aspect ratios for a fi xed 
fl ow of biomass, and the reported height of 
the various zones.

Much of the literature on gasifi ers, and 
including descriptions in Earp [6], Evans [7], 
Milligan [8], Knoef [3], Sheth and Babu [5] and 
Dogru et al. [4], tends to provide explanations 
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Figure 1. Quartz-tube gasifi cation apparatus (a) outline schematic, (b) magnifi ed view of the tube loaded 

for one of the experiments

Figure 2. Outline schematic of gas clean-up prior to analysis

in which the results are portrayed looking at the bed from a one-
dimensional (1D) perspective. As described in the literature review in 
Tinaut et al. [9], this is also evident in many modelling studies, and 
occasionally 2D models are encountered. However, in reality, the 
situation is far more complex. For example, the way in which the air is 
added will result in oxidation regions that correspond to the direction 
and shape of the expanding air jets, and this in turn will impact on 
the movement of the bed as biomass and char are consumed. A true 
representation of such a bed would require a three-dimensional (3D) 
consideration, and this would add complexity. This consideration 
is something that stimulated the work in this thesis, which tries to 
understand what is happening from a 1D perspective, which would 
help to interpret the 3D situation.

To help answer the questions raised, it was essential that the 
experimental gasifi er had a visual section. Also, a decision was taken 
to keep the diameter of the test gasifi er small, so that the associated 
experimental apparatus did not become too bulky, hampering 
progress. Therefore, in this paper, the decision was made to work with 
a 21mm i.d. quartz-tube, providing the key requirement of enabling 

 (a)  (b)
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visual observations to be made. In working with a small 
diameter gasifi er, it was accepted right from the start that 
a compromise was being made on geometric aspects, 
but scale-down or scale-up was never the intention 
in this experimental unit. This decision turned out to 
be fortuitous, as it enabled a study to be made of the 
reacting zones where a 1D representation was closer to 
conditions in this experimental reactor, and this facilitated 
the explanation of phenomena occurring to match 
observations and measurements when a 3D environment 
exists.

2. Experimental equipment

The apparatus is illustrated in Figure 1 and consists of 
the following key features:

- The gasifi cation experiments were performed in 
a 21mm i.d. quartz-tube (wall thickness 1mm), that was 
approximately 1m long. 

- At the top of the tube was a rubber bung, which 
provided some explosion relief. Through the bung, air was 
introduced into the reactor.

- The bottom of the quartz tube sat on a machined 
grove in a stainless steel bracket, and this was sealed with 
a gasket sealant (premium copper silicone). At the base of 
this bracket, a stainless tube was welded, and this bracket 
acted as the glass to metal joint.

- The base of the tube was positioned in a cylindrical, 
electrically heated furnace, whose temperature could be 
adjusted.

- In general, only the top section of the quartz tube 
(above the furnace) was fi lled with biomass pellets. The 
lower half contained an inert stainless steel support (to 
support the biomass), or it contained charcoal.

- The fl ow of air was measured with a rotameter, 
which had been calibrated. The air supply pressure at the 
top of the quartz tube was about 0.1bar (g).

- From the base of the test section, the gas fl owed 
through a cooler, and condensate was trapped in the fi rst 

plastic vessel (Figure 2). The gas then passed through a 
cooling coil, where more of the liquid condensed. The 
gas was passed through a glass wool fi lter and then 
discharged into the vent from the fume cupboard.

- A clear safety screen was positioned in front of the 
quartz tube, and the entire apparatus was mounted inside 
a walk-in fume cupboard.

- After the glass wool fi lter, samples of gas were 
drawn from the exhaust line, and the composition of the 
dry gas was analysed using gas chromatography.

Start-up: To initiate the reactions inside the quartz 
tube, the external surface of the quartz tube was heated 
at a specifi c location with a blow torch, as illustrated in 
Figure 1b. Air was then added and oxidation reactions 
were initiated inside the tube. The external fl ame was then 
extinguished. The vigour, position, and height of the red-
hot zone inside the quartz tube could be observed, and 
the composition of the resulting gas was also measured. 

3. Experimental measurements

3.1. Properties of the wood pellets used

Commercially produced wood pellets were used 
in these experiments, and their key properties are 
summarised in Table 1. A picture of the sample used is 
presented in Figure 3.

Moisture Volatiles Fixed carbon Ash 
7.4wt.% 72.6wt.%  18.8wt.%  1.3wt.% 

Figure 3. Photograph of the wood pellets used in the experiments

All pellets are cylindrical in shape (supplied by Treenergy Ltd, Monmouth) 
Absolute density 

(kg/m3) 
Bulk density 

(kg/m3) 
Wet pellets: 5mm diameter x 17.3mm 1,170 510 
Dried pellets: 1,000 502 
Pellets reduced to char: 3.9mm diameter x 9.9mm 670 365 

Table 1. Properties of the wood pellets (as measured) with proximate analysis
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3.2. Wood pellet gasifi cation

Experiments were performed with the tube fi lled with 
wood pellets (5mm diameter, and 13mm long), to a depth 
of about 400mm. These were slightly shorter than the 
pellets described in Table 1. The biomass was supported 
on a stainless steel support, and the furnace was set at a 
temperature of 750ºC. 

The results of the fi rst set of experiments, in which 
reactions were initiated in the middle of the biomass 
zone, and without any insulation around the quartz tube, 
are presented in Figure 4. From these results, the following 
observations are made:

Gas composition:

- There is a signifi cant amount of scatter in the data 
- probably caused by the unstable nature of the reactions 
that are taking place in the hot zone.

- The concentrations of CO and H2 are small due to 
the fact that without any insulation around the quartz 
tube, a signifi cant amount of heat was lost from the 
hot zone (mainly by radiation). Hence, this aff ected the 
composition of the gas produced, and this gas was not 
combustible.

- As the air fl ow is increased, there is a slight increase in 
the concentrations of CO and H2, while the concentrations 
of CH4 and CO2 decrease. This is because with an increase 
of the air fl ow, more heat would be generated in the 
combustion zone, enhancing endothermic reactions, 
which produce more CO and H2, in the gasifi cation zone. 
However, when air fl ow reaches a certain point where 
the combustion becomes dominant, more CO2 would be 
generated, leading to a decrease in the concentration of 
CO and H2 in the gas produced.

- The gas compositions produced from experiments 
with and without insulation around the quartz tube were 
very diff erent, due to an important role of the insulation 
layer on the quality of the gas.

3.3. Movement of hot zone

Because a quartz-tube was used, this enabled a visual 
observation to be made of the movement of the hot 
combustion zone, and this shows some very interesting 
features which are summarised in Figure 5.

At an air fl ow from 1 to 3.5 litre/minute: in this 
region, the hot zone moved upwards, as illustrated in the 
photograph of the quart-tube in Figure 6. As the hot zone 
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Figure 5. The movement of combustion zone as a function of air fl ow (experiment lasted 

about 30 minutes and the movement was measured over a 10-minute period)
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moved, the pellets were reduced in size and had the appearance of 
char.

At an air fl ow of 4 litre/minute: the hot zone started to move 
downwards (Figure 7). As it moved, it consumed the char, turning 
it to ash.

At an air fl ow of 5 litre/minute: the hot zone moved downwards 
in a rapid manner.

In work by Hsi et al. [10], the movement of the combustion zone 
in the direction of the point of air supply was described in a down-
draft experimental gasifi er (200mm i.d. and 1,000mm height). An 
igniter was located 130mm above the grate and the air inlet was 
530mm above the grate. On ignition of the bed, the fl ame front was 
found to propagate upwards to the location of the air inlets. This is 
consistent with the fi ndings in Figure 7, where at relatively low air 
fl ows the combustion zone moves in the direction of the air supply. 
However, at very high fl ows, the direction changes - this aspect was 
not recognised in Hsi et al. [10].

In other studies, both Earp [6] and Evans [7] used a transparent 
quartz reactor (50mm i.d.) in attempts to measure the heights of 

reaction zones in an open-core (stratifi ed) down-
draft gasifi er. Earp [6] employed pine and ramin 
(nominal size: 2.6 - 6.35mm), whereas Evans [7] 
used a variety of feed stocks (e.g. wooden beads 
and chips of diff erent sizes) with the average 
feed rate of 1.27kg/hour. They both found that 
the movement of the fl ames (combustion zone) 
varied with the mode of operation, depending 
on the relative rates of char production by 
pyrolysis and char consumption by gasifi cation. 
There were 3 modes, namely:

- Stable operation: there was no net 
production of char in the gasifi er, leading to a 
stationary combustion zone observed;

- Char consumption (gasifi cation) 
dominant operation: there was a net 
consumption of char in the gasifi er, making a 
downward movement of the combustion zone;

- Pyrolysis dominant operation: there was a 
net production of char in the gasifi er, resulting in 
an upward movement of the combustion zone.

Both authors concluded that the mode of 
operation is altered by varying the air to feed 
ratio in the gasifi er. They explained the rise of 
the combustion zone as a result of greater heat 
loss in the pyrolysis dominant mode due to the 
increase of the char bed height. This led to less 
energy passed on to the gasifi cation zone, and 
hence less char conversion [7]. Therefore, they 
both found that during pyrolysis dominant 
operation, there was a higher air requirement 
(or higher air to feed ratio) compared with stable 
operation.

However, using the same experimental 
apparatus, Milligan [8] proved that the mode 
of operation did not depend on the air to feed 
ratio, but on the superfi cial gas velocity within 
the gasifi er. In other words, it relied on the air 
feeding fl ow rate. Milligan [8] used wood chips 
(nominal size: 4.75 - 12.7mm) with a feed rate 
of up to approximately 2.2kg/hour, and showed 
that even greater heat loss was experienced in 
the pyrolysis dominant mode, the sum of energy 
lost and the sensible heat of the products was 
approximately constant at 28% for all operation 
modes.

Figure 6. Hot combustion zone moving upwards

Figure 7. Hot combustion zone moving downwards
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By calculating the pyrolysis and gasifi cation 
propagation velocities for stable, pyrolysis dominant and 
gasifi cation dominant operation, Milligan [8] showed that 
the rate of char production by pyrolysis was approximately 
the same for stable (96.7cm/hour) and pyrolysis dominant 
operation (99.7cm/hour), but was very much reduced for 
gasifi cation dominant operation (37.2cm/hour). The rate of 
char consumption by gasifi cation increased from pyrolysis 
to stable, to gasifi cation dominant operation. Therefore, 
a rising combustion zone was a result of decreased char 
gasifi cation, while a falling combustion zone was a result 
of decreased char production by pyrolysis and increased 
char consumption by gasifi cation.

Milligan [8] fi nally concluded that during the 
gasifi cation dominant operation, the decrease in velocity 
of pyrolysis propagation might be explained by the forced 
convection of heat away from the combustion zone 
as the air fl ow into the gasifi er was increased, leading 
to a convective cooling eff ect in the pyrolysis zone. He 
added that as the fl ame was pulled downwards further 
into the gasifi cation zone, the heat fl ow into this zone 
was enhanced (i.e. forced convection), resulting in an 
increase in the rate of char gasifi cation. Hence, the rate 
of char gasifi cation became increasingly dominant when 
the superfi cial velocity of gases through the reactor was 
increased (due to the increase of the air fl ow into the 
reactor).

The fi ndings of Milligan [8] are almost consistent 
with the results gained in this study. For example, during 
what was as a stable operation, the movement of the 
combustion zone was -2.81cm/hour, at 49.5 litre/minute 
of air feed [8]. If this air fl ow was scaled-down to the 21mm 
i.d. quartz-tube, this would correspond to an air fl ow of 
3.9 litre/minute. From Figure 5, at an air fl ow of 4.0 litre/
minute, this would suggest a movement of the hot zone 
of -3.6cm/hour, which provides a close match.

Nevertheless, all three authors (Earp [6]; Evans [7]; and 
Milligan [8]) did not report the variation in the height of 
the combustion zone, which was discovered in this work, 
varying with either the air feed rate or the superfi cial gas 
velocity. 

3.4. Height of hot zone 

It was also interesting to observe that as the air fl ow 
was increased, the height of the hot zone also increased 
(Figures 6 - 8), and this can also be seen in the photographs 
in Figures 6 and 7.
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Figure 8. The height of the red hot zone as a function of air fl ow

From Figure 8, an indication is obtained of the height 
of the red-hot zone. For the range of conditions tested, 
this appears to vary with air fl ow in a linear manner. This 
zone is also relatively short, and this can be supported 
by interpreting some of the results in Tinaut et al. [9]. 
They studied an inverted fi xed bed down-draft gasifi er 
(50mm i.d.), in which the bed was ignited at the top, and 
air was supplied upwards from the base. This resulted in 
the hot zone moving downwards. Thermocouples were 
positioned at 30mm intervals, and one of the temperature 
plots (with air fl ow 12 litre/minute) provides a clue as to 

Figure 9. Superfi cial air velocity as a function of temperature at an air fl ow 

of 3 litre/minute

Figure 10. Superfi cial air velocity as a function of air fl ow at a temperature of 500°C
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the length of the hot zone, which would be about 30mm. 
If their air fl ow was scaled-down to the 21mm i.d. quartz-
tube, this would correspond to an air fl ow of 2.1 litre/
minute. From Figure 8, this would suggest a hot zone of 
20mm, which, considering that the quartz tube is not 
insulated, provides a close match.

3.5. Superfi cial gas velocity 

What is also interesting to note, is how the superfi cial 
velocity may vary in these experiments. As an illustration, 
at a fi xed air fl ow of 3 litre/minute, the superfi cial velocity 
of air was calculated at a range of temperatures, and 
is illustrated in Figure 9. Then the superfi cial velocity is 
calculated at a fi xed temperature of 500ºC, and over a 
range of air fl owrates (Figure 10).

4. Experience gained from the gasifi cation experiment

In this section, a number of important practical aspects 
are discussed, which also have links and implications on 
the performance of a pilot-scale gasifi er.

4.1. Risk of tube fracture

The 21mm i.d quartz-tube lost heat quickly, so it 
was covered with an insulating sleeve (which was briefl y 
lifted for visual observations). This in turn, under certain 
operating conditions, led to very high temperatures in 
the hot zone (e.g. 1,084ºC), and thermal stresses led to 
tube fracture. Care needs to be taken to ensure that in the 
event of the glass tube shattering, operatives would not 
be injured. This means that such high temperatures may 
also exist at local points in a pilot-scale gasifi er - this aspect 
had not been fully appreciated by the two companies 
which remained in contact with this research project.

4.2. Biomass sticking on walls

As the reactions proceed in the hot zone and biomass is 
consumed, there should be a general downward movement 
of biomass in the tube. However, because of tarry material 
that is produced, this may coat the walls of the tube, the 
biomass may stick to the walls and not fall downwards into 
the void that has been created. Some form of vibration on 
the walls of the glass tube can help to keep the biomass 
moving. In any development of this experimental concept, 
it may be better to have a device inside the tube to keep 
the biomass moving downwards. These problems also exist 
in pilot-scale gasifi ers, where “bridging” can occur between 
neighbouring particles, and the biomass may also adhere 
to the walls of the gasifi er [11].

4.3. Slagging

If very high temperatures are reached, the ash 
may melt and cause a slag to form which restricts the 
performance of the experimental tube. In that case, the 
experiment was stopped, the equipment had to cool 
down, then the slag was removed. These problems also 
exist in pilot-scale gasifi ers, and the melting point of the 
ash depends on the chemical composition of the biomass 
fed into the gasifi er. 

4.4. Tar formation

This was formed during the gasifi cation experiments 
and was very visible in the lines and fi lters. To prevent an 
excessive build-up of pressure in the lines, they had to be 
cleaned frequently.

These problems also exist in pilot-scale gasifi ers. 
However, attempts to remove the tar by cooling and water 
scrubbing create a waste water effl  uent stream, high in 
phenols [11].

4.5. Condensate formation

As the gas was cooled at the end of the quartz-tube, 
condensate was collected, and this contained mainly water 
and hydrocarbons. Some of the hydrocarbons formed a 
tarry layer, while others discoloured the water and formed 
an emulsion. These condensates looked dirty and smelt. 
These problems also exist in pilot-scale gasifi ers, and the 
treatment of the waste water formed involves a number of 
steps, and is seen to be a costly activity.

According to Knoef [3], it may be possible to (a) avoid 
condensate being formed by keeping the temperature 
above the dew point up to the point of gas use, (b) clean 
the condensate, or (c) scrub with oil and subsequently 
recycle the tar back into the gasifer.

4.6. Gas quality

Depending on the operating conditions, the quality 
of the gas varied. This will also occur in the pilot-scale 
gasifi er. Although gas analysis is an expensive activity, it 
is essential if the links between cause and eff ect are to be 
properly understood on a pilot-plant [11 - 13].

4.7. Char formation

During the experiments in the quartz-tube, char was 
formed and remained in the gasifi cation tube. This char 
contains carbon, which could be reacted with H2O and CO2 
to produce useful gas. However, in the experimental set-
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up, once the hot zone has moved and left the char, it cools 
and remains in the tube (until it is physically removed). 

In a pilot-scale gasifi er, char is also formed and 
withdrawn from the base of the gasifi er. The appearance 
of such char was very similar to that observed in the 
quartz-tube gasifi er, and it contained 25.57wt.% volatiles, 
71.03wt.% fi xed carbon, and 3.4wt.% ash in dry basis. If 
such biomass-to-energy processes are to become viable, 
then more of the carbon in this char needs to be converted 
into useful gas [14].

5. Conclusion

At the start of the experimental work, it was accepted 
that this small 21mm i.d. quartz-tube gasifi er was 
not a scaled-down version of an operational gasifi er. 
Nevertheless, this experimental apparatus has provided 
some very useful insights into the processes occurring 
inside the gasifi er on issues, such as: gas composition and 
variations with air fl ow, direction of movement of the hot 
zone, peak temperatures in this zone, and depth of the hot 
zone, formation of char, and the role that carbon may play 
in the reduction zone.

Depending on the air fl owrate, the hot zone may 
move upwards or downwards, and this has important 
implications for the way in which these zones can be 
visualised in a full-scale gasifi er.
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