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reactor bed, so that the heat released by combustion 

increased the temperature to that which was required in the 

gasification tests, ie. 600-800 QC. The duration of the 

warm-up period depended upon the depth of the reactor sand 

bed (5-20 cm), from 1/2 hour to over 2 hours. 

When continuous fuel feeding had been established 

and the desired reaction temperature was obtained, the hot 

air from the preheater section was altogether removed, by 

diverting the air around the preheat bed directly into the 

plenum chamber below the reactor bed. If further removal 

of heat was required to regulate the reactor bed 

temperature, this was done by removing small sections of 

the insulation around the fluidised bed reactor. This kept the 

operating temperature to within the required limits under investigation. 

The samples needed for evaluating gas concentration along the bed 

required various sample probes. The sample probes were at 2 cm, 8 cm, 

14 cm, 24 cm and 40 cm above the distributor plate as shown in Figure 

3 .l(b) . These represented the bottom, top and freeboard area of the 

fluidised bed reactor. The syringes used to withdraw the gas samples 

were fitted with extra long stainless steel capillaries to enable a gas 

sample to be taken from the centre of the bed. The results from these 

sample probes enabled the bed gas concentration profiles to be 
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produced. In other tests, gas samples were extracted 

directly from the gasifier bed at several positions, above 

the distributor, in the reactor bed and also from the 

freeboard. This gave an overall picture of the gas profile 

along the length of the reactor bed. Gas samples were 

sucked through stainless steel capillaries (lmm i/d, 200mm 

long) by syringes (capacity 60ml), which were capped under 

positive pressure and set aside for analysis by gas 

chromatography at a later time. The use of thin walled 

stainless steel capillary tubing in the probe design 

permitted gas quenching before entering the syringe by 

convection currents of air. A small overlapping sleeve at 

the end of the probe contained silica fibres which acted as 

a filter preventing small char or ash particles from 

entering the capillary causing blockage. 

On successful completion of an experimental run, 

the fuel feed was stopped and the reactor was purged with a 

nitrogen flow. To aid rapid cooling, sections of the 

kaowool insulation were removed. Flushing with nitrogen 

stopped carbon combustion occuring in the bed so that an 

examination of the contents of the reactor bed sand would 

reveal the char loading at the moment when air was replaced 

by nitrogen, assuming that elutriation during cooling was 

negligible. With woodchips there was negligible char 



- 102 -

accumulation, it was therefore not necessary to purge every 

experimental run with nitrogen. 

Gas samples taken during experimental runs were 

analysed using gas chromatography of both thermal 

conductivity and f.i.d. types. In the case of analysis for 

inorganics, lml samples were introduced into the tube 

columns of the Pye series 204 chromatograph. The column 

packing and other details are shown in the table below : 

COLUMN 1 COLUMN 2 

Packing Molecular sieve SA Silica Gel 
60 - 80 Mesh 60 - 80 Mesh 

Temperature 105 ° C 105 °c 

Carrier gas Argon Argon 

Column length 2.44 metres 2.44 metres 

The concentrations of hydrogen, oxygen, nitrogen and 

carbon-monoxide were found using the molecular sieve with 

carbon-dioxide found using the silica gel column, both 

using a thermal conductivity type detector. 

The hydrocarbon components of the product gas 

mixture were found by analysis on a pye Model R 

chromatograph with a sampling loop and pneumatically 

operated sampling valve giving extremely good repeatability 

of sample volumes. The chromatographic details are shown 

in the table below 



Column Packing 

Oven Temperature 

Column Length 

Carrier Gas 
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n-octane on paracil C support 
80 - 100 Mesh 

2.44 metres 

nitrogen 

The elution sequence of the hydrocarbons studied was as 

follows : 

The calibrations of the gas chromatographs were performed 

using standard gases supplied in 4 litre cans by Phase 

separations and were accurate to ± 5% of the stated values. 
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3.4 DISCUSSION OF EXPERIMENTAL RESULTS 

3.4.1 Introduction 

The reactor rig described earlier in the chapter 

was employed to investigate the experimental pyrolysis and 

gasification of woodchips. The conditions of operation and 

the composition of the woodchips are shown in Table 3.1. 

TABLE 3·1 

OPERATING PARAMETER VALUE 

carbon 47.9°/0 
hydrogen 6.0°10 

Fuel composition by weight 
oxygen 33-0% 
nitrogen 1'7°io 
a~h 0.4°/0 
moisture 11 {)C/o 

Fuel calorific value (gross) 19·11 MJ/Kg 

Stoichiometric fu~l feedrate 
(15 C) 16 Q/min 

Bed sand particle size dp = 0·53 mm 

Approximate minimum 
Umt = 0'083 m/s fluidising velocity 

FlUdising air velocity 0·0716 mls (15°C) 

(15°C) (}25 mls (7S00C) 

(-3 x Umt ) 
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The principal aims of the experimental tests on woodchips 

were as follows : 

1. To determine the quality and composition of the 

product fuel gas. 

2. To quantify the calorific output and the process 

efficiency. 

3. To assess the loss to the the process through the 

elutriation of combustible fines. 

4. To observe the operating characteristics of the 

fluidised bed while processing woodchips. 

During the experimental tests the fuel/air ratio 

was varied by maintaining the fluidising air at a constant 

flow (approximately 3 times U.f) and varying the feedrate 

of fuel to the reactor. The product gas quality and yield 

were obtained using the following calculation techniques : 

3.4.1.1 Calculation Of Gas Yields 

If the molar input of nitrogen to the product gas 

flow is assumed to be negligible (since it would contribute 

typically less than 0.001% to the flow), then the flow rate 

of dry product gas can be calculated using the following 

equation : 

0.79 
VT = ------ • VA [3.1] 

YN2 
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where YN2 = volume fraction of N2 in the product 
gas from chromatographic analysis 

VA = inlet air flow rate 15 °c 

From the measured concentrations and the computed prduct 

gas flow rate the yield of each combustible component of 

the gas mixture can be calculated using the following 

equation : 

Yx 

where 

yx = 

Yx = 

VT 
= ------- . yx [3.2] 

MF 

fuel feedrate used (KG/min) 

mol. fraction of gas component X 
(dry basis) 

yield of component X (Nm3 /KG) 

3.4.1.2 Calculation Of Calorific Values 

To quantify the heating potential of the fuel 

gases generated from the experimental tests the following 

formula was used 

CV = Sum of (yx Qx ) [3.3] 

where yx = mol fraction (or volume 1\5) of component 
X (hydrogen, oxygen etc. ) in the dry 
product gas. 

Qx = gross or net heating potential of the gas 
component X (MJ/m3

) 

In the cases where the fuel gas is required to be consumed 

hot, for example at close proximity to the reactor, then 

the CV of the gas will be complemented by its sensible 
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heat, hence we get 

cv = Sum of (yxQx) + SH(T) [3.4] 

where SH(T) = sensible heat of the gas including 
moisture (MJ/Nm3

) 

The CV's in this case would be net values since any latent 

heat from steam condensation will not be included. The net 

value of CV for any fuel is probably the more 

representative figure since combustion products inevitably 

leave the combustion zone at elevated temperatures carrying 

with them the latent heat of water (combustion product and 

fuel moisture) together with its sensible heat. 

3.4.1.3 Calculation Of The Efficiencies 

To describe the performance of a gasification 

process the following efficiencies are normally computed 

(SCHILLING et al., 1981) : 

(a) GASIFICATION EFFICIENCY 

This is the ratio of the chemically bound heat in 

the dry product gas to the amount of chemically bound heat 

in the fuel, ie. : 

CV(gaa) 
ne; = . 100 [3.5] 

CV( f u. 1 ) 
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(b) THERMAL EFFICIENCY 

This is the ratio of the amount of useful 

chemically bound and sensible heat in the products obtained 

by gasification to the amount of chemcally bound and 

sensible heat in the fuel and the gasifying medium, ie. 

CY( If a .) + SHe If as) + SHe s tea ID ) 

nT = ----------------------------- 100 [3.6] 
CV ( f u e I) + SHe f u e I) + SHe air) 

where CVCIf •• ) and CVCfUel) are net values. 

This value of efficiency for a hot gas would be more 

correct if the contribution of tar vapours of the total gas 

CV were considered. This is particularly appropriate when 

fuels with high volatile contents are being processed as in 

this work with woodchips. 

3.4.1.4 Calculation Of Mass Balances 

By performing mass balance on material input and 

output from the reactor we can compile an inventory of each 

elemental component of the system. The approach of the 

mass balance calculations to total accountability of 

individual components is called the mass balance efficiency 

and is given by the following equation : 

mia 

nax = ------ . 100 [3.7] 
mo u t 

where X is a component of the mass input, carbon, 
hydrogen, oxygen and ash. 
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3.4.2 Temperature/Time History 

Temperature/time history data were taken, as shown 

in Figures 3.3 to 3.6, to show for typical tests, for 

varying bed depths (5, 10, 15 and 20cm static bed depths), 

how the reactor bed, freeboard and cyclone temperatures 

varied with time. Also shown are the times when gas 

samples were taken, and also indicated is the warming up 

period and the running period. The Figures show that a 

typical test lasts approximately 3 hours, with haly the 

time required for the warming up period. This limits the 

running period since an average of 4 to 5 samples taken 

during the test requires a further 3-4 hours for 

chromatographic analysis. Since it was necessary to 

analyse the product gas on the same day as the test, 

because of the inevitable leakage of the product gas from 

the syringes, the running period was restricted to a 

maximum of 3 hours. 

In the following sections graphical output 

obtained from the experimental tests, to investigate the 

effect of the operating conditions, will be presented and 

discussed. The tabulated results for the quality and 

yields of the product gas can be found in the appropriate 

Appendices. 
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FIGURE 3·3 
Temperature/time history I bed depth = 5cm, 
feedrate = 2·8 x S 
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FIGURE 3·4 

Temperature/time history I bed depth = 10 cm, 
feedrate = 2·9 x S 
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FIGURE 3-5 

Temperature/time history, bed depth = 15 cm, 

feedrate = 2-9 x S 
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FIGURE 3-6 

Temperature/time history, bed depth =20cm, 
feedrate = 2· 6 x S 
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3.4.3 Significance Of Reactor Bed Gas Profiles 

Any discussion of the results regarding the effect 

of the process variables on the quality and quantity of 

producty fuel gas can only benefit from a clear 

understanding of the chemical and physical processes 

occuring in the fluidised bed reactor. It is therefore, 

the object of this section to attempt to describe these 

processes from the experimental results obtained. 

Information regarding the concentration of gaseous 

species at several distances above the distributor plate 

have been obtained in the form of a concentration profile 

through the bed. Samples were extracted by probing the bed 

under several differing conditions of fuel feedrate, in 

conjuction with product gas samples taken at the cyclone 

exit pipe. The results presented here are shown in 

graphical representations in Figures 3.7 to 3.15. The 

corresponding Tables (Tables 1 to 9) are presented in 

APpendix 1. These results also include experiments which 

were conducted to gather information on the effect of bed 

depth on concentration profiles of gaseous species. 

The processes occuring in the bed are chemically 

and physically of a complex nature. Due to the 

fluidisation phenomenon we can say that the bed is made up 

of two phases, bubble and emulsion (or dense phase). Flow 

of gas through the bed exceeding that required to suspend 
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the bed particles takes the form of bubbles which rise from 

the distributor holes, growing in size until they burst at 

the bed surface throwing solids into the freeboard both 

vertically and laterally. The bubble movement, therefore, 

causes solid recirculation within the bed. As the bubble 

rises, gas is interchanged with the surrounding emulsion 

phase where the bulk of the solid-gas reactions take place. 

FIGURE 3·7 : BED PROFILE (RUN 1) 

Bed depth = 10 cm 

Fuel feedrate = 2·0 times stoichiometric 
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FIGURE 3-8 : BED PROFILE (RUN 2) 

Bed depth = 10 cm 

Fuel feed rate = 3-1 times stoichiometric 
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FIGURE 3-9 : BED PROFILE ( RUN 3) 
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FIGURE 3·10 : BED PROFILE (RUN 4) 

Bed depth = 10 cm 

Fuel feedrate = 4·1 times stoichiometric 
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FIGURE 3 ·11 : BED PROFILE (RUN 5) 

Bed depth = 10 cm 

Fuel feedrate = 2·3 times stoichiometric 
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FIGURE 3-12 : BED PROFILE (RUN 6) 

Bed depth = 10 cm 

Fuel feedrate = 3-9 times stoichiometric 
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FIGURE 3-13 : BED PROFILE (RUN 7) 
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FIGURE 3·14 : BED PROFILE (RUN 8) 

Bed depth = 15 cm 

Fuel feed rate = 2·4 times stoichiometric 
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FIGURE l15:BED PROFILE (RUN 9) 
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Fuel feedrate = 3·6 times stoichiometric. 
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When the fuel particles are introduced to the top 

of the freeboard, they fall· against the flow of the hot 

product gases. During this time devolatilisation occurs 

with subsequent pyrolysis of the tars and hydrocarbons. 

The air at the distributor plate forms bubbles which rise 

through the bed constantly being swept out into the dense 

phase. The oxygen is therefore consumed in the combustion 

of the char as it passes through the bed. Figures 3.7 to 

3.13 show clearly that the bulk of the oxygen (> 50%), in 

the air, is consumed in the lower portion of the bed 

leaving the upper portion of the reactor rig relatively 

free of oxygen. It is therefore in this upper region of 

the reactor rig where the initial devolatilisation occurs. 

The combustible volatiles are permitted to escape into the 

upward flow of the product gas. Any combustible volatiles 

retained by the fuel char particles will then be completely 

combusted in the lower oxygen rich region of the bed due to 

the induced recirculation of the solids, or they are 

carried out of the bed in the product stream as elutriated 

solids. 

3.4.3.1 Effect Of Fuel Feedrate On Bed Profiles 

The effect of fuel feedrate on concentration 

profiles of the gaseous species along the length of the 

reactor rig can be better understood if we consider the 

oxygen consumption, carbon-dioxide and carbon-monoxide 
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production at various distances above the distributor 

plate. 

The basic assumptions used to evaluate the 

percentages of these three gases are that at the 

distributor plate there is 100% oxygen available, while at 

the exit there is 0% available. The production of 

carbon-dioxide and carbon-monoxide is assumed to be 0% at 

the distributor plate and 100% at the exit. All the other 

percentages are then evaluated correspondingly as shown in 

Table 3.2. 

Firstly considering the availability of oxygen 

along the length of the reactor rig with respect to fuel 

feedrate, as shown in Figure 3.16. At the distributor 

plate there is 100% of the incoming oxygen available for 

consumption. While at 2cm above the distributor 40-60% of 

the oxygen has been consumed, leaving between 60-40% 

available for consumption. The greater consumption of 

oxygen is associated with lower fuel feedrates. Conversely 

a greater percentage of the oxygen is available at 2cm 

above the distributor with increasing fuel feedrates. At 

8cm above the distributor a similar trend is observed. 

While at 40cm the available oxygen is constant for various 

fuel feedrates, at about 4%. From these observations the 

main conclusion which can be made is that the majority of 

the oxygen is consumed in the lower and middle sections of 
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the bed Cie. 0-2cm and 2-8cm above the distributor plate) . 

Also a greater oxygen consumption is obtained with lower 

fuel feedrates. 

FIGURE 3·16 
0/0 Available oxygen at various distances 
above the distributor with respect to 
fuel feedrate -(bed depth = 10 cm). 
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To explain what is occuring in the lower and 

middle section of the bed we need to consider how this 

oxygen is being consumed or rather what products are being 

formed. Since the main products of oxygen are 

carbon-monoxide and carbon-dioxide, we need to quantify 

these products with respect to the lower and middle section 

of the bed. 

Considering the lower section of the bed (0-2 cm 

above the distributor plate). The production of both 

carbon-monoxide and carbon-dioxide decreases with 

increasing fuel feedrate, as shown in Figures 3.17 and 

3.18. This explains the decrease in oxygen consumption 

with increasing fuel feedrates. From Figure 3.19 the 

CO/C02 ratio decreases with increasing feedrate, therefore 

the production of carbon-dioxide exceeds that of 

carbon-monxide. The reason for this is that since there is 

a greater percentage of oxygen available, the production of 

carbon-dioxide is favoured. This reaction also produces 

heat. 

In the middle of the bed (2-8 cm above the 

distributor plate), the production of carbon-monoxide and 

carbon-dioxide, both increase with increasing fuel 

feedrate, as shown in Figures 3.17 and 3.18. Infact 

between 20-35% of the overall carbon-monoxide and between 

50-70% of the overall carbon-dioxide has been produced in 

this section. This confirms the availability curves of 
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oxygen, Figure 3.16, which shows that most of the oxygen, 

between 80-90%, has been consumed withiri the lower and 

middle sections of the bed. The CO/C02 ratio starts to 

increase in the middle section wlth increasing fuel 

feedrates. Hence the production of the carbon-monoxide 

starts to increase with respect to carbon-dioxide. This 

can be explained by the fact that less oxygen is available 

for consumption, thus promoting the production of 

carbon-monoxide. 

~ 
:::J 

"B 
'-c. 

~ 
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c: 
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FIGURE 3·17 
% Carbon-monoxide produced at various 
distances above the· distributor with respect 
to fuel feedrate (bed depth = 10 cm). 

100~------------------------

80 

• 

II 

... 

... 

• 

00 
~ 

1 2 3 5 
Fuel feed rate (x stoichiometric) 

-0- At dis tribu tor 

~ At 2 em above 

-+- At 4 cm above 

" At 40cm above 

• At HOem above 



~ o 

_2 -RI 
0:: 

cS 
'-' -0 
'-' 

- 124 -
FIGURE 3-18 

% Carbon-dioxide Pro9uced at various 
distances above the distributor with respect 
to fuel feedrate (bed depth = 10 cm) 
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In the freeboard region (40cm above the 

distributor plate), production of carbon-dioxide starts to 

decline in favour of carbon-monoxide, with increasing fuel 

feedrate. This is confirmed by the increasing of the 

CO/C02 ratio with increasing fuel feedrate. 

3.4.3.2 Effect Of Bed Depth On Bed Profile 

The effect of bed depth on concentration profiles 

of the gaseous species along the length of the reactor rig 

was only attempted, from the limited results obtained, 

shown in Table 3.3. The results cannot be easily 

explained since there is no obvious trend. The only 

observation which follows any trend is that for 40cm above 

the distributor plate. Where the available oxygen 

increases with bed depth. This is further confirmed by the 

decline in the CO/C02 ratio. 

There are no significant conclusions from these 

results, perhaps considering further bed depths might have 

provided some trends. 

Since the woodchips are being fedd by dropping 

through the freboard region, bed depth might not play a 

significant role in the determination of the gasification 

reactions occuring within the reactor rig. Nevertheless 

the quality of mixing which defers with bed depth might be 

an important factor, in that it will obviously affect the 

availability of oxygen along the length of the reactor rig. 
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Which in turn will affect the production of carbon-monoxide 

and carbon-dioxide. Since limited results were obtained 

regarding the effect of bed depth no quantative comparisons 

were possible. 

TABLE 3·3 

Gas Concentrations At Various 
Above The Distributor Plate 

Distances 
With Respect 

To Bed Depth 

0/0 GAS CONCENTRAnON AT WIOUS DISTANCES ABOVE THE DISTRIBUTOR PlATE 

Ocm 2 an 8 cm 40 cm 

CO COt ~ 01 CO cOt b:Yco2 01 CO CO2 IcoIcOt Ot CO CO2 ij)/C02 O2 

130 cm 
CO CO 2 

'X)()·O 0·0 0·0 0·0 85·1 0·0 0·2 0·0 72·6 0·0 54·2 0·0 2'1 84·7 96·3 1·48 0-0 nOO'O 100·0 

I'm' 0 0·0 0·0 0·0 41·9 2'1 5·4 0'25 10·5 70·8 79·7 0·58 4·0 8303 86·5 0'62 0·0 100·0 100·0 

'K)()·O 0·0 0·0 0·0 83'1 0·0 4·5 0·0 80·0 0·8 8·0 0·02 30·5 28·2 62·9 0·10 0·0 'KlQ'0 100·0 

~ 
1'68 

Q'65 

0·2.2. 
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3.4.4 The Effect Of Varying Process Conditions On Product 

Gas Quality And Yield 

The gasification of solid fuel in a medium of air 

produces a large volume of gas (per KG of fuel) than in a 

medium of oxygen or steam. This is due to the presence of 

large volume of nitrogen from the air which acts as a 

dilutent to any combustible prduct gas. 

In general gasification with air gives a gas of CV 

less than 6 MJ/Nm3 due to the high nitrogen content. If a 

gas of greater heating value is required then oxygen/stea~ 

or hydrogen media must be employed. 

The experimental results derived to investigate 

the effect of varying process conditions on product gas 

quality and yield are presented in Appendix 2, Tables 1 to 

15 (a-e). These results represent all the data collected 

to study the following : 

(i) the effect of fuel feedrate 

(ii) the effect of temperature 

(iii) the effect of bed depth 
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3.4.4.1 Effect Of Fuel Feedrate 

The effect of fuel feedrate was investigated for 

various temperature ranges. The rate of introduction of 

woodchips into the reactor was varied over a range of fuel 

factors (multiples of the stoichiometric fuel feedrate, S) 

from 1.9 to 4.3. The results obtained from these 

experiments are presented in Figures 3.20 to 3.25 (a-c). 

The notation for fuel feedrate is given by'S' (or fuel 

factor). 

The yield (Nm3 /Kg) and output (Nm3 /min) of the 

major gaseous components are shown in Figures 3.20 to 3.2? 

(a-b, respectively). It is immediately obvious that the 

total specific yield of product gas decreases with fuel 

feedrate, while the output increases. The output of the 

product gas increases due to the larger amounts of 

pyrolysis products entering the gas stream (ie. CO, H2, 

CH4, CaH., COz, etc.). While the yield of the product gas 

per Kg of fuel decreases due to the amount of air, or in 

particular Nz, which decreases per Kg of fuel as the fuel 

feedrate is increased. 

The yield and output of Hz, CH4 and CaH. tends to 

be fairly constant or show a gentle increase as the fuel 

feedrate is increased, depending upon bed depth and 

temperature range. The accumulation of these gaseous 

components contributes less. than 10% of the total gaseous 

output or yield. CO, COz and N2 are the major gaseous 
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gaseous components. The trends in the yield and output of 

CO and C02 are not obviously clear nor can they be easily 

explained. If we consider Figures 3.20 to 3.22 (a-b), 

which are results obtained at a constant bed depth of 10 

CM, but for various temperature ranges. It is clear from 

the curves of the output of CO, which increase with 

increasing fuel feedrate. While the output of C02 

decreases slightly. This can be explained simply, due to 

the decrease in the availability of 02 for combustion at 

increasing fuel feedrates, favouring the production of CO. 

Also the greater increase in CO production compared to the 

slight decrease in C02 production, is explained by the fact 

that the available 02 produces 2 molecules of CO compared 

to 1 molecule of C02, assuming carbon is available. 

Considering the yield of CO and C02, both decrease with 

increasing fuel feedrate at lower temperature ranges. At 

higher temperature ranges (1021-1080 K), the yield of CO 

increases slightly, while the decrease of C02 is relatively 

greater with increasing fuel feedrate. This can be 

explained again by the lower availability of oxygen at 

higher fuel feedrates favouring the production of CO. The 

effect of bed depth will be explained in another section. 

The quality of the fuel gas improved markedly with 

an increase in fuel feedrate as shown in Figures 3.20 to 

3.25 (c). The higher calorific values at higher fuel 

feedrates are mainly due to the the larger volumes of 
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decomposition products (H2, CO, C02, CH4, CnH.) entering 

the product gas per unit volume of air input. The result 

is a marginally greater volume output of product gas which 

is richer in combustible components than at lower fuel 

feedrates. Fuel gases with calorific values in excess of 

4.5 MJ/Nm3 (4.2 MJ/Nm3 net) have been obtained 

consistently, at higher temperature ranges and fuel 

feedrates, which represents a useful alternative to a coal 

derived low calorific producer gas. 

Although the results show a useful increase in the 

gas quality with increase in fuel feedrates, the calorific 

output from the gasifier, as defined in terms of MJ out per 

Kg of woodchips fed in, shows a decrease with increasing 

fuel feedrates, Figure 3.26. The drop in efficiency at 

higher fuel feedrates is due to the 'diminishing returns' 

effect, whereby an increase in the fuel feedrate in not 

matched by a corresponding rise in the calorific value of 

the fuel gas produced. In other words the calorific value 

of the gas, in MJ/Nm3 tends to approach an upper limit at 

higher fuel feedrates which results as drop in efficiency. 



FIGURE 3-20 (a) 

Bed depth = 10 cm I Temperature = 941 - 990 K 
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FIGURE 3·21 (a) 

Bed depth = 1) cm , Temperature = 991 -1020 K 
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FIGURE 3·22 ta) 
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FIGURE 3·24 (a) 

led depth = 2Ocm. Temperature = 801- 900 K 
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FIGURE 3"25 (a) 
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FIGURE 3 ·26 . 
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3.4.4.2 Effect Of Temperature 

The relative output of gas is extremely dependent 

on the cracking temperature employed in the reactor. 

Higher cracking temperatures (> 900 K) tend to give higher 

yields of gas and less tar, whereas the opposite is true 

for lower temperatures [VAN DEN AARSEN et al., 1982 and 

MORI, 1979]. A fluidised bed of hot sand particles, 

therefore, has the useful characteristic of rapid heat 

transfer to the fresh fuel particle. 

Figures 3.27 and 3.28 (a-b) show how temperature 

influences the gas output (Nm3 /min) and calorific value 

(MJ/Nm3
), (a) and (b) respectively. 

It is noticable that the total gas output shows an 

increase with increasing temperature. Since the output of 

the major constituent of the gas, N2, remains constant for 

particular fuel feedrates. Then the increase in the total 

gas output must be attributed to the increase in the output 

of the other gaseous components. 

The general trend is that there is an higher 

output of the combustible components (H2, CO, CH~ and 

CnH.), but a levelling off in the C02 output. This is 

probably due to the effects of the reduction of C02 by 

carbon to form CO, which is favoured at higher temperatures 

as indicated by the following equation 

C + C02 -------> 2CO [3.8] 
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The increase in H2 output can be explained by the 

more complete pyrolysis of the tar and in addition by the 

char-steam reaction at higher temperatures : 

C + H20 --------) CO + H2 [3.9] 

This reaction also produces CO. The increase in CH4 and 

other higher hydrocarbons can be attributed to the more 

complete pyrolysis of tar. 

By performing mass balance calculations from fuel 

ultimate analyses and gas analyses the efficiency of 

conversion of elements (H, C, 0) from solid to gas can be 

calculated. Figure 3.29 (a and b) gives all the 

efficiencies, including thermal and gasification, with 

respect to temperature. This shows a general increase in 

covers ion efficiencies with increasing temperatures. 

The increase in the gasification efficiency with 

increase in temperature is due to the higher proportion of 

combustibles in the fuel gas from increased yields of 

pyrolysis and gasification products. Figures 3.27 and 3.28 

(b) show how the calorific value of the product improves 

with increased temperatures. "The Figures also shows the 

improvement to the calorific values if the sensible heat 

were to be taken into consideration. 



FIGURE 3·29 (a) 
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3.4.4.3 The Effect Of Bed Depth 

The study of woodchip gasification and pyrolysis 

presented in this chapter included the effect of varying 

static inert bed depth along with the other main variables 

of bed temperature and fuel feedrate. Static bed depths of 

5, 10, 15 and 20 cm were used and the results are presented 

in Figure 3.30 (a-d). 

The general trend of the results showed that at 

deeper bed depths better quality fuel gases were produced. 

This is explained by the fact that there is a separation of 

the initial rapid pyrolysis of fuel particles occuring at 

the top of the bed from the combustion occuring in the 

lower parts of the bed. The combustible gases released 

during pyrolysis are therefore less likely to be burned in 

a deep bed than a shallow bed. The violent nature of 

solids recirculation in a bubbling fluidised bed brings 

fuel particles into the combustion region before complete 

release of volatiles has occured which inevitably means 

that CO, Hz, hydrocarbon gases and vapours will br consumed 

but to a lesser extent in the deeper beds. 

The factors which affect the amount of volatile 

combustion which takes place are : 

(1) Rate of pyrolysis and volatile release which is 

dependent on reactor temperature. 

(2) Rate of solid recirculation within the fluidised 
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bed which is dependent on fluidising velocity 

(3) Rate at which solid fuel particles are 

transferred from the bed surface to the 

combustion zone in the lower sections of the bed 

which is dependent on bed depth. 

FIGURE 3·30 (a) FIGURE 3·30 (b) 
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3.4.5 Losses Associated With The Partial 

Combustion/Pyrolysis Of Woodchips 

Losses to the woodchip-fuel gas covers ion process 

can be accounted in thermal units and are reflected in the 

efficiency rating of the process. The sources of losses 

which will be discussed in this section are the following 

(1) Elutriation of carbonaceous material (including 

sensible heat). 

(2) Sensible heat in product gas flow. 

(3) Condensible combustibles, ie. oils and tars, in 

the product gas flow. 

If the fuel gas can be consumed close to the point of 

production, then losses (2) and (3) can be turned to 

advantage by burning the hot gas laden with tar vapours. 

This can effectively increase the calorific value of the 

gas and will produce a more radiant flame. On the other 

hand, if the gas was consumed at a location remote from the 

producer, then it would have to be cooled and cleaned 

before transportation through pipework to prevent blockage 

which incurs losses to the efficiency of the system. 

3.4.5.1 Solids Elutriation 

Solid fuel particles, when exposed to conditions 

of combustion at high temperatures in a fluidised bed, tend 
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to reduce in size. The burning fuel particles shrink due 

to consumption of carbon and also undergo processes of 

attrition and breakage. If we consider a fresh fuel 

particle entering the hot fluidised bed then rapid 

volatile release will leave a fragile porous char particle 

prone to abrasion from other bed particles. The rapid rise 

in temperature may also cause the particle to break up as 

it enters the bed. The on going process of particle size 

reduction in the bed will cause a distribution of particle 

sizes to occur with the lower limit being controlled by 

fines having terminal velocities less than the velocity of 

the upward flowing air, and combustion/pyrolysis products 

will be carried out of the reactor [WALL, 1974]. If the 

fines contain carbon and/or volatile combustibles then, if 

the particles are not returned to the bed or burned 

elsewhere, this represents a loss to the process. An 

assessment of the losses have been presented in Tables 1 to 

15 (d), Appendix 2, for all the experiments. Figure 3.31 

shows how increasing the fuel feedrate increases the rate 

of solids carry-over with effectively a linear dependency 

at the operating conditions stated. Over the range of 

feedrates studied, the amount of solid carried over, as a 

percentage of fuel input, remained constant as shown in 

Figure 3.31. 

The results indicate that elutriation of fines 

comprises about 0.6% of the fuel input to the reactor and 
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FIGURE 3-31 

Bed depth = 10 cm 
Temperature range = 1021-1040 K 
Stoichiometric fuel feedrate = 16-0 g/min 
Moisture = 11-0% 
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is directly proportional to the rate of fuel feeding. An 

average proximate analysis of the elutriated material is 

given in Table 3.4, where it is clear that the elutriated 

solids are only slightly lower in carbon and hydrogen 

content compared to the original fuel. Only the ash 

content is greatly increased in comparison. 

The potential heat in the carry-over amounts to 

0.09 MJ/Kg of woodchips (as fired). In other words, 0.5% 

of the potential heat or CV of the woodchips is not 

utilised in the reactor. 

A major factor in determining the rate of 

elutriation is the rate at which the fluidising air passes 

through the reactor. It is clear that at higher upward gas 

velocities more particles of larger diameters will be 

elutriated giving a greater overall elutriation rate with a 

wider size distribution. At lower fluidising velocities 

only the finest particles are elutriated, thereby reducing 

carry-over losses. 
.... 

TABLE 3·4 
Average Proximate Analysis 

(% by weight) 

Carry-over Fuel (daf) 

Carbon 43'6 % 53'8 0/0 

,Hydrogen 3'1 % 6·7 % 

Oxygen 19'6 0
/ 0 37·1 % 

Nitrogen 0'5 % 1·9 % 

Ash 33.2 0
/ 0 O' 5 % 

Heating Value 15'68 MJ/Kg 19·11 MJ/f<g 



- 150 -

3.4.5.2 Sensible Heat 

Sensible heat has been evaluated for all the 

experimental runs and presented in all the calorific value 

(net) figures to compare the additional potential. This 

potential can only be utilised if the product gas is being 

used close to the point of production, or the product gases 

are being cooled via a heat exchanger. 

3.4.5.3 Condensible Combustibles 

The condensible combustibles are tars and oils 

produced during the pyrolysis stage. Previous studies [VAN 

DEN AARSEN et al., 1982, SAKODA et al., 1981] have shown 

that greater than 90% of the condensible combustibles are 

broken down at temperatures exceeding 950K. The oil and 

tar products can therefore still be regarded as a 

significant product of the process. It could also be a 

useful component of the fuel gas if it is led directly to a 

combustion chamber while still hot where the organic olis 

and tars are burned together with combustible gas 

components. The combustion of the oil and tar vapours tend 

to produce a more luminous flame compared to a pure 

carbon-monoxide and hydrogen flame, giving enhanced 

radiative heat transfer to refractories or water tubes. 
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3.5 SUMMARY AND CONCLUSIONS 

The work presented in this chapter into the 

possibilities of low grade fuel gas production from 

woodchips has shown that a useful lean gas in high yield 

can be obtained using air. The most effective conditions 

for the production of the best quality fuel gas would be 

the following guidelines : 

(1) The maximum reactor temperature possible within 

limits of rate of heat transfer and construction 

materials but without air-preheat (which would 

incur an efficiency penalty) possibly up to 

1200 K. 

(2) A rate of solid recirculation which for a given 

bed depth provides maximum heat transfer from the 

combustion zone at the bed bottom, to the 

pyrolysis zone at the bed top. A bed operating 

in a vigorously bubbling mode at between 3 to 6 

times the minimum fluidising velocity would be 

satisfactory. 

Woodchips and other forms of wood wastes have the 

potential, therefore, to be an important industrial fuel in 

countries where there is an excessive natural resource or 

where presently it is being consumed inefficiently. 
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Other studies which might play a part in any 

further work would be : 

(1) The yield and characterisation of the oils and 

tars formed during pyrolysis/gasification with a 

view to assessing by-product recovery. 

(2) The processing of woodchips with steam, steam/air 

or steam/oxygen mixtures for the production of a 

synthesis gas, rich in carbon-monoxide and 

hydrogen. 

(3) Employing greater bed depths and feeding fuel 

within the bed. 



CHAPTER FOUR 

COLD MODELLING 
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4 COLD MODELLING 

4.1 INTRODUCTION 

A large number of fluidised bed applications 

require the bulk transfer of fluidised solids. The 

fluidised bed offers a number of advantages over most 

methods of contacting, such as high rates of heat and mass 

transfer and solids mobility. A recircu1ating fluid bed 

(incorporating a centralised jet and draft tube or two 

jets) has additional advantages by controlling the 

recircu1ation of fluidised solids and improving the solids 

handling. In these systems, given process conditions, it 

is important to be able to predict the recircu1ation rates 

of the bed material to ensure circulation is obtained 

throughout the bed. Tests carried out in cold 2-D 

fluidised beds have been found useful in identifying the 

critical design parameters. The merits of cold 2-D beds 

will be discussed later. 

Gas-solid fluidisation was first employed as an 

industrial technique (coal gasification) in the Wink1er 

Process in the early 1930's. The chemical reactions 

involved in the gasification processes are all 

heterogeneous gas-solid reactions accompanied by large 
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energy changes. Heat and mass transfer considerations are 

an essential criterion in the design of such processes. 

Solid fuel gasification processes are classified on the 

basis of the technique by which heat transfered. Within 

each group will then contain processes which are similar as 

regards their energy utilisation, their range of 

application and the composition of the gas produced. As a 

rough criterion we can distinguish between allothermic and 

autothermic processes. 

Fluidised bed gasification processes are 

applicable to both the above applications. The 

adaptability of fluid beds to varying loads without serious 

ill-effects on the thermal efficiency of the process, due 

to the special flow properties of the turbulent layer, 

coupled with the very homogeneous temperature distribution, 

is the reason why the fluid bed technique is employed in 

most gasification processes. 

Further improvements to the basic fluidised bed 

technique have been made in recent years by combining two 

fluid beds. In these systems combustion and gasification 

processes are isolated, thus yielding a higher quality gas 

ie. not diluting the fuel gas with combustion products. 

However, there is a slight problem in this technique 

concerned with the transference of heat from the exothermic 

combustion chamber to the endothermic gasification chamber. 

This is presently being investigated by many researchers. 
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The capital cost of twin-fluidised bed systems would also 

be higher. A compromise between the quality of the fuel 

gas and the capital costs involved can bring into 

contention a single fluidised bed with internal 

recirculation, known as a recirculating fluidised bed. 

The concept of recirculating fluid bed with a 

draft tube is by no means new. Probably the first 

application was described by TASKAEV and KOZINA (1956). 

They utilised this system for low temperature carbonisation 

of coals in a 15cm diameter column with a 2.5cm diameter 

draft tube. Later a 'seeded coal process' was developed by 

CURRAN et al. (1973) employing the same concept to smear 

the 'liquid' raw coal undergoing the plastic transition 

onto the seed char, and the recirculating char during low 

temperature pyrolysis. Further studies performed by 

WATKINSON et al. (1983) on spouted beds with jets, have 

reported two major advantages of this system over 

conventional fluid bed systems, when using high caking 

coals. There is no grid upon which agglomerates can build 

up and since all the gas enters through a single orifice 

the resultant high velocity jet at the apex of the cone 

would tend to break up any agglomerates that might form 

within the bed. The draft tube with jets or two jet 

system, although not having a single inlet orifice, has a 

similar flow pattern to the spouted bed. It would 

therefore follow that the same advantages would be 
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applicable to these systems. 

However, one of the largest concerns when using 

reciriculating fluidised beds, to commercialise many 

chemical processes, is scale-up. This is believed to be 

due to the absence of an experimentally verified 

hydrodynamic theory. The outcome of the interest shown in 

recent years in understanding these systems has led to 

several hydrodynamic studies being undertaken in this 

field. The present study is therefore intended to 

supplement other work in this field, but in particular to 

present a viable proposition for its use in biomass 

gasification processes with respect to the findings from 

woodchip gasification. There has also been work done in 

this present study using a novel two jet system instead of 

draft tubes and comparison of induced circulation rates 

between the systems is made. 

4.2 HYDRODYNAMIC STUDIES 

Hydrodynamic studies of recirculating fluidised 

beds were initiated by YANG and KEAIRNS (1974,1978). They 

identified the design parameters on the basis of the data 

collected in a semi-circular plexiglass column 6.1m in 
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height and O.3m in diameter, using two different 

distributor plates (flat and conical) and two sizes of 

draft tubes. Solid circulation rate in their studies was 

obtained from the particle velocity measurements at the 

downcomer side, either by following visually the tracer 

particles at the wall with a stop watch or by using a 

'radio pill'. A 'radio pill' is a radio transmitter 

enclosed in a spherical or cylindrical plastic shell 

between 1.3cm and 2.5cm in diameter, so that the density of 

the radio pill approaches that of the bulk solids in the 

downcomer side. The bed sand size used in their work was 

of an average diameter of O.75mm. From their studies they 

could only obtain bulk flow measurements giving flow 

patterns, since the radio pill employed was between 17 to 

33 times larger than their bed particles. It would 

therefore not be expected to flow individual particle 

movements. The insertion of ariels in the bed to enable 

tracking of the radio pill could also cause distortions in 

the bulk particle flow patterns, but this might not be 

visually observable. However, since the bed dimensions are 

so large any small distortion may not be significant. The 

main conclusions from their work was the prediction of the 

bulk flow patterns, as shown in Figure 4.1. 

Later work done by ISHIDA et al. (1975), observed 

solids circulation in a fluid bed incorporating a draft 

tube. They used a semi-cylindrical tube of 27.9mm internal 
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diameter and 2.8mm thickness as an inner column made of 

transparent PVC plate, which was attached by a 

perpendicular glass plate to an outer column of 280mm i/d. 

Porous alumina catalyst beads of 40 to 60 mesh (U.f of 

3.6cm/s) were used as solid bed particles and air was used 

as the fluidising gas. Their work only dealt with the 

concept of equilibrium bed heights and observation of solid 

circulation rates. No quantative measurements were made in 

their work regarding the solid circulation rates or 

particle velocities. They reached a similar conclusion on 

flow patterns as previous work. 

FIGURE 41 

Recirrulation Bed Concept 

Gas ,out 

Draft tube 

Downcomer 

Alternative 
solids feed-

~ 
Gas and soiids feed 

"-Solids out 

-Solid flow 

_. -- Gas flow 
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Further work was done by LANAUZE and DAVIDSON 

(1975), and LANAUZE (1976), who studied induced particle 

circulation rates in a 0.3m diameter air fluidised bed of 

sand with centralised draft tubes. They employed the same 

experimental technique as used by Yang and Keairns, ie. the 

radio pill technique. From their results they concluded 

that circulation rates were affected by the gap height 

between the distributor and the draft tube. They also 

stated that the circulation rates were not affected by the 

draft tube length or the height of the bed above the draft 

tubes. A model was developed to predict the circulation 

rates, assuming that the driving force for circulation was 

the density difference between the draft tube and the 

annulus, and the energy dissipated by particle shear at the 

walls. 

Recent work by GIDASPOW et al. (1983) measured the 

time-averaged porosity profiles in 2-D recirculating bed, 

with a circular jet and a rectangular jet, by the use of a 

gamma-ray densitometer. They claimed to have discovered 

from their studies that a region of maximum porosity to 

exist at a finite length above the jet inlet in the case of 

the circular jet. The maximum length moved up the bed with 

increasing jet velocity. It was also shown that jet 

penetration heights for both the jets were close to each 

other. Latter part of their work was concerned with the 

development of an experimentally verified hydrodynamic 
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model to predict solid circulation rates around a jet in a 

fluidised bed gasifier. 

In summarising, the work done on recirculating 

fluidised bed hydrodynamics has greatly increased recently 

but as yet there has not been a satisfactory model to 

predict the circulation rates applicable to the 

gasification of biomass. The purpose of this study has 

been to extend the understanding of the recirculating 

fluidised bed and present a reasonable practical approach 

to recirculating biomass gasifiers. Unfortunately this 

study's scope did not enable ~ny experimental work to be 

undertaken using the recirculating fluidised bed. 

4.3 TECHNIQUES FOR PARTICLE TRACKING 

Cold 2-D beds are normally adopted for studying 

hydrodynamics of fluidisation, but the tracking technique 

is the most important aspect in relation to the 

reproducibility of the results obtained. In the past it is 

this that has led to limitations in many studies and has 

yielded conclusions which might not be totally accurate. 

It is therefore necessary to investigate the advantages and 

disadvantages of particular techniques with respect to the 
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obtainable results. In this section, preceding the 

experimental section, it is therefore necessary to give an 

indication of the requirments of a tracking technique and 

the limitations of the present experimental technique 

employed in this study. 

The essence of an effective technique is that the 

information should be reproducable with sufficient ease and 

clarity related to the bed behaviour. All techniques are 

limited by the imformation produced with respect to 

particular aspects of fluidising behaviour. That is, they 

have strong points in one area only. This is almost 

inevitable when dealing with complex fluid dynamics 

existing in a fluidised bed. Ideally it would be 

preferable to simultaneously track particle and bubble 

velocities locally, determine bubble (or in more turbulent 

regimes; the void) sizes in a randomly changing, 

fluctuating system. Unfortunately this is not possible. 

It is necessary to develop techniques that permit a 

reasonable view of the events occuring by looking at either 

extremely specific (local) areas or rather generally at the 

bed. When considering specific points within a bed it is 

important to obtain sufficient data throughout the bed to 

produce statistically meaningful results. In an attempt to 

obtain data in quantity, to provide results of sufficient 

accuracy, some very sophisticated equipment has been 

developed with a price tag that fits accordingly. 
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In a general sense it would be useful to know the 

qualities that are desirable in a technique investigating 

fluidisation. This would provide a basis for comparing the 

merits of different techniques. The following criterion 

might be adopted (either as desirable or otherwise, as the 

case may be) : 

(i) The 'make up' of the bed with respect to bed 

particles. Are the particles realistic if used in an 

industrial application ? (or could realistic particles be 

used). Particle qualities would depend on : material type, 

size/range, shape and density. Furthermore in the context 

of the bed, voidage and density can be considered. 

(ii) Bed dimensions. 2-D bed is limited as an 

approximation to a 3-D bed, since boundary layer effects 

are likely to be significant. Dimensions approaching 

meters are commonly employed, especially in the case of 2-D 

beds. Bed geometry does appear to play a significant role. 

(iii) The type of fluid, either liquid or gas. Could 

either be used? Usually techniques involving gas 

fluidisation can be applied to liquid fluidisation but not 

vica-versa. A realistic simulation requires gas 

fluidisation. For a gas: bubble formation and movement, 

tracking of bubbles, bubble size and shape, would be 

considered. In addition it is important to consider these 

parameters with regard to ease of distinction. 

(iv) Bed internals . Does the technique require only a 
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free-bed or does it require other additional bed internals. 

It is obviously important, economically and for comparison, 

that the basic free-bed is able to handle numerous bed 

internals for example draft tubes or jets. 

(v) Tracer particles. A small number of particles 

are 'labelled' for this purpose, enabling a distinction to 

be made form the bulk of the bed particles. However it is 

obviously important to maintain the same particle 

properties, or at least relatively close. In certain cases 

because the tracked particle(s) are limited by the type of 

material, size or shape required, it becomes necessary to 

alter the bulk of the bed particles accordingly. 

(vi) Non hazardous. In the case of radioactive and 

x-ray techniques this could be a problem. To a far lesser 

extent UV requires elementary precautions, that is a pair 

of goggles. In one particular tracking technique (the 

L.D.V. technique) the fluid required, as the tracking 

medium, is an extremely volatile liquid, consequently a 

severe fire hazard and a powerful solvent (a mixture of 

benzyl and ethyl alcohol). 

(vii) The equipment required to monitor the fluidised 

bed or the labelled particles therein. For light sensing 

techniques it is useful to make visual odservations 

initially. In this case it is relatively easy to check 

correct fluidisation is occuring and that the required data 
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is obtained. Considerations should be made for relative 

ease of handling and calibrations required (problems with 

dead time for X-ray and radioactive techniques are 

significant and can be a limitation). Data must be 

sufficiently accurate to be meaningful. 

(viii) The speed with which data can be treated to 

provide results. This is generally much less of a problem 

with the advent of computers, if signals representing the 

data can be digitised, a computer program can be written. 

(ix) Versatility of the technique for various 

applications. This might include diverse areas such as ; 

mixing and separation, heat transfer studies, recirculation 

studies etc. 

(x) Inexpensive (generally dependent on simplicity). 

2-D beds have a distinct advantage in this respect. 

Readily lending themselves to techniques involving light 

and hence camera or cine photography, even simple visual 

observation. Video equipment is also increasingly 

available (now sufficiently developed to provide high 

resolution pictures). This avoids developing film 

negatives and readily facilitates virtually automatic 

digitisation. Such equipment is more expensive but is not 

implicit in technique. still costing less compared to 

X-ray equipment or detectors (eg. scintillators or GM 

tubes) designed to pick up the movements of specially 

prepared radioactive 'particles'. 
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The previous points might be regarded as desirable 

aspects of a technique for investigating fluidisation. 

Tables 4.1 and 4.2 have been drawn up by TA'EED et al. 

(1984) with respect to the these mentioned criteria, for 14 

research beds including the research bed for this present 

study. 

It is useful to note the following : 

For techniques involving radioactivity. 

Monitoring of bubbles is not possible. Only a single 

radioactive particle is used for tracking. The resolution 

of detector arrays is insufficient for simultaneous 

tracking of particles. Particle size can be large, also 

artificial and therefore spherical in shape. This is 

restricting for realistic applications. Since attempts are 

made to determine particle movement throughout the bed the 

assimilation of sufficient data is lengthy, being in the 

order of hours. 

X-ray techniques tend to be more flexible. For 

particle tracking it is important to use bed material of 

differing X-ray opacity, leading to thoroughly untypical 

bed (since the path length of X-ray to the tracked particle 

diameter is important). This is illustrated in the tables. 

Individual particles cannot be followed because it is 

impracticable. Monitoring bubbles is relatively straight 

forward permitting any bed shape. However overlapping 
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TABLE 4·1 

1It."l1!OD OF ilEALISTIC SDlUl.ATION SPEX:IFIC 
LDlITATIONS ! '!'RACKlNG OF OBJEX:TIVE ADVANTACES 

Res8&rch 

A Tracks isola'ted. spneres (5-.2Qnm Needs further 
itatiioacti ve r.azard. i ~ )(contain radioactive particl~ Muerial unrealistic. 

Ka.s.on,H. by Electronic Transition modelling Non-invasive Spheres too large. Tracks 
et al. Identificator. ane sphere only. 

Radioactive. 

B Fern te Tracer introduced and AiJDs to look at solid Large bed Drop in t.mcer wllich 

Fi tzgerald, 
.onitored by arrays of induction speeds for large bed simul- (2000 pounds) can fom clumps. Drop 
probes. ation, tHerefore bed. 

T. et al. realistic cuts in probe sign&].. Non-invasive 
Msf;netic field. Tubes must be used. 

C S tereo-I'hotogra-Hetric :nethod. Produces optical J-D Powerful computer 
Meaaures displAcement fields + ima«e. Detailed qual- 1 particle tracked. 

Loew, O. cine filming use dyed particles. 

et al. 
(6.' of bed) itative infomation. 

S tereo Pho~0gru>etr1c Non-invasive Radioactive haZ&%d. 

D !la.dio .. cti ve tracer technique Comparing p&rticle cir- Virtually automo.ted Poweri'ul computer 

Chen, M.M. 
with 1 particle for 5 hrs. using cula tion with and without from 'setting up' to 

1 p&rticle tracked. 
16 scintillatorll. results. 

et al. Radioactivity. 
inteznals. 

Radioactive haZ&%d. Non-invasive 

E OUter circulation photogro.phed, Basically 2-D in both 

J JI. 
(+ dye); Inner movement tracked Not aiming to produce even cases. 

Merry, with radio pill,aerial in bed. fluidise tion, since 

et Photogro.ph;y Radio Signal. simulating 'Culf stream' • Radio pills motion not 
very represen ta ti ve of 

&1. Two beds, g&s & liquid fluidised bed material. 

r Tinted beads arranged above & Looking at flow regimes 2-D specification for 

V.R. 
tube surrounded by white beads, around cylindrical objects 'cap' obe.nation with 

!lager, using cine &< photogro.ph;y upon especially defluidi .... tion Simple tubes. Initial flow 

et al. fluidising. around cap region. Bed only. 

Photography. 
11& teri&l not realistic. 

C C.rtain special tube. ha.ve glAss Looking at movement of large bed Must use tubes, unclear 

Peeler,J .K. 
.. indows 'fitted flush inside. den"e phase aroWld tubes Gives view inside bed how dense phase i. m8&-
I.ight via fibre 0 ptics &< n=rs to help detemine heat for region &rOund tubes sured. 

et 0.1. 0.110lts inside bed viewing between trans. Bed type well con- Cannot track particles. 
tubes. llhotQ!raphy 

sidered .Good simulation. 

H Impregna.ted ;:articles ;>rovide Induced bubbling to deter- Tracer "ov,,",ent i. crud.!. 
1184lIIet1c field response. "ine flow and size, or 

Does not correlate 2-D 
Cr&ni'io.ld, Bubbling measured inducto.nce free bubbling not traced. Non-invasive 

R.R. probe + phtotogro.Ph;y· Not v. good for indicating with J-D bed. 
IlQv_ant. 

1'184l11etic 

I Uses(Llfluidised syst .... , with Modelling for turbullent Measures particl.s Measuring section I>xlOcllp 
utched Refractiv. index. signaJ. reacting flow. Very in J-D. Very specifiC only( of bed). ACCuracy by 

lIe:m&rd.,J JI processing &< data reduct.ion. unrealistic 11& tarial, local values. complex stata. correlad<J1 
et al. Laser interference + video for size'" type. lion-invasive 14 needs s .... n. Lq .. fir 

cf. L.D.V. haza.rd &< powerful solvent. 

J AlUlliniUII particle. oIc sheets Att .. pting to v.ru-y mu- lled sect,10nlng not Paruc.Les 0% III tareat 

lIienow,A.V. 
used to produc. tracing .... torial ing &< se&1'&8lL tion mech&nism required. Can use small much larger «1.;om /6 &< 
for X-ray cine. for larger varying shaped numbers of largo p&rt- 2 .4x2 .4xO.oe card). 

particles I Flot ..... &< Jet- 1cles. Time a ven«ed. X-rays 
et al. X-Ro.ys SM. Fairly realistic. 

Non-invasive need screening. 

K Radioo.cti v. isotope for tagging. Honodispersed particle lion-invasive Only tracks one sphere 
Tr&cking with scintil1etion bed. 1 tracer particle is 

Kondulov, counters. Detsctors cover J-D realistic er to rest of F .. irly close trackil"lg Interpretation by 

II.B. axio + filming. bed. of sphere. oscillogrsa coapo.r1son 

et al Radioo.cti ve 
trici.:y. 

L Flooding the two beds for filminS Trying to isolA Toe effect 
FilJaing, thus 2-D 

and observo.tion. of particle size '" flow 

C&naIl&, C.S Record AP, and void fraction 
behaviour. Uses probes and Large flow regimes Cannot detect particles 
visual c beervs tions. The 

et al. with probes siAulto.neously. void &&e is then rele ted to 
covered. 

Cine 
regimes. Not lookil"lg close-
ly for bubbles. 

" 
Fluorescent p&rticlea when bom- Showed sOIIe l1I& th .. a tical 

Found particle tracks I 
b8.r<led with (N,) laser pulses. models to acco .... oda te 2-D 2-D. Does not. actually , 

J. effects and find functional fro. probe. boabuded. track bubble. Purely on 
rung, Fluorescence il recorded fraa rela tionahip P ("ake Fairly distinct. chance if one appea.rs 

et al. o bMrva tion. f:raction) • " when luer pulae •• 
Tracking particle. do 

!."1sor Jo Fluorescence 
R ... Ustic in this. not lest. SUll ...... of 

bed exaained. 

11 Dyed particles fluorescent under Provides realistic condi t- Speed of lla to. 2-D I 
U.V. light are tracked with o.nd ions for flUidised bed I 

Sapl1ci ty, can use I 

Ta'.K t O. without intnnal •• A rotating analysis while using 
cho~per allow. a nUlllber of sufficiently discrete sand wide rang. of bed mo. t-

It 0.1. Ixposure. on one still. size. orial. Flexible (bubble I 

1 •• ,._- ." 
and particle V".) : 
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TABLE 4·2 
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.., .. 
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bubbles cannot be distinguished and the bed thickness is 

limited (to less than 40cm). 

Magnetically sensitive probes are an indirect 

technique for monitoring bubble formation in conjunction 

with bed internals, such as tubes, etc. The data produced 

is a fairly crude guide to the fluctuating quantity of gas 

around the bed internals, no information can be obtained on 

bubble size. Particle mixing rates can be found if 

particles of different magentic permeability are used 

(ie. metal to provide sufficient sensitivity). 

Photographic techniques are generally used in 

conjunction with 2-D beds, since light cannot penetrate an 

opaque bed. This is the most established technique and has 

largest number of variations. Both particles and bubble 

tracking is possible, but as yet not simultaneously. 

Hopefully the tables should provide a clear 

picture of the potential for the technique used in this 

study, albeit with the limitations of any 2-D bed. This is 

not severely restricting as can be testified by comparison 

with limitations of other techniques. Many research beds 

are designed to provide relative parameters, that is, 

velocities are relative with respect to all parts of the 

bed. Arguably the most important aspect of the technique 

is the implicit simplicity of a 2-D bed. This provides the 

the technique with the versatility and scope for studying 

many different parameters associated with fluidisation. 
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The results obtained by the technique are complete in 

detail both quantitatively and qualitatively for particles 

and bubbles, rapidly as a bonus (especially if adapted for 

use with video equipment). The capital and operational 

costs are also significantly lower than other methods. 

4.4 EXPERIMENTAL TECHNIQUE 

The experimental method is uniquely simple to set 

up, operate and to evaluate results. A 2-D glass bed of 

size 0.5m x 1.0m x 0.008m (6mm thickness glass) is set onto 

a perspex plenum chamber and sealed with common domestic 

silicon sealant. A fan provides fluidising air (up to 

3m/s) through both sides of the plenum chamber and through 

a high density polythene distributor plate. There is, in 

the case of draft tubes, a separate fan which supplies air 

to the centralised jet, O.llm above the distributor plate. 

The draft tubes are placed on either side of the jet at 

equal distances of 0.04m, as shown in Figure 4.2. The 

draft tubes were attached to the bed with double sided 

sticky tape. In the case of the jets, since the bed 

anatomy is axially symmetrical, only two jets were employed 

to simulate a novel recirculation technique. The jet 
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dimensions are given in Figure 4.3. The dimensions of the 

draft tubes and jets were designed to allow for circulation 

across the tubes where the particle motion was induced 

whilst supporting the stationery parts of the bed. This 

enabled the optimum position and size of the tube to be 

evaluated with respect to bed velocity. Bed material, may 

be of any type or size, in this case sand (average diameter 

0.414mm, sphericity 0.68, density 2.452 Kg/m3
, minimum 

fluidising velocity 25cm/s), is poured into the bed to the 

required bed height. The bed is surrounded by four 60cm 

fluorescent strip lighting fittings with reflectors, using 

20W 365.5nm blacklight blue tubes, as shown in Figures 4.4 

(a) and (b). A small proportion of the sand is dyed with a 

fluorescent sulphur based dye, which adheres to the sand 

well without altering the sand properties significantly. 

Under the UV light, the particles provide a sharp contrast 

between the 'black' sand and the fluorescing particles. A 

camera with a 1sec. f5.6 shutter and UV filter was placed 

behind a rotating 20cm 16slit chopper, with speed of 15 

slits/second for sand at bed velocity of 1m/s. the chopper 

speed and camera shutter speed are varied for different 

conditions. The chopper speed was measured accurately with 

a photo-electric diode connected to a timer, this enabled 

the velocity of the particles or bubbles to be evaluated. 
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When a picture was taken the dyed particles left 

an image of tracks on the B/W 400 ASA negative which was 

then developed to high contrast with microphen developer. 

The negatives were then projected down from an enlarger 

onto a 50cm bit pad which was attached to a microcomputor. 

By digitising the control points, the tracks were recorded 

and processed both numerically and in graphical 'picture' 

format. The bubbles were similarly photographed and 

tracked by placing a white fluorescent card behind the bed, 

covering 15 of the slits on the chopper, hence having only 

one open slit, and running at typical chooper speeds of 2.7 

slits/second. This enabled the bubbles to be 'frozen' as 

well as providing adequate bubble displacement. Exact 

bubble shapes were digitised by removing the chopper and 

taking fast shutter speed (1/500 second) shots under uv 

light or white light if required. 

This technique eliminates the errors encountered 

using large tracer particles, as in the case of the 'radio 

pills'. It also elinimates the errors arising from any 

intrusive obstacles which might impede the flow, such as 

aerials which would need to be inserted in the bed if the 

radio pill technique was adopted. 

In the present study three sets of data have been 

collected regarding the tracking of particles (and bubbles) 

to determine circulation rates within the fluidised bed. 

The first set of data concerns the determination of the 
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circulation rates and flow patterns in an empty bed (ie. no 

obstacles). The second set concerns the circulation rates 

and flow patterns using draft tubes and a centralised jet, 

as shown in Figure 4.5. The final set is again concerned 

with the determination of circulation rates and flow 

patterns but in this case employing a novel jet circulation 

system, using horizontal and vertical jets, as shown in 

Figure 4.6. Measurements were taken to explain the effect 

of the following parameters on the hydrodynamics of the 

recirculating fluidised bed 

(A) Empty Bed 

(i) Bed velocity (50, 75, 100 and 125 cm/s). 

(ii) Effect of tracer size (0.414 and 1.008 mm). 

(iii)Bed height constant at 30cm. 

(B) Draft Tube System 

(i) Bed height (30, 35 and 40 cm). 

(ii) Fluidising bed velocity (16.70, 20.83 and 

27.5 cm/ s) . 

(iii)Centralised jet volumetric flowrate, was 

constant at 80lit/min (8.33 x 10- 4 m3 /s). 

(C) Jet System 

(i) Twin jet volumetric flowrate of 66, 80 and 

97 lit/min (11, 13.33 and 16.17 x 10- 4 m3 /s) 

(ii) Fluidising bed velocity (16.70, 20.83 and 

27.50 cm/s). 
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(iii)Bed height was constant at 30cm. 

In all the tests the following measurements were 

taken : 

(1) The bubble stills enabling the size and shape of 

the bubble to be evaluated, 

(2) the bubble tracks enabling the determination of 

the bubble rise velocities, 

(3) the particle tracks enabling the flow patterns 

and the individual particle velocities (hence 

circulation rates) to be evaluated, an9 

(4) dispersion measurements were also taken, by 

dropping particles on top of the bed, enabling 

dispersion rates to be evaluated. 

Since the 2-D bed determines relative velocities 

(not absolute) in the bed, the results are comparative. 

FIGURE 4·5 
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4.5 RESULTS 

Initially the justification of using tracer 

particles the same size as the particles under 

investigation will be discussed using the dispersion data 

obtained for a free-bed (ie. no obstacles), employing two 

different sized tracer particles. The results obtained for 

all the three sets of data will then be discussed 

individually. Later each techniques' merits will be 

compared, with predictions and possible utilisation of 

their respective systems. 

4.5.1 Effect Of Tracer Size 

Tracking of particles is a very complex technique 

and usually relies heavily on the tracers' ability to 

follow the particles under investigation as realistically 

as possible. This has led to various different and 

elaborate techniques employing different types of tracers, 

as discussed previuosly in this chapter. The most common 

assumption made fron previous studies (in particular the 

radio pill techniques) has been that the tracers would 

follow the particles under investigation as long as the 

density of the tracers approached that of the particles 

being tracked. The influence of the size of the tracer on 
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its tracking ability has not been fully realised. Infact 

some investigators in this field have assumed that the size 

has no great effect as long as the densities are similar. 

This present set of results considers the effect of two 

different sized tracer particles on the dispersion rates in 

a cold 2-D free bed. Static bed height of 30cm, fluidising 

bed velocity of 50cm/s and bed particle (sand) size of 

0.414mm is used in both cases, with the tracer particles of 

the following specifications : 

(a) Same sized tracers 

(average diameter = 0.414 mm) 

(b) Larger sized tracers 

(average diameter = 1.008 mm) 

The numerical data obtained from the experiments 

are given in Tables 4.3 and 4.4. The tables show the 

displacement rates and the bandwidth in the X and Y 

directions with respect to time. Displacement rates are 

values obtained taking the mean modulus of the movement of 

the tracer particles in the specified directions. 

Bandwidth is obtained by taking the mean modulus values of 

the standard deviation in the specified directions and 

gives us the width of the displacement rates. 

Figure 7 (a) and (b) shows the graphical output of 

the dispersion patterns obtained from the processing of the 

particle tracks from the negatives using two different 

sized tracer particles. 
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TABLE 4·3 

01 SPERSION DATA - FREE BED (H = 30 cm , Us = 50 cm/s) 

Mean modulus Time/seconds 
values 0·000 1·014 2·028 3·042 4·056 5·070 6·084 7·098 

Displacement in 
X-direction I cm 0·00 0·32 1·56 1-37 1-48 0·94 1-43 0,29 

Displacement in 0·00 2·93 3·21 2·95 5·06 5·83 8·64 11·57 Y-direction , cm 
Bandwidth in 0·00 0·12 1·56 0·97 1·28 1-08 1· 81 0·47 X-direction cm 
Bandwidth in 

0·00 0·06 0·43 ,.32 0·54 2·03 3·38 2·93 Y-direction I cm 

TABLE 4·4 
DISPERSION DATA- FREE BED USING LARGER TRACERS 

(H = 30cm JUs = 50cm/s) 

Mean modulus Time/seconds 
values 0·000 1·544 3·088 4·632 6·176 7·720 9·264 

Displacement in 
X- direction, cm O' Ot) 2·26 2·39 3·31 2·19 0,39 0·79 

Displacement in 
Y-direction cm 0·00 16·38 20,23 23·82 25,30 26·03 28·90 

Bandwidth in 0·00 0·60 0·18 0,71 0·22 0·44 0·32 X-direction cm 
Bandwidth in 0·00 0·61 0·51 1·28 1-24 2·78 1-40 Y-direction, cm 

8·112 9·126 

1-34 0·61 

12·85 14·90 

3·11 0·87 

1-71 5·18 
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FIGURE 4·7 (a) 
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FIGURE 4·7 (a) cont'd 
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FIGURE 4·7 (b) 

Graphical output from negatives of free 
bed, large sized tracers 
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Figures 4.8, 4.9 and 4.10, (a) and (b), show the 

graphical output based on the numerical data from the 

tables. Even at a glance at Figures 4.8 (a) and (b), 

. dispersion rates for different sized tracers, it is obvious 

that the large sized tracer does not follow in the same 

directional displacement nor magnitude as the same sized 

tracer, even though they might have similar trends in 

certain directions. Discussions on the indivdual 

displacements and bandwidths for the X and Y directions 

which follow will make it quite clear that the size of the 

tracer particles is an important parameter regarding the 

accuracy of the tracking technique. 

Figure 4.9(a) shows the mean modulus displacement 

in the X-direction. From the graph it can be seen that 

horizontal movement fluctuates with time for both the 

tracers, with a larger displacement being obtained fro the 

larger sized tracer. 

Figure 9(b) shows the mean modulus bandwidth in 

the X-direction. Bandwidth is basically the horizontal 

width of the particle movement. This has a similar trend 

as the displacement curves, but a larger bandwidth being 

obtained in the case of the same sized tracers. 

Figure 10(a) shows the mean modulus displacement 

in the Y-direction (downwards). This shows significant 

difference between the two tracers, large tracer falling at 

a markedly faster rate. 
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FIGURE 4·8 DISPERSION DATA 
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(a) Dispersion Data - Free Bed (H = 30em, UB = 50cm/s) 
Effect of tracer size on X-dir. displacement. 
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Ca) Dispersion Data - Free Bed CH = 30cm, UB = SOcm/s) 
Effect of Tracer size on Y-dir. displacement. 
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Figure 10(b) shows the mean modulus bandwidth in 

the Y-direction. These curves show a similar trend and 

magnitude of fluctuations for both the tracers. 

As a conclusion from the figures it can be said 

that the large sized tracers are a poor indication in the 

tracking of smaller particles, in particular in the 

Y-directional displacement, even though their densities 

might be similar. It would therefore be inaccurate to 

establish any hydrodynamic behaviour regarding bed particle 

movement using larger tracers. In this study, same sized 

tracers as the particles under investigation have been 

employed to obtain a more accurate answer to the 

hydrodynamic problems encountered. 

4 .5.2 Dispersion Data 

Dispersion rates have rarely been investigated in 

the past. It is important to be able to predict the 

dispersion rates since this would give an indication of the 

rate at which any material, fed from the top, would 

disperse within the bed. Previous researchers have 

neglected the possibility of feeding material on the top of 

the bed and have thus ignored the dispersion rates. In 

this study dispersion rates have been investigated, for 

both the draft tube system and the jet system, with regards 
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to the displacement and bandwidth in the vertical (X) and 

horizontal (Y) directions with respect to time. The 

effects of bed depth, bed velocity and jet velocity have 

been investigated. 

4 .5.2.1 Draft tube system 

Figures 4.11, 4.12, 4.13, 4.14 and 4.15 show the 

representation of the digitised negatives in graphical 

form. Tables 4.5, 4.6, 4.7, 4.8 and 4.9 are corresponding 

numerical data obtained from the digitised negatives. 

Figures 4.11,4.12 and 4.13 show the increase in fluidising 

bed velocity (16.70, 20.83 and 27.50 cm/s respectively) 

while the bed depth remains constant at 30cm. It can be 

seen that the displacement of the dispersing particles in 

the V-direction (downwards) increases with increasing bed 

velocity. The trends in the bandwidth of dispersion in the 

X and V-directions and the displacement in the X-direction, 

are not so clear. Comparing Figures 4.12, 4.14 and 4.15, 

which represent the increase of bed height (30, 35 and 40 

cm respectively) for constant fluidising bed velocity of 

20.83 cm/so It is not very obvious what the displacement 

abd bandwidth trends are, or if there are any trends. The 

only clear observation which can be made from the figures 

is that at a bed height of 40cm the dispersion rates 

greatly reduced. For a clearer picture graphical output 

were processed to yield numerical values, Tables 5 to 9. 
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TABLE 4-5 

DJSPERSION DATA - DRAFT TUBE (H = 30cm, Us= 16-70 cm/s) 

Mean modulus Time /seconds 
values 0-000 1-417 2-834 4-251 5-668 7-085 8-502 9-919 

Displacement in 0-00 077 0-98 0·31 0·33 0·69 0·62 1-07 X-direction cm 
Displacement in 
Y-direction cm O· 00 0·04 0·58 1·27 1-34 1- 50 2·09 1-88 

Bandwidth in 0·00 0·23 0·54 0·68 0·41 0·37 0·58 0·46 X-direction, cm 
Bandwidth In 

0·00 0-16 0·03 0·07 0'39 0·49 0·63 0·52 Y-direction, cm 

TABLE 4·6 

DISPERSION DATA- DRAFT TUBE (H=30cm, Us=20·83cm/s) 

Mean modulus Time/seconds 

values 0·000 1-417 2·834 4·251 5·668 7·085 8·502 9·919 

Displacement in 
X-direction, cm 0·00 1·60 1·96 2·37 2·00 1·69 1-27 0·58 

Displacement in 
Y- direction, cm 0·00 2-04 2-97 3-94 6-20 8'29 1"18 13-42 

Bandwidth in 0-00 0·00 0·23 0'49 0-31 0·03 0·17 0-54 
X-direction, cm 
Bandwidth in 0·00 0·55 0·87 1-68 2·58 3·33 3·99 4·24 
Y-direction cm 

TABLE 4·7 

DISPERSION DATA -DRAFT TUBE (H = 30cm, Us = 27-50cm/s) 

Mean modulus Time/seconds 

values 0-000 1-417 2·834 4-251 5-668 7-085 8-502 9-919 

Displacement in 0·00 2·36 3-71 4·38 4·48 4·25 3·13 2-47 
X-direction cm 
Disdilacement in 0·00 2·61 3-82 5-81 7·19 9·64 11·34 13-89 
Y- irection I cm 
Bandwidth in 0-00 0-70 2·07 1- 59 2-09 1·69 2·06 '-99 
X-direction, cm 
Bandwidth in O' 00 1-16 1-32 1·76 2-70 2-87 3-42 4·00 
Y-direction ,cm 
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TABLE 4-8 

DISPERSION DATA- DRAFT TUBE (H=35cm, Ue=20'83cm/s) 

Mean modulus Time/seconds 
values 0-000 0-932 1-864 2-796 3-728 4-660 5-592 6-524 7-456 8-388 9-320 

Displacement in 
X-direction cm 0-00 a-59 0-90 0-47 0-21 0-33 0-81 1·04 1·86 1·89 3-45 

Displacement in 
Y-direction cm 0-00 1-54 3-93 5-46 8-66 10-57 13-84 15-37' 16-89 17-59 18-98 

Bandwidth in 0-00 0-26 0-62 0-20 0·51 1-27 1-19 1·68 1- 53 1- 88 0-31 X-direction, cm 
Bandwidth in 0-00 0·51 2-27 2-79 4-56 5-13 5-85 6-48 6·74 5·66 5·42 Y-direction I cm 

TABLE 4-9 

DISPERSION DATA- DRAFT TUBE (H=40cm, Ue=20-83cm/s) 

Mean modulus Time/seconds 
values 0-000 0·932 1-864 2-796 3-728 4-660 5-592 6-524 7·456 

Displacement in 
X-direction I cm 0·00 0-30 0·41 0-11 0-20 0·28 0·01 0-61 0·35 

Displacement in 
Y-direction I cm 0·00 1-08 1-89 3-27 4-00 4·73 6·07 8·22 10-23 

Bandwidth in 0-00 0'16 0·09 0·17 0·03 0-32 0-21 0-19 . 0-64 X-direction I cm 
Bandwidth in 0-00 0-20 0-24 0-64 1· 32 1·30 1·28 2·35 2·60 Y-direction, cm 
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By plotting graphs for each individual condition 

(each Table), with respect to the displacement and 

bandwidth in the X and Y directions against time, we obtain 

Figures 4.16 to 4.20. Further splitting the curves for 

displacement in each direction and plotting them against 

bed height and bed velocity, we get Figures 4.21 to 4.24 

(a) and (b). 

The Y-directional displacement can be clearly 

seen, as shown in Figure 4.21 (a) and (b), to be affected 

by bed height and bed velocity. From Figure 4.21 (a) it 

can be observed that the Y-directional displacement is at a 

maximum when the bed height is at 35cm. This incidently is 

the same as the draft tube height. Figure 4.21 (b) shows 

the effect of bed velocity on the Y-directional 

displacement. It can be seen that an optimum is reached 

when the bed velocity approaches the minimum fluidising 

velocity (U., = 25 cm/s). This can be explained by the 

fact that as bed velocity is increased, so does the space 

between particles, this enables the movement of the 

particles to be increased. Thus increasing the dispersion 

rates. When the bed velocity is increased above the 

minimum fluidising velocity, the fluidising medium now 

leaves the bed in the form of bubbles and that the space 

between particles is not now increased significantly. 

Therefore, as a consequence the dispersion rates are not 

increased significantly. 
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FIGURE 4·16 
Dispersion Data - Draft Tube 
H = 30 cm, UB = 20.83 cm/s 
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FIGURE 4·18 
Dispersion Data - Draft Tube 
H = 40 cm, UB = 20.83 cm/s 
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Dispersion Data - Draft Tube 
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FIGURE 4·20 
Dispersion Data - Draft Tube 
H = 30 cm, UB = 27.50 cm/s 
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(a) Dispersion Data - Draft Tube 
Effect of bed height on Y-dir. displacement. 
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(a) Dispersion Data - Draft Tube 
Effect of bed height on Y-dir. bandwidth. 
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(a) Dispersion Data - Draft Tube 
Effect of bed height on X-dire displacement. 
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(b) Dispersion Data - Draft Tube 
Effect of bed velocity on X-dire displacement. 
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(a) Dispersion Data - Draft Tube 
Effect of bed height on X-dir. bandwidth. 
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The effect of Y-directional bandwidth of 

dispersion is shown in Figure 4.22 (a) and (b). Here, as 

one might expect similar trends are observed as in the case 

of displacement, in that the optimum conditions are 

obtained when the bed height is equivalent to the draft 

tube height and when the bed velocity approaches the 

minimum fluidising velocity. 

The X-directional displacement (sideways) given in 

Figure 4.23 (a) and (b), is much smaller than that for 

Y-direction (downwards). This could be explained by the 

bed geometry in that the Y-direction dimensions are greater 

than the X-directional dimensions. From Figure 4.23(a), it 

can be said that no clear trend is obtained for the 

displacement in the X-direction with regards to the bed 

height. As for the influence of bed velocity on 

displacement, given in Figure 4.23(b), optimum displacement 

rate is obtained when the bed velocity is at its maximum, 

in this case at 27.50cm/s. The explaination for this 

observation might be linked to the formation of bubbles at 

greater bed velocities which probably increases the 

movement of particles in the X-direction. 

Figure 4.24 (a) and (b) shows the X-directional 

bandwidth with respect to the bed height and bed velocity, 

respectively. The X-directional bandwidth has an optimum 

at a bed height of 35cm (same height as the draft tube) and 

bed velocity of 27.50cm/s (maximum bed velocity). The 
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explaination for maximum bandwidth obtained for the maximum 

bed velocity is the same as for the X-directional 

displacement, in that the higher the bed velocity, the 

greater the horizontal movement. The reason for the 

maximum bandwidth obtained at a bed height of 35cm is 

harder to explain. 

4.5.2.2 Jet System 

Figures 4.25 to 4.29 show the representation of 

the digitised negatives in graphical form. Tables 4.10 to 

4.14 are the corresponding numerical data obtained from the 

digitised negatives. Considering Figures 4.25, 4.26 and 

4.27, which show the increase in the total jet volumetric 

flowrate (66, SO and 97 lit/min respectively), while the 

fluidising bed velocity is kept constant at 20.S3cm/s. 

Static bed height for the jet system was kept constant at 

30cm throughout. Increase in jet velocity does not have a 

significant effect on the dispersion rates as can be seen 

from the figures. The influence of fluidising bed velocity 

can be obtained by comparing Figures 4.2S, 4.25 and 4.29 

(16.70, 20.S3 and 27.50 cm/s respectively). From the 

figures it can be seen that the dispersion rate increases 

with increasing bed velocity, but exact displacements and 

bandwidths are not clearly obvious. To get a clear picture 

graphical output was processed to yield numerical values, 

which are given in Tables 4.10 to 4.14. 
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TABLE 4·10 

DISPERSION DATA-JETS(H = 30cm, U,,=20·83cm/s, VJ = 66litlmin) 

Mean modulus Time/seconds 
values 0·000 1-544 3·088 4·632 6·176 7·720 9·264 

Displacement in 
0·00 0·82 0·12 1-74 3·74 3·94 4·85 X-direction, cm 

Displacement in 0·00 1·79 3·45 6·39 9·61 10·91 11-93 Y-direction, cm 
Bandwidth in 
X-direction cm 0·00 0·37 0·17 0·62 0·39 0·78 1·29 
Bandwidth in 

0·00 0·74 1-46 1-79 Y-direction, cm 1-15 1-34 1·36 

TABLE 4·11 

DISPERSION DATA - JETS (H = 30cm, Us = 20·83cm/s, VJ = 80lit/min) 

Mean modulus Time / seconds 

values 0·000 1·544 3·088 4·632 6·176 7-720 9-264 
Displacement in 0·00 1·91 0·93 O· 04 1·15 1-30 1·67 X-direction, cm 
Displacement in 0·00 2·62 5·40 8·90 11·31 12·55 13·83 Y-direction cm 
Bandwidth in 

0·00 0·02 0·05 0-65 0·91 X-direction cm 1- 53 0·48 

Bandwidth in 
0·00 1-23 1·15 2·35 3·23 1·94 2·06 Y-direction, cm 

TABLE 4·12 

DISPERSION DATA- JETS(H = 30cm, Ua=20·83cm/s,VJ =97li1/min> 

Mean modulus Time/seconds 

values 0·000 1-544 3·088 4·632 6·176 7-720 

Disglacement in 
X- irection. cm 0·00 0·47 0·64 1·42 1-79 3·02 

Displacement in 
Y-direction. cm 0·00 1·98 3·46 7·08 9·40 11-67 

Bandwidth in 0·00 0·28 0·67 0·44 0·33 0·83 X-direction cm 
Bandwidth In 0·00 0·98 1·23 2·12 2·46 2·71 Y-direction cm 
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TABLE 4·13 

DISPERSION DATA-JETS (H=30cm, UB =16'70cm/s, YJ = 66lit/minl 

Mean modulus Time/seconds 
values 0·000 1-433 2·866 4-299 5·732 7·165 8·598 

Displacement in 0·00 0·73 2·07 1-42 1-26 2-21 2-17 X-direction, cm 
Displacement in 

0·00 0·52 0·36 0·79 1-39 1-15 2-00 Y-direction , cm 
Bandwidth in 

0·00 0-07 0-94 1-12 0-70 0·34 0-35 X-direction, cm 
Bandwidth in 

0·00 0-35 0·72 "23 1-39 1-15 1-55 Y-direction, cm 

TABLE 4·14 

DISPERSION DATA-JETS (H =30cm, UB =27'50cm/s, YJ = 66 lit/m in 1 

Mean modulus Time/seconds 
values 0-000 1·411 2·822 4-233 5-644 7-055 8-466 9-877 

Displacement in 0-00 1-72 2·25 0-22 0-49 0·50 0-98 0-54 X-direction, cm 
Displacement in 
Y-direction , cm 0·00 1·22 2-11 5·47 6-25 8-08 8-07 8·33 
Bandwidth in 

0-00 0·73 0-45 1-02 0-90 0·58 1-06 0-62 X-direction cm 
Bandwidth in 0-00· 0·89 1-45 2-79 3-04 3-84 3-46 3'77 Y-direction, cm 
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FIGURE 4·30 
Dispersion Data - Jets 

H = 30 cm, UB = 16.70 cm/s, VJ = 66 lit/min. ro
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FIGURE 4· 31 
Dispersion Data - Jets 

H = 30 cm, UB = 20.83 cm/s, VJ = 80 lit/min. 
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FIGURE 4·32 
Dispersion Data - Jets 

H = 30 cm, UB = 20.83 cm/s, V~ = 97 lit/min. 

~ 30 

I 25 
E 
u -C 20 
C1J 
E 
C1J 
U 
ttI 

c.. 15 
VI 

"C 

-0-- Displacement in X-lIir 

-A- Displacement in Y- dir 

-+-- Bandwidth in X- dir 

-- Bandwidth in Y-dir 

2 4. 6 S 10 
Time /seconds ------

FIGURE 4·33 
Dispersion Data - Jets 

H = 30 cm, UB = 20.83 cm/s, V~ = 66 lit/min . 

u --~ 20 
E 
C1J 
u 
ttI 

c..15 
VI 

"C 

.------------
-0-- Displacement in X- dir 

-.t.-- Displacement in Y-dir 

-+-- Bandwidth in X - dir 

-- Bandwidth in Y-dir 

2 4 6 B 
Time/seconds -

10 



- 215 -

FIGURE 4·34 
Dispersion Data - Jets 

H = 30 cm, UB = 27.50 cm/s, VJ = 66 lit/min. 
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(a) Dispersion Data - Jets 
Effect of bed velocity on Y-dir. displacement. 
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(a) Dispersion Data - Jets 
Effect of bed velocity on Y-dir. bandwidth. 
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(a) Dispersion Data - Jets 
Effect of bed velocity on X-dir. displacement. 
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Effect of jet velocity on X-dir. displacement. 

~ 4 --C 
<lJ 
E 
~ 3 
ro 
c.. 
\I) 

"t:J 

-:::J 
"t:J 
o 
E 

2 

-0- " = 30cm. Uo = 2083 cm/s, V, = 66 lit/min 

-A- I1 = 30cm, Ue=20 83 cm/s, V,=80 lit/min 

_ I1 = 30 (m, Uo = 20 83 cm/s, V, = 97 Hllmin

l 

~ ..... 
.I 

4 6 8 10 
Time/seconds -----

FIGURE 4·37 



- 219 -

(a) Dispersion Data - Jets 
·Effect of bed velocity on X-dir. bandwidth. 
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By plotting graphs for each individual condition, 

as previously, we obtain Figures 4.30 to 4.34~ These 

figures show that the highest displacement is in the 

Y-direction, except in the case of Figure 4.30 (UB = 

16.70cm/s and VJ = 66lit/min), where displacement and 

bandwidth is minimum and indistinguishable. Further 

splitting of the curves for displacement and bandwidth in 

each direction and plotting these against fluidising bed 

velocity and jet velocity, yields Figures 4.35 to 4.38 (a) 

and (b). 

Considering the Y-directional displacement given 

in Figure 4.35 (a) and (b). The influence of fluidising 

bed velocity, Figure 4.35(a), shows that there is a similar 

trend to that observed in the case of the draft tube 

system, in that increasing the bed velocity, dispersion 

rates increase. They increase to an optimum as the bed 

velocity approaches the minimum fluidising velocity. 

Further increases have little effect on the Y-directional 

displacement. The reason for this is the same as 

previously explained. The effect of jet velocity, Figure 

4.35(b), shows that increasing the total volumetric 

flowrate from 66 to 97 lit/min has little effect on the 

Y-directional displacement. 

Y-directional bandwidth is given in Figure 4.36 

(a) and (b). Increase in fluidising bed velocity has 

little or no affect until the the velocity is higher than 
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the minimum fluidising velocity (Umf = 25cm/s). This is 

probably due to the increase in the movement of the bed 

particles as the velocity is increased above the minimum 

fluidising velocity. 

The X-directional displacement given in Figure 

4.36 (a) and (b) shows random fluctuations, no real trend 

is observed. The same applies to the X-directional 

bandwidth, Figure 4.38 (a) and (b). 

4.5.2.3 Conclusions 

(a) DRAFT TUBE SYSTEM 

(i) Bed height is an important parameter 

regarding the dispersion rates. It was found from the 

experimental results that a maximum dispersion rate was 

obtained with the bed height eqviualent to the height of 

the draft tube. 

(ii) Fluidising bed velocity was found to 

increase the dispersion rates but only to an optimum where 

it approaches the minimum fluidising velocity. Further 

increases of the fluidising bed velocity have no 

significant effect on the dispersion rates. 

(b) JET SYSTEM 

(i) Fluidising bed velocity for the jet system 

also displaced the same trend as the draft tube system, in 

that the optimum dispersion rates were obtained with 
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fluidising bed velocities approaching the minimum 

fluidising velocity. 

(ii) The effect of jet velocity on dispersion 

rates is not very significant. Increasing the total jet 

volumetric flowrate from 66 to 97 lit/min (40% increase), 

there was no significant change in the dispersion rate. 

Perhaps increasing jet volumetric flowrate dramatically 

might have had an affect. 

4.5.3 Particle Velocity Vectors 

The particle velocity vectors are an important 

measurement regarding any hydrodynamic study of fluidising 

beds with or without draft tubes or jets. These 

measurements help to establish circulation rates and 

circulation patterns regarding solid flow. 

In this study particle velocity vectors have been 

investigated, for the following 

(i) Free bed without internals. 

(ii) Draft tube system. 

(iii)Jet system. 

4 .5.3.1 Free bed without internals 

The particles velocity vectors were initially 

investigated in the case of a free bed. The purpose of 
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this study was two fold. Firstly to investigate the 

circulation rates, and secondly to show that the 

circulation patterns are what one would expect in a 

fluidisied bed. For this study the static bed height was 

kept constant at 30cm and the fluidising velocities were 

varied (30, 50, 75, 100 and 125 cm/s). Table 4.14 shows 

all the processed data, while Figures 4.39 to 4.42 show the 

particle velocity vectors for 30, 50, 100 and 125 cm/s, 

respectively. 

From the figures it is clear that their is an 

almost random circulation patterns in all the cases and the 

only difference being that the velocity vectors get larger 

as the fluidising velocities are increased. This is not a 

new observation but only confirms the fact that this 

experimental bed does behave like a fluidised bed. When 

different circulation patterns are obtained with draft 

tubes and jets, the configuration of the basic experimental 

bed has no influence, but the only influence is from the 

bed internals. 

Figure 4.43 shows the effect of fluidising bed 

velocity on average particles velocities. Increasing the 

fluidising velocity obviously increases the particle 

velocities. 



TABLE 4-14 

Free - Bed Particle Velocity Vectors 

H = 30 cm H= 30 cm H = 30 cm 

U8 = 0-30 mls UB=0-50 m Is Us= 0-75 rnls 

Max_ (av.) velocity 2-52 crnls 3-83 crnls 8-62 crnls 

Min_ (av.) veloci ty 2· 37 cmls 2·34 cmls 4·54 cmls 

~verage velocity 2·44 cmls 3·06 cmls 6·50 cmls 

S. D. (av.l ± 0·08 cmls :!: O' 66 cmls ± 1·77 cmls 

Up - right (av. vel.) 2·36 cmls 3·25 cmls 6·23 cmls 

% particles 29·9 % 22·4 % 23·9 % 

Up-left (av. vel.) 2·69 cmls 3·14 cmls 6'71 cmls 
% particles 24·1 % 42·1 % 37·0 0/0 

Down left (av. vel.) 2·44 cmls 2·64 cmls 6·30 cmls 
% particles 24·1 % 18·4 % 23·1 % 

Down-right (av. vel.) 2·29 cmls 3·17 cmls 6·67 cmls 
% particles 21-9 % 17·1 % 16·0 % 

H= 30 cm 

Us= 1-00 rnls 

7-19 cmls 

6·10 cmls 

6·65 cmls 

:!: O' 52 cmls 

6·69 cmls 

28·3 % 

7· 04 cmls 
33·7 % 

7·37 cm Is 
15·2 % 

5·54 cm Is 
22·8 % 

H = 30 cm 

U8= 1-25 mls 

12-98 cmls 

11·25 cmls 

12·11 cmls 

:!: 0·41 cmls 

12·07 cmls 

30·2 % 

12·73 cm Is 
37·4 % 

11· 67 cmls 
16·2 % 

11-17 cmls 
16·2 % 
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Particles - Free bed, Us = 30 cm/s 
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60~ Particles - Free bed, Us= 50 cm/s 
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FIGURE 4·41 
6O-i Particles - Free bed I Us = 100 (m/s 

50 

_ 40 
E / ~ 

r ! 30t-~--l\r--------------\----
\ ~' \; . 

-J \ rl . \. 1 ~ . 
~ 20 ~Ii. !. K 

ffi l' 11 d \'f!\ 1 J 
> '1 \. TO/~ ./ 

10! ~ . r ~ "\, ! 
\, 

. I < · 
o +1 t + t + t + t + t t 

'''e i 

o m w ~ ~ ~ 

PLENUM CHAMBER 

FIGURE 4·42 

604 Particles - Free bed I Us = 125 (m/s 
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fIGURE 4·43 

Effect of Fluidising Bed Velocity on Average 

Particle Velocities in a Free Bed 
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4.5.3.2 Draft tube system 

This study investigated the effect of the bed 

height and fluidising bed velocity on the particle 

velocities. The results obtained from the experiments are 

given in Table 4.15. 

Figures 4.44 to 4.48 (a, b & c) show the particle 

velocity vectors, concentration of the velocity vectors and 

the 3-D particle velocity concentration configuration for a 

better visual concept. 

Considering the effect of bed height, Figures 

4.45, 4.46 and 4.47 (a, b & c), where the fluidising 

velocity is kept constant at 20.83cm/s. It is obvious from 

the figures that there is a definite circulation pattern. 

the comparison of the concentration profiles and the 3-D 

figures shows that the bandwidth of particle circulation 

increases with bed height. 

Bandwidth of particle circulation and patterns are 

more significantly altered when the fluidising bed velocity 

is varied keeping the bed height constant at 30cm, Figures 

4.44, 4.45 and 4.48 (a, b & c). A comparison of the 

figures shows clearly that the bandwidth of particle 

circulation increases with increasing bed velocity. 

Figures 4.49 and 4.50 show the effect of bed 

velocity and height, respectively, on the percentage of 

particles in the four directions. It is obvious, in 
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comparison to particle percentages in a free bed Figure 

4.51, that the draft tube system induces a definite 

particle circulation. 

TABLE 4·15 

Draft- Tube Particle Velocity Vectors 

H = 30 cm H = 30 cm H = 35 cm H = 40 cm H = 30 cm 

U8 =16·70 cm/s Us= 20·83 an/s Ue=20·83 cm/s Us= 20·83 cm/s Us= 27-50 an/s 

Max.(av.l velocity 4·94 cm/s 4·07 cm/s 5-33 cmls 4·97 cm/s 4·35 cm/s 

Min. (av.! velocity 4 ·70 cm/s 3·55 cm/s 4·62 cm/s 4·46 cm/s 3·84 cm/s 

Average velocity 4·82 cm/s 3·81 cm/s 4·98 cm/s 4·73 cm/s 4·09 cm/s 

S.D. (av. ) ! 0·12 cm/s :!: 0·26 cm Is :!: 0·35 cm/s :!: 0·24 cm/s :!: 0·25 cm/s 

Up-right (av.) 15·28 cm/s 4·27 cm/s 5·40 cm/s 6·35 cm/s 4·00 cm/s 

% particles 1-2 % 7·2 % 2·3 0/0 3·5 0/0 6·2 0/0 

Up-left (av.) 4·33 cm/s 4·06 cmls 2·69 cm/s 4·27 cm/s 4·83 cm/s 

0/0 particles 2·0 0/0 2·8 0/0 ,. 0 0/0 9·0 % 2·5 % 

Down-left (av.) 4·74 cm/s 3·76 cm/s 4·70 cm/s 4·58 cm/s 4·53 cm/s 

0/0 particles 42·1 0/0 43·9 0/0 46·7 0/0 38·5 % 33·8 % 

Down-right (av.! 4·67 cm/s 3·76 cm/s 5·26 cm/s 4·83 cm/s 3·81 cm/s 

% particles 54·7 % 46-1 0/0 50·0 0/0 49·0 % 57·5 0/0 
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FIGURE 4-44 (b) 

FIGURE 4·4.4 (a) 
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FIGURE 4·45(a) 

60 Particle velocity vectors - Draft tube system 
U. = 20·S3cm/s, H = 30cm 
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FIGURE 4-46 la) 

60 Particle velocity vectors - Draft tube system 
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FIGURE 4·47 Ca) 

60 Particle velocity vectors - Draft tube system 
U. = 20·83 cm/s, H = 40 cm 
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FIGURE 4'48 (al 

60 Particle velocity vectors· Draft tube system 
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FIGURE 4·49 FIGURE 4·50 
Effect of Fluidising Bed Velocity on Particle Percentage Effect of Bed Height on Particle Percentage in Four 
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FIGURE 4·51 

Effect of Fluidising Bed Velocity on Particle 

Percentage in Four Directions 
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4.5.3.3 Jet system 

The novel jet system incorporating two jets, one 

horizontal and one vertical, as shown in Figure 4.3 earlier 

in this chapter. THe study investigated the effect of 

fluidising bed velocity and total jet volumetric flowrate 

(VJ = Vv + VB) on the particle velocities. The bed height 

was kept constant at 30cm. The results obtained from the 

experimental work are presented in Tble 4.16. 

Figures 4.53, 4.54 and 4.55 (a, b & c) show the 

effect of the total jet volumetric flowrate (11.00, 13.33 

-4 3/ . 1) and 16.17 x 10 m s, respect1ve y . The fluidising bed 

velocity is kept at 20.83 cm/so There is a clear 

recirculation pattern obtained, but the effect of the jet 

volumetric flowrate is not obvious. The medium jet 

volumetric flowrate (13.33 x 10- 4 m3 /s), Figure 4.54 (a, b 

& c) seems to yield the best recirulation. This is 

confirmed by comparing the velocity concentrations and the 

3-D figures. The reason for the poor performance of the 

other jet volumetric flowrates is that at high VJ (16.17 x 

10- 4 m3 /s), the particles can be seen to be repelled from 

the mouth of the jets due to the jet penetration. Whilst 

at low VJ (11.00 X 10- 4 m
3 
/s), there is insufficient 

flowrate to entrain the particles. 

Considering Figures 4.52, 4.53 and 4.56 (a, b & c) 

which show the effect of the fluidising bed velocity 
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(16.70, 20.83 and 27.50 cm/s respectively). The total jet 

volumetric flowrate is kept constant at 11.00 x 10- 4 m3 /s. 

It is clearly obvious from the figures that a recirculation 

pattern is obtained for the first two cases where UB is 

low, but increasing UB the recirculation patterns are 

distorted. The recirculation in the second case, Figure 

4.53, is better than in the first case, Figure 4.52. Since 

a greater proportion of the bed is utilised, thus leaving 

negligible bed stagnant. 

Figures 4.57 and 4.58 show the effect of 

fluidising bed velocity and jet volumetric f10wrates on the 

percentage of particles in the four directions. The common 

trend in both cases is that either increasing the 

fluidising bed velocity or increasing the jet volumetric 

flowrate, the induced recirculation patterns and rates are 

destroyed. In other words the required recirculation is 

less obtainable at higher bed velocities or higher jet 

volumetric flowrates. In the case of jet volumetric 

flowrates, the best required percentage circulation of 

particles (Down-left) is obtained at between 13 to 14 x 

10- 4 m3 /s. 



TABLE 4·16 
Jets Particle Velocity Vectors 

UB= 16·70 cm/s UB= 20·83 cm/s Us=20'83 cm/s 

Y.t=S·07x10-4m3/s VH= 5-07x1o-4m3/s ~=6-14x10-4 m3/s 

Vv=5'93x10-'m3/s Vv=5'93x10"4 m3/s Vv=7-19x1(f4 m1/s 

Max. (av.) velocity 2·76 cm/s 2· 56 cm/s 2·75 cm/s 

Min. (av.) velocity 2·30 cm/s 2·17 cm/s 2·25 cm/s 

Average velocity 2· 53 cm/s 2-36 cm/s 2-50 cm/s 

S.D. (av.l :!: 0·21 cm/s :!: 0·19 cm/s :!: 0-24 cm/s 

Up-right (av.) 2·25 cm/s 2- 33 cm/s 2·54 cm/s 
% particles 9·0 % 22·0 % 9.0 % 

Up:" left (av.) 2· 32 cm/s 2· 34 cm/s 2·54 cm/s 

% particles 19·0 0/0 21-0 0/0 13·0 0/0 

Down-left (avJ 2·65 cm/s 2·37 cm/s 2·46 cm/s 
0/0 particles 65·0 % 40·0 0/0 60·0 % 

Down-right (av_) 2·35 cm/s 2· 38 cm/s 2· 57 cm/s 
0/0 parti des 7·0 0/0 17-0 % 18- 0 0/0 

Us= 20·83 cm/s 

V~7-45x1O-4m3/s 

Vv=8'72 x1(f4 m3/s 

3-39 cm/s 

2·49 cm/s 

2-91 cm/s 

:!: 0·42 cm/s 

2-97 cm/s 
22· 5 % 

2· 52 cm/s 

13·8 0/0 

3-29 cm/s 
40·0 % 
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FIGURE 4·52 (a) 

Particle velocity vectors - Jet system 
U, = 16·70 em/s, VJ = 66 lit/min 

-------- ---- ------------

O,1--+~t-+~r-t~t~t~40~t~~O 
o 10 20 30 J 

PLENUM CHAMBER 

FIGURE 4·52 (c) 

60 

<i 20 .... 
~ 
c:r: 
o....J 
> 

10 

FIGURE 4· 52 (b) 

Particle concentrations - Jet system 
Us =16·70 m/s, VJ = 66lit/min 

o:i 
o~~ 
~

;~rn 
0· !ftf"" 
® \'"'. 

o 0 

Ol+----.-----r----.----.--~ 
o 10 20 

PLENUM 

30 40 
CHAMBER (ems)-

Particle velocity vectors in 3-D - Jet system 

UB = 16-70 cm/s, VJ = 66 lit/min 

Velocity 
l 
I 
I 
I 
I 
I 
I 
I 

t 
'';::: 



'" e 
~ 

60 

50 

- 241 -

FIGURE 4·53 (a) 

Particle velocity vectors - Jet system 
U. = 20·83 cm/s, V = 66 lit/min 
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FIGURE 4-54 la) 
Particle velocity vectors - Jet system 

U. = 20-83 cm/s, V, = 80 lit/min 

FIGURE 4-54 Ib) 
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FIGURE 4·55 la) 

Particle velocity vectors - Jet system 
U. : 20·83 cm/s, V, : 97 Iit/min 
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FIGURE 4·56 la) 

Particle velocity vectors - Jet systtm 
U. = 27·S0em/s, V, = 66Iit/mi1 
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FIGURE 4·57 FIGURE 4· 58 

:ect of Fluidising Bed Velocity on Particle Percentage Effect of Jet Volumetric Flowrate (Total) on Particle 

Four Directions in a Jet System Percentage in Four Directions in a Jet SySttem 
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4.5.3.4 Conclusions 

(A) FREE BED SYSTEM 

Free bed systems are limited as far as induced 

recirculati~n requirements. It has been shown that the 

circulation is random and the particle velocities in all 

four directions increases with increasing bed velocity. 

(B) DRAFT TUBE SYSTEM 

In this system required recirculation patterns and 

rates can be obtained as shown. Increasing the bed height 

improves the particle circulation bandwidth by utilising a 

greater proportion of the bed geometry and leaving very 

little dead space. The same kind of trend, but of greater 

magnitude, was also seen by increasing the fluidising bed 

velocity. From the particle percentage observations, both 

the bed height and fluidising bed velocity have an optimum 

value where the required circulation (down-right and 

down-left) are maximum. For the bed height it is 35cm 

(same as the draft tube height) and for the fluidising bed 

velocity it is approximately 20cm/s (just under Umf). 

(C) JET SYSTEM 

This type of system can also produce the required 

circulation patterns and rates. In the case of the 

influence of jet volumetric flowrates, it was found that 

best required circulation rates (down-left) were produced 
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at medium jet flowrates (13 to 14 x 10-
4 m3 /s), for both 

the circulation patterns and particle percentages. The low 

and high jet flowrates seem to either have insufficient 

entrainment or repelling effect, respectively. In the 

case of fluidising bed velocity, it was found that low Ua 

(less than Vmf) produced the best circulation patterns 

while the lowest UB (approximately 15cm/s) produced the 

best particle percentage in the required direction 

(down-left). 

The significance of this study with respect to the 

gasification/pyrolysis of biomass is that it has been shown 

that induced recirculation rates can be obtained using 

either the draft tube or the jet system. From the 

conclusions of the experimental chapter it was found that 

separating the combustion reactions from the gasification 

and pyrolysis reactions would yield a better quality 

produced. In this chapter it has been shown that 

circulation rates can be induced and hence distinct zones 

can be created within the reactor bed using either of the 

draft tube or jet system, giving a better quality product 

gas. Furthermore since the rates of induced circulation 

can be controlled by a number of parameters it would be 

possible to use different feedstocks employing the same 

reactor bed system. 



CHAPTER FIVE 

SUMMARY AND CONCLUSIONS 
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5 SUMMARY AND CONCLUSIONS 

It is the aim of this chapter to summarise the 

findings of the studies undertaken, gasification/pyrolysis 

of woochips and the cold modelling. Full discussion of 

results is included in the relevant chapters, therefore 

only brief conclusions will be presented here along with 

suggestions for further work. 

5.1 THE GASIFICATION/PYROLYSIS OF WOODCHIPS 

Woodchips and other forms of wood wastes have been 

shown to have the potential to be an important supplement 

to conventional fuels if efficiently utilised. Using air 

as the gasifying medium, woodchips were converted into a 

low CV fuel gas of about 6 MJ/Nm3
, at fuel feedrates in 

excess of about 3.5 x S, and at bed temperatures in the 

o 
range of 700 - 800 C. 

5.1.1 Fuel Feedrate 

The results of the experimental work showed a 

marked improvement in the quality of the product gas as 

fuel feedrate was increased. Although there was a limiting 

factor, the gasification efficiency, which decreased with 
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very high fuel feedrates (> 4 x S). The drop in efficiency 

at higher fuelfeedrates is due to the 'diminishing 

returns' effect, whereby an increase in the fuel feedrate 

is not matched by a corresponding rise in the calorific 

value of the fuel gas produced. In other words there is a 

limit to how much the fuel gas quality can be improved with 

respect to fuel feedrate. 

5.1.2 Temperature 

The quality of the product gas showed marked 

improvement with increase in temperature. The only 

limiting factors are the materials of construction, the ash 

fusion temperature and the energy loss from hot product 

gases. The latter can be minimised by utilising the 

sensible heat of the product gases either by using heta 

exchangers to remove the heat energy, or by using the 

product gas immediately after production in an adjacent 

plant. 

5.1.3 Bed Height 

Increasing the static bed height produced a better 

quality fuel gas. The reason for this was that there was a 

better separation of the combustion and 

gasification/pyrolysis zones. This could further be 

improved by having an induced recirculation within the 
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system. For this purpose a cold modelling study was 

conducted to enable the determination of the induced 

recirculations within two different systems, namely the 

draft tube and the jet system. 

5.2 COLD MODELLING 

5.2.1 Free Bed System 

The empty fluidised bed without any bed internals 

demonstrated random recirculation, with little or none 

induced circulation patterns. 

5.2.2 Draft Tube And Jet Systems 

In these systems the required recirculation 

patterns and rates can be obtained. They could be employed 

to separate the combustion and gasification/pyrolysis zones 

with respect to woodchip conversion processes. This would 

yield a better quality product gas. Additionally since the 

rates of induced recirculation can be controlled by a 

number of parameters, as shown in the cold modelling 

chapter, it would be possible to use different feedstocks 

employing the same reactor bed configuration. 
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5.3 FURTHER WORK 

The following suggestions for further work in this 

field are 

(1) The yield and characterisation of the oils and 

tars formed during gasification/pyrolysis with 

view to assessing by-product recovery. 

(2) Experimental tests employing either or both the 

draft tube system and the jet system, using air 

as the gasifying medium, and woodchips as the 

feedstock to obtain comparative results. 

(3) The processing of woodchips with steam, steam/air 

or steam/oxygen mixtures for the production of 

synthesis gas, rich in carbon-monoxide and 

hydrogen, especially using the the draft tube or 

jet system. 
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APPENDIX 1 

SIGNIFICANCE OF REACTOR BED GAS PROFILES 

The Tables, 1 to 9, given here represents the 

information collected regarding the concentration of 

gaseous species at several distances above the distributor 

plate. The results obtained are in the form of a 

concentration profile through the bed. 



CO 
H2 
CH4 

C2 H2 
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TABLE 1 

BED PROFILE (RUN 1) 

Bed depth = 10 cm 

Air feedrate (15°C) = 80 lit/min (0, 0976 Kg/min) 

Fuel feedrate = O' 0320 Kg/min (2·0 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 
o cm 2 cm 8em 40 cm 130 cm 

0 0·73 2·23 6·21 8·95 
0 0·18 0'49 1'29 1·86 
0 0·05 0·29 0·87 1·09 
0 0 0 0 0 

C2 H4 > 0 0 
C2 H6 

0'16 0'44 0'57 

C3H6 0 0 0·02 0·08 0'11 
C3HS 0 0 0 0·01 0·01 
O2 21·00 9'46 5·19 1·22 0'66 
N2 79·00 87'81 82·02 75'20 70'52 
(02 0 1·77 9'60 14'78 16·23 

Temp. K 298 1037 1040 771 503 



CO 
Hz 
CH4 
C2 Hz 

- 273 -

TABLE 2 
BED PROFILE (RUN 2) 

Bed depth = 10 cm 

Air feed rate (15°C) = 80 lit/min (0' 0976 Kg /min) 

Fuel feedrate = O' 0499 Kg/min (3·1 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 
o cm 2 cm 8 cm 40 cm 130 cm 

0 0 2·34 7·52 14'13 
0 0 0'53 1'73 3'41 
0 0 O' 31 1·91 3·08 
0 0 0·01 0·09 0·26 

CzH4 > 
C2 H6 

0 0 0'20 0·95 1'66 

C3 H6 0 0 0·03 0·09 0·24 
C3 H8 0 0 0 0 0·01 
Oz 21·00 9'23 2'15 1'19 0'45 
N2 79·00 87·80 81·74 71'44 59·21 
COz 0 2·97 12'69 15·09 17'52 

Temp. K 298 1059 1060 700 598 



(0 
Hz 
CH4 
C2 Hz 
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TABLE 3 
BED PROFILE (RUN 3) 

Bed depth = 10 cm 

Air feedrate (15°() = 80 lit/min (0-0976 Kg/min) 

Fuel feedrate = 0- 0499 Kg/min (3-1 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 

o cm 2cm 8 cm 40 cm 130 cm 

0 0-60 5·77 9·17 13'45 
0 0·13 1·02 1·21 3'18 
0 0-07 1·16 1· 96 2'79 
0 0 0·03 0·11 0'30 

CZ H4 > 
(2 H6 

0 0 0'75 0'91 1-35 

(3 H6 0 O· 0·09 0·15 0·23 
C3 He 0 0 0 0 0·01 
O2 21·00 10'95 3·85 1·32 0'91 
Nz 79·00 86·71 75·11 70·58 60'74 
CO2 0 1·54 12·22 14·69 17-04 

Temp_ K 298 1064 1019 725 524 



CO 

H2 
CH4 

C2 H2 
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TABLE 4 

BED PROFILE (RUN 4) 

Bed depth = 10 cm 

Air feedrate (15°C) = 80 lit/min (0·0976 Kg/min) 

Fuel feedrate = O' 0656 Kg/min (4·1 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 
Oem 2 em 8em 40 em . 130 em 

0 0 5·34 12·31 14·37 
0 0·01 1·10 2·01 3·20 
0 0 1-14 2-33 3-58 
0 0 0-11 0·15 0·17 

C2H4 > 
C2 H6 

0 0 1·01 1-09 1·14 

(3 H6 0 0 0-06 0-11 0·21 
C3 He 0 0 0 0'01 0-02 
O2 21·00 12-56 1·91 1'45 1·12 

N2 79·00 87·05 74-10 64'79 60-10 

CO2 0 0-38 15·23 15-75 16·09 

Temp. K 298 1051 1054 751 566 
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TABLE 5 
BED PROFILE (RUN 5) 

Bed depth = 10 cm 

Air feedrate (15°() = 80 lit/min (0·0976 Kg/min) 

Fuel feedrate = O· 0368 Kg/min (2·3 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 

o cm 2 cm 8 cm 40 cm 130 cm 

0 0·13 4·51 5·23 6·15 

0 0·05 0·97 1·07 1·27 

0 0 0·72 0·89 1·12 

0 0 0 0 0 

> 0 0 0·44 0·56 0·76 

0 0 0·10 0·13 0·15 

0 0 0·01 0·01 0·01 

21·00 12·73 6·46 5·36 4·50 

79·00 86·58 79·00 78·34 75·91 

0 0·51 7·79 8'41 9·37 

Temp. K 298 955 880 678 512 
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TABLE 6 
BED PROFILE (RUN 6) 

Bed depth = 10 cm 

Air feedrate (15°Cl = 80 lit/min (0·0976 Kg/min) 

Fuel feedrate = O· 0624 Kg/min (3-9 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 

o cm 2cm 8 cm 40 cm 130 cm 

CO 0 0 8·71 10·57 12·42 

H2 0 0·01 1·43 1·75 2·20 

CHt. 0 0 1·42 1· 51 1· 66 

C2 H2 0 0 0·09 0·10 0·12 

C2H4 > 0 0 0·69 0·71 0·83 
C2 H6 
C3 H6 0 0 0·17 0·18 0·18 

C3 He 0 0 0·03 0·04 0·06 

Oz 21·00 12·55 5·99 3·71 2·61 

Nz 79·00 87·40 73·01 70·69 67·11 

CO2 0 0·04 8-47 10·74 12·81 

Temp. K 298 942 947 703 544 
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TABLE 7 
BED PROFILE (RUN 7) 

Bed depth = 10 cm 
Air feedrate (1SOC) = 80 lit/min ((}0976 Kg/min) 

Fuel feedrate = 0·0416 Kglmin (2'6 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 

o cm 2 cm 8 cm 40 cm 130 cm 

CO 0 0·25 2·02 6·43 9·83 

~ 0 0·09 0·46 1· 01 1·94 

(H4 0 0 0·28 0·95 1·76 

Cz Hz 0 0 0 0 0 

(zH4 > 0 0 0·19 0·87 1·16 
Cz H6 
(3 H6 0 0 0·03 0·15 0·25 

C3 He 0 0 0 0·01 0·02 

Oz 21·00 12·27 5'70 3·91 3·00 

Nz 79·00 86·46 82·38 76·84 71'12 
(02 0 0·93 8·94 9·83 10·92 

Temp. K 298 959 935 751 585 
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CH4 
C2 Hz 
C2 H4 
C2 H6 
C3 H6 
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TABLE 8 

BED PROFILE (RUN 8) 

Bed depth = 15 cm 

Air feedrate (15°C) = 80 lit/min (0, 0976 Kg/min) 

Fuel feed rate = O' 0376 Kg/min (2·4 x S) 

DISTANCE ABOVE DISTRIBUTOR PLATE 
o cm 2 cm 8 cm 40 cm 130 cm 

0 0 0·03 1-09 3·87 
0 0·01 0·06 0-21 0·51 
0 0 0 0-12 0·44 
0 0 0 0·01 0·03 

> 0 0 0 0·09 0·20 

0 0 0 0·03 0·07 
0 0 0 0·01 0-03 

21·00 18·99 18-33 7-94 1-54 
79-00 80-20 80-16 79·29 75·42 

0 0·80 1-42 11·21 17·82 

Temp. K 298 738 726 623 462 
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TABLE 9 

BED PROFILE (RUN 9) 

Bed depth = 5 cm -

Air feedrate (15°() = 80 lit/min {O· 0976 Kg/min1 

Fuel feedrate = 0·0564 Kg/min (3-6 x Sl 

DISTANCE ABOVE DISTRIBUTOR PLATE 
o cm 2 cm 8 cm 40 cm 130 cm 

0 0 0 14·45 17·06 
0 0 0·08 1·91 2·52 
0 0 0·02 1·27 1·79 
0 0 0 0·28 0·30 

> 0 0 0·01 0·54 0'65 

0 0 0 0·06 0·08 
0 0 0 0·01 0·01 

21· 00 19·89 17·26 2·47 2·02 
79·00 80·19 77·15 69·26 65·45 

0 0·02 5·48 9'75 10·12 

K 298 875 825 583 404 
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APPENDIX 2 

THE EFFECT OF VARYING PROCESS CONDITIONS 

ON PRODUCT GAS QUALITY AND YIELD 

The experimental results derived to investigate 

the effect of varying process conditions on product gas 

quality and yield are presented here, Tables 1 to 15 (a-e). 

Tables band c represent the yield (Nm3 /Kg) and output 

(Nm3 /min), respectively, of the major gaseous components. 

While Table e gives the various process efficiencies. 

Tables a and d are the resulting derived data which have 

been employed to investigate the effect of varying process 

conditions. 



.!J) 

Bed depth 210 cm 

T • .p.ntur. :941-970 K 
A'r fMdnt.(15-C1= 80 lit/min (~0976 Kg/minI 

RUN 1 RUN 2 RtJI 3 RUN 4 RUN 5 RUN 6 RUN 7 RUNe RUN 9 

co 6-91 9-18 &-32 7-55 9-84 1'1·00 9-83 14·20 12-32 

H, 1·27 1'62 0-96 1'44 1-90 2·28 1-94 2'16 2-27 

CH. ,.,2 1·20 1·53 1·29 1-32 ,.,,5 1·76 1·82 1-28 
C, H, 0 0-12 0 0 D-14 0 0 ~1O ~05 

C,H. > 
C,H. 

0-76 0-71 0-55 0·86 0-79 0-85 116 ~86 0'60 

C,H, 0'15 012 0-08 0-18 0'14 0-19 ~25 0-22 0-17 
C,H. 0-01 0-05 0'01 0-01 0-11 0-01 0-02 0-02 0-02 

0. 4·50 2'15 5·14 5-26 2·29 0-38 lOO 2-98 l04 

H, 75·91 75'15 69·79 7H4 73-46 66-13 71·12 65-41 65-63 

Co. 9-37 HO 13062 9·77 10-02 17·71 tt>92 12-23 14-62 

~ V I1JINaIIIliyI 
Gross 215 2-56 2·24 2041 2·88 }02 3-23 767 2·98 
Htt 2·03 2-43 2'13 2·29 2-73 ~87 3O()5 3049 2·84 

FI.8 teectate 0-0368 10'0277 0-0322 0-0368 0-0288 0·0336 0-0368 0-0624 0-0512 

Kg/min HxS 1·7-5 2-0.5 B"S 1'8"S 2'1. S 2-3 x S 3-9" S 3-2. S 

Temp. K 1957 957 950 955 967 966 959 942 954 

RIll cw.mon 90 
mins 

90 75 90 90 115 90 BO 60 

~ 
Bed depth = 10 (m. Temperature range = 941- 970 K 

MASS BALANCE EFFIClENCIES % GASIFICATION THERMAL 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % EFFICIENCY % 

RUN 1 46·7 18·9 56·3 100·0 22·9 35·7 

RUN 2 71·7 27-8 59·0 100·0 36·7 53·8 

RUN 3 74·3 22·6 84·7 100·0 29·8 45·6 

RUN 4 51·9 22·3 63·0 100·0 26·5 39·8 

RUN 5 75·5 31·7 62·5 100· 0 40·5 57·6 

RUN 6 98·2 31·9 90·7 100· 0 40·6 57·8 

RUN 7 65'9 31·4 65·4 100·0 36·8 51·2 

RUN 8 51·2 19·4 68·1 100'0 27'1 36,5 

RUN 9 60·4 18·6 79,1 100·0 26,7 37·9 

..If! 
Bed depth • 10 CII. Temperature range • 941- 970 K 

"'"...,_11 RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 CO 5-48 7·13 7·16 6'17 8'04 1)'00 8·32 13·14 11-33 H, 1'01 1'29 0'83 1·18 1'55 2'07 1-64 2'00 2'09 CH, . 0'119 096 1-32 1'OS 1'08 1'32 1-49 1-68 118 (,H, 0·00 0'10 0'00 0·00 0," 0'00 0'00 009 0·05 C,H.> 0'60 0·57 0'47 0·70 0'65 0'77 0·98 080 055 (,H. 
(,11. 0'12 0'10 0'07 0'15 0·11 0'11 0·21 0'20 0·16 (,H. 0·01 0'04 0'01 0·01 0·09 0·01 0'02 0'02 0'02 0, 3-57 1-72 4'43 4·30 1'86 0'35 2'54 2'76 2·80 N, 60-16 60·04 60'10 60·16 60·05 60·12 60'16 60·51 60'36 (0, 1-43 7-75 11·73 7-98 8'19 16'10 9·24 11·31 f~ Total 79'25 79·89 86'11 81-69 81-75 90'91 84·59 92-51 91'96 

.!!!! 
Bed deplh. 10 CIII. Temperalure r~ 941 - 970 K 

!Nno'll<g -10' RUN I RUN 2 RUN 3 RUN 4 RUN 5 RIM 6 RUN 7 RUN 8 RUN 9 (0 11'89 26·46 22·24 16'77 27-92 29·76 22'61 21·06 22-13 H, 2·74 4·66 2·58 HI 5'38 6'16 4'46 3-20 4·08 (H. 2-42 H6 4'10 2'85 3'75 3·93 4·05 2'69 2'30 (, H, 000 0·36 0'00 0·00 0'38 0'00 0·00 0'14 0·10 (,H,> 1'63 2'06 1· 46 1'90 2'26 2'29 2'66 1'28 I· 07 (,H, 
C,H, 0'33 0'36 0'22 0'41 0'38 0'50 O' 57 0·32 0'31 (,!t. 0·03 0·14 0·03 0·03 0'31 0·03 0'05 0·03 0·04 0, 9'70 6'21 13'76 11-68 6'46 1· 04 6'90 4'42 5'47 H, 163-48 216'75 186'64 163·48 208'51 178· 93 163-48 96'97 117-89 CO, 20'19 27-98 36'43 ~ 28'44 47-92 25'11 18'12 26'25 
Tolal 215'35 288·41 26H2 221'98 283-85 270·56 229·86 148'25 179'61 

.Id) 

RUN 1 RUN 2 RUN 3 RUN 4 
Prod. gas flow 

RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 

OrylNm'/minl 00792 00799 00861 00817 0·0819 00909 00846 00925 00920 
Wet (Nm'lminl 00849 0·0837 00905 00867 0·0957 00955 00896 01010 00990 

Per Kg fuel 
OrylNm'lKgl 2·1522 2,88/,4 2·6739 2·2201 29403 2·7054 2·2999 16186 1-7961 
WeIlNml'Kg I 2-3071 30216 2·8105 2·3560 2·9757 28423 2·4348 17673 19330 

Sll!am content 
of wet !JiIs1% 6·0 4·5 4'9 58 4·6 4·8 5·6 8·5 7·1 

(arry-oyer 
0099 0·075 0'091 0'109 0·099 0067 0·119 0'019 0·169 (q/minl 

Bed-char 
0·303 0·111 0·129 0147 0·115 0134 0147 0250 • ash Iglminl 02.5 

'---

~ 
CD 
r­
rn 

~ 

~ 
00 
~ 



(0 
H, 
CH, 
C,H, 

(3( 

Bed depth = 10 cm 
Temperature = 971- 990 K 
Air feedrate 11 SO() = 80 litlmin 

RUN 1 RUN 2 RUN 3 

lH2 9-68 12-66 
2'20 1·98 2-20 
1·66 1-27 1-68 
0'12 0'06 (}12 

C,H, > 0·82 (}70 0'83 
C,H. 
C,H. 0'18 ' (}18 (}19 

C.I-I. (}05 (}04 0-06 

0, 2·61 5-33 2'66 

N, 67-13 74'04 66·76 
(0, 112'81 6'72 12'84 

CV MJ/Nm'fdry) 
Gross 3-36 2-70 3-43 
Net 3-20 2'56 3'26 

RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 

12·53 9-81 12-24 13-50 11'81 

1'70 1-92' 2-41 1-82 2·88 

1'65 1-70 1·58 1-63 1·70 

0-19 (}OO 0·18 (}06 0 

0'77 1-43 0'96 0'89 0·50 

0·19 (}10 0'18 0·25 0 

(}02 (}01 0·02 0-06 0 

1·58 0-87 1·73 4·04 1-12 

68·23 68'12 6916 68'60 68·59 

13'14 6-04 11·54 9·15 13-40 

3-29 3-23 3-43 3-52 2·88 

3-14 3-05 3·26 3-36 2-74 

Fuel feedrate (}0624 0·0376 (}0624 (}0459 (}0417 0·0288 0'0384 0·0480 

Kg/min H"S 2·4" S H"S 2·9x S 2-6"S l'8x S 2·4" S 3'0" S 

TMIp_ K 989 978 990 981 983 971 980 978 

Rill duration SO 70 ao ao 120 90 70 60 
mins 

l!!! 
Bed depth = 10 cm. Temperature range = 971 - 990 K 

NmYKg xl0' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 

CO 19·24 20·93 18·38 24·12 20·79 36'91 30·83 21-62 

H, 3'17 4'28 3'19 3·27 4·08 7-26 4'17 5-27 

CH, 2-40 2·74 2'44 3'18 HO 4·76 3·72 l10 

C, H, 0·18 0·13 0-18 0·37 0·00 0·56 0·13 0·00 
C, H • ......, 
C,H. /' 

1'18 1'52 1'20 l' 48 3·02 2·88 2·03 0·92 

C,H. 0'26 0·40 0'27 0·37 0·22 0·56 0'57 0·00 

C, H. 0·08 0·08 0·08 0·04 0·02 0·07 0'13 0·00 
0, 3'77 11- 52 3-86 3·05 1'85 5'21 9'22 2-04 
N, 96'97 160· 03 96·97 131-33 144-44 208·51 156·72 125-64 
(0, 18·51 14·52 18·65 25-29 34·00 34'79 20'91 24'54 

"IOtal 145·74 216·14 145·22 192'14 212'01 301-49 228·44 183'15 

III 
Bed depth = 10 cm, Temperature range = 971- 990 K 

~'Irnil,,1O 
-, 

RUN 8 I RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 
CO 11-99 7·87 1H7 11·07 8·67 10·63 11·84 10·38 
H, 1-98 1-61 1-99 1'50 1·70 2'09 HO 2'53 
(H. 1-50 1-03 1-52 1-46 1·50 1-37 1-43 1-49 
C,H, 0'11 0·05 0·11 0·17 0·00 0·16 0-05 000 
C,H, > 
C,H. 

0'74 0'57 0'75 068 1-26 0'83 0'78 0-44 

C.I-\ 0·16 0·15 0'17 0-17 0-09 0-16 0-22 0-00 
C,H, 0-05 0-03 0-05 0-02 0-01 0-02 0·05 0-00 
0, 2·35 4'33 2-41 HO 0·77 1_' 50 3'54 0'98 
N, 60'51 60'17 60'51 60·28 - 60'23 60·05 60'18 60-31 
CO 11'55 5'46 11' 64 11-61 14'18 10-02 8·03 11'78 
Total 90·94 81-27 90-62 88'36 88'41 86'83 87-72 87·91 i 

J!D 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 
Prod. gas flow 

DrylNmlmin) 0·0901 0-0813 0-0906 0-0884 0'08S4 0-0868 0-0877 00879 
WetlNm/min) 0'0987 00864 00992 0-0946 0·0941 0·0908 0-0930 00945 

Per Kg fuel 
_ DrylNm IKg) 1-4446 2·1614 1·4524 1-9248 2·1201 3·0149 2-2846 18319 

WeIlNm/Kg) 1·5814 2·2984 1-4740 2-0619 2'2571 3-1517 2-4216 1-9688 

Steam content 

of wet gasl"lo) 
8-7 6'0 8·6 6·6 6·1 4·3 5·7 70 

Carry-over 
0-175 0·211 0-297 

Ig/min) 0'223 0-195 0·095 0-178 0-201 

Bed-char 

+ash Ig/min) 
0-250 0-150 0'250 0'184 0-167 0-115 0-154 0-192 

le) 
Bed depth = 10 cm, Temperature range = 971 - 990 K 

MASS BALANCE EFFIClENCIES % GASIFICATION THERMAL 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % EFFICIENCY % 

RUN 1 47'6 18'1 64·4 100-0 24·2 338 
RUN 2 480 22'6 55'9 100·0 29'0 42'3 
RUN 3 48'4 18'5 65·3 100'0 24'8 34'4 
RUN 4 64'3 22'2 70'0 100·0 31· 6 44'1 
RUN 5 72· 9 29'1 75'6 100'0 33'9 48'0 
RUN 6 95'2 39'3 74'8 100'0 51'4 70-4 
RUN 7 69'2 28·4 70'7 100'0 40' 2 54'7 
RUN 8 57-2 20'5 66-6 100'0 26'2 38·0 
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r 
fempenture ; ~~i-i~~~ I< 
Air feedrate t1S"Cl ; 80 lit/min 

H, 4·20 4·23 4·29 4·77 4'95 5·36 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN B RUN 9 RUN 10 RUN 11 RUN 12 CH, 4'46 2·83 5'33 HO 4·65 4·41 3-37 4·74 5·05 4·39 

co 
H, 
CH, 
C, H, 

10·56 11·33 13·00 13-37 12'00 11·55 10·73 11'09 15·04 14·07 12·05 lHB 0·00 0-23 0'55 0·00 0-00 0-00 0'18 0-18 0'47 0- 52 

2'14 1'94 2'51 2·89 BB 1·94 1'82 2-28 2-47 2-55 2-98 3-13 . 3-07 1-47 l07 2-32 3-26 3'72 1-98 HO 3-04 2'57 2.80 
1'19 2-06 H8 2-86 1-32 2'10 2'08 1-61 2·00 2'98 H5 2-56 ! 
o 0 0'14 0'30 0 0 0 0·09 008 0·31 028 030 . 

C,HI 

0'34\ 0'36\ 0'27\ 0'38\ 0'39\ 0-46\ 0'26\ 0.35\ 0'70\ 0'35\ 0'311 0-38 
0·03 0·02 0·04 0-04 0·03 0-05 0·02 0-35 0·10 0·03 0·03 0·03 C,H,> 

C, H, 074 1-42 0·87 1-64 0·85 1-47 1·75 0·95 1'10 1·75 1'55 1-63 0, 
2'66\ 6'67 \ 10'11\ 3'13 3-36 8-8~ 6'14 4-70 8·41 3049 302811'72 

C, H, 012 017 0'16 020 014 021 0'12 0'17 030 0-20 019 0-22 N, 18H8 144-44 108·28 114·99178'93 144·4 144-44 130'88156·72 104-93 104·93 104·93 

C, HI 
0, 

001 001 002 0·02 001 002 0-01 0'17 004 0·02 002 0·02 CO, 45-47 28'75 19·26 28· 44-88 30'14 26·50 19-25 21-9:3 27034 24-30 27-41 

096 3-08 5·99 1-66 1·23 199 2-89 2·25 3·55 2'01 1· 98 1·00 
N, ~7'85 ~'71 64·21 61-61 65'61 65-13 6&10 72-18 66·16 ~-38 63'25 61-18 
Co, 16·43 13-28 11-42 15'45 16'46 13'59 12·50 9-21 9-26 15-73 14·65 15'98 

cv MJINnM'y) 

Gross 12'71 I 3-63 /3048 /4'70 /3-07 
Net 2·58 3-43 3-31 4·42 2·92 

Fuel feedrate ID-0320 1°-0417 100558 10-0525 100336 
Kg/min 2'0 .. $ 2·6 .. $ 3-5 .. $ 3-3 .. $ 12'1" $ 

Temp. K 11003 I 999 11008 11004 11003 

Run .dll"ation 1115 1120 I 60 I 60 1115 
""ns 

Id) 

3·76 
3-55 

00417 
2·6 .. $ 

999 

120 

3'72 13'37 14'13 14'87 14'53 14-70 
3-51 3'18 3'92 4·59 4-26 4-43 

00417 1°-0398 100384 100576 100576 100576 
2·6 .. $ 2'5 .. $ 2·4 .. $ 3-6,,$ 306 .. $ 3·6 .. $ 

1001 I 993 I 997 11003 I 1006 I 1002 

120 I 90 I 70 I 60 I 60 I 60 

Prod gas flow 
RUN 1 IRUN 21 RUN 31RUN 41RUN 5 IRUN 61RUN 7 I RUN 81RUN 91RUN 10 I RUN l11RUN 12 

DrylNm /min) 00886 0·0903 0-0941 0-0980 0-0916 00988 
WetlNm hnin) 0·0930 0-0960 0-1017 0'1052 0·0962 0-1067 

Per Kg fuel 

OryINm/Kg) 2·7678 21650 1-6862 1·8665 2-7271 2-2175 1.7151 
Wetll'b/Kg) 2-9047 2-3019 1'8233 2-0034 2·8640 2-3544 1-8521 

Steam content I 4-7 
of wet gas 1%) 5· 9 I 7- 5 I 6· 8 

Carry-over 

Ig/min) 0088 10'117 

Bed-char 
+ash Ig/min) .0128 10167 

& 

0267 10-259 

0223 10-210 

4-6 I 5-6 6·1 4·5 I 5-5 I B 7-6 7·4 

0-301 10-246 10-321 10-311 0-233 0-315 10-355 10341 

0-134 10-167 10-178 10-115 0154 0-230 10-230 10-243 

Total 216'181216'501168-621186·651212· 711221-751212-091209'041236,881115'351165-901111- 51 

le) 
Bed depth = 10 cm. Temperature rcr.ge = 991 -1010 K 

RUN 1 
RUN 2 
RUN 3 
RUN 4 
RUN 5 
RUN 6 
RUN 7 
RUN 8 

MASS GASIFICATION 1 THERMAL 
Carbon EFFICIENCY % EFFICIENCY% 

93·0 I 27·9 I 86·3 I 100-0 I 37-3 55·3 
72·7 
54·0 
75'6 
97·3 
76· 5 
69'2 
80·8 

32·7 78·0 100-0 
21·9 78·2 100·0 
38·0 83-3 10()-o 
30'8 91· 9 100· 0 
34·7 84'7 100· 0 
33-9 72'0 100· 0 
39·3 62'8 100-0 

38·9 53-6 
29·2 40-7 
43-2 56·9 
41-6 59·6 
41- 2 56-4' 
39·0 53-6 
48-1 66'8 

RUN 9 1 78'6 
RUN 10 73·0 

36·5 74'7 100-0 
35·9 85·0 100-0 

RUN 11 
RUN 12 

63·1 34' 3 74· 2 100- 0 
71·1 34·1 81· 2 100·0 

'-----''--

48' 6 
41·8 
37·0 
'19·8 

64·5 
54·6 
49·3 
52·4 

.!f.! 
Bed depth = 10 cm. Temperature range = 991 - 1010 K 

t-.,) 

00 
~ 

~~xll' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 RUN 10 RUN 11 RUN 12 

CO 9·35 10·23 12·23 13-10 11·00 10-68 9'49 9·23 13-68 14·08 11·52 13-81 
H, 1-90 1-75 2·36 2-83 2·18 1·79 1-61 1·90 2-25 2'55 2·85 3'09 
CH, 1·05 1-86 1-58 2-80 1-21 1-94 1-84 1-34 1-82 2-98 2-91 2·53 
C,H, 0-00 0·00 0'13 0-29 0-00 0·00 0-00 0·07 0·07 0-31 0·27 0·30 

C,H, > 0·66 1·280·821·61 0-78 1-36 1'550'79 1-00 1,751'48 1-61 C,H, 

C,I\ 0'11 0-15 0·15 0-20 0-13 0-19 0,,, 0'14 0·27 0·20 0-18 0·22 
C,HI 0-01 0·01 0·02 0-02 0·01 0·02 0'01 0'14 0-04 0·02 0·02' 0'02 
0, 0-85 2-78 5·64 1-63 1-13 3-69 2·56 1'87 3-23 2-01 1-89 0'99 
N, 60-09 60·23 60·42 60·37 60·12 60·23 60-23 60·05 60'18 60·44 60-44 60·44 

CO, 14·55 11-99 10·75 15'14 15·08 12·57 11-05 7- 66 8· 42 15·75 14-00 15'79 

Total 88·57 90·28 94·09 97-99 91-63 92-47 88· 44 83-20 90· 96 100'10 95· 56 98·79 
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Jj) 

Bed depth: 10 cm 
Temperature,'I011-1020 K 
Air feedrateMs-t:I: 80 Ut/min 

RUN 1 RUN 2 RUN 3 

CO 10·38 10'71 13-46 

H, 1-42 1-45 2-07 

CH, HO 1-43 2·41 

C,Iiz (}17 (}17 0 

CrH, > (}66 (}68 1·07 
C, Ho 
c, Ho (}15 (}16 0·29 

C,H, 0·02 (}02 0·02 

Dz 3-24 3048 5·49 

N, 72·94 71·83 63-89 

CD, 9-62 10·07 ~HO 

CV MJ/Nm'(dryl 

Gross 2-76 2'84 3-94 

Net 2-63 2'71 3-74 

Fuel teedrate (}0459 0·0459 (}0417 

Kg/min 2·9. S 2·9. S 2·6. S 

Temp. K 1018 1018 1013 

Run cb-ation 
mins 80 80 120 

RUN 4) 

16·80 I 
I 

4·30 
1-85 
0·19 

1·00 

0'17 
0·01 
3·88 

59·04 
12·76 

4'38 
4'15 

(}0560 

3·5.S 

1015 

60 

JE1 
Bed depth: 10 cm, i!mperahre range: 1011-1020 K 

Nm'II<g • 10' RUN 1 RUN 2 RUN 3 RUN < 
CO 18·69 19'59 30·43 30·70 
H, 2'55 2'66 4'68 7'86 
CH, 2'53 2·61 5'44 3-38 
C,H, 0·30 0·30 0·00 0·34 

C,H, > 
C,H, 

1'20 1·24 2·42 l' 82 

C, H, 0'26 0·28 0·65 0·30 
C.H. 0·04 0·04 0·05 0·02 
0, 5·84 6'36 12·42 7·09 
N, 131-33 131' 33 144·44 107-89 
CO, 17· 32 18'41 25·54 23-32 

Total 180-06 182'83 226-07 182-75 
-1--

.M 

RUN 1 RUN 2 RUN 3 RUN 4 

Prod_ gas flow 

OrylNm/minl 0-0826 0-0839 0-0943 0-1023 

WetlNmlminl 0-0889 0-0902 0-1000 0-1100 

Per Kg fuel 

OrylNm/Kgl 1-8006 1-8283 2-2607 1-8275 
WetlNm/Kgl 1-9375 1·9654 2-3976 1·9645 

Steam content 
71 7-0 5·7 7-0 

of wet gasl"/oI 

Carry-over 
0-501 0·565 0-773 0-309 

Ig/minl 

Bed-char +ash 
0-184 0·184 0·167 0·224 

Ig/minl 
- -

.JfJ 
Bed depth = lOcm, Temperature range =tln-'I020 K 

t-m"'-n)C 1r' RUN 1 RUN 2 RUN 3 RUN 4 
CO 8·58 8'99 12'69 17·19 
H, 1'17 1'22 1-95 4·40 
CH, 1'16 1· 20 2·27 1-89 
C,H, 0'14 0'14 0-00 0·19 
CrH, > 
C,H, 

0'55 0'57 1-01 1-02 

C,Ho 0'12 0'13 0·27 0·17 
C.H. 0'02 0'02 0'02 0·01 
0, 2'68 2'92 5'18 3·97 
N, 60·28 60'28 60'23 60·42 
CO, 7'95 8'45 10'65 13·06 

Total 82'65 83'92 94'27 102·34 

(~I 

Bed depth = 10 cm, Temperature range = 1011-1020 K 

MASS BALANCE EFFICIENCIES 0/0 GASIFICATION 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 47-4 17-6 56'3 100·0 24'8 
RUN 2 50-0 18'3 59'9 1000 25'9 
RUN 3 76·4 35'4 86'9 100·0 44'2 
RUN 4 70·1 30'6 89'0 100'0 39·7 

-

THERMAL 

~ 
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EFFICIENCY % 

36'6 
38'0 
59'8 

52'8 
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~ 

Bed depth: 10 cm 

Temperature = 1021-'Xl40 K 

Air feedrate(1S"C) = 80 lit /min 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN B RUN 9 
(0 8'95 1O·B4 13-24 10-64 11-61 12·00 9·84 13-06 13-09 
H1 1·B6 1-94 2·65 2'24 2·B5 1·55 1·59 1-88 2·75 
(H, 1-09 1-41 2·55 ',50 2'53 1·56 1-66 1·94 l05 
C1t!: 0 0 0'19 0-13 0'19 0·20 (}19 0-15 0-29 
C1H. > (}57 0-9B "32 - 0-79 1'27 0-76 0'B8 1-01 1-52 C1H. 
(,H. 0-11 (}14 0-23 0-13 0-21 0-18 0-13 0'19 0-22 
(,Ha (}01 0-01 0-02 0-08 0'03 0-02 0-01 0·04 (}02 
01 0-66 1-94 ,- 35 2-24 2·50 3-57 8-04 9·00 1-25 
~ 7(}52 67-1B 61-37 68-86 66-36 71· 54 6B·98 63·09 61-68 
(0., 16'23 15'56 17· OB 13-39 12-45 8-62 8·68 9·64 16-13 

CV M.IMn'Idry) 

Gross no 2-99 4·27 3-05 4·04 3'16 2·95 3-66 4'65 
Net 2'19 2-B4 4-03 2'89 3-80 lO2 2·80 3048 4'38 

Fuel feedrate () 0 320 0-0320 0-0499 (}0624 10'0682 (}0459 (}0512 (}0560 (}0592 
Kg/min 2-0)( S 2·0" S 3'1" S H"S 4-3)(5 2-9" S 302" 5 3-5" S 3·7" S 

Temp_ K 1040 1032 1024 1036 1040 1037 1031 1033 1035 
FM duration 

115 115 95 80 mins 70 BO 60 60 120 

J!!) 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 
Prod. gas flow 

OryINm !min) 00852 00894 00983 0-0879 0-0913 0-0843 0-0875 0-0980 0-0980 
WeflNmImin) 0-0896 0-0938 0-1052 0-0%4 0-1006 0-0906 0-0945 0-1034 0-1061 

Per Kg fuel 
OryINm/Kg ) 2-6631 2-7953 1-9703 1'4082 1-3387 1-8359 1'7090 1-7102 1-6559 
'WetlNIII/Kg) 2-8000 2-9322 2-1072 1-5452 1-4756 1-9728 1-8459 "8471 1-7929 

Steam content 

Pt wet gas 1%) 
4-9 4-7 6-5 8-9 9-3 6-9 7-4 H 7-6 

Carry-over 
Iq/min) 

n-?n? 0-207 0-199 10-127 I 0-357 I 0-402 I 0-397 10'369 10-315 10-299 

Bed-char + 

sh (g/lIIin) 
0-128 0-128 0200 0-250 I 0-273 I 0-184 10-205 0-224 I 0-237 

-' 
-.!!!! 

Bed depth = 10 cm, Temperature range = 'Xl21 - 1040 K 

NmYKg )(10' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 
CO 23-84 30·31 26'09 14'98 15-54 22-03 16'82 22-34 21-67 
H1 4-97 5-44 5-23 3-16 3-81 2'85 2'71 3-21 4·56 
CH, 2'91 3-94 5·03 2-12 3'39 2-85 2'83 3-32 5-05 
C, H, 0-00 0·00 0-38 0-18 0-25 0'37 0-33 0-25 0-47 
C1H, > 1'53 2-75 2'60 1-10 1- 70 1- 39 1- 50 1·73 2-52 C1H, 
C,H, 0-28 0-41 0-46 0-18 0'28 0'33 0-21 0- 32 0'37 C,H, 0'03 0-03 0-04 0-" 0·04 0-04 0·02 0-07 0'03 0, 1·75 5-44 2'66 3-16 3-34 6-56 13'73 15'39 2-08 
N, 187'78 187-78 120'92 96'97 88-84 131· 33 117-89 107-89 102-13 
COl 43-22 43-50 33'65 18-86 16'67 15- 82 14· 82 16'48 26-71 
Total 266'31 279-53 197· 03 140-82 133·87 183-59 170· 90 171'02 165-59 

Id 
Bed depth = 10 cm. Temperature range = 1021 -1040 K 

-

Nm~in)(10-' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 
CO 7'63 9'70 13-02 9-35 10·60 10·11 8'61 12'51 12-83 H, 1· 59 1·74 2- 61 1-97 2'60 1- 31 1· 39 1-80 2'70 CH, 0-93 1- 26 . 2· 51 1-32 2'31 1-31 1· 45 1· 86 2'99 C,H, 0-00 0-00 0'19 0-11 0-17 0-17 0-17 0'14 O· 28 
C,H, > 

0·49 0-88 1- 30 0-69 1'16 0-64 0-77 0-97 1· 49 . C, H. 
C, H. 0'09 0-13 0'23 0'11 0'19 0-15 0-11 0-18 0-22 
C,HI 0-01 0-01 0·02 0'07 0-03 0-02 0-01 0-04 0'02 0, O' 56 1· 74 1· 33 1· 97 2·28 3-01 7'03 8-62 1- 23 
N, 60-09 60-09 60·34 60· 51 60-59 60-28 60'36 60· 42 60-46 CO, 13'83 13-92 16'79 11- 77 11- 37 7-26 7- 59 9- 23 15-81 
Total 85-22 89'45 98-32 87-87 91-30 84-27 87· 50 95'77 98·03 

~ 
Bed depth = 10 cm, Temperature range = 1021 - 1040 K 

MASS BALANCE EFFICIENClES % GASIFICATION THERMAL 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % EFFICIENCY % 

RUN 1 82-7 23-1 78'3 100- 0 30-5 48-4 
RUN 2 94·4 31-9 88-1 100- 0 41'5 60'5 
RUN 3 80-7 35-2 89'9 100'0 41· 6 56'1 
RUN 4 44-1 16'9 60'8 100'0 21-3 31· 3 
RUN 5 45'2 23'9 59-9 100-0 26-6 36-8 
RUN 6 50-7 20-2 57·9 100-0 29'0 41-4 
RUN 7 43-4 19·6 6B-4 100'0 25-0 36'6 
RUNB 52'9 23-3 83·7 100-0 31- 1 431 
RUN 9 67'B 33-7 79-4 100- 0 37' 9 50-7 
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lal 

Bed depth :: 10 cm 

Temperature:: 1041-1060 K 

Air feedrate!1S00:: 80 lit/min 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 RUN 10 
CO 13-23 17·46 13-68 13-34 18'44 10·96 17·52 18'78 14'45 13'15 
Hl 2·99 3'17 3-01 3-03 3'19 2·52 3-41 3-15 3· 31 2'93 
CH. 2-78 2·55 2·79 2'79 2'55 2·83 3-08 2-49 2·94 2'50 
Cl Hl 0·23 0-20 0'25 0-24 0·20 0-18 0'29 0'18 0-25 0'20 
C,H. > 
C,Ho 

1-30 1·43 1·39 1-33 1·44 1-01 1'66 1-45 1· 31 1'25 

C,H, 0-22 0·33 0·22 0'22 0'36 0'18 0·24 0·32 0·23 0'19 
C,.H, 0-01 0·04 0·02 0·02 0·04 0'01 0·01 0·04 0·01 0·01 
01 0·98 2·47 1·70 1-06 2·50 1·06 0·45 2·78 1·05 2'13 
Nl 61· 53 60-08 60·95 61·20 59·01 64·47 59·21 58·54 59'22 62·01 
CO, 16-73 12·27 15·99 16·77 12·27 16·78 14·13 12·27 17'23 15'63 

CV M.vNnM-y) 
Gross 4'40 5'07 4·54 4-46 5·23 3-81 5·41 5·20 4'68 4'19 
Net 4'14 4'81 4·28 4·20 4'96 3'58 5'12 4·94 4·42 3-95 

Fuel feedrate 0·04-99 0·0682 0·0512 0·0499 0-0682 0·0499 0'0499 0·0682 0·0592 0'0560 

Kg/min 3-1>< S 4·3" $ 3-2" $ 3'1" $ 4,3,,$ 3.". $ 3'1" $ 4·3" $ 3-7" S 3-5" S 

Temp. K 1051 1052 1056 1051 1052 1054 1060 1056 1053 1060 
Rl.n duration 

95 70 
. 

120 100 80 95 100 70 120 126 mins 

14J 

I IRUN 1 I RUN 21 RUN 31 RUN 41 RUN 51 RUN 61 RUN 71RUN 6 IRUN 9 I RUN 10 

0·0974 

0'1051 

Per Kg fuel 

",IHm'Kg' f"51 "'78. 19340 1'9756 ,. 5054 1-6756 2-0421 1-517611-724711-7400 
WetlNm IKg) 2·1022 1-6155 2·0711 2·1126 1-6424 2·0124 2·1792 1'6545 1-6616 1·8770 

Steam content 
6·5 6·5 6·6 6·5 6·3 6'8 6·3 6'3 1 7-4 17-:1 wet gas 1% 

Carry-over 

Ig/min) 10.30010'377 1040910'43510.45910'371 10'404 10389 10·278 10· 431 

Bed-char + I 0200 I 0·273 10205 
ash (g/min) I 0·200 I 0·273 I 0·200 I 0·200 I 0·273 10'237 10224 

~-~-

&!cl depth = 10 cm, Temperature range 1041 -1060 K 

I\mYKg ,,10 RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 RUN 10 
CO 25'99 25·82 26·46 26'35 27·76 20'56 35'77 26'50 24-92 22'88 
H, 5'67 4'69 5·62 5·99 4'61 4·73 6'95 4'78 5'71 5·09 
CH, 5'47 3·77 5·39 5·51 3-84 5'31 6'29 3'78 5'07 4·36 
C,H, 0'46 0·29 0·49 0·48 0'31 0'34 0'60 0'28 0·44 0·34 
C,H,> 
C, H, 

2·54 2'11 2·70 2'62 2·17 1-90 3-39 2-20 2·26 2·18 

C, H. 0'44 0·48 0·43 0·44 0'54 0·34 0·48 0·48 0'39 0·34 
C, H. 0·02 0·06 0·04 0·04 0'06 0·02 0·02 0·06 0·02 0·02 
0, 1·92 3-65 3·28 2'10 3'77 1'98 0'92 4'22 l' 81 3'71 
N, 120'92 86·84 117'89 120'92 88'84 120'92 120'92 88'84 102'13 107'89 
CO, 32'88 18'14 30·92 33-13 18'48 31-4t 28·86 18'62 29·71 27·20 

Total 196·51 147-86 WHO 197'58 150'54 187'56 204'21 151'76 172'47 174·00 

JY 
Bed depth = 10 cm, Temperature range :: 1041 -1060 K 

iI'b>mn" 10' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 RUN 9 RUNt) 
CO 12·97 17-61 13·55 13'15 18'93 10'26 17·85 19·44 14·75 12·81 
H, 2'93 HO 2'98 2'99 3-28 2'36 3-47 3·26 3-38 2'85 
CH, 2·73 2·57 2'76 2'75 2·62 2,65 3·14 2'58 HO 2·44 
C,H, 0·23 0·20 0'25 0,24 0·21 0'17 0·30 0·19 0·26 0'19 
C,H, > 
C,H, 

1· 27 1· 44 1-38 1· 31 1-48 0'95 1-69 1· 50 1· 34 1-22 

C, H. 0,22 0·33 0'22 0·22 0,37 0·17 0·24 o· 33 0·23 019 
C,H. 0·01 0'04 0·02 0·02 0'04 0·01 0·01 0·04 0'01 0·01 
0, 0'96 2'49 1· 68 l' 05 2· 57 0'99 0·46 2'88 1'07 2·06 
N, 60·34 60·59 60·36 60·34 60·59 60'34 60·34 60·59 60'46 60·42 
CO, 16·41 12'37 15·83 16,53 12'60 15,70 14·40 12,70 17· 59 15·23 

Total 98·06 100,84 99,02 98'59 102-67 93·59 101·90 103· 50 102'10 97·44 

~ 
Bed depth = 10 cm, Temperature range 1041 -1060 K 

MASS BALANCE EFFICIENCIES 0/0 GASIFICATION THERMAL 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % EFFICIENCY % 

RUN 1 80·2 37·2 87·1 100·0 42·6 57·7 
RUN 2 60,6 29'0 74'8 100·0 37·2 48·6 
RUN 3 78'8 37'6 87·7 100· 0 43·4 58'3 
RUN 4 61· 2 38,0 88·2 100'0 43·4 58·6 
RUN 5 63·5 29'8 77-9 100'0 39·1 50'8 
RUN 6 70·3 32· 0 79'7 100·0 35·1 49:3 
RUN 7 89'9 44'9 86,8 100·0 54·7 70,6 
RUN 8 64·3 29'5 80,0 100· 0 39·2 51,0 

RUN 9 74·2 34·5 88·1 100· 0 39·9 53-4 
RUN 10 67·7 30'7 62,3 100· 0 36,0 49·4 
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Bed depth = 10 cm 

Temperature = 1061-"1080 K 

Air feedrate ('IS-Cl = 80 lit/min 

RUN 1 RUN 2 RUN 3 
CO 13·45 21-98 14<95 
H, 3-18 3·50 3-47 

CH, 2·79 2-62 3-34 
C,Ht (}30 (}22 (}33 

C,H. > 
C,H, 

1-35 1·58 1·78 

C,H, 0·23 0·46 0'27 

C,H. 0·01 (}05 (}03 

0. (}91 2'14 (}97 

N, 60·74 55'37 5&21 
COt 17·04 12'08 16'65 

CV HJ/Nm'fryl 

Gross 4·54 5'95 5·35 
Net 4·28 5·67 5·04 

Fuel feedrate (}0499 (}0682 0·0656 

Kg/min 3-". S 4·3" S 4'1" S 
Temp. K 1067 1061 1064 

Run tiJration 
95 70 120 mins 

RUN 4 

12'78 

2'57 

2'14 

0·20 

1-09 

0'18 

(}01 

3·08 

63'64 
14·31 

3-83 

3-63 

(}0512 

3-2" S 

1070 

120 

.J!?! 
Bed depth=llcm. i!mperaIlre rarge=1l61-1080 K 

NmYKg " 10' RUN 1 RUN 2 Rlt4 3 RUN 4 

CO 26'77 35·26 23'70 23-67 
H, 6·33 5'62 5·50 4'76 
CH, 5'55 4 ·21 5·29 3'96 
C, H, 0·60 0'35 0'52 0·37 

C,H. > 
C, H. 

2·68 2·55 2·82 2·01 

C,H. 0'46 0'73 0'43 0'33 
C,H. 0·02 0·07 0·04 0·02 
0, 1'80 3·43 1·54 5·70 
N, 120'92 88·84 92'30 117-89 
CO, 33'93 19·38 26·40 26'50 

Total 199·08 160· 44 158· 67 185·23 

~ 
Bed depth =10 cm, Temperature range = 1)61-1080 K 

Ir-bltnin )( 10" RUN 1 RUN 2 RUN 3 RUN 4 

CO 13-36 24·05 15·55 12'12 
H, 3·16 3·83 3'61 2'44 
CH. 2'77 2·87 3·47 2'03 
C,H, 0·30 0·24 0'34 0'19 
C,H,> 
C, H. 

1· 34 1· 74 1· 85 1·03 

C, H. 0'23 0'50 0·28 0'17 
C,H. 0'01 0·05 0·03 O' 01 
0, 0'90 2'34 1-01 2'92 
N, 60'34 60'59 60'55 60'36 
CO, 16· 93 13'22 17'32 13'57 

Total 99'34 109·42 104· 02 94·84 

Id) 

RUN 1 RUN 2 RUN 3 RUN 4 

Prod gas flow 
Dry INm /min) 0·0993 0·1094 0·1040 0'0948 
Wet INm !min) 0'1062 0-1188 0-1130 0-1018 

Per Kg fuel 
Dry INm /Kg) 1·9908 1·6044 1-5857 1·8523 
Wet INm/Kg) 2-1276 1-7413 1·7227 "9892 

Steam content 

of wet gas 1%) 
6'4 7·6 7·9 6·9 

Carry-over 
0·079 0·137 0·205 0·211 Ig/min) 

Bed-char .. 

ash Ig/min) 
0-200 0'273 0·262 0'205 

-M 
Bed depth = 10 cm. Temperature range = 1061 - 1080 K 

MASS BALANCE EFFIClENCJES 0/0 GASIFICATION 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 83-0 39'0 89·5 100-0 44'6 
RUN 2 75·0 34'6 87'2 100'0 47'6 
RUN 3 71'0 37'4 84'1 100'0 41' 8 
RUN 4 67·0 28'5 81-4 100-0 35·2 
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CO 

~ 
CH, 
C,H, 

TABLE l20(a) 

Sed depth : 15 cm 

Temperature: 749-850 K 

Air teedrate = 80 litlmin 

RUN 1 RUN 2 RUN 3 

13·58 11'98 4'44 

1-11 1·23 0·29 
0·91 0'94 0·47 

0'15 0'17 0'11 

(,H,> 0·42 0'45 0·28 
C,H, 
C,H, 0·01 0-01 0·03 

C,H. 0 0 0 

O2 2·82 5·76 9'58 
N, 73-27 69·95 69'90 

COt 7·73 9·51 14·90 

CV MJJNrnlkry) 

I 

I Gross 2-61 2'47 1-07 
Net 2·53 2'38 1-03 I 

Fue{ teedrate 0·0400 0-0400 0' 04541 
I 

Kg/min 2·5" S 2·5 " S 2·8" SI 

Temp. K 823 813 749 I 

Run duration 60 
mins 

60 60 
--

TABLE HO Ib) 
Bed deplh:15cm. T~ttre: 749-850 K 

Nm'IKg >< rl RUN 1 RUN 2 RUN 3 
CO 27·90 25'78 8·44 
H, 2'28 H5 0'55 
CH, 1'88 2·02 0·90 
C, H, 0'30 0'38 0·20 
C,H, > 
C,H, 0'88 0'98 0'53 

C,H, 0·02 0'02 0·07 
C,HI 0'00 0·00 0·00 
0, 5'80 12·40 18'19 
N, 150· SO 150· 50 132·78 
CO, 15'88 20'45 28·30 

Total 205'42 215'18 189·93 
-

TABLE 3-20 (e) 

Bed depth:15cm. Temperalure:759-850K 

~'Imin >(1)" RUN 1 RUN 2 RUN 3 

CO 11·16 10·31 3-83 
H, 0-91 1-06 0'25 
CH, 0'75 0'81 0·41 
C, H, 0'12 0'15 0·09 
C,H,> 
C, H. 

O· 35 0·39 0-24 

C, H, 0'01 O· 0 1 0-03 
C, HI 0'00 0-00 0'00 
0, 2'32 4-96 8'26 
N, 60' 20 60'20 60·28 
CO, 6'35 8'18 12-85 

Total 82'17 86-07 86'23 
-

TABLE 3-20 Id) 

Bed depth = 15 cm. Temperature =749-:850 K 

RUN 1 RUN 2 RUN 3 

Prod. gas flow 
DryfNm'/minl 0'0822 0·0861 0'0862 
WetlNm'/min) 0-0876 o· 0915 0-0924 

Per Kg fuel 

OrylNm'/KgI 2·054 2'152 1'899 
WetCNm'/Kgl 2·191 2·289 2·036 

Steam content 
of wet gasl%l 6'3 6'0 6-7 

Carry-over 
0-028 0-031 0-024 Ig/minl 

Bed char + 

ashlg/min) 
0-160 0-160 0-182 

TABLE 3-20 le) 

Bed depth = 15 cm. Temperature range = 749 - 850 K 

MASS BALANCE EFFICIENClES % GASIFICATION 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 53-7 12-7 56-7 100-0 27-2 
RUN 2 57-0 14-2 72-9 100-0 25-, 
RUN 3 43'9 -6-0 87'3 100- 0 10-2 
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..w Bed depth = 15 cm. Temperature range = 851 - 950 K 

Bed depth = 15 cm Nm'lKg X 10' RUN 1 RUN 2 RUN 3 RUN 4 
Temperature = 851-950 K CO 29'39 19-10 16·76 18-51 
Air feedrate = 80 lit/min H, 3-54 1- 32 1·97 1-97 

CH, 2-93 0-88 2·67 3-38 

RUN 1 RUN 2 RUN 3 RUN 41 

CO 12-94 9-60 8-67 8'23 

C, H, 0-37 0-02 0-24 0-05 
C,H, > 1·54 0-20 1- 27 0·44 C, H, 

H, 1-56 0-66 1-02 0-88 C, H, 0-30 0-02 0-31 0·23 

CH. 1-29 0-44 1-38 ,. 50 C, H. 0-02 0·00 0-04 0-08 

C,Hz 0-16 0-01 0-12 0'02 

C,H,> 0-68 0-10 0-66 0-19 
I 

C,H. I 

0, 5-39 18-00 4-00 4·05 
N, 141·08 150- 50 131-90 154-33 i 

CO, 42-60 9-02 34'22 41· 36 i 

(,Ho 0-13 0-01 0-16 0-10 i 

C,Ho 0-01 0 0-02 0·03 
199- 05 I Total 227 -14 193-41 224 -82 i 

0, 2-37 9-04 2-07 1-80 

N, 62-11 75-61 68-20 68·65 

Co, 18-75 4-53 17·70 18-60 

CV M..VNm'1dry1 
Gross 3·04 1-56 2-46 2-02 

JY 
Bed depth = 15 cm. Temperature = 851 - 950 K 

Net 2-91 1-53 2-34 1-92 Nm'/m;n x 10-' RUN 1 RUN 2 RUN 3 RUN 4 

Fuel feedrate 0-0427 0-0400 0- 0457 0-0390 CO 12-55 7·64 7-66 7·22 

Kglmin 2'7>< S 2·5x S 2-9>< S 2-4>< S H, 1-51 0-53 0-90 0-77 

Temp_ K 938 873 875 863 

Run duration 
60 60 60 35 

_m ins 

CH, 1-25 0-35 1-22 1-32 
C, H, 0-16 0-01 0-11 0·02 

C,H, > 0- 66 0-08 0-58 0-17 
C, H. 
C, H. 0-13 0- 01 0-14 0-09 

C, H. o 01 0- 00 0-02 0-03 
0, 2· 30 7-20 1-83 1- 58 
N, 60-24 60·20 60·28 60-19 
CO, 18-19 361 15- 64 16- 31 

Total 96-99 79·62 88-39 87· 68 
L-....-______ ~ --

~ 
Bed depth = 15 cm. Temperature" 851 - 950 K 

RUN 1 RUN 2 RUN 3 RUN 4 
Prod_ gas flow 

OryINm'/min) 0-0970 0-0796 0-0884 0-0877 
WetlNm'/min) 0-1028 0-0851 0-0946 0'0930 

Per Kg fuel 

OryINm'/KgI 2·271 1-991 1-934 2-248 
Wef(Nm'IKgI 2-408 2·128 2-071 2- 385 . 

Steam content 

of wet gas 1% 
5'7 6-4 6·6 5-7 

Carry-over i 

0·024 0·044 0·018 0-020 I Ig/minl 

Bed char + 

ash Ig/minl 
0-171 0-160 0·183 0-156 

-

le) 

Bed depth = 15 cm. Temperature range = 851 - 950 K 

MAss BALANCE EFFIClENCIES "10 GASIFICATION 

Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 89-1 21-7 104-0 100-0 34·6 

RUN 2 33-0 5-4 58-2 100' 0 15-9 

RUN 3 64-5 17-6 80'6 100- 0 23-7 

RUN 4 73-2 16- 0 86·4 100- 0 22· 6 
~--- .. -
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Bed depth: 15 cm 

Temperature = 951-1050 K 

Air feedrate = 80 lit/min 

RUN 1 RUN2 RUN 3 

CO 6·81 14-99 11' 06 

H, 1-06 1·92 1-45 

CH, 110 2·75 1- 86 

C,H, 0·10 0,' S 0'14 

C,H, > 
C,H, 

0- S1 1-32 (}93 

C,H, 0-15 0-19 0-17 

C, H. 0- 02 0-02 0·02 
0, 2-01 1-14 0-88 

N, 76·80 61-44 67·69 

CO, 11-44 16-08 15-80 

CV MJINm'fdry) 

Gross 2-00 4-42 3-22 

Net 1·90 4-19 l06 

Fuel feedrate (}0457 0-0457 (}0457 

Kg/min 2·9,. S 2·9,. S 2-9,. S 

Temp_ K 963 973 984 

Run duration 40 40 40 
INns 

RUN 4 RUN 5 RUN 6 RUN 7 

7·22 10·42 18'17 21·17 
HO 0-85 3·10 3·18 
0- 57 2·28 2-80 3-20 
0-02 0·08 0-09 0·11 

0·22 0'92 1-09 1-19 

0·07 0-32 0·32 0-44 
0·01 0'03 0-04 0-09 
l52 4-67 2-10 2-00 

70'77 71-64 56-47 52·81 
18-30 8-79 15-82 15-81 

1-55 3-33 4'94 5-74 

1-48 3-16 4-70 5-45 

0-0543 0-0543 0-0543 (}0688 

H"S 3-4" S H"S 4-3" S 

992 1029 1006 1000 

35 50 35 35 

..llil 
Bed depth = 15 cm, Temperature range = 951-1050 K 

Nm'/Kg " 10' RUN 1 RUN 2 R~ 3 RUN 4 RUN 5 RUN 6 RUN 7 

CO 11-71 32-19 21- 55 11-34 16-17 35-78 35-31 
H, 1-82 4-11 2-82 2-04 1-32 6'11 5-30 
CH, 1- 88 5-91 3'63 0'90 3'54 5'51 5'33 
C,H, 0-18 0-33 0-26 0-04 0'13 0'18 0-19 

C,H, > 
C, H. 

0-88 2-84 1-82 0-35 1-44 2-15 1-99 

C, H. 0-26 0-42 0-33 0-" 0-50 0-63 0-73 
C, H. 0·04 0-04 0- 04 0-02 0-06 0-07 0-14 
0, 3·46 2-45 1-71 2-39 7-26 4-14 3-33 
N, 131-90 131-90 131-90 111-23 111-23 111-23 88-07 
CO, 19-65 34-53 30-79 28-77 13-65 31-16 26'37 

Total 171· 75 214-68 194-86 157-16 155-28 196-98 166-77 

.J9 
Bed depth = 15 cm, Temperature = 951 - 1050 K 

Nm'/mio ,,10" R~ 1 R~ 2 RUN 3 RUN 4 RUN 5 RUN 6 
CO 5-35 14-71 9-85 6·16 8-78 19-43 
H, 0-83 1- 88 1- 29 1·11 0·72 3-32 
CH, 0-86 2· 70 1·66 0-49 1·92 2-99 
C, HI 0·08 0-15 0-12 0-02 o· 07 0-10 
C,H, > 
C, H. 

0-40 1·30 0-83 0'19 0-78 1-17 

C, H. 0-12 0-19 0-15 0-06 0-27 0-34 
C, H, 0·02 0-02 0·02 0-01 0-03 0-04 
0, 1- 58 ,. 12 0-78 1-30 HI. 2-25 
Nz 60-28 60·28 60-28 60- 40 60- 40 60'40 
CO, 8-98 15'78 14-07 15- 62 7- 41 16'92 

Total 78-49 98-11 89-05 85-34 84- 31 106-96 

Id) 
Bed depth = 15 cm, Temperature = 951 -1050 K 

RUN 1 RUN 2 RUN 3 RUN4 RUN 5 RUN 6 
Prod_ gas flow 

OryINmYminl 0-0785 0-0981 0·0891 0-0853 0-0843 0-1070 
WetINm'/min) 0-0848 0-1044 0-0953 0-0928 0-0917 0-1144 

Per Kg fuel 

OryINm'IKgl 1-718 2-147 1-949 ,. 572 1-553 1-970 
WetlNm'/Kg) 1·854 2-284 2·086 1· 709 1-690 2-107 

Steam content 

of wet gas 1%1 
7-4 6-0 6·6 8·0 8-1 6-5 

Carry-over 

Ig/minl 0-018 0-018 0-021 0-025 0-038 0'014 

Bed char .. 

ash Ig/min) 
0-183 0-183 0-183 0-217 0-217 0-217 

~ 
Bed depth = 15 cm, Temperature range = 951 -1050 K 

MASS BALANCE EFFICIENClES 0/0 GASIFICATION 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 40-5 B-2 50-1 100-0 17-1 
RUN 2 89'7 36-8 91-8 100- 0 47· 1 
RUN 3 68-5 23-8 74-8 100- 0 31- 2 
RUN 4 47·1 7-6 70'4 100- 0 12- 2 
RUN 5 42'6 20·5 55-I. 100- 0 25-7 
RUN 6 88-6 37- 0 101'6 100- 0 48·4 
RUN 7 82- 7 35'6 102-6 100, 0 47-6 

RUN 7 

24-29 
3- 65 
3-67 
O· 13 

1-37 

0- 50 
0-10 

2-29 
60· 59 
18-14 

114- 74 

RUN 7 

0-1147 ! 

0-1242 

1-668 

1-805 

7-6 

0028 

0-275 

THERMAL 

EFFICIENCY % 
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Bed depth = 20 cm 

Temperature = 751- 800 K 
Air feedrate 115·0 = 80 lit/min 

RUN 1 RUN 2 RUN 3 

CO 3·14 5'73 8·18 
H, 0·12 0·10 0·30 

(H. 0·62 0·24 0·56 
(rHr 0·01 0 0 

(,H. > 
(r H. 

0·31 0·05 0·09 

(,H. 0·05 0·01 0·02 
(,Ht 0·01 0 0·01 

Ch 6·83 7·79 4·28 

Nr 83-35 76·22 73·03 
(D, 5·56 9·86 13·53 

~ V MJlNmlIdryl 

Gross 0·93 0·88 1·39 

Net 0·89 0·86 1-36 

Fuel feedrate 0·0643 0-0495 0·0495 

Kg/min 4-0,. S 3·1,. S 3-1,. S 

Temp. K 785 751 794 

Run duration 
4S 

mins 
40 40 

RUN 4 

2·72 
0·22 
0·20 
0·01 

0·05 

0·01 
0 

9·32 
77-98 

9'49 

0·50 
0-49 

0-0328 

2'1,. S 

793 

60 

{bl 
Bed depth = 20cm. i!mperature range=751-800 K -

Nm'/Kg x 10' RUN 1 RUN 2 RUN 3 RUN 4 

CO 3-54 9'17 13-66 6·40 
H, 0-14 0'16 0·50 0-52 
CH, 0·70 0'38 0·93 0·46 
C, H, 0'02 0·00 0·00 0-03 

C,H, > 
C, H. 

0'36 0'08 0-14 0-12 

C,H. 0·06 0-02 0·04 0'03 
C,H, 0-02 0-00 0·02 0-00 
0, 7·71 12 ·46 7'15 21-89 
N, 94'14 121'88 121-88 183·26 
CO, 6'28 15-76 22·58 22'29 

Total 112·95 159·92 166·89 235· 00 

.J9 
Bed depth =20cm, Temperature =751-800 K 

NmYmin ,. 10" RUN 1 RUN 2 RUN 3 RUN 4 
CO 2-28 4-54 6-76 2-10 
H, 0·09 0·08 0-25 0-17 
CH, 0-45 0·19 0-46 0·15 
C,H, 0-01 O· 00 0·00 0·01 
C,H, > 
C,H. 

0·23 0·04 0-07 0-04 

C,H. 0-04 0- 01 0-02 0-01 
C,Ht 0-01 0·00 O· 01 0·00 
Or 4-96 6-17 3·54 7-18 
N, 60-53 60·33 60'33 60·11 
CO, 4-04 7-80 11· 18 7'31 

Total 72·63 79-16 82'61 n08 

~ 
Bed depth=20cm. Temperature =751-800 K 

RUN 1 RUN 2 RUN 3 RUN 4 

Prod_ gas flow 

Dry (tb'/minl 0'0726 0·0792 0'0826 0-0771 

Wet INm'/minl 0·0814 0·0859 0-0894 0·0816 

Per Kg fuel 

Dry INm'/Kgl 1'129 1·599 1-669 2·350 
WetINm'/KgI 1·266 1·736 1-806 2·487 

Steam content 
of wet gas(% 

10·8 H 7·6 5-,5 

Carry-over 
Ig/minl 0·280 0-500 0'500 0·268 

Bed-char + 

ash Ig/mnl 
0-257 0·198 0-198 0-131 

--.!£l 
Bed depth = 20 cm. Temperature range = 751- 800 K 

MASS BALANCE EFFICIENClES 0/0 GASIFICATION 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 12·8 3'9 HO 100·0 5-2 
RUN 2 28'5 1-7 59·5 100·0 7-2 
RUN 3 42'1 4-3 66-3 100- 0 11-8 
RUN 4 33-0 2-7 66·3 100- 0 6·0 
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Bed depth : 20 cm 
Temperature = 801-900 -K 
Air teedrate (15·C): 80 lit/min 

RUN 1 RUN 2 RUN 3 

CO 7-34 8'46 9·50 
H, 0·49 0-63 1-05 

CH. 0·91 0-80 1'30 

C,H, 0·02 0 0·01 

C,H. > 
C, H, 

0·40 0·13 0·24 

C, H. 0·10 0'03 0-07 
C, H. 0·01 0-01 0·02 

0, 2-24 1· 79 2·57 
N, 71·83 72-87 69·52 
CO, 16·66 15·28 15·72 

CV MJlNm'lr:ry1 

Gross 1·74 HO 2'11 

Net 1-67 1· 55 2·02 

Fuel feedrate 0·0643 0·0495 0·0495 

Kg/min 4-0" S 3-1 x S 3'1 x S 

Temp_ K 853 831 856 

Run duration 45 40 40 
mins 

~ 

RUN 4 RUN 5 RUN 6 

5·40 7-38 8·09 
0'56 0·78 0·88 

0-68 1· 01 1'18 

0·02 0·03 0·03 

0·22 0·37 0-41 

0'07 0-13 0-15 

O' 01 O' 01 0·03 

3'51 3· 34 2-73 

74·78 71·25 71' 24 
14'75 15·70 15·26 

1·26 1· 84 2-07 

1·21 1· 75 1-98 

0'0328 O' 0328 0-0328 

2-1 x S 2'lx S 2·1" S 

855 879 893 

60 60 60 

Bed depth: 20em, Temperature range: 801 - 900 K -

NmYKg )( "I)' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 

CO 9-63 14'14 16'65 13·23 18·99 20'82 
H, 0·64 1·05 1·84 1·37 2·01 2-26 
CH. 1'20 1·33 2-28 1· 68 2'59 3'05 
C,H, 0·03 0·00 0·02 0'06 0·09 0·09 

C,H. > 
C, H, 

0·53 0·22 0·42 0'55 0'94 1·07 

C, H. 0'12 0·04 0'12 0'18 O' 34 0'40 
C, H, 0·02 0·02 0·04 0·03 0·03 0·09 
0, 2'94 2-99 4'50 8'60 8'60 7·01 
N, 94'14 121'88 121·88 183· 26 183'26 183·26 
CO, 21·84 25'56 27· 56 36'16 40'36 39'24 

Total 131-06 167'25 175'31 245'06 257·20 257·22 

(cl 
Bed depth = 10 cm, Temperature range = 801 - 900 K 

Nm~min )( 10-' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 
CO 6'19 7'00 8'24 4·34 6'23 6·83 
H, 0'41 0·52 0'91 0·45 0'66 0·74 
CH. 0'77 0·66 1·13 0·55 0'85 1·00 
C, H, 0·02 0·00 0·01 0·02 0'03 0·03 
C,H. > 
C, H, 

0'34 0·11 0'21 0·18 0'31 0·35 

C,H, 0'08 0·02 0·06 0·06 0'11 0'13 
C,H, 0·01 0·01 0'02 0·01 0'01 0·03 
0, 1'89 1· 48 2'23 2·82 2'82 2·30 
N, 60'53 60· 33 60'33 60·11 60·11 60·11 
CO, 14'04 12· 65 13'64 11·86 13'24 12·87 

Total 84'27 82'79 86'78 80·38 84·36 84·37 
-

JQl 
Bed depth = 20 cm , Temperature: 801 - 900 K 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 

Prod. gas flow 

DryINm'/minl 0'0843 0-0828 0'0868 0·0804 00844 0-0844 
WetlNm'/minl 0-0931 0-0896 0·0936 0'0849 0-0888 0'0899 

Per Kg tuel 

Dry INml/minl 1· 311 1· 673 1-753 2·450 2·572 2·572 
Wet INm'/minl 1-448 1-810 1·890 2·587 2'709 2·709 

Steam content 

ot wet gas 1% 9'5 7·6 7·2 5·3 5'1 5·1 

Carry-over 
Ig/min) 0·425 0-500 0·500 0·268 0-268 0-268 

Bed-char + 

ash Ig/minl 
0-257 0-198 0-198 0·131 0'131 0-131 

J£! 
Bed depth = 20 cm, Temperature range = 801 - 900 K 

MASS BALANCE EfflCIENCIES % GASIFICATION THERMAL 
Carbon Hydrogen Oxygen Nitrogen EffiCIENCY % EFFICIENCY % 

RUN 1 38·2 7·2 61· 9 100·0 11· 4 20·1 
RUN 2 46'6 6·7 64·6 100- 0 13-5 23·3 
RUN 3 53-5 11·9 73·2 100- 0 18· 6 29·8 
RUN 4 59·0 10·0 71-9 100· 0 15· 5 28'9 
RUN 5 72-8 16·0 81-8 100· 0 23'6 39·0 
RUN 6 74·6 18'6 79·3 100· 0 26'6 42'6 
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Jil 
Bed depth", 20 cm 
Temperature = 901 - 1050 K 
Air feedra le 05- Cl = 80 lillmin 

RUN 1 RUN 2 RUN 3 

15-23 uaa 10-3a 
2-80 2-69 1-48 
1-01 1-31 1-58 
0-02 0-02 0-15 

(,H, > 
(, H, 

a-55 0- sa 0- 69 

(,H, 0-11 0-11 0- 20 
(,H, 0-01 0-02 0- 0 1 

0, 2-17 0- 96 1-98 

Nz 62-01 64-64 68-14 

CO, 16-09 15-79 15-39 

cv MJINm'!dry) I 
Gross 3-19 3-15 2-89 I 

Net 3-06 3-01 2-74 

Fuel feedrate 0-0643 0-0643 0-0328 

Kg/min 4-0" S I.-Ox S 2-1" S 

Temp_ K 973 1003 904 

Run dura tion 45 45 60 mins 
---~~ 

(b) 

Bed deplh = 20 (m, Temperature = 901-1050 K 

Nm'/Kg" 10' RUN 1 RUN 2 RUN 3 

CO 23-12 20-22 27-93 
11, 4-24 3-92 3-99 
UI, 1-54 1 -91 4-24 
C;H, 0-03 0-03 0-40 
(,It, > 
C, It, 

0-84 0-84 1 - 86 , 

C,H, 0-17 0-16 0-55 
C.II, 0-02 0-03 0-03 
0, 3-30 1 -40 5-34 
N, 94-14 94-14 183-26 
CO, 24-43 23-00 41-40 

Tolal 151 -84 145-65 268-93 

jg 
Bed depth = 20 cm, Temperature = 901-1050 K 

Nm'/min " 10-' RUN 1 RUN 2 RUN 3 

CO 14-87 13-00 9-16 
H, 2-73 2-52 1-31 
(H, 0-99 1- 23 1-39 
e,H,- 0-02 0-02 0-13 
(,H, > 
(,H, 

0-54 0-54 0-61 

C, H, 0-11 0-10 0-18 
(,H. 0-01 0-02 0- 01 
0, 2-12 0-90 1- 75 
N, 60-53 60- 53 60-11 
CO, 15-71 14- 79 13- 58 

Total 97-63 93-65 88-21 

Jill 
Bed depth =20 cm, Temperature = 901-1050 K 

-

RUN 1 RUN 2 RUN 3 
Prod_ gas flow --

Dry (Nm'/min) 0-0976 0-0936 0-0882 
Wet (Nm'lminl 0-1064 0-1024 0-0927 

Per Kg fuel 

Dry (Nm '/minl 1-518 1- 456 2-689 
WettNm'/minl 1-655 1- 593 2-826 

Steam content 

ot wet gas (% 
8-3 8-6 4-8 

Carry-over 

(g/minl 0-358 0-550 0-268 

Bed-char + 

ash (g/min) 
0-257 0-257 0-131 

(e) 

Bed depth = 20 cm, Temperature range 901 -1050 K 

MASS BALANCE EFFICIENCIES 0/0 GASIFICATION 
Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 57-4 14-9 82-2 100-0 24-3 
RUN 2 53-0 15-6 72-2 100- 0 22-9 
RUN 3 89-2 28-6 84-9 lOO, 0 38-6 

-

~ 
tD 
r­
rn 

~ 

lJJ 

THERMAL 

EFFICIENCY % 

37-2 

35-9 

56'7 I 

~ 
\0 
JI:Io. 



r" 

..@ 
Bed depth = 5cm, Temperature rillY:Je = 801 - 900 K 

~ Nm'1Kg " 10' RUN 1 RUN 2 RLtI 3 RUN 4 RUN 5 
Bed depth = 5 cm CO 25·80 34'69 19·42 21'88 12'88 
Temperature range = 801 - 900 K H, 3·49 5·22 2'81 3·04 1·74 

CH, 2·55 4'51 2'63 3;48 0·59 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 C, H, 0·36 0'71 0·27 0·36 0·07 

CO 16-62 9-40 5·82 6·51 5·38 

H, 2·25 1-42 0·85 0·90 0'73 
C,H, > 0·80 1·78 0'85 ,. 34 0·24 C, H, 

CH. 1-64 1·22 0·79 1· 03 0·24 C,H, O· '0 0·22 0'13 0'18 0·03 
(,H, 0·23 0·19 0·08 0'11 0·03 C, H. 0·02 0'09 0·04 0'09 0·00 

(,H. > 0·52 0·49 0·25 0'40 0'10 
(,H, 

0, 6· 20 16·74 16'61 14'69 3'12 
N, 104·93 267'68 267· 68 267'68 208'51 

(,H, 0·07 0·06 0·04 0·05 O· 01 CO, 10'95 37·28 22'99 23·48 12'08 
(,Ht 0·01 002 0·01 O· 02 O' 00 

0, 3·99 4·54 4·98 4·37 l' 30 ! 
I 

Total 155'21 368'93 333-39 336'20 239'24 
--

N, 67· 61 72-56 80·29 76'62 87'16 
(0, 7·06 10'10 6·89 6'99 5· 05 

CV MJlNm'(dryJ 10 
Gross 3·62 2·38 1-43 1·75 0·97 Bed depth = 5cm, Temperature range = 801 - 900 K 
Net 3'47 2·27 1-36 1-67 0·94 

Nm '/min I< 10-' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 
i Fuel feedrate 0·0576 0·0224 0·0224 0'0224 0·0288 i 

i Kg/"", 3-6" S 1'4" S 1·4" S H"S 1·8" S 
CO 14'86 7·77 4·35 4·90 3·71 
H, 2·01 1'17 0'63 0'68 0·50 

Temp. K 875 801 832 859 852 CH, 1· 47 1-01 0'59 0·78 0·17 
Rul duration 40 30 40 40 30 

mins 
~.,.--... --------~ 

C, H, 0'21 0'16 0·06 0·08 0·02 

C,H, > 0'46 0'40 0'19 0·30 0·07 
C, H. 
C,H, 0'06 0·05 0·03 0·04 0·01 
C,H. 0'01 0·02 O' 01 O· 02 0'00 
0, 3'57 3'75 3'72 3·29 0'90 
N, 60· 44 59·96 59'96 59·96 60·05 
CO, 6·31 8-35 5'15 5·26 3· 48 

Total 89'40 82·64 74'68 75·31 68'90 
---

J!!1 
Bed depth = 5 cm, Temperature range = 801 - 900 K 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 51 

Prod. gas flow 

Dry (Nm'/minl 0·0894 0·0826 0'0747 0·0753 0·0689 
Wet (Nm'hnnl 0·0973 0·0857 0·0778 O· 0784 0·0728 

Per Kg fuel 

Dry INm '/Kg) 1· 552 3'689 3·334 3·362 2·392 
Wet INm'lKg) 1-689 3'826 3·471 3'499 2·529 

Steam content 

of wet gas 1%) 8·1 3·6 3'9 3·9 5·4 

Carry-over 

Ig/min) 
0·300 0·140 0'140 0290 0·180 

Bed-char + 
0·230 0·090 

ash Ig/minl 
0·090 0·155 o 115 

--

~ 
Bed depth ;; 5cm, Temperature range = 801 - 900 K 

MASS BALANCE EFFICIENClES 0/0 GASIFICATION 

Carbon Hydrogen Oxygen Nitrogen EFFICIENCY % 

RUN 1 47'0 16·9 59·3 100·0 28·2 
RUN 2 92'1 30·4 76-0 100·0 43'8 
RUN 3 53-3 16·3 52'5 100'0 23· 7 
RUN 4 59'2 21· 5 52'3 100·0 29· 4 
RUN 5 29'3 5·4 27·7 100· 0 11· 7 
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.!.lE 
Bed depth : 5 cm, Temperature range = 900 -1)60 K 

Ca) Nm'/Kg )( 1)' RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 
Bed depth = 5 cm CO 34'53 38'07 18·51 19·62 25·98 
Temperature range : 901 - 1060 K H, 5 ·11 5'90 3'23 3·45 7'91 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 

co. 17-06 22'51 6'45 8'45 10·53 

H, 2·52 3·49 1'12 1·49 3·21 

CH, 1·79 2·50 1·06 l' 42 2·21 

C, H, 0·30 O' 27 0'12 0'19 0'18 

CH, 3·62 4'24 3·06 3·29 5'46 
C, H, 0'60 0·45 0'35 0·43 0·43 

C,H, > 1·32 l' 30 1·39 1· 41 2'31 
C, H, 
C, H, 0'16 0'19 0·24 0'22 0·46 
C,H, 0·02 0'03 0·03 0·03 0·05 

C,H, > 0·65 0·77 0·48 0'61 O' 94 
C, H, 
C, H. 0·08 0," 0·09 0·09 0·19 

C, H, 0·01 0·02 O' 0 1 o· 01 0·02 

0, 4·08 5'88 12'40 7'12 7'36 
N, 134· 53 104'93 208'51 163'48 163'48 
CO, 18·46 8'16 39'17 33'23 33'21 

0, 2·02 3·48 4·32 3·07 2' 99 Total 202·46 169'17 286'84 232-31 246'68 

N, 66·45 62-03 72- 69 70·37 66·27 

CO, 9 ·12 4·82 13- 66 14·30 13· 46 
Ic) 

CV 

Gross 3·90 5·10 1-8712'4513'56 
Net 3·74 4·88 1·78 2· 32 3· 35 

Bed depth: 5 cm, Temperature range = 900 -1060 K 

Nm}min)( 1)" RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 

0·0448 0·0576 0·0288 
CO 15·47 21·93 5'33 7·22 9'56 
H, 2·29 3·40 0'93 1·27 2·91 
CH, 1· 62 2·44 0'88 1·21 2· 01 
C, H, 0·27 0·26 0'10 0·16 O· 16 

mIllS 

C,H, > I 

0·59 0·75 0·40 0·52 0·85 I C, /I. 

0·17 I C, H. 0·07 0,,, 0·07 0·08 
C, H, 0·01 0·02 0·01 O· 0 1 0·02 
0, 1 '83 3·39 3· 57 2'62 2·71 
N, 60'27 60·44 60·05 60·16 60·16 
CO, 8·27 4·70 ",28 12·23 12·22 

Total 90'70 97'44 82·61 85·49 90'78 

I 

J.!!I 
Bed depth = 5 cm, Temperature range = 901 -1060 K 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 
Prod. gas flow 

Dry CNm'/minl 0·0907 0·0974 0·0826 0·0855 0'0908 
Wet (Nm'/minl 0·0968 0'1053 0·0866 0·0905 0·0958 

Per Kg fuel 

Dry INm'lKgl 2-024 1-692 2'868 2·323 2'467 
WetlNm'/KgI 2'161 1·829 3·005 2· 460 2'604 

Steam content 

of wet gas (%1 6·3 7'5 4·6 5'6 5·3 

Carry-over 

(g/minl 0'240 0'300 0'180 0·260 0·260 

Bed char + 

ash Ig/minl 0'179 0'230 0'115 0'147 0'147 I 
- I 

.Jg! 
Bed depth = 5 cm, Temperature range = 901 - 1060 K 

MASS BALANCE EfflClENClES 0/0 GASifiCATION 

Carbon Hydrogen Oxygen Nitrogen EffiCIENCY % 

RUN 1 68·2 25'0 68·0 100·0 39·6 
RUN 2 6,., 27-9 65·3 100·0 43·2 
RUN 3 72-7 20·8 17·8 100·0 26·7 
RUN 4 67'7 22' 0 75'8 100·0 28·2 
RUN 5 80'2 39'7 80·9 100· 0 43· 3 
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