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SUMMARY 

Investigations, both experimental” and theoretical @, 

have been made of gas combustion in fluidized beds. A mathematical 

model has been developed which gives a qualitative estimation of 

the bed temperature profiles in the axial direction. The concept 

of Effective Thermal Conductivity is discussed, and bed conduc- 

tivities are re-defined bearing in mind the contribution of 

particle recirculation. 

Experiments have been performed with particle sizes ranging 

from 0.6 oe to 1.4 ‘@ diameter. Results are presented for the 

effect of particle size, bed height and throughput on the bed 

behaviour. Two distributor plates have been used: mild steel 

and refractory. Comparisons are made between the two. Stability 

of combustion has been studied, and two mechanisms have been 

observed by means of which a bed becomes unstable. Chemical 

analysis of the combustion products has shown that even with 

shallow beds (5 cm deep), CO emissions are very small with 

excess air levels of not less than five percent.
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If a fluid is passed up through a bed of particles it is found 

that when the flow rate is increased a condition is attained where 

the bed begins to expand and manifests the behaviour of a fluid - 

hence the name fluidized bed. A useful property of a fluidized bed 

is the very high rate of heat transfer that can be obtained at an 

immersed surface. This property, combined with the high uniformity 

of temperature and wide ranges of combustion atmospheres, suggests 

applications in the design of boilers and heat treatment plant. 

A major advantage of fluidized combustion is the low range 

of temperatures at which combustion can occur - this should reduce 

levels of atmospheric pollution. Figure 1 shows the equilibrium 

concentrations for NO and CO at different temperatures. Conven- 

tional furnace flames would be in the range above 2 000°K, where 

fluidized furnaces would operate below 1 500°K. These equilibrium 

concentrations may not represent what is measured at the exit of 

combustion system; this is due to rapid cooling of Sostacunbuat ben 

products, (Johnson?) . Nevertheless, the equilibrium concentrations 

give an indication of the scale on which improvements may be made. 

There are three methods of initiating gas combustion in a 

fluidized bed. One way is to incorporate a burner in the air line 

before the distributor plate (Figure 2). This method requires a 

distribution plate and high quality ducting that can withstand 

the initially high temperatures, and a burner that can operate at 

the Auitia lig high bed pressures. The other two methods involve 

heating the bed at the surface and allowing particle recirculation
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to raise the bed temperature, and this may be achieved by lighting 

an air-gas mixture above the bed or by firing a burner down into 

the bed. Since the quantity of fluidizing medium required to 

fluidize the bed depends upon the temperature (Figure 3), a high 

initial throughput would be required before steady combustion is 

achieved. However since this is achieved fairly rapidly, the dis- 

advantage of high initial throughputs should not offset the many 

advantages to be gained from fluidized combustion. 

A recent paper by Pillai and Elliott? has already outlined 

design considerations for shallow bed boilers and proposes a design 

for a two-stage boiler based upon a system developed at Aston 

University’. The boiler consists of two fluidized beds in series(Fig.4) 

Combustion occurs in the bottom bed where some fifty per cent of the 

heat is transferred to the circulating water, and the final heat 

transfer occurs in a secondary bed placed over the combustion bed. 

With suitable modifications, this system may be adapted for steam 

raising. 

Up until now there has been very little research work in gas- 

fired fluidized beds. Important areas requiring further study 

include: 

[1] A study of what air-gas ratios are possible in fluidized 

combustors 

[2] A study of how the bed temperature depends upon the air 

and gas throughput 

[3] A study of how the bed conditions depend upon the particle 

size 

[4] A study of what pollution emissions may be expected from a



fluidized combustor. 

The following chapters will attempt to make some contribution in 

these areas.
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APPRAISAL OF FLUIDIZATION TECHNOLOGY 
  

2.1 INTRODUCTION 
  

An inspection of any standard reference on fluidization*’® 

will show the inordinate number of papers published on fluidization 

over the past twenty years. Only a small number of these report 

studies in gas-fired fluidized beds. The following chapter will 

review these papers, and those whose contents have a direct bearing 

upon fluidized combustion. 

2.2 ONSET OF FLUIDIZATION (The Incipient State) 

Ergun has shown that for fixed beds the pressure drop (AP,,) 

across the bed is related to the bed voidage (€), the fluidizing 

velocity (U) (see Figure 5), the viscosity of the fluidizing 

medium (uu), the density of the fluidizing dae tis (P,)» the particle 

diameter (d) and the bed height (H) by: 

  
  

a ona 8)?! yo eas oe (a) 
H 6? a’ e3 a 

At incipient fluidization, the pressure drop through the bed is just 

sufficient to balance the weight of the particles: 

AP, (P, a O,) (1 a ef) me g (2) 

where 9, is the density of the solid particles. Substituting 

equation (2) into equation (1): 

Re(O5 Og) cage = 150LL ee) Ueet Pe ea 575 Pas 4d Ps] (3) 
2 3 3 u 

H emt u Cnt | 

In these equations the particle diameter (d) is given by:



d= oS x b 

where a is the diameter of a sphere having the same volume as the 

particles, and 0, is the ratio of the surface area of a sphere (of 

same volume as the particles) to the surface area of the particles. 

With larger particles (above 1 mm diameter), Cranfield’’® 

has suggested that a factor of 180 in place of 150 in equation (3) 

is preferable. Equation (3) is for particles within a very close 

size range. With a mixture from a wide range of diameters, the 

value of particle size will have to be modified to suit the size 

distribution. 

2.3 FORMATION OF BUBBLES 

Two important contributions on bubble formation have been 

made by Davidson and Harrison’, and by Cranfield’, the latter being 

for particles over 1 mm diameter. Davidson and Harrison have shown 

that the volume of a bubble formed in a bed of fine particles will 

correlate well to a bubble formed in a liquid given the same orifice 

and flow rate. The actual bubble formation is as shown in Figure 6. 

A void is formed at the orifice which grows, resembling a paraboloid. 

Upon reaching a critical size, the interface with the surrounding 

bed becomes unstable and collapses. The result is a kidney-shaped 

bubble with a spherical cap. 

Cranfield’ worked with large light particles and found that 

bubbles were not formed at the distributor plate, but in the bed 

itself. The point of bubble formation depended upon the level of 

excess air; for a "Steady bubbling state" his bubbles were formed 

at about 2 cm above the distributor, and at lower levels of excess
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air the bubbles were formed nearer the plate. The mechanism of 

bubble formation is shown in Figure 7. A lenticular cavity is 

first formed above the distributor plate. Additional gas, which is 

pushed in, forces the bubble into a dumb-bell shape which eventually 

splits into two separate spherical bubbles. 

Both of these bubble formation mechanisms have been for 

pierced plate distributors; little or no information is available 

for a wide range of particle sizes and densities and none is availa- 

ble for bubble formation in combustion beds. 

2.4 AXIAL TRANSPORTATION OF PARTICLES 

One of the early works on the transportation of solids was 

that of Talmor and Benenati’®. They worked with various sizes of 

bed diameter and particle diameters, and with varying gas densities, 

finding that their results could be correlated by: 

M = 0.785(V - V.,) exp (-66.3 a) (4) 

where M = mas flow rate across a section (gm/s) 

V = volume rate fluidizing medium (cm*/s) 

vive that required for the incipient state 

ad = particle diameter (cm) 

An explanation of the mechanism of particle movement was proposed 

1 from visual experiments they had per- by Rowe and Partridge? 

formed with single bubbles. According to Rowe and Partridge there 

were two distinct mechanisms involved in particle transporation (see 

Figure 8). The first mechanism is due to the inherent viscous 

nature of the bed: one effect of a bubble rising through a fluidized
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bed is the inducement of a drift in a similar manner to that pro- 

duced when a solid sphere is dragged through a viscous liquid. The 

second mechanism consists of particles forming part of the bottom 

half of the bubble which either all find their way to the top of the 

bed or, in the case of deep beds, will be deposited in the bed at 

intervals and replaced each time by another batch of particles. 

Figure 8 shows the effect of a bubble rising through a fluidized 

bed, the bottom half having been dyed - both mechanisms are seen 

to occur. 

In a more recent paper, Rowe and Partridge?” have published 

the results of X-ray studies showing how the quantity of particles 

within the bubble varies with particle size. These results show 

that the bubble quantity ifetreases as the particle size is increased. 

Although this may appear to conflict with the findings of Talmor 

and Benenati (see equation (4)), it should be noted that Rowe and 

Partridge studied one mechanism in isolation where Talmor and 

Benenati studied the two combined. This point has been highlighted 

in a more recent paper by Woollard and Potter! who have produced 

more data to support equation (4) and have discussed the relative 

effects of both mechanisms. 

For larger particles it appears that there is no transporta- 

tion by particles forming part of the bubble. Cranfield’ has shown 

that with these particles there are spherical bubbles (as opposed to 

the kidney-shaped bubbles with small particles) and only the viscous 

transportationexists. Cranfield also found that the rate of trans- 

portation depended upon which section it was being measured; it 

increases for longer distances from the distributor plate.
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Transportation rates were found to be many times greater than 

those predicted by equation (4). 

The works reviewed so far have been for isothermal beds with 

no steep temperature gradients, and the solid transportation has 

been conveniently related to the volume of fluidizing medium in 

excess of that required for the incipient state. In a combustion 

bed, there are very steep gradients along the temperature profile 

of the fluidizing medium. The air enters at a temperature of ap- 

proximately 300°C to be heated up to over 1 o00°c. Under these 

conditions there is no information about solid transportation in 

the first few centimetres of bed depth. 

2D INTERACTION BETWEEN GAS IN BUBBLE AND DENSE PHASES 

The majority of studies relating to the interaction between 

dense and bubble phases rest upon foundations established by 

Davidson!®. Davidson developed a model to account for the flow of 

solids around a bubble, a model that can then be adapted to explain 

the interaction between the gas in a bubble and that in the surrounding 

dense phase. The model is built around three postulates: 

[1] The bubble is treated as solid and spherical 

[2] The dense phase behaves as a liquid of density p,(1~-€,,¢) 

[3] The gas flow in the dense phase is uncompressible 

and is governed by Darcy's Law: 

Usas aol talx: Soe 

The following boundary conditions are assumed: 

[1] Far from the bubble, the undisturbed pressure gradient exists
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[2] The pressure in the bubble is constant 

From these considerations it is found that the stream function (j) 

of the gas outside of the bubble at co-ordinates (r, 6) is given 

by: 

Bee?) 2 xr sin“e A3 y= oop Beste fr - 
where ¥S = bubble velocity 

U, = interstitial gas velocity 

+ 2 
oe a "| 

UL s U, 

a = bubble radius 

To allow for the gas motion within the bubble, Pyle and Rose!” have 

extended the model to show that: 

U. 2 U, 
r-} 3 + Ve ee = = - (4+—2)| xsin’o (6) 

mf mf 

Predicted fluid streamlines are shown in Figure 9. They indicate 

that for very high ratios of UL/U; the bubble gas only penetrates 

a small cloud outside of the bubble and only a little contact between 

the gas in the two phases occurs. The cloud diameter approaches 

the bubble diameter as the velocity ratio is increased. As the 

ratio becomes less than one, the gas in the emulsion phase uses the 

bubble as a short cut. Clearly, high ratios are not good if inter- 

action between the two phases is required. Experimental evidence 

of this cloud formation has been published by Rowe and Partridge’ ® , 

The obvious extension of this work is to study how the bubbles 

affect chemical reactions within the bed. Such a study has been 

made by Rowe and Partridge?’ . No similar study has been made with
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high temperature combustion beds. 

2.6 AXIAL THERMAL CONDUCTIVITY 

Several papers have reported very high thermal conductivities 

in the axial direction. They all agree on what is defined as the 

‘effective thermal conductivity' of a fluidized bed. 

One of the earlier papers on fluidized bed conductivities 

was that of Shrikhande’®. Shrikhande worked with very tall columns 

and obtained thermal conductivities by measuring the bed tempera- 

ture, at approximately 12 cm intervals, for different rates of heat 

transfer through the bed. Linear temperature profiles were found 

and from this it was possible to define an ‘effective Thermal 

Conductivity' as that which enabled the heat transfer to be des- 

cribed by Fourier's Law. This conductivity had the same value for 

heat conducted both up and down the bed. It was found that the 

effective thermal conductivity increased linearly for an increase 

in fluidizing velocity. Conductivities ranging from 15 to 107 cal/ 

“ _ beads 
cm.s C (63 to 450 kW/M°C) were reported for glass beets of varying 

diameters. 

Similar results were published by Lewis, Gilliand and 

Girovard’ . Conductivities ranging from 0.4 to 103 cal/com.s°C 

(2 to 430 kw/M°C) were noted. Measurements of conductivities in 

the radial direction produced values of only about two per cent of 

those in the axial direction. In this work a honeycomb baffle was 

placed half-way down the bed and although this did not affect the 

conductivities above and below the baffle, it did produce a sharp 

temperature discontinuity in the bed. This baffle would have stopped
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the vertical solids movement inside it, and probably reduced the 

bed conductivity. 

In a later paper by Jain and Chen?°, an attempt was made to 

relate the effective thermal conductivity to the solid movement 

within the bed. With the thermal diffusivity defined by: 

K 

Gs — 
Pp 

where Py = bed density 

G = particle specific heat 

K, = effective thermal conductivity 

Qa = thermal diffusivity 

1 
and starting from the work of Gabor”! it was argued that: 

. . 2 

vV-vV 3 
mf 

0 Ft Rk kOe 

V 
mf 

Their experimental evidence tended to support this equation. 

The results of several Russian workers have been published 

by Zabrodsky””. These tend to agree with the work previously 

mentioned, but one interesting point arises: the Russian workers 

recorded bed temperatures at very close intervals and found that 

there was not a linear temperature gradient near the bottom of the 

bed. From this they concluded that the effective thermal conduc- 

tivity was much less in the bottom regions.



eae ae 

The most noticeable aspects of these works is the very high 

range of conductivities. Contributions from the heat capacity of 

the fluidizing medium are small in comparison. As will be demon- 

strated in the following chapter, problems arise from the concept 

of the effective thermal conductivity when attempts are made to 

model fluidized combustors. 

2.7 GAS COMBUSTION IN FLUIDIZED BEDS 

Although a considerable amount of work has been reported on 

chemical reactions in fluidized beds, very little has been published 

on fuel-gas combustion. 

A Russian paper by Baskakov, Kunos and Svetlakov*? has reported 

several fluidized bed combustors that have been built as heat treat- 

ment furnaces. This paper points out the wide range of chemical 

atmospheres, and the uniformity of temperatures, that are obtained 

in a gas-fired fluidized bed. In particular, this paper mentions 

a two-stage combustor where a rich air-gas mixture is injected in 

the bottom of the bed, and the air required for complete combustion 

is injected near the top of the bed. The backflow of particles 

(Figure 10) ensures an even temperature distribution, and initiates 

the reaction in the rich mixture at the bottom of the bed. 

Comparing heat transfer rates with fluidized beds and conventional 

combustion furnaces, Baskakov quotes a five-fold increase in one 

particular wire heating process as a result of fluidization. 

Another Russian paper by Baskakov and Antifeev?* reviews 

several reports of tests performed on small gas-fired beds. On one 

small bed reported, combustion was initiated by igniting an air-gas
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mixture above the surface of the bed and allowing it to slowly warm 

up. It was found that combustion, when it occurred, was accompanied 

by violent explosions within the bed, but these explosions ceased 

at temperatures above 1 o00°c. An unsuccessful attempt to obtain 

combustion within the bed with separate air-gas injection was 

reported. It was found that combustion would only occur above the 

bed - probably due to bad mixing within fluidized beds. Baskakov 

argued that heat losses were very high from laboratory beds and 

because of this, high temperatures could only be obtained with 

particles over 1 mm diameter. Baskakov's high heat losses were 

probably the result of using very deep beds. 

Tamalet?> has reported an interesting study of fluidized gas 

combustion but with separate air and gas injection. Initial studies 

were performed by splitting an air box in two, injecting different 

gases into the bed and noting the degree of mixing. Tamalat found 

that mixing was only noticeable at the interface of the two gas 

streams. Using data from his experiments, Tamalat was able to 

space his jets in such a way as to operate a bed (70 cm deep) with 

separate air and gas injection, giving complete combustion at 

temperatures above 800°C. 

In Chapter 1, the possibility of reducing NO, emissions with 

fluidization was mentioned. What little work published so far tends 

to support this. In a very important paper (in this field) by 

Jarry, Anastasia, Carls, Jonke and Vogel?®, the results from NO, 

measurements are discussed. These workers measured NO, emissions 

from both the combustion of coal and natural gas in fluidized beds. 

Their results indicated that NO, emissions from gas combustion are



- 14 - 

in accordance with those calculated from equilibrium considerations. 

Emission levels from coal were found to be above the equilibrium 

concentrations. They suggested that this could be due to coal 

particles being at a temperature much higher than the bed. It 

could also have been caused by nitrogen within the coal particles. 

From this work, it can be assumed that the equilibrium concentra- 

tions given in Figure 1 are a useful guide. 

A comprehensive study of gas combustion within fluidized beds 

has been made by Broughton’, Another unsuccessful attempt to 

obtain combustion with separate air-gas injection is reported and 

combustion is only obtained above the bed surface. With pre-mixed 

combustion, Broughton studies the temperature variation down the 

axial length of the bed. It was found that the temperature was 

constant for the greater length of the bed, but near the distributor 

plate the temperature increased to a maximum and then decreased 

towards the plate. Temperatures inbetween the distributor plate 

and the point of maximum temperature were found to fluctuate con- 

siderably. Subsequent temperature measurements in the radial 

direction detected only a variation near the wall in the top 

(isothermal) section of the bed, but found considerable variation 

of temperature as the probe traversed the region near the distributor 

plate. Broughton obtained successful pre-mixed combustion with all 

of his particles (below 1 mm diameter) until he worked with particles 

as small as O.3 mm diameter. To explain this, Broughton invoked 

Davidson's model to show that with very small particles a high 

proportion of the feed gas passes rapidly through the bed in the 

bubble phase and does not mix within the bed. This by-pass would
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also remove some heat from the bed. By assuming that the rate of 

chemical reaction in the bed is high, then it can be argued that 

the 'effective rate of reaction' depends upon the rate of inter- 

action between the bed and bubble phases. Broughton has shown that 

for any height above the distributor (H), the ratio of the concen- 

tration of initial feed at that height to that at the entry is 

given by: 

a 

re
 1 a 

cl
e 

l
e
y
 

e 

¢ aaa 
  exp (-6.34 Une H) (7) 

° 

Broughton calculated that for: 

Dae 4 cm/s 

U = 8 cm/s 

a = 0.4 cm 

H = 15 cm 

then 20% has by-passed the bed. It was found that with the larger 

particles, chemical equilibrium was attained for both rich and lean 

mixtures. 

Another recent, and more extensive, study of gas combustion 

in fluidized beds has been published by Cole and Essenhigh*®. Here 

again, an attempt to obtain bed combustion with separate air-gas 

injection was unsuccessful. However, this work is interesting in 

that rather than revert to a pre-mixed feed, the authors placed a 

layer (approximately 11 cm deep) of coarse limestone over the dis- 

tributor plate and fed the separate air and gas streams in beneath 

this layer. The gas was found to mix within this coarse bed and 

could burn in a layer of smaller fluidized particles above.
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Considerable importance must be attached to this since it allows 

the good combustion characteristics of a pre-mixed system to be 

combined with the major advantage of separate air-gas injection - 

no possibility of combustion 'flash-back' into the air box. There 

is still the possibility, however, of combustion occurring in the 

limestone at the bottom with the chance of damage to the bed. 

Studies of light up were made and explosions similar to those 

reported by Baskakov were observed. Cole and Essenhigh found that 

this could be alleviated by a systematic method of initiating com- 

bustion; a gas-air mixture at one-tenth of the minimum fluidizing 

velocity was initially ignited above the surface followed by an 

increase to half of the minimum fluidizing velocity and control 

adjustments as combustion proceeds down the bed. This method could 

cause complications for industrial plant with an automatic start-up. 

Tests were also performed to evaluate at what bed temperatures 

could a fresh air-gas mixture be injected with an initiation 

of combustion. It was found that this would occur at bed tempera- 

tures even as low as 400°C. This temperature is remarkably low. 

It is probable that there were hot spots within the bed or high 

temperature zones on the bed casing and these were sufficient to 

initiate combustion. 

Studies of temperature and chemical concentration curves for 

beds above 1 000°C showed combustion to be complete at about 2.5 cm 

above the distributor and, as with previous works, an elevated tem- 

perature zone was observed in the first 2 cm above the distributor. 

Cole and Essenhigh suggested that this elevated temperature region 

may be due to hot particles recirculating and preheating the feed gas.



7 ac 

An interesting paper presented by Elliott and Virr?? at the 

Third International Conference on Fluidized Bed Combustion outlines 

initial studies at Aston University. They argued that shallow beds 

are preferable to deep beds since this would reduce the heat loss 

from the bed container. Because of this, their work was involved 

in studying how shallow a bed could be used without combustion 

occurring above the bed surface. All of this work was with pre- 

mixed air-gas supplies, separate gas injection being rejected 

because deep beds would be required for complete combustion. 

Initiation of bed combustion was obtained by igniting an air-gas 

mixture just above the surface and allowing particle recirculation 

to warm up the bed. 

This paper presented data on noise emissions from combustion 

beds over a wide range of operating conditions. Decibel readings 

over a range of frequencies (125-6 O00 Hz) show very high noise 

levels at temperatures of about 700°C, but with very much reduced 

levels at temperatures above 1 o000°c. Elliott attributed the high 

noise levels at low temperatures to the delayed combustion, or 

pre-heated explosion, of the bubbles. Although high temperatures 

favour low noise levels, Elliott stressed the need for particles 

with very high fusion temperatures if beds were to be operated in 

these conditions. 

Exploratory studies into the possibility of reducing atmos- 

pheric pollution by fluidization have shown the advantages to be 

gained. NO, levels were of the same order as those reported by 

Jarry et ais and near stoichiometric conditions CO/CO, ratios of 

less than .002 were observed. These represent a considerable
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improvement on the conventional gas burner as would be expected 

from the data in Figure 1. 

An interesting part of Elliott's paper is the work on surface 

radiation. With the radiation efficiency of the bed defined as: 

, - heat lost in gas exhaust 
heat supplied by fuel 
  

it was found that by reducing the bed temperature below 1 100°C it 

was possible to obtain radiation efficiencies in excess of fifty per 

cent. This compares with a normal domestic radiant gas heater that 

only has efficiencies in the region of twenty-five to thirty-five 

per cent. Elliott found that the emissivity of a gently bubbling 

bed was very near to that of the solid material from which the 

particles are ground. However, when the bed was violently bubbling 

and there was a cloud of ejected particles above the bed, Elliott 

observed that these particles appeared a duller colour than what 

should be expected for the bed temperature. Elliott concluded that 

the particles in the cloud had been ejected at the bed temperature, 

and were cooling down as they fell back towards the bed by radiating 

heat. Elliott indicated that this process could increase the 

effective surface emissivity. 

There are some doubts as to the parameters used in the Stefan- 

Boltzmann radiation equation when applied to a fluidized bed. Because 

of the temperature gradients near the surface, there are problems as 

to which value of temperature must be used in the equation, and 

because of the particle cloud above the bed surface, it is difficult 

to think of an emissivity in the same way as for a solid radiating
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surface. To avoid any confusion, a bed will be assumed to radiate 

at the temperature in the isothermal region and the emissivity will 

then be taken to satisfy the radiation equation. This point was 

not made in Elliott's paper. It will be helpful to think in these 

terms when discussing the experimental work of Chapter 4.
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A THEORETICAL STUDY OF GAS COMBUSTION IN FLUIDIZED BEDS 

36:1 NTRODUCTION 

An understanding of the mechanism of gas combustion in a 

fluidized bed requires a knowledge of the nature of the chemical 

reactions proceeding within the bed, and a knowledge of the trans- 

portation mechanisms within the bed. In this respect the transpor- 

tation mechanisms will include convective terms that are due to 

the mass movement of matter on a macroscopic scale, diffusion terms 

that are due to the movement of gases on a microscopic scale, and 

conductive terms that are due to the transportation of heat along 

a temperature gradient. An attempt to model a process with these 

terms usually produces a differential equation, and a complete 

knowledge of all of the influencing factors is required before 

accurate solutions can be made giving the temperature and chemical 

concentration profiles within the bed. 

Unfortunately, such detailed information is not available; 

our knowledge of simple hydro-carbon reactions is incomplete and 

there is little data on particle transportation that can be readily 

adapted to the study of combustion systems. Nevertheless, a con- 

siderable amount of work has been done in these separate fields and 

it is the purpose of this chapter to bring together as much of it 

as is possible and gain an insight into the phenomenon of fluidized 

combustion. 

3.2 THE PROBLEM 

A temperature probe traversed through a combustion bed in the
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axial ai dec taal will produce one of two temperature profiles shown 

in Figure 11. They differ in the amount of temperature variation 

along the axis, and how close this variation is to the distributor 

plate. This point will be explained in the experimental study of 

Chapter 4. There are three interesting regions along the temperature 

profile: zone A where the temperature is increasing to a maximum, 

zone B where it reduces until a steady value is attained, and zone C 

(just beneath the surface) where the temperature begins to decrease 

when a probe is traversed upwards. The problem is to interpret 

these profiles in the light of existing work on bed transportation. 

ond Antifeev's 
Baskakov argument? * that the bed temperature is governed 

by the heat loss is a reasonable starting point from which to 

analyse combustion bed behaviour. For a well-lagged bed it is 

possible to considerably reduce the losses from the bed casing and 

assume the only loss occurring is due to surface radiation. The 

steady flow analysis for the bed (Figure bQ) is: 

oie re Qvad _ PN, (hy, e no) (8) 

where N = molar flow of fuel gas 
gas 

AH = heat release per mole of gas 

ay = surface radiation 

N, = flow of species i in the combustion products 

led molar enthalpy at bed temperature T 

ho = molar enthalpy at feed temperature 

Q is given by: 
rad
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: a 4 
Qua = A Ey omy 

where A = bed surface area 

e. = effective surface emissivity 

Oo = Stefan Boltzmann constant 

With the combustion products assumed to be at the same temperature 

as the bed, and with reasonable values inserted in the above equa- 

tions, it should be possible to calculate the bed temperature under 

given conditions. Figure 13 shows how the bed temperature will 

vary for any gas throughput. It is calculated for the following 

conditions: 

[1] e. assumed to be unity and not to vary with the 

throughput 

[2] Air-gas ratio 1.6 times stoichiometric (methane) 

[3] Bed diameter 13 cm (based on bed used for experimental 

study. 

With this approach it is possible to evaluate the bed temperature 

in the isothermal region in terms of the bed throughput. 

Given the isothermal region bed temperatures in terms of the 

gas throughput, the next step would be to formulate and solve the 

differential flame equation for the temperature variation along the 

axis of the bed. The one-dimensional flame equation for conditions 

where diffusion may be neglected is: 

an da at| _ Aea T e 
SoZ - Sef sou, | 7 ere Se = 

where € = bed voidage
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K, = effective thermal conductivity 

c. = specific heat of gas mixture 

a = bed temperature at x 

Q = density of gas mixture 

Ue = interstitial gas velocity 

(ne), = heat of formation of species j at temperature T 

Ny = rate at which species j crosses a section 

A = bed area 

In using this form of the one-dimensional flame equation, the gas 

has been assumed to be at the same temperature as the solids. If 

the concept of effective thermal conductivity is taken verbatum, 

then this assumption should only introduce a negligible error; in 

Lewis's paper!® it is argued that the convective contribution of 

the gases is negligible compared with that due to the bed's conduc- 

tivity. With this in mind, it should be possible to solve 

equation (9) subject to the temperature in the isothermal region 

obeying equation (8). Typical solutions would be as shown in 

Figure 14, For very high gas throughputs, the temperature profile 

could approach the top curve where the final temperature is near 

to the adiabatic flame temperature. For low flow rates, the 

temperature profile is similar to that shown in the bottom curve. 

The amount of temperature variation along the axis would depend 

upon the value of thermal conductivity used in the differential 

equation; with those values reported in Chapter 2, the variation 

along the axis would be no greater than about 2°c. None of these 

solutions correspond to the temperature profiles observed in actual
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fluidized combustors. In an attempt to resolve this disagreement 

between the experimental results and theoretical predictions, it 

can be argued that the temperature profile must be affected by the 

variations of thermal conductivity near the distributor plate. This 

approach is not without merit for it can be argued that there must 

be high inancedeteees in the upper parts of the bed because of the 

uniformity of temperature, and low conductivities near the plate 

explaining the large temperature variations in that region. The 

only problem is that this would require conductivity variations of 

over one thousand-fold along the axis. At this point the concept 

of effective thermal conductivity (as discussed in Chapter 2) will 

be rejected. By a different interpretation of the previous work on 

bed conductivity, it will be shown possible to alleviate many of 

these difficulties. 

The work of Jain and Chen2° provides a starting point to the re- 

interpretation of fluidized bed thermal conductivities. Their work 

reports that a baffle half-way down the bed produced sharp tempera- 

ture discontinuities. By reducing the particle movement in the 

baffle it was possible to reduce the conductivity there. If 

reducing the particle movement reduces the conductivity, the question 

must be asked "how does the particle movement contribute to the heat 

transfer and temperature profiles?" The following sections will 

answer this and redefine the thermal conductivity in such a way that 

not only are the temperature profiles explained, but the disparity 

between conductivities in the radial and axial directions is 

reduced.
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3.3 TRANSPORATION MECHANISMS 

(a) Conductive Transportation 

From hereafter the thermal conductivity of the bed will be 

defined as the thermal conductivity of a stationary sample of the 

emulsion phase with zero gas flow, and with a voidage corresponding 

to that in the incipient state. This corresponds to the conductivity 

of a packed bed. For analysis it will be assumed that there exists 

a continuous function describing both the particle and gas tempera- 

ture fields within the bed. Any effect due to the finite size of 

the particles will be assumed negligible. Fourier's law of heat 

conduction will be taken to apply for all points within the bed. 

Having defined what, in this work, will be taken as the 

thermal conductivity of a fluidized bed, there is the problem of 

obtaining suitable values. Existing work on packed beds has shown 

the conductivity to consist of two components. There is a component 

due to the conductivity of the particles and the stagnant fluid 

which is given by the Deissier Elan correlation?” (graphs are given 

in the quoted reference for solution), and a radiative component 

31 
which has been shown by Schotte to be given by: 

  

* cal 

0.547 x10 2 ao 
r s C cm 

or 

< eg 
24 295 =D E. at De seni 

The work referred to for calculating thermal conductivities’ ’,*! 

are for beds with very small temperature gradients. These conditions 

do not apply with fluidized combustors, and it will be shown in the



06.2 

following sections of this chapter that conductivities one order 

of magnitude higher are required to produce reasonable calculated 

temperature profiles. Even so, fixed bed conductivities from these 

references give better estimates than the works reviewed in 

Chapter 2. 

(b) Convective Transportation 

In equation (9) there is a convection term due to the air- 

gas mixture flowing along a temperature gradient, i.e. 

da 
E € a (PGE v)| 

It will now be shown that there is a similar convective effect 

caused by the movement of particles. 

In Chapter 2 it was mentioned that bubbles rising up through 

a bed will carry particles with them. This upwards flow will be 

balanced by an equal downwards flow of solids in the surrounding 

bed. With this in mind, it will now be possible to see how particle 

transportation aids the axial heat transfer. Consider a section 

normal to the bed's axis. Across the section solids in the emulsion 

phase will be flowing downwards with a temperature TS: The solids 

transported up through this section need not be at this temperature 

because they have been carried up from the bottom of the bed where 

the emulsion phase is at a different temperature. If these particles 

are at a temperature Th then there is a convective term in the 

direction of gas flow given by: - 
1g. \5 

M c(t, = T.)
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where M = particle transportation rate 

C = particle specific heat 

LE Ts = Th then the direction of heat flow due to particle movement 

is against the direction of gas flow. It is this convection that 

aids the conductivity of the bed. 

Now it is possible to see what part particle transportation 

plays. For if one considers a bed where the temperature in the 

isothermal region is below the adiabatic flame temperature, then a 

considerable amount of heat must be radiated from the bed surface. 

Particle transportation must be the mechanism by which this heat 

is transported through the isothermal zone. 

3.4 THE DIFFERENTIAL EQUATION 

(a) Transportation Terms 
  

6 
Consider two parallel planes cutting the axis at x - => and 

x : 6x 
x + > The rate of heat transfer due to conduction across x - ey 

in the x direction is: 

av a*r § 
-KAl—— - — 3. = 

ax ise 2 

6 
Similarly, the rate across x + > is: 

  

oe ‘ es 6x i oes, _ KA Ae ane 5 

The difference between heat being conducted across x + & and that 

normal to x - & is: 
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where K is assumed not to vary with temperature, and this is the 

rate at which energy must be released within these two planes to 

produce such changes of temperature gradient. 

The rate at which heat is transported across x - a by gas 
2 

motion is: 

: aT Sx 

Pe a = + "an 

: 6x 
where m= mass rate of gas flow, and the rate across x + > is: 

aT 
. Sag: 8x) ys Ty + Fs 

The rate of energy release required within the two planes to produce 

such changes in gas temperature is given by: 

got 
ac. = - 6x 

The rate of heat transfer across x - > by particle movement is 

given by: 

: Gaal 6x 
M C(T, ~ ta -cC = jin, - | a 

and across x + & by: 

: dis 6x 
a h.. Seys eae lien, : so 

The required rate of energy liberation is: 

CA: d M(T = TF | One 
ax b s 

Both gas and solid specific heats have been assumed not to vary 

with temperature.
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The total rate of energy liberation between the two planes 

to produce all of these effects is given by: 

or eat a’ 
cS = M(T,. ~ n,)|&x + a = , OX — Kis a Ox   

and this energy is released by chemical reaction. 

(b) ‘Thermo-chemical Aspects 

If N, is the molar rate at which species j crosses the plane 

ul
. 

Bt oe and N, + 6N, is the rate at which species j crosses the 
2 j 

plane at x + S, then the rate of heat release from the change in 

chemical composition within the two planes is: 

N 
aoe : 

- (hz) , ON 
i fas 
=1 u

 

where N = number of chemical species considered. However 

Birt ee (10) 

and the rate of heat release becomes: 

N 

an 
ate 

es (he) 5 ax 6x 

j=l 

Combining this with the equation for the transportation terms 

aT a*r N aN 
ao pd Vath s Fe ae Ge c Ein, - 72] + me, a ae ) 23 gate O 

j=1 (11) 

Not all of the N, can vary arbitrarily. If there are M atomic species 
3
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from which the N chemical components are derived, then at all stages 

during the combustion process the N chemical components must satisfy 

a conservation equation of the form: 

N 

oe N, = b, (i = 1, ™) (12) 

j=1 

and for any change in composition 

2 

a, et aNy) = b, (i = 1, M) (13) 

j=1 

If R is the rank of ay (where R < M) then only (N-R) of the Ny 
j 

can vary independently. Denote these by Nae then 

R N 

or ON. = - Ps a_ ON (14) 
LS) J iR R 

j= j=l I 

and the oN, can only vary in accordance with equation (14). This 

imposes a constraint on equation (11). 

3.5 KINETICS OF REACTION 

In this work it will be assumed that the ratio of the bubble 

velocity to the interstitial gas velocity is less than one. If this 

is the case, then the gases in the two phases will mix. This is 

valid with large particles, but fails for small particles where
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26 
Broughton” has shown that phase interaction dominates the reaction. 

The problem here is to relate the rates of chemical reaction to 

the derivatives. 

e 

aN, 
sii 
ax 

A simple approximation would be to assume that the bed expansion 

is such that the gas in each phase is, on average, rising at the 

bed interstitial velocity - which corresponds to 

Uae 
e 
mf 

At any instant 

N = Nec 
j j 

where C, is the concentration of species j at that instant, and N 

is the total molar flow rate at that instant. From this: 

a dake) 
at at 3 

Tt Cc, dN/dt is small in comparison with N dc,/dt, then a good 
j 

approximation is: 

aN de 
a ae ee se N os (15) 

The problem is to evaluate de, /at. 

Simple hydrocarbon reactions tend to be very complicated. 

The reaction mechanisms have been shown by Semenoff** to depend upon 

small concentrations of activated particles; these may be free 

radicals or free atoms. Any one of these activated particles may
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combine with one of the reactant molecules to produce even further 

numbers of activated particles. These activated particles are, 

themselves, reduced in number by surface reactants. An idea of how 

complex the situation is, is given in a proposed methane combustion 

mechanism by Karmilova, Enikolopyan and Nalbandyan??®. The mechanism 

is as follows: 

CH cre O02 me °CHa at HO2 

Gig i One eR 6 4 

ON Sei Page eee” #5 tag 

OH:  ” GaeG He uO + PCO 

CeO: +. Ga ee CO ee Be 

HCO +a Oy *) ee ee ee ee 

Hoe Coe Oe Be es 

HO; + vacHsG > 2 Be. a OO 

OH rt wall reaction 

It may be worth noting that before any reproducible results were 

obtained, the reaction vessel had to be washed and conditioned by 

the reaction for twelve months. 

To enable any theoretical study of the bed combustion, a simple 

reaction will have to be assumed: 

fou] = -[o2]? [en]®x,exn| 2} (16) 

where the figures in parenthesis represent the concentrations. 

Following the work of Karmilova et al, it will be accepted that:
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Pace 20 

OQ ' =8250 

AE = 46 k.cal/mole 

and it will be assumed that only CHy, N2, CO2, Og and H2O occur in 

in 
the reacting mixture vwitsrA appreciable quantities. 

3.6 SIMPLE SOLUTIONS FROM THE MODEL 

An introductory illustration of how the model allows for solids 

transport and describes a combustion system can be made after a few 

assumptions. A more complex study will be made in Section 3.7. 

These assumptions are: 

[1] The gas temperature is equal to the particle temperature 

in the dense phase 

[2] The particles transported by the bubbles are from the 

very bottom of the bed and are at the same temperature 

as the distributor plate 

[3] The reaction commences at the exit from the distributor 

plate. 

None of these assumptions truly describe the system, but they enable 

an illustrative solution of the equations. 

Certain boundary conditions must be specified before a solution 

may be yielded. The most obvious boundary condition would be the 

temperature in the isothermal region. This temperature depends upon 

the gas throughput and the heat radiated from the surface. Another 

boundary condition could be the temperature at the distributor plate. 

The work in Chapter 4 will show that these two temperatures are 

related; this point will also be highlighted in the following
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paragraphs. In the absence of radiation data, an assumed value of 

bed temperature will have to be used. In this chapter it is conven- 

ient to use the plate temperature as the boundary condition and 

assume that the resulting temperature in the isothermal region will 

be in accordance with radiation considerations. The boundary condi- 

tions will be specified and discussed below. 

[1] 

[2] 

[3] 

The temperature at the plate will be assumed. It will also 

be assumed that it will meet the above requirements. 

At x = 0, the temperature of the gas mixture will be given 

in terms of the solids temperature derivative by: 

aT 
. Ss 
m(h h,) KAS oar 

where h, is this instance is the specific enthalpy of the 

feed gas mixture (approximately ambient conditions). This 

also adds another requirement upon the plate temperature: 

not only must the assumed value yield the correct temperature 

in the isothermal region, but it must be sufficient for the 

heat transfer to the distributor plate that is required to 

transfer the above-mentioned heat (i.e. that conducted back 

down the bed) to the oncoming gas mixture. 

As mentioned in the simplification of the model, the chemical 

concentrations at x = O are for an unreacted mixture. This 

is not realistic (i.e. mixtures above 1 000°C without reaction) 

but at the moment is a useful boundary condition. A more 

realistic solution will be made later.
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These three boundary conditions are sufficient to solve 

equation (11) for the simplified conditions under consideration. 

With tS = ay = T, equation (11) becomes: 

N 
2 aN. ane ° nae T eee 

ne + (MC me) ae > 25 or O (17) 

j=l 

subject to chemical kinetics (equation (16)) and atomic balances 

(equation (14)). Equation (17) can be integrated once to yield: 

N o=N 
° : j 

K.A.ce + (MC - mc_)T - (hz), ab = constant (18) 
ome Pp coy 

j=l n°? 
j 

Substitute boundary condition (2) and the restriction that at x = 0, 

T= Ty, = plate temperature and temperature of the upwards transported 

solids, then: 

sks "Pg a> mth =h) +uc(T-T.) = xa 22 (19) 
Ee) ° - b dx 

j=l ¢Ne 
3 

Solving equation (19) is simply a case of supplying the data and 

performing the numerical integration. The following will be assumed: 

= af 9, oS 200~C 

K = 0.04 cal/om.s.°C (.167 W/om. °C) 

° ° 
cy = 265 cal/gm. C (1.1 J/gm C) 

A = 132.75 cm? 

° ° 
Cc = -2 cal/gm “C (.84 J/gm ~C) 

¥ ore = 200 L/m 

Vv = 13 L/m 
gas
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5S gm/cm? OD 
a 

I 

d, (1.0 - 1.4) mm 

(= 0.81 

Values of (ne) and (h - h,) will be taken from reference 33. 
j 

To evaluate M it is necessary to know the amount of excess 

volume of the gas mixture above that required for the incipient 

state, and the amount of solids per unit volume of this excess. If 

the incipient volume is calculated from equation (3) then it will be 

found later in this chapter that solids circulations of at least one 

hundred times those predicted by equation (4) will be required to 

yield reasonable results. This will be shown in Chanter 4 to be 

partly due to the errors in equation (3) at high temperatures. 

Therefore M will be given by: 

M = (A) 0.785(V - Vig) exP(-66.3 a) 

where } is a factor to correct equation (4) and will vary from 100 

to 500. 

Figure 16 shows typical computed temperature profiles with 

different values of the chemical rate constant (K) - X has been 

taken as 500. The degree of Space sana in Figure 16 is defined 

as the ratio of the molar flow rate of methane at any point to that 

at inlet. Since all of these profiles have been computed with the 

same value for the plate temperature then the final temperature in 

the isothermal region is the same. For the lower values of Kr this 

final temperature is approached at very long distances from the dis- 

tributor plate. From this, it is possible to define the 'Isothermal
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Bed Temperature’ as the limit of T(x) as x approaches infinity. How 

near the bed temperature is to this at any point is shown in 

Figure 16 to depend upon the assumed rate of chemical reaction. 

These profiles have reproduced temperature variations along 

the bed oie similar to those obtained in a combustion bed - the 

only fault with the results so far is that the temperature variations 

are too small and this will be remedied in the following section. 

However, what is important with the model so far is that it reprod- 

uces the isothermal region in the combustion bed, and it is possible 

to see how heat is being transported through this region. Equation 

(19) can be re-arranged to give: 

N oN, 

- T ~ 2 - ie | (ne). dp - m(h - h) 

a es 
6T j=t os (20) 
  

where 6T is the temperature difference between the particles trans- 

ported by the bubbles and those in the dense phase at any section 

across the bed. When the reaction is complete then the integral 

term in equation (20) represents the total energy release from the 

chemical reaction. Some of this is transported in terms of the 

enthalpy of the combustion gas (i.e. m(h - ho) and the remainder 

is transported by particle convection and radiated from the bed 

surface. 

If one assumes different particle transportation rates then 

other temperature differences (i.e. ST) will be required to transport 

the radiative component through the isothermal region. Figure 17
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shows temperature profiles when the mass transportation rate is 

varied from one hundred to five hundred times that predicted by 

equation (4) - a value of 1o!*s"? has been used for K These 

profiles show an increase in 6T as the transportation rate is 

reduced. Since the same plate temperature has been used in Figure 

17, then the isothermal bed temperatures are seen to be different. 

This is a hypothetical case only: any change of bed transportation 

rates would undoubtedly change the plate temperature and the iso- 

thermal bed temperature is, strictly speaking, only dependent upon 

surface radiation. 

The following sections will now make a more realistic applica- 

tion of equation (11). By allowing for temperature differences 

between the particles and gas mixture at entry, it will be possible 

to obtain calculated profiles with the same magnitude of temperature 

variation one observes with a fluidized combustor. 

3.7 MORE DETAILED APPLICATION OF MODEL 

(a) Equations and Boundary Conditions 

The previous section has given a few results from a much sim- 

plified application of the model. With these few results in mind, 

a more realistic study will now be made. Equation (11) will be ad- 

apted to the condition where the gas temperature at inlet is below 

the solids temperature. In the previous section it was assumed, for 

simplicity, that the drift particles were at the plate temperature. 

A more realistic approach will now be made where it is assumed that 

the bubble drags particles, upon formation, from a region just above 

the plate. The mean temperature of these particles will correspond
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to the emulsion phase temperature at some hypothetical point just 

above the distributor plate. With the short distances involved with 

shallow beds, it will be assumed that there is little mixing between 

the particles in the two phases and hence this mean temperature is 

constant as the particles are dragged up through the bed. 

Two forms of equation (11) will be used: above the hypothetical 

point in the emulsion phase (as mentioned above) it will be assumed 

that M has a definite positive value, and below this point it will 

be assumed that M is zero. As in section (3.6) it will be assumed 

that there is perfect mixing of the gases in the two phases. To 

allow for heat transfer between gas and particles, a further restri- 

ction must be imposed upon equation (11). This is obtained by 

equating the rise in enthalpy of the gas mixture as it flows in 

between two planes to the heat transferred to the gas by particles 

within the two planes and the energy liberated by combustion within 

the two planes. The result is: 

N < 

\ aN 
nc: ce cj 7 ea. me. hoa(T, eo or re (21) 

ge1 

where a total particle surface area per unit length of bed 

li h - gas-particle heat exchange coefficient. 

This will be used in the form: 

N ° 

aT an 
+ 

ome ot Ce Bh ee es ele 

dx s g ° Sik OX 
mc 

Pp j=1 

where H = h,a/me, . H will be assumed not to vary for different 

points within the bed.
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First consider the region just above the distributor plate 

where M is zero. Equation (11) integrates to: 

aT : fe 
KA. - meT - | (he) dd = constant (22) 

aT, . 
(1) a = jm( -h.) 

a x=0 ee & x=0 

(2) Inlet chemical composition is that for an unreacted mixture. 

Substituting these into equation (22) yields: 

qT. . 

constant = KA ax - mc! T 

ca eee Pg x=0 

  

  

With equation (21) it is possible to obtain a solution. 

Now consider the region where M has a definite non-zero value. 

Let X be the distance from the plate where the emulsion temperature 

is the same as the drift particle temperature. Equation (11) inte- 

grates to: 

aT. j 2 Ns i 
K.A.a - MC(T) - T.) - moots - dy | (he), dod = constant 

j=l NS (23) 

The boundary conditions for this equation follow from the solution 

of equation (22) at x = X. When x = X, equation (23) becomes: 

ar. ; 

K.A oy = (mer = constant 

x=X Pg x=X
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For a continuous temperature function it is required that at x = X 

the temperature and their derivatives are the same in equation (23) 

as in equation (22). Similarly, in the integral term in equation (23) 

the lower limit of the integral corresponds to that for values of 

N, at x = X. 

The only major assumption to be made before solutions are 

possible is # how the amount of gas in the bubble phase is determined. 

In this more detailed study, it is being accepted that the gas and 

solids are at different temperatures. A problem arises in deter- 

mining at what point bubbles are formed, and what is their total 

volume. There is no data available to solve this. To circumvent this 

problem it will be assumed that the plate temperature may be taken 

as a reference and the bubble volume calculated by assuming the 

gases to be at this temperature. There is no justification for this 

other than it allows calculations to proceed. A full discussion of 

this problem will be given later in this chapter. 

2a 

COLE % ESSENHIGH 
(b) Similarity Between This Work and That of Besenkigh & Cote" 

Figure 18 shows a typical computed temperature profile. 

Superimposed are calculated values of the degree of reaction. A 

gas inlet temperature of 500°C has been assumed, and the particle 

temperature at the distributor plate has been taken as l 100°. 

A value of X = 0.5 cm has been used - the experimental results of 

Chapter 4 suggest this to be a reasonable value. Other parameters 

are: 

cal = We 

K = 0,04 gem re [or 0.167 em°c
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M = 500 x (equation 4) 

H = 25 cm? 

K = 10'* vee 
x 

All other parameters are as used in Section 3.6. 

In this temperature profile the isothermal bed temperature 

is produced for large distances from the distributor plate, and 

the variations in solids temperature along the axis are similar in 

magnitude to those reported in Chapter 4. Ftgure 18 shows that at 

the point of maximum gas temperature the gas mixture is in the 

initial stages of reaction. This falls very much into line with 

the Cole and Essenhigh's suggestion that temperature profiles near 

the distributor plate are due to solids recirculating and heating 

the oncoming gas stream. If a steady flow energy balance is taken 

at the point of maximum solids temperature, there are no conduc- 

tivity terms giving 

x f, 
. Pe: # - - 
m(h:= h) = MC (T. T,) ye i (he), dd (24) 

j=L NG 

Figure 18 shows that at the point of maximum solids tempera- 

ture the reaction has only just begun and the last term in equation 

(24) must be very small. Since the points of maximum solids 

temperature and maximum gas temperature very nearly coincide it 

may be argued, from equation (24), that the oncoming gas mixture 

gains its maximum increase in enthalpy (during the first 0.5 cm 

or so), mainly due to particle recirculation. Also, the mechanism
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by which the gas mixture is heated is by gas-particle heat exchange. 

This is in agreement with Cole & Essenhigh. 

To explain how the temperature profile in Figure 18 is 

produced, it is necessary to examine the terms in equation (11). 

The moduli of these terms are given in Figure 19, For distances 

less than 0.5 cm from the distributor plate there are only two 

terms which dictate the value of a'r /ax*, They are a term due 

to the motion of the fluidizing medium given by: 

tL oul 

P& 

and a term due to the rate of heat release from the chemical 

reaction which is given by: 

dN oe 
ie ye 

j=1 

Just above the distributor plate the former term tends to make 

a'r /ax’ positive, the latter tends to make it more negative, and 

since the former is dominant then ar /ox very slowly increases. 

Since the chemical term is increasing very rapidly, Figure 18 

showss that the rise in aT ./dx is very small in this region - nearly 

constant in fact. At A the chemical term has become dominant and 

now Gen is reducing. Again this gives only slight changes in 

the profile and the temperature profile approximates to a straight 

line. At B the gas temperature has reached its maximum value and 

the values of aT, /dx are becoming negative. Now both terms are 

reducing aT ./dx. This again gives only moderate decreases, At 

C the particle transportation term:
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comes into effect and the solids temperature profile is seen to 

reach a maximum where the temperature reduces for increase in 

distance. This is at D. Now inbetween C and D the particle term 

was making a'r /ax” negative but after D it reverses sign to force 

it positive. It is the combination of these three terms that now 

produce the exponential solids temperature profile after D. When 

all of these terms very nearly cancel each other the bed temperature 

is very nearly constant, and for very large (one should say infinite) 

distances from the distributor plate all terms are zero - which 

defines the isothermal bed temperature. 

In conclusion, it can be stated that the results of this 

model are,from what has been discussed so far,in complete accordance 

with the explanation of Cole & Essenhigh. There are, however, 

conditions where the proposition presented by Cole and Essenhigh 

may not fully explain the temperature profiles. In this work two 

types of temperature profile have been observed - as shown in 

Figure 11. They differ with regard to the magnitude of the plate 

temperature compared with the isothermal bed temperature. Previous 

workers have only observed profiles as shown in the top of Figure 11 

and these can be explained by Cole & Essenhigh. In the case of 

the bottom profile in Figure 11, the particle movement does not 

play any part at the point where the solids temperature is a 

maximum, and this will be explained in section 3.7(h).
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(@) Practical Aspects of ‘the Calculated Profiles 

Before discussing the relative effects of the parameters 

in equation (11) it is worthwhile examining the consequences of 

those results portrayed in Figure 18, As the reaction proceeds, 

the gas temperature is seen to overshoot the solids temperature, 

reach a maximum value, and then fall rapidly. From a pollution 

point of view this is disturbing since one of the advantages 

assumed for a fluidized combustor has been its low gas temperature 

and hence its low pollution level. Since the literature has not 

reported any gas temperature measurements it has always been 

assumed that the temperature of the solids would give an indica- 

tion of CO and NO, emissions as indicated by the work of Jarry 

etal. Figure 18 indicates that this need not be the case. 

The following sections will now examine how the parameters 

in equation (11) affect the temperature profiles. In particular, 

section 3.7(f) will show how much the gas temperature depends upon 

the gas throughput and particle-gas heat transfer. 

(a) Effect of Thermal Conductivity 
  

The values of thermal conductivity used so far in this chapter 

are one order of magnitude higher than those calculated for a 

packed bed. In view of the comments in 3.3(a) this demands an 

explanation. 

The problem arises in how the thermal conductivity should be 

estimated. In section 3.3(a) it was argued that the most reasonable 

conductivity to use would be that of a packed bed, and this could 

be estimated from the Deissler-Elan correlation with an added
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radiation component calculated from Schotte's formula. A conduc- 

tivity based upon this method was found to give axial temperature 

variations of about five times too high. It may be that the fixed 

bed correlations do not apply under these conditions. Most of the 

work on fixed beds at these temperatures has been with very small 

temperature gradients - clearly this is not the case in a fluidized 

combustor where temperature gradients are considerable. Work on 

packed beds has been under conditions where the gas temperature 

has been very nearly equal to the solids temperature and under 

these conditions the temperature gradients of both solid and gas 

are almost identical. In the case of the entry region of a 

fluidized combustor the gas temperature gradient can be as much 

as five times more than the solids temperature gradient. The 

latter may present a major deviation from normal fixed bed condi- 

tions but calculations allowing for two conductivity terms (both 

gas and bed conductivities) have produced no appreciable difference. 

Figure 20 shows how the temperature profile behaves for 

variations in magnitude of ten times the calculated fixed bed 

conductivities. The profiles are similar to what one obtains 

with a fluidized combustor and show that large fluctuations in 

temperature are favoured with low conductivities. This is to be 

expected since in equation (11) a’r /ax® is inversely proportional 

to the thermal conductivity. Therefore a decrease in conductivity 

will favour a higher rate of increase of temperature gradient in 

the bed entry region. 

The profile for K = 0.01 cal/om.s°C is of special interest 

because the maximum solids temperature is reached before the point at which
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particle circulation is included. This is different to the type 

of curve examined in section 3.7(b) and will be discussed in 

section 3.7(f). 

(e) Effect of Particle Transportation Rate 

The particle transportation rate controls the difference 

between the maximum solids temperature and the isothermal bed 

temperature. Figure 21 shows that high transportation rates 

favour low temperature differences, and low rates favour high 

differences. Multiples of inbetween one hundred and five hundred 

times those transportation rates estimated from equation (4) have 

been used. These correspond to mass flow rates of up to 7 kg/s. 

It should be pointed out that although the particles in the 

bubble wake have been assumed to have a constant temperature, the 

temperature will in fact vary as the bubble rises. This variation 

will be due to a constant interchange between these particles and 

those in the emulsion phase which will be at a different temperature. 

However, for the short distances involved this will be very small 

and the assumption should be valid. 

Similarly, it has been assumed that the transportation rate 

is the same for all sections above x = 0.5 cm. In fact, the rate 

of transportation will be very low near the bottom of the bed and 

increasing in the vertical direction. This would widen the difference 

between the maximum solids and the isothermal bed temperature. 

( £) Effect of Chemical Kinetics and Gas-Particle Heat Exchange 

These two parameters more than any others dictate the shape
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of both gas and solids temperature profile. Since they have a 

similar effect in equation (11), it is difficult to discuss either 

one in isolation. This section will show what combined effect 

the two can have on the calculated temperature profiles. 

For convenience, a heat transfer factor H has been used, 

and this is defined as 
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No experimental data is available for a comparison, but the results 

of this correlation compare well with the values of hy used: 
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Figure 22 shows the effect of varying H on the solids temperature. 

All of the other parameters are the same as those used in Figure 18, 

There is very little change in the temperature profile shape. 

The isothermal bed temperatures are different because the same 

distributor plate temperatures have been used. 

The values used for H do, however, have a profound effect 

upon the gas temperatures. Figure 23 shows how the gas temperature 

profile is influenced for those conditions given in Figure 22, 

Clearly, for low values of H the gas temperature can rise consider- 

ably above the solids temperature, and this is not desirable when 

considering possible CO and NO, emissions. 

Figure 24 shows how the assumed rate of chemical reaction 

affects the solids temperature profile. Calculations have shown 

that with sufficiently high or very low values of H it is possible, 

with suitable values of Ks to obtain profiles that are not 

explained by the work of Cole and Essenhigh. One example was 

shown in Figure 20, other examples are shown for the higher values 

of K, in Figure 24, If the conditions are suitable, then the 

reaction may proceed in such a manner that the point of maximum 

solids temperature is reached before particle recirculation begins.
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This occurs either for very high values of H where the gas-air 

mixture is preheated very rapidly, or for a very low value of H 

where the gas temperature overshoots the solids temperature 

considerably, resulting in very high rates of reaction. Therefore 

there will be an upper and lower limit of throughput, and outside 

of these limits this class of profile will occur. This will be 

seen to apply in Chapter 4. What has just been described is the 

second class of profile depicted in Figure 11. It is conspicuous 

by the very short distances in which the maximum solids temperature 

variation occurs and, in some instances, by the isothermal bed 

temperature being below the distributor plate temperature. 

Calculations for the gas temperature profile show that high 

values of K.. increase the rate of temperature rise as do high 

values of H. 

3.8 PROBLEMS WITH THE MODEL, AND AREAS REQUIRING MORE 

DETAILED STUDY 

There are three areas of importance in studying a fluidized 

combustor. They are the final .5 cm or so at the bed surface 

where the surface radiation occurs, the section comprising of the 

inlet to the air box and entry to the bed, and the remaining 

portion of the bed which is inbetween these other two sections. 

All of these three areas are interdependent, and so far only the 

latter has been discussed. 

In the calculations so far it has been assumed that the bed 

surface will radiate at whatever the calculated bed temperature 

turns out to be: no effort was made to think in terms of matching 

the initial boundary conditions in such a way as to ensure complete
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harmony in this respect. Similarly, no attempt was made to match 

the surface heat transfer between the bed and the distributor 

plate in such a manner that the bed temperature at the plate was 

sufficient for the surface heat flux to equal the enthalpy gain 

of the fluidizing medium as it made its exit from the distributor 

plate. Instead, an arbitrary temperature was chosen which was 

assumed to allow for this. As this elementary discussion shows, 

all three regions of the bed are important and each must be fully 

understood before a proper insight into the behaviour of fluidized 

combustion can be made. 

In developing a mathematical model for a fluidized combustor 

it should be clear how the mathematical results should be inter- 

preted with respect to the results obtained from an experimental 

study. In this model problems may arise when comparing calculated 

and observed temperature profiles - as will now be explained. In 

the model a clear distinction is made between the temperature of 

the solids transported by the bubbles and the temperature of those 

particles in the emulsion phase. The model assumes there to be 

two distinct phases that can be studied separately. In an experi- 

mental study (as will be seen in Chapter 4), the distinction between 

the two phases is not so clear. This problem is highlighted by 

considering the case of a vigorously bubbling fluidizing bed with 

very high rates of particle transportation. For high solid 

transportation rates an instantaneous picture of the particle 

drift would be as shown in Figure 25. The shaded zones will be at 

a different temperature to those that are unshaded. There is little 

difficulty in envisaging a mathematical solution for a bed with a
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high mass transportation rate, but the problem arises as to how 

an actual thermocouple temperature reading should be interpreted 

when measured in a condition such as that shown in Figure 25, For 

even higher mass recirculation rates the distinction between the 

two phases will disappear and the bed will be completely mixed - 

under these conditions the model will be of little use. That the 

zones in Figure 25 correspond to different temperatures has already 

._ been shown by Lewis, Gilliand and Girouard?® ; the whole of the 

work in this chapter rests firmly upon that fact. 

Although the simple chemical kinetic equations used have 

been helpful in explaining the temperature profiles, they represent 

a gross distortion ween the truth. In this simple model it was 

assumed that only one reaction occurred, and that this was allowed 

to proceed towards completion without any regard for equilibrium 

conditions. It was further assumed that the same kinetic consider- 

ations applied between the two extremes of gas temperature (at the 

bed inlet and exit) and that these extremes could be bridged by 

an Arrhenius factor. The reaction was assumed to take place in 

the gas phase and no attempt was made to consider any other 

mechanism such as including for particle surface effects. A 

complete specification of the reaction mechanism presents a 

formidable task, and this is the only excuse for such a gross 

oversimplification. A complete specification of the reaction 

mechanism would require a knowledge of all of the important 

chemical reactions that are taking place within the bed, and these 

should allow for the formation and destruction of such species 

as oxygen atoms, hydrogen atoms and hydroxyl radicals. This in
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turn would require a knowledge of how the particle surface affects 

the destruction of radicals. With all of this information avail- 

able it might be possible to write a number of independent chemical 

equations, complete with forward and reverse rates, and specify 

the state of the reaction in all of the stages. At present, this 

is beyond our reach and the simple model, notwithstanding its 

faults, does give a reasonable picture of the combustion process. 

To enable calculations to take place, a few assumptions had 

to be made about the growth of bubbles in the bed. Since the gas 

temperature and volume is increasing as it rises through the bed, 

it is difficult to state at which point bubbles will form, and 

at what point particle recirculation will begin and what will be 

its rate of transportation. When the gas temperature is constant, 

then one can estimate a reasonable depth at which bubbles begin 

3 Geldart? 
to form by reference to such works at$ Cranfield a#=@7. To estimate 

the mass transport rate at some point higher up in the bed is a 

matter of consulting the many papers published on this topic. The 

only major obstacle is not knowing at what point the particles 

begin to circulate in appreciable numbers, This difficulty is 

enhanced by not knowing where the bubbles are formed when studying 

combustion systems. The following assumptions had to be made: 

(1) The particles are transported from, and at a 

temperature of, .5 cm above the distributor plate 

(2) The volume of gas in the bubble is calculated by 

assuming the gas is at the same temperature as the 

particles at the bed entry. 

The former is based upon experimental grounds, but the latter is
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an assumption of convenience. 

3.9 BRIEF SUMMARY AND CONCLUSIONS OF THE MATHEMATICAL STUDY 

The simple model proposed in this chapter has attempted to 

explain the mechanisms of a fluidized gas combustor. By allowing 

for particle movement due to bed bubbling, it has been possible 

to reproduce temperature profiles which bear a strong resemblance 

to those obtained in a fluidized combustor. All through the 

development of the model, an attempt was made to use as much 

existing knowledge about fluidization technology as was possible, 

and in doing so a high degree of concordance was found between 

these calculated results and the work of Cole & Essenhigh in 

explaining their experimental results. One thing that this work 

has highlighted is the problem of interpreting fluidized bed 

thermal conductivities. This work suggests that the true thermal 

conductivity of a fluidized bed is the conductivity of a packed 

bed at the same voidage. The very high values of ‘effective 

thermal conductivity' reported have been due to particle movement 

and when it is considered how much this depends upon particle 

temperature differences, then all such thermal conductivities 

should be treated with caution. 

The mathematical results suggest that low conductivities 

and low particle-gas heat transfer coefficients will result in 

large temperature gradients in the lower parts of the bed, and 

that low particle transportation rates will result in large 

temperature differences between the final (isothermal) bed 

temperature and the maximum bed temperature.
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' EXPERIMENTAL STUDY OF METHANE COMBUSTION 
  

IN FLUIDIZED BEDS 
  

4.1 INTRODUCTION 

The work reported in this chapter is for large dense particles 

and with higher fluidizing velocities than those reported by previous 

workers in this field. These results, together with those of 

Broughton et al, have influenced the mathematical study of Chapter 3 

and wherever possible, they will be discussed in the light of that 

study. 

4.2 DESCRIPTION OF EQUIPMENT AND EXPERIMENTAL TECHNIQUE 

(a) Bed Construction and Operation 

Two bed constructions were used, (Figures 26 & 27): for 

smaller particles (below 1.0 mm diameter) a bed with a porous 

refractory distributor plate was used, and for larger particles 

a bed with a mild steel distributor plate was used. The bed was 

made such that changing the distributor plate only amounted to 

unbolting the top of the bed and replacing it with a top piece 

suitable for that distributor plate. All bolted joints were sealed 

by 0.8 mm thick gaskets. The bed was fabricated from ordinary 

mild steel tube. Although this had the disadvantage that the 

combustion tube rapidly oxidised and periodically had to be 

replaced, this was offset by the small capital cost involved. 

The mild steel distributor plate was fabricated from 

9.525 mm thick plate. Rows of 1.5875 mm (1/16 in drill) diameter 

holes at 6.35 mm centres were found to give good fluidization.
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The refractory plate was made from a 2.5 cm thick refractory 

block (supplied by Daltons Ltd, reference 3E 314). A gap of 

approximately 0.75 mm was allowed inbetween the refractory block 

and the mild steel combustion tube, and this gap was packed with 

asbestos fibre and sealed at the top and bottom with FORTAFIX 

cement (supplied by Fortafix Ltd). 

The bed was insulated by a 3 cm thick layer of KAOWOOL 

(supplied by Morgan Refractories Ltd) and this was covered by a 

layer of Aluminium Foil (supplied by Aluminium Foils Ltd). The 

presence of the reflecting foil was found to increase the outer 

temperature of the lagging. Without the foil, one could place 

ones hands upon the lagging without any danger, and by placing 

ones hands a short distance away from the lagging one could sense 

heat being radiated away from the bed. However, with the reflecting 

foil in position one could not place ones hands upon the foil due 

to the high temperatures, and one could not sense any radiation 

away from the bed. Notwithstanding the reduction in radiation 

loss gained by introducing the foil, it was found that bed tempera- 

tures were the same both with and without the foil, and it was 

concluded that the losses from the sides of the bed were negligible. 

To ensure that no particles were ejected from the bed at 

high velocities, a gauze plate was fitted over the top of the bed. 

This was made from 0.6 mm stainless steel mesh sandwiched inbetween 

two mild steel plates (Figure 28). The gauze plate was found to 

increase the temperature of the upper sections of the combustion 

tube which glowed red whenever the gauze was fitted. Without the 

gauze plate those same upper sections appeared a dull-black colour,
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but no difference in bed temperature was noticed due to the presence 

or absence of the gauze. 

Combustion could be initiated by passing a stoichiometric 

(or near stoichiometric) mixture through the bed at about one and 

a half times the minimum fluidizing velocity and igniting it above 

the bed surface. The temperature of the bed would increase slowly 

in the temperature range up to 400°C, but after this the temperature 

would increase rapidly and would be accompanied by violent explosions 

within the bed. These explosions were capable of shaking the bed. 

Comparatively silent combustion was obtained with temperatures 

above 1 000°C. The time for the bed temperature to reach 1 000° 

was about forty minutes; another thirty minutes were require 

for the bed to attain thermal equilibrium with its environment. 

During the 'light-up' sequence it was found that a flame 

could be held on the bed surface even when the fluidizing velocity 

was in excess of the normal flame velocity. This may have been 

due to each particle at the surface acting as a bluff body flame 

holder. 

To ensure that no particles were ejected during 'light-up', 

a funnel and a large gauze plate were fitted over the bed (see 

Figures 29 & 30). The funnel ensured that the gauze was well away 

from the flame that had been established on the bed surface; 

otherwise the gauze would have disintegrated due to the high 

temperatures. With smaller particles it was possible to 

‘light-up' with the smaller gauze plate.



PLATE 1 

BED CASING AND THERMOCOUPLE POSITIONER 
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(b) Temperature Measurement 

Temperatures were either recorded by a digital pyrometer 

(type Veritell-D, supplied by D A Pitman Ltd) or, when a time- 
sf 

_ temperature trace was required, a Leeds and Northrup type 

  

mee 

W Speedomax recorder was used. Two digital pyrometers were used: 

one recorded the gas inlet temperatures, the other recorded the 

  

bed temperature. Both were calibrated for their own range of 

working temperatures. Chrome-alumel thermocouples were used to 

  

sense the pi erattres and these were fed via a selector switch Bag 

(CROPCO type SQ2 supplied by the Croydon Precission Instrument 

Rey) to the appropriate temperature recorder. Two types of 

thermocouple were used to sense bed temperatures: a 6.35 mm 

diameter sheathed thermocouple (supplied by Pyrotenax Ltd) and a 

3.63 mm diameter sheathed thermocouple (supplied by Spembly Ltd). 

There was no great difference in the readings from either of 

these thermocouples - the larger diameter thermocouple had the 

advantage of greater rigidity. For sensing gas supply temperatures, 

simple thermocouples were made in the laboratory from chrome-alumel 

and these were adequate. 

The sheathed thermocouples were accurately positioned in the 

bed by using a screw-thread device. One revolution of the screw 

would displace the thermocouple 1.5875 mm (ie 1/16 in pitch). 

The thermocouple positioner, bed and gauze plate are shown in 

plate (1). 

(c) Flow Measurements rs Seria 

All flow rates were measured by rotameters (supplied by The ©
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Rotameter Manufacturing Company Ltd). For our flow measurements, 

tube sizes ranging from a 25 tube to a 65 tube were used. A size 

7 tube was used for measuring the methane flow rate. This methane 

rotameter was calibrated with Boy's Bell type gas meter (supplied 

by Alex Wright and Company Ltd), and it was found that the 

rotameter manufacturer's calibration chart was accurate when 

corrected from air to methane. The gas meter itself was checked 

by passing a known quantity of air by means of a large vacuum tank 

and the gas meter error was found to be negligible. All other 

rotameters were checked by comparison with one and another. The 

flow metering was arranged as shown in Figure 31. Given the 

temperature and pressure of the gases, it was possible to convert 

all flow rates to standard values at a temperature of 15°C and 

a pressure of 760 mm Hg. The air was supplied by a blower 

(supplied by Service Electrical Company Ltd, type 428). 

(d) Particles and Minimum Fluidization Velocities 
  

Two particle materials were used, one was silica dioxide 

and the other was a zirconium silicate compound. These were 

supplied by the Associated Lead Company Ltd. Silica dioxide was 

chosen as a common fluidized solid, and zirconium silicate was 

chosen because of its very high density and hence it very high 

minimum fluidization velocities. Diameters ranging from 0.6 to 

1.4 mm were used. To determine the minimum fluidization velocity 

a probe was used to measure the pressure drop between any two 

planes in the bed, and from the variation of pressure drop with 

gas flow the minimum fluidization velocity could be determined.
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The probe consisted of two stainless steel tubes immersed in the 

bed (as shown in Figure 32) and connected to a manometer. 

Two types of pressure drop - flow rate curves appear to 

be published by investigators in this field. Some results give 

a linear relationship between pressure drop and flow rate, and 

others give a polynomial relationship. In this work linear 

relationships were obtained, but with some deviation at low flow 

rates (see Figure 33). With these probes it was found that when 

the point of minimum fluidization had been reached, then for 

slight increases in throughput the pressure drop would be 

constant, but for further increases the pressure drop would begin 

to oscillate as bubbles were passing inbetween the two planes. 

This oscillation was more pronounced with the very large zirconium 

silicate particles. The most common method of determining the 

point of minimum fluidization has been to measure the total pressure 

drop through the bed. As will be seen later, the method used in 

this work has the advantage that it can be easily adapted for 

measurements in high temperature beds. 

Before the experimental values of Une could be compared 

with those calculated from equation (3) it was necessary to 

determine ee and %. since they are required in this equation. 
£ 

To evaluate Ee! a special column was made from perspex with a 

calibrated height scale. By measuring the height for different 

quantities of particles,with the column in the incipient state, 

it was possible to evaluate = from the graph of mass-height as 
£ 

follows: 

We have p. A (1-e His = M
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where A = _ bed area 

M = mass of particles 

ele 3) A = oe (M-H gradient) 
pe me’ °s ee g 

mf 

and from this, ef is evaluated. 

To determine values for Oo. the particles were viewed under 

a microscope and their shape compared with those compiled by 

Rittenhouse**®, The advantage of the Rittenhouse two-dimensional 

chart is its simplicity, and there appears to be very little 

error when comparing results with the more difficult statistical 

sampling techniques (errors of less than two per cent quoted in 

Rittenhouse's paper). 

The diameter of the particles was taken as the geometric 

mean of the sieve sizes. In this work the particles used were 

sieved inbetween very fine limits. Table 1 gives information 

about the particles, both calculated and measured. With the silica 

dioxide particles there seems very little to suggest that of the 

two equations for determining . (equation 3 and Cranfield’ i 
£ 

one is better than the other. However, with the very dense 

particles, equation 3 gives the better results. 

The method described for measuring o can readily be 
£ 

adapted for measuring under conditions of high temperature as 

follows. The bed is first heated above the required temperature 

range by combustion. When the air and gas supply are stopped, 

the rate of fall of bed temperature is very small. This is so 

even when air is passed through the bed at velocities not much



SG oe 

higher than Us Therefore, it is simply a case of placing the e° 

probe in the uppermost regions of the bed, slowly increasing the 

air flow and noting the pressure drop. To ensure that the bed 

temperature does not vary too much during the measuring process, 

Uf can be estimated by slowly increasing the flow rate and only 

noting at what point the pressure drop becomes constant. This 

method was tested with the bed at ambient conditions and differences 

of no more than five per cent were found when comparing with 

graphical estimates such as in Figure 33, With this method it 

was possible to reduce the time consumed in taking data froma 

wide range of conditions and, as a result, there was very little 

fluctuation in bed temperature during the process. For measurements 

at a lower temperature it is simply a case of passing a large 

quantity of air through the bed until the desired temperature is 

obtained, and then repeating the process over again. This method 

does not require the expense of an air pre-heater. 

The probe is placed at the top of the bed to ensure that 

the air has reached the same temperature as the particles. With 

bed heights of 8 to 10 cm and the low flow rates involved, this 

should present no problem. 

Experiments at high temperatures have found that equation (3) 

is no longer valid. Results are presented in Figure 38 for the 

large zirconium silicate particles and show a considerable devia- 

tion from the predictions of equation (3). Observations of the 

bed surface support the experimental values of Ue? when the 

bed was seen by pressure readings to be in the incipient state 

it could easily be stirred, and for slight increases in flow rate
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bubbles could be seen even though equation (3) would predict that 

the bed should not be in the fluidized state. 

The discrepancy between measured and calculated minimum 

fluidization at high temperatures is interesting. Since Erguns' 

equation has been tested for many different gas densities and 

viscosities, then one would expect the equation for a to apply 
£ 

when high temperatures are used. It appears as though a bed has 

a higher fluidity at high temperatures. A recent paper published 

. 36 
by Mii, Yoshida and Kunii~” has reported a similar behaviour at 

high temperatures. This is an area that requires further study. 

(e) Gas Sampling Equipment 

A gas chromatograph was used to separate and measure the 

concentrations of the components within the post-combustion gas 

mixture. This was supplied by Pye-Unicam Ltd, being a type 104 A, 

A katharometer detector was used with helium as the carrier gas. 

Two columns were required to separate the products in the combus- 

tion products: a silica gel column that separated Hz, CO, CH, 

COp and air (Og & No), and a molecular sieve column that separated 

O2, Ho, N2, CHy and CO. Each column was calibrated by passing 

known samples of gas through at the working temperature (50°C) . 

To detect very small concentrations a large sampling tube was 

required and it was found that a 10 m.1 capacity was adequate. 

With this arrangement it was possible to detect concentrations of 

5 4 
order 10°” and measure those of order 10 *, Before the gas sample 

could be analysed it had to be quenched. Two types of cooling 

probe were tried: one based upon a design reported by Fristrom
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and. Westenberg®’” made from quartz, and one manufactured from 

copper tube and water cooled. It had been hoped that the quartz 

tube would have sufficed since this could be immersed in the bed 

without causing too much disturbance. Although this probe is 

suitable for flame studies and the rapid cooling at the orifice 

will quench the combustion products, when it was immersed within 

the bed, or even placed above the bed surface, it was found that 

the combustion products reheated due to the extremes of temperature 

in the surroundings and the reaction would proceed to completion. 

Even when this probe was placed just above the distributor plate 

and sampling an unreacted mixture, by the time the sample had 

passed through the very high temperature zones and reached the 

chromatograph, the reaction had reached completion. With the 

water cooled proble, however, there was no such problem. It had 

the disadvantage that it could be immersed in the bed without 

causing considerable disturbance, but it could quench the sample 

and the water cooled jacket prevented any reheating. The water 

cooled probe is shown in Figure 39. It was possible to take exit 

samples by placing the probe a short distance above the bed 

surface, and this did not in any way disturb the bed. Water con- 

densation was found to be a problem in the supply line and this 

was alleviated by the incorporation of a silica gel filter. 

To suck the sample gas through the chromatograph, a high 

vacuum pump was used. This was supplied by The Edward Hughs Vacuum 

Company Ltd, being their Speedwac type ES 150. To record the 

chromatograph output peaks, a Bryants type 2800 pen recorder 

(supplied by Bryant Instruments Ltd) was used. The peak areas
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were measured by a planimeter (manufactured by A.Ott Kempten, 

Bayern). All joints in the gas line were either special vacuum 

joints supplied with the chromatograph, or those joints manufactured 

in the laboratory which were sealed with ARALDITE (supplied by 

CIBA-GEIGY (UK) Ltd). 

4.3 QUALITY OF FLUIDIZATION AND INITIAL COMBUSTION STUDIES 

With both types of distributor plate described in Section 

4.2(a), it was possible to obtain good fluidization within the bed. 

There was, however, a clear distinction between the behaviour of 

silica dioxide particles and the very dense zirconium silicate 

particles. For shallow beds of about 8 cm depth, there were 

numerous small bubbles being formed within the silica dioxide bed 

and breaking randomly on the surface. This resulted in a very 

slight fluctuation of the smooth bed surface. With the zirconium 

silicate particles there were few bubbles in the bed but they were 

large in size. This resulted in a far greater part of the surface 

area remaining smooth, but the fluctuations in height of this 

smooth surface were considerable. With these particles the smooth 

surface of the bed would rise, release its bubble and then fall, 

almost intact. This pulsating of the bed surface caused a small 

amount of rotameter fluctuation. The bubbles appeared to favour 

no particular path. 

The bed height had a considerable effect on the quality of 

fluidization. For increases in bed height above 8 cm (bed diameter 

= 13 cm), it was observed that bubbles arriving at the bed surface 

would eject particles up above the bed, and the height to which they
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BUBBLES EXPLODING AT THE SURFACE 

Photograph taken through side of glass bed 
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would be ejected was greater for deeper beds. This is to be 

expected since as a bubble rises in a combustion bed it will grow 

rapidly. The rapid growth is due to the heating of the gas rising 

. bubble diame 

ase the bubble velocity, and it is this velocity that 

a nes the height to which the particles are ejected. For 

e bubble is just about to break the bed surface, all of 

3 axticles situated above the bubble are moving at very n 

e velocity as the bubble. From this it is to be expecte 
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ion beds with very high throughputs and without too muc a 

cle ejection. 

With deep beds there was observed a considerable differen 

en the behaviour of the two types of particle. With silic 

i particles the bed surface would rise on one side of the 

; the bubble was about to be ejected. The next bubble wou 

rise through the shallow side and cause that to rise as , 

would fall. So would go the cycle. The bubbles with dee 

a dioxide beds were fewer in number compared with those in poy 
en: sat  
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With the dense zirconium silicate particles the effect of a deep 

bed would be that whole of the smooth bed surface would rise 

rapidly to a considerable height, eject a bubble and the particles 

above it, and then fall rapidly. What was noticeable about these 

dense particles was that the surface remained intact until the 

final moment of bubble release, 

Wherever practicable, both types of distributor plate 

were compared. There was nothing observed to suggest that the 

type of plate affected the behaviour discussed in the preceeding 

paragraphs. 

The bed temperature had a significant effect upon the 

combustion behaviour. With the bed operating below 1 o000°c there 

was a considerable noise emission. For beds operating at tem- 

peratures as low as 700°C (whether cooled or in the lighting-up 

stage) it was possible to observe bright blue bubbles bursting 

within the bed. At this temperature range these bubbles would 

stand out against the cherry-red emulsion phase (see plate 2); 

at temperatures of about 1 o00°%c it was difficult to observe them 

against the bright yellow emulsion phase. It is probable that 

with temperatures in the region of 1 000°C the gas, which eventually 

forms the bubble, has reached a state of reaction such that com- 

bustion occurs smoothly within the bubble phase. This would 

account for the silent combustion above 1 o00°c. If this is the 

case then with bed temperatures as low as 700°C the gas forming 

the bubble may not have begun to react: it would pre-heat as 

it rose through the bed, probably to explode as the hot combustion 

gas came into contact with activated chemical species from the
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emulsion phase. Irrespective of what the mechanism is, these 

explosive bubbles can be observed with low temperature beds, and 

the blue flashes correspond to the intermittent noise emission 

from the bed. 

It was interesting to observe at which height the bubble 

would explode. As the bed temperature was increased, it appeared 

as though the bubbles were exploding further down beneath the bed 

surface. When the bubble exploded near the surface there was 

considerable particle agitation. With very deep beds a bubble 

explosion near the surface was quite spectacular; the whole of 

the bed surface would be covered by the blue flash from the 

explosion, and a considerable number of hot particles would be 

ejected from the bed. 

From this prelimary investigation it was concluded that the 

most worthwhile studies were to be made in shallow beds at tem- 

peratures of not less than 1 000°, 

4.4 VARIATION OF BED TEMPERATURE WITH THROUGHPUT 

For all of the particles tabulated in Table 1, data is 

given in Figures 41-68, and Tables 2-29 for the effect that the 

throughput has upon bed temperature. With silica dioxide particles 

the results given are for a bed packed with 1 kg of particles, and 

with the zirconium silicate particles the results are for a bed 

packed with 2 kg of particles. This substantial difference in 

mass between the two materials is because of the differences in 

density. With the exception of the (1.0 - 1.4)mm zirconium 

silicate particles, all of the results presented for this study
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have been noted for a bed with a refractory distributor. A mild 

steel plate was used with these large particles because of the 

high temperatures involved. Two particular regions in the bed 

ete chosen for study: the isothermal section was studied, and 

the temperature of a thermocouple placed just upon the distributor 

plate was studied. As will be shown in a later section, the 

latter is of interest in studying the combustion stability within 

the bed. 

If one assumes that the only heat losses from the bed are 

those attributable to surface radiation, then for a fixed air-gas 

ratio, the variation of isothermal bed temperature with throughput 

will be as given in Figure 13. For very high throughputs the iso- 

thermal bed temperature should approach the adiabatic combustion 

temperature. Figure 40 gives the variation of the adiabatic 

temperature with air-gas ratio. It is worthwhile examining if 

and how such an approach can explain the given experimental data. 

An examination of the data for the very large zirconium 

CFigs +i-45) 
silicate particles\shows that the isothermal bed temperature 

varied very little for any increase of throughput at a constant 

air-gas ratio. The only exception are the results for an air- 

Fig42 
gas ratio of 1.6 times stoichiometric: \ these show a considerable 

variation with changes of throughput. Comparison with Figure 40 

shows that all of these temperatures are well below the adiabatic 

combustion temperature. Irrespective of the nature of the heat 

loss, one would only expect a situation where the temperature is 

nearly constant for changes in throughput when the temperature is 

near the adiabatic combustion temperature: when the throughput is
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so large that bed losses at the adiabatic combustion temperature 

are small in comparison. Clearly, this is not the case. 

An interesting point arises from these results for the large 

zirconium silicate particles. If the bed temperature is constant 

when the throughput is increased (for a constant air-gas ratio) 

and the bed temperature is below the adiabatic combustion tempera- 

ture, then energy considerations dictate that the amount of heat 

lost from the bed must vary linearly with the throughput. If the 

heat loss from the bed is only due to surface radiation, then a 

situation is arrived at where an increase in throughput increases 

the surface radiation even though the bed temperature does not 

vary. This suggests that the emissivity is increasing with bed 

throughput. This agrees with the suggestion by Elliott and Virr?? 

that the emissivity could increase as the bubbling becomes more 

vigorous. 

With these very large zirconium silicate particles the 

plate temperature decreases with a decrease in flow with gas-lean 

mixtures. However, when the air supply becomes less than eighty- 

per-cent in excess of that required for combustion, a condition 

is attained where a further reduction in flow rate will result 

in an increase in plate temperature as the throughput is reduced. 

For very large decreases it is possible for the plate temperature 

to become unstable and rise rapidly. This rapid rise in temperature 

is followed at a much later stage by an increase in the isothermal 

bed temperature. 

Results for the (.71 - .85)mm zirconium silicate particles 

are different. Temperature variations are given in Figures 46-48
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and Tables 7-9. Since very high temperatures were obtained with 

these particles it was not possible to work with air-gas ratios 

less than 1.6 times stoichiometric. At 1.6 times stoichiometric 

the bed temperature increases with flow rate up to a maximum and 

then decreases. The variation in temperature, however, is less 

than 15°C over the range of throughputs studied. Temperature 

measurements for conditions at the plate show the behaviour of 

the plate temperature to be similar to that of the bed temperature: 

however, with larger magnitudes of variation. The results obtained 

for higher air-gas ratios show that the bed temperature increases 

with an increase in throughput. 

Results for the (0.6 - 0.71)mm zirconium silicate particles 

are given in Figures 49-52 and Tables 10-13. With these particles 

it was possible to work with air-gas ratios as low as 1.4 times 

stoichiometric. At 1.4 times stoichiometric, there was very little 

change in bed temperature as the throughput was increased. At 

1.6 times stoichiometric the bed temperature increased with an 

increase in throughput until a maximum bed temperature was reached 

and then for further increases in throughput the bed temperature 

decreased. The maximum variation of temperature, however, was 

only 20°C. For higher air-gas ratios the bed temperature was very 

sensitive to any change of conditions and increases rapidly with 

the throughput. The temperature results for 1.8 times stoichio- 

metric are worth of attention. Figure 51 shows that under these 

conditions the bed temperature is a convex function of the through- 

put. However, the simple considerations of Section 3.2 would 

suggest a concave function of temperature as shown in Figure 13,
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The data for the silica dioxide particles will show that this is 

not an isolated case. This further indicates the complexity of 

bed surface radiation. 

Data for the lighter silica dioxide particles is given in 

Figures 58-66 and Tables 14-27, For these particles the bed tem- 

perature increases with flow rate. All of the temperature profiles 

give a concave function of throughput with the exception of 

Figure 66 where the function is clearly convex. 

In Section 3.2 it was stated that two types of axial tempera- 

ture profile have been observed in this work, and they are shown 

in Figure 11. All previous workers have observed a profile where 

the isothermal bed temperature is greater than that at the distri- 

butor. In «this work profiles have also been noticed where the 

isothermal bed temperature is less than the distributor temperature. 

The data presented in this section gives an indication of what con- 

dition favours which type of profile. In the theoretical discussion 

on this topic in Chapter 3 it was argued that with very low flow 

rates the gas could rapidly heat up and produce a situation where 

the isothermal bed temperature is below the distributor temperature. 

Experimental results given in this section show that under some 

conditions a reduction in throughput can increase the plate tem- 

perature , and a stable temperature profile is obtained where the 

plate temperature is greater than the bed temperature. With 

other conditions, however, the bed will extinguish before this 

condition is attained - this will be discussed in the next 

section. 

Although the isothermal bed temperature tends to increase
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with throughput, it appears that there is no such simple variation 

in bed temperature when the flow rate is fixed and the particle 

size varied. With the silica dioxide the bed temperature of 

the (0.6 - 0.71)mm particles are below those of the (0.71 - 0.85)mm 

particles for air-gas ratios of less than 1.4 times stoichiometric. 

With higher air-gas ratios the smaller particles have the higher 

bed temperatures. The differences in temperature are in general 

about 10°C, the major exception being the results for twice the _ 

stoichiometric air-gas vais ieee there are differences of as 

much as 40°C. With the zirconium silicate particles the results 

for all of the (0.71 - 0.85)mm tests give greater bed temperatures 

for a common throughput and air-gas ratio-temperature differences 

of as much as 80°C being common. 

The height of the bed appears to have very little effect 

upon the plate and isothermal bed temperatures provided that the 

height is greater than the immediate post-combustion region. If 

the bed is very deep, however, violent bubbling occurs and then 

the temperatures vary a little. Figure 67 and Table 28 give 

the variations in bed temperature for two different quantities 

of particles within the bed. With 2 kg of particles the bed is 

bubbling smoothly, but with 3 kg of particles it is bubbling 

violently and the bed temperatures for the two conditions in 

Figure 67 show that the bed temperatures are about 10°C less 

with the deeper bed. There are several factors that could explain 

these differences. As will be explained in a later section, it 

has been difficult to reproduce results in these tests - 10°C 

being the normal amount of variation found. As was explained in
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Section 4.3, violent bubbling causes possible rotameter errors 

and this could affect the bed temperature. As was explained in 

Section 4.3, violent bubbling causes greater particle ejection - 

and this, by increasing the emissivity, could account for the 

slight differences. Any one of these factors, or any of them 

combined, could explain these temperature differences. All that 

can be stated at the present is that the effect of bed height is 

very small. 

It would appear that the type of distributor plate used can 

have a considerable effect upon the bed temperature. A series of 

measurements were made combining the very large zirconium silicate 

particles with a refractory distributor plate. It was only possible 

to operate the bed with very high air-gas ratios for fear of 

damaging the plate, but what observations were made have shown 

that the temperatures can be as much as 30°C higher with a re- 

fractory plate, and this is shown in Figure 68. Although visual 

observations have failed to notice any difference that the type of 

distributor has upon the bed behaviour, it might be possible that 

the way the bed is bubbling could be affecting the emissivity. 

Whatever the reason, this is an important fact to be considered 

in bed design. 

4.5 COMBUSTION LIMITS (LEAN MIXTURES) 

There is a very wide range of air-gas mixtures with which 

stable combustion can be obtained in a fluidized bed. Outside of 

the stable range of conditions it is not possible to obtain steady 

state conditions within the bed. This work was concerned with
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studying what effect air-gas ratio and throughput have upon bed 

stability. 

In this work, two distinct mechanisms by which the bed could 

become unstable were observed. The first mechanism occurs when 

the flow rate is reduced below a critical value and a combustion 

wave slowly rises up through the bed until all of the combustion 

takes place upon the bed surface. The second mechanism occurs 

when the flow rate is reduced and the temperature at the plate 

begins to rapidly rise. In both cases, the temperature at the 

distributor plate is the most useful indicator that the bed is 

unstable. 

In the case of instability due to a rising combustion wave, 

the bed begins to cool at the plate whenever the flow rate is 

reduced below a critical value, and any temperature measurements 

made in the uppermost regions of the bed show no indication that 

the bed is malfunctioning. This is indicated by the time- 

temperature curve recorded in Figure 69, Figure 69 shows the 

time-temperature curve recorded by two thermocouples (one placed 

upon the distributor plate and one placed 2.5 cm above) when the 

throughput is reduced from a mixture of 200 L/m of air and 11.7 L/m 

of methane to a mixture of 150 L/m of air and 8.75 L/m of methane. 

The initial throughput was sufficient to obtain stable combustion, 

the final throughput was not - in both cases the air-gas ratio was 

the same. Ftgure 69 shows that although the plate temperature is 

falling rapidly, there is very little variation in the bed tempera- 

ture 2.5 cm above the plate. At 2.5 cm above the plate there is 

just a slight temperature change as the combustion wave rises past
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the thermocouple, but after this the temperature begins to 

decrease. The behaviour of the time-temperature profile at the 

distributor plate is greatly influenced by how far into the unstable 

region the flow rate is reduced to. If there is a drastic reduction 

in throughput the drop in plate temperature can become very rapid 

for a moderate decrease in throughput the plate temperature drops 

very slowly and at intervals the plate temperature appears to 

have stabilized - only to fall again. This haphazard variation 

in plate temperature for moderate decreases is shown, to a small 

extent, in Figure 69. This makes difficult the determination of 

what the critical throughput is before the bed becomes unstable. 

Very close to this critical limit, even with a continuous bed 

operation of an hour, it is difficult to state whether the bed is 

in a state of stable or metastable equilibrium. The critical flow 

rate was observed by reducing the flow rate, with a fixed air- 

gas ratio, and noting the plate temperature. To obtain an 

accurate estimate, a stable flow rate was noted that was near 

the critical point along with an unstable flow rate. Knowing the 

critical point to be somewhere inbetween these two limits, it was 

a matter of trial and error until a reasonable flow rate could be 

seen as being, or very nearly being, the critical flow rate. 

Figures 70 & 71 give the critical flow rates for the silica 

dioxide particles. The region to the right of the curve represents 

the stable combustion zone and that to the left the unstable zone. 

These two curves show how much the air-gas ratio influences the 

critical flow rate. Both graphs show that as the air-gas ratio 

increases, the critical flow rate increases rapidly. These curves
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suggest that stable combustion is not possible with an air-gas 

ratio of much more than 2.1 times stoichiometric. In fact, sub- 

sequent attempts to obtain stable combustion above this condition 

were a failure. It was difficult to obtain the critical flow rate 

for the zirconium silicate particles (as will be explained in the 

following paragraphs) but what few results that could be obtained 

are given in Figure 72, 

The other mechanism of instability is, perhaps, the most 

serious. It appears to be predominant with large-heavy particles, 

but with the small silica dioxide particles it only occurs near 

to stoichiometric air-gas ratios, Whether or not this mechanism 

is related to any form of combustion "flash back" has yet to be 

determined, but the combustion was not observed to flash back into 

the air box in any of the experiments performed here. 

It may be worth mentioning that during preliminary studies 

a test was performed where the throughput was reduced, inadvertently, 

below this critical limit and the bed left for thirty minutes to 

reach steady state conditions. Only one thermocouple had been 

placed in the bed, and this was recording the temperature in the 

isothermal region. During the first few minutes there was nothing 

from the thermocouple readings to suggest that the bed was mal- 

functioning. Thirty minutes later the bed temperature had risen 

such that the thermocouple had been irreparably damaged, the 

particles fused and the combustion tube reduced to a state of 

partial disintegration. During this experiment, a mild steel 

plate had been used. Had a refractory plate been used this would 

probably have cracked. Although the upper parts of the bed had been
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destroyed there was no evidence of combustion occurring beneath 

the distributor plate. Whether or not the bed would have flashed 

back if left for a longer time was not established: at the time 

it was not considered prudent to try. This example gives an 

indication of the risks involved when operating a bed near these 

conditions. 

To understand the conditions that result in this form of 

instability, it is necessary to refer back to the work of Section 

4.4, Here a condition at the distributor plate was observed where 

a reduction in throughput could result in an increase in plate 

temperature. Although the plate temperatures would increase for 

moderate reductions in flow, a stable temperature profile could 

be obtained within the bed, provided the reduction in throughput 

was not too great. If reduced too far, lowering the throughput 

results in an uncontrolled rise in plate temperature which is 

followed, at a later stage, by a rapid rise in the isothermal bed 

temperature. 

Since it is difficult to establish at what throughput the 

temperature begins to rapidly rise, the critical throughput will 

be defined as that where the plate temperature is a minimum: at 

the point where further reductions result in an increase of plate 

temperature. The results for the large zirconium silicate particles 

show that this critical flow rate is the same for a wide range of 

air gas ratios, and corresponds (with this bed) to an air flow rate 

of 175 L/m. It is not possible to obtain sufficient information for 

the other particles: the other mechanism of instability is 

predominant.
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Since no detailed information of the gas temperatures within 

fluidized combustors is available, it is difficult to establish 

why a bed becomes unstable. The probable reason is that near the 

critical limits the bottom of the bed is not fluidized and is 

behaving as a porous combustor. This is an area requiring 

further study. 

4.6 AXIAL TEMPERATURE PROFILES 

Temperature profile measurements in the axial direction 

resulted with two distinct types of profile as depicted in 

Figure 11. When placing the temperature probe at any position 

below the isothermal region, considerable fluctuations in tempera- 

ture were noted. These Sy ietuatiens consisted of a random 

vacillation of the pyrometer reading inbetween two temperature 

limits when a thermocouple had been positioned within the bed - 

the time of one complete cycle being about thirty seconds. The 

magnitude of this fluctuation depended upon the position of the 

probe within the bed: in the isothermal region it was only about 

ao: near the distributor plate the variation could be as much as 

30°C. These fluctuations may be attributable to two things: 

[1] particles being transported by the bubbles brushing past 

the thermocouple and changing the local temperature field 

[2] the continual removal and replacement of particles near 

the distributor plate. In Chapter 3, for the sake of an 

analysis, it was assumed that there is a continuous flow 

of solids. Clearly this is not so with a finite number 

of bubbles; and there must be a continual flow of emulsion



o: Soe 

phase particles down past the thermocouple. This would 

cause a vacillation in the temperature field near the 

thermocouple. 

When the thermocouple was moved in the radial direction, it was 

found that the mean value of the temperature varied. Again, the 

variation was greatest just above the distributor plate, but in 

the isothermal region it was difficult to notice. These radial 

variations resembled those reported by Broughton? ’, 

The initial studies raised some doubt as to what the true 

interpretation is of a thermocouple reading from a fluidized bed. 

As mentioned in Section 3.8 there is the problem of distinguishing 

between the emulsion temperature and the temperature of the particles 

in the bubble wake. Also there can be another problem in evaluating 

what effect the difference in temperatures between the fluidizing 

gas and the particles will have on the pyrometer readings. In this 

work large sheathed thermocouples have been used. Since there is 

a high degree of contact between the particle and thermocouple 

surfaces and high rates of thermal radiation between the particles 

and thermocouple, then the recorded temperature should approximate 

to the particle temperature. 

With all of this in mind, it was decided that for a detailed 

study of the axial temperature profiles, the best conditions to 

work with are those close to the incipient state. This had the 

advantage that the particle recirculation would be low, and on 

average the recorded temperature would be very close to the 

emulsion temperature. It would then be possible to make some 

test of the assumptions made developing the mathematical model in
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the last Chapter. The only particles with which it was possible 

to work very near to the incipient state were the (1.0 - 1.4) mm 

zirconium silicate: with these it was possible to work as low 

as 1.5 times the minimum fluidization velocity (based on conditions 

in the isothermal region). Temperature profiles are given for 

these particles in Figures 73-81. Tables 30-39 give the average 

temperatures and the amount of fluctuation. All results are for 

a thermocouple traversed along the centre line of the bed. The 

temperatures plotted in Figures 73-81 are the mean values at any 

point. 

In Chapter 3 a particular class of temperature profile was 

discussed where the maximum solids temperature occurs very near 

to the distributor plate and the temperature profile (in that 

region) is not governed by particle transportation. Figure 81 

shows the two types of temperature profile that belong to this 

class. In one profile the isothermal bed temperature is below 

the distributor temperature, and in the other it is just above. 

As indicated by the theoretical study of Chapter 3, these profiles 

occur at very low throughputs. 

By making a few simple assumptions, it is possible to make 

an estimate of the solid transportation within the bed from these 

temperature profiles. If in equation(1l) it can be assumed that 

after the point of maximum solids temperature the convective and 

chemical kinetic terms are small in comparison, then 
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a aT. 
or Ps + 2X = = oO 

dx 

where A = MC/KA 

This can be integrated to give: 

Pas es B.exp (-A x) (24) 

where A and B are constants. 

In Figures 73-80 the values of log (T. ~ Sate are plotted 

against x and give a value of \ for each curve. The exponential 

formula of equation (24) is seen to fit the results well. Large 

deviations from this are only found near the point of maximum 

solids temperature where the chemical kinetic term has a strong 

influence, and near the isothermal bed temperature where errors 

are to be made in detecting small differences in temperature. 

In this respect, the theory enables a study of this region in 

terms of the particle recirculation. The values of ’ quoted in 

mf Since M will have Figures 73-80 range from 1.68 to 3.307 cm 

varied over the range of distances from which A was measured, it 

will be possible to obtain an approximate value of M by assuming 

values for K and C. We have: 

  

  

mM = KX 
G 

and using 

cal Ww 

cal J 

and C=), OZ ° 84 ° 
gmc
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this gives M ranging from .0435 to .086 kg/s. The values used 

in Chapter 3 were from .4 to 2 kg/s. These two sets of values 

differ by a factor of ten. Values of M obtained from the experi- 

mental results are an average since M will have higher values for 

points further up the bed. Since the high values of M used in 

Chapter 3 were only to produce the small temperature difference 

between emulsion phase and bubble phase particles in the isothermal 

region, these small measured approximations represent the small 

order of magnitude for M near the points of maximum solids tem- 

perature variation. 

In this work no attempt was made to study the temperature 

profiles near the bed surface. Initial exploratory studies in this 

region produced profiles as shown in Figure 11 with the temperature 

rapidly decreasing near the surface. These profiles were similar 

to those reported by Broughton? ’, With Elliott's work on surface 

radiation? in mind, it was concluded that the temperature profiles 

in this region were probably due to the changes in temperature of 

the ejected particles, and this phenomenon is worthy of a study 

of its own. 

4,7 CHROMOTOGRAPHY STUDIES 
  

The purpose of these studies was two-fold: the studies of 

the combustion gases enabled a check on the rotameter readings, 

and at the same time provided an indication to the reaction's 

state of completion within the bed. Comparing air-gas ratios from 

rotameter and chromatograph readings produced a difference of less 

than five per cent.
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Before an assessment could be made of how near to equilibrium 

the combustion products were, the equilibrium concentrations were 

needed. These are given in Appendix 2. A few of these equilibrium 

concentrations are given in Figures 82 & 83, Figure 82 gives the 

equilibrium concentrations for stoichiometric mixtures. This 

shows the possible order of magnitudes to be obtained in an 

equilibrium mixture. Figure 83 shows how the CO concentration 

varies in an equilibrium mixture for changes in the air-gas ratio. 

If equilibrium conditions are obtained, then Figure 83 indicates 

that only with stoichiometric conditions should any CO be recorded, 

and this should only be a slight trace. 

When measurements were taken for the conditions described 

in Section 4.4, no traces of CO or Hz were observed for air-gas 

ratios above 1.1 times stoichiometric. Below five per cent 

excess air, large CO peaks were produced from the chromatograph, 

with considerable traces of Ho. 

Difficulties were encountered in establishing stoichiometric 

conditions: the rotameters were not sufficiently precise for a 

very accurate determination. To circumvent this problem the air 

flow was set to a steady value and the gas flow very slightly 

adjusted until the chromatograph produced stoichiometric peaks. 

Figure 84 shows a typical set of CO concentrations as the gas flow 

is varied - although higher than the equilibrium concentrations 

they vary similarly with air-gas ratio. CO/COz2 ratios of about 

.24 were observed at stoichiometric. These ratios are very high 

and represent large concentrations of CO in the combustion gas. 

With five per cent excess air chromatograph readings were obtained
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giving one-fifth of this ratio. Doubts arise as to whether these 

chromatograph readings are the concentrations for a pure sample 

of the combustion gas: air may have infiltrated the line giving 

a stoichiometric reading on the chromatograph when the combustion 

sample may have been for less than stoichiometric air. Since the 

possible errors in the rotameter readings (see the next section) 

and the differences between chromatograph and rotameter air-gas 

ratios overlap, it is difficult to assess the situation. Every 

effort was made to ensure that no leaks could occur in the sample 

line. 

One factor that helps to clarify this condition is the 

hydrogen concentration of the combustion mixture. Ftgure 86 

shows how sensitive the equilibrium hydrogen concentration is 

to any slight change in the air-gas ratio at the stoichiometric 

point. When the chromatograph indicated a stoichiometric mixture 

the hydrogen concentrations were as high as 0.002. This is high 

compared with the stoichiometric equilibrium concentration of 

0.0000204. If a concentration of 0.002 for hydrogen is an equili- 

brium concentration, then the air-gas ratio corresponding to this 

value is 0.95 times stoichiometric. There are two possibilities 

to be considered: the first is that the measured concentrations 

of hydrogen are equilibrium values, the second is that they are 

not. If they are equilibrium values then the gas sample probably 

includes air from a leak in the sample line and whatever the 

conditions, gives an air-gas ratio from the chromatograph of 

stoichiometric conditions when the air-gas ratio is 0.95 times 

stoichiometric. If the hydrogen concentrations are not equilibrium
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values then the corresponding equilibrium concentration will be 

smaller and this corresponds to an air-gas ratio greater than 

0.95 times stoichiometric and nearer to stoichiometric conditions. 

From this it must be concluded that the actual stoichiometric 

conditions are found somewhere inbetween the chromatograph 

readings of stoichiometric and 1.05 times stoichiometric air-gas 

ratios as shown by the CO readings given in Figure 84, Therefore 

the probability is that the CO concentrations at stoichiometric 

conditions are quite high. 

It was only possible to measure stoichiometric concentra- 

tions with the (0.6 - 0.71)mm silica dioxide particles because of 

the high bed temperatures. The results given in Figure 84 are 

for the bed at 1 400°K and are typical of the results obtained 

at slightly lower temperatures. 

An important aspect of this work was a chromatograph study 

of the combustion gas for beds operating in the unstable zones 

discussed in Section 4.5. Studies revealed that even with an 

unstable bed, the combustion reaches the same degree of completion 

as does a stable bed operating with the same temperature and 

air-gas ratio. Even when the condition occurs where the combustion 

wave is rising through the bed, the reaction is still approaching 

completion. 

4.8 DISCUSSION OF RESULTS 
  

Before discussing the experimental results, a few brief 

comments need to be made regarding the accuracy of the experimental 

work and what magnitude of errors should be allowed for when
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comparing these with any other similar results. 

Bed temperature comparisons present a formidable problem. 

In this work the pyrometers were recalibrated for every tempera- 

ture range being used. They were calibrated by supplying a given 

voltage from a potential source and comparing the reading with the 

thermocouple calibration chart. Over a typical temperature range 

of 200°C (at 1 000°C) the maximum error from the pyrometer was 

about 1.5°C. There are no problems as to the accuracy of the 

measuring equipment, only to the interpretation of results. The 

interpretation problems have been discussed in Sections ‘3.8 and 

4.4, and in addition to this there is a problem of reproducibility 

of results; even with the pyrometer carefully calibrated, attempts 

to reproduce experiments under exactly the same conditions produce 

differences in the isothermal bed temperature of as much as 10°C. 

This may be a small factor when considering bed temperatures as 

high as l 200°C, but in some experiments this reproducibility 

factor could mask any experimental variables. A good example 

is the study of what effect bed height has upon isothermal bed 

temperature: in these experiments all differences were found to 

be within this reproducibility margin. 

In the case of aii Soa are problems in allowing 

for pressure and temperature variations when measurements are 

being taken, The rotameter flow equations only give an approximate 

guide for conditions other than those for which the rotameters 

were calibrated. The possibility of errors of as much as five 

per cent cannot be discounted. 

Chromatography results, however, have shown that the air-gas
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ratios were all within five per cent. The error in a chromato- 

graph concentration being in the region of three to five per 

cent. Two grades of methane were used: sewage and pure methane. 

The sewage methane was supplied by Air Products Ltd with a 

guaranteed methane concentration of not less than 98.5 per cent. 

Chronlatograph checks showed this, in fact, to be never less than 

99.0 per cent. The remainder was made up of higher hydrocarbons, 

nitrogen, oxygen and carbon dioxide. The pure methane was 99.9 

per cent pure. This pure grade was used only in the preliminary 

chromatography work. Any errors due to gas impurity may be 

considered negligible. 

The only measurements subject to any appreciable errors 

would be those for the critical throughputs of Section 4.5. Due 

to the difficulty in establishing the critical point, all 

measurements may be in error to as much as ten per cent. 

The important aspects of the experimental work are 

summarized below: 

(a) Experimental results of Section 4.4 suggest that the bed 

emissivity may increase with fluidizing velocity, as 

proposed by Elliott and Virr?? 

(b) Experimental work has shown that the bed temperatures 

depend upon the type of distributor plate used. 

(c) Experimental work has suggested that bed height has little 

or no effect upon bed temperature 

(da) Experimental work has shown that under some conditions 

the bed temperatures will be increased by reducing the 

throughput
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(e) Experimental work has identified two distinct mechanisms 

by which a bed will become unstable 

(f£) Experimental work has shown that above ten per cent 

excess air the carbon monoxide emissions for shallow 

beds are negligible, but below five per cent excess air 

they can be high. 

In formulating the mathematical model of Chapter 3, the following 

features of this experimental work had to be accounted for: 

(a) The isothermal region above the distributor plate 

(b) The large variations in the axial temperature profile 

near the distributor plate. 

In providing these features the model must explain how all of 

the heat is transported through the isothermal region. Since the 

combustion gases leave the bed at a temperature close to the 

isothermal bed temperature then there must be a mechanism by which 

the radiative component is transported to the bed surface. 

Chapter 3 has proposed that this is due to particle transportation.
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CONCLUSIONS 

The object of this Chapter will be to briefly outline what 

this work suggests to be the mechanism of gas combustion within 

fluidized beds, and suggest areas for further study. 

5.1 MECHANISM OF COMBUSTION 

From the experimental and theoretical studies of Chapters 3 

and 4, the following mechanism is proposed, 

The gas mixture enters the bed from the distributor plate 

with a temperature less than the particles immediately above the 

distributor plate. Coming into contact with these particles, the 

temperature of the gas mixture begins to increase and the chemical 

reaction between the fuel gas and the oxygen in the air proceeds 

slowly. Depending upon the temperature of the gas mixture and 

the amount of gas passing through the bed the solids just above 

the plate may, or may not, be fluidized. At some distance above 

the plate, however, the temperature and throughput of the gas 

mixture will be such that there is more gas flowing through the 

bed than is required to maintain the incipient state, and bubbles 

will be formed. At the instance of bubble formation, that gas 

which forms the bubble phase and that gas which continues in the 

emulsion phase will be identical with respect to temperature, 

pressure and chemical composition. However, once the bubbles 

are formed the reactions in the two phases proceed at different 

rates, and how close in temperature and chemical concentration 

the gases in the two phases are will depend upon the interaction
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between the two phases. 

Once the bubbles have been formed, the behaviour of the 

bed changes. As the bubbles begin to rise they drag particles up 

from beneath them. Although there is a continuous exchange between 

these particles and the particles in the dense phase, it can be 

assumed that for shallow beds the temperature of the particles in 

this bubble induced drift is constant. As these particles are 

rising, so particles in the emulsion phase are travelling down- 

wards in the bed. 

As the gas mixture rises through the bed then its tempera- 

ture increases and any increase in temperature will increase the 

rate of chemical reaction. When the reaction has reached chemical 

equilibrium (both in bubble and emulsion phases) the energy libe- 

rated from the reaction has to be transported up through the bed. 

Three processes transport this energy: they are the convective 

effect of the hot combustion products, the convective effect of 

the bubble induced drift and the bed conductivity. The combined 

effect of these three processes is that in the post-combustion 

region the bed temperature is constant for a considerable 

distance. 

Near the bed surface the temperature of the combustion 

products are now very close to the temperature of the solids in 

the emulsion phase. At the bed surface the energy liberated by 

the chemical reaction is transported from the bed either by the 

flow of combustion gases, or by surface radiation.
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5.2 AREAS REQUIRING FURTHER STUDY 
  

Some points requiring further study have been mentioned 

in Chapters 3 and 4. A brief list is given below: 

(a) 

(b) 

(c) 

(da) 

(e) 

(£) 

(g) 

A study of the effect the distributor plate has upon 

the entry gas temperature, and hence the final tempera- 

ture of the bed 

A complete study of the surface emissivity: how does 

it vary with temperature, bed height and bed bubbling 

characteristics 

A study of particle transportation near the point of 

bubble formation and a study of how bubbles are formed 

in combustion beds 

A study of fixed and fluidized bed thermal conduc- 

tivities at high temperatures and with large temperature 

gradients 

A detailed study of bed instability, possibly with a 

study of combustion in fixed beds to see if the two 

are related 

A study of combustion with fuel rich mixtures 

A study of chemical kinetics within fluidized combustion 

beds.
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AP 
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rad 

NOM EBON Coloae TURE 

Area 

Constants in mass balance equation 

" " " " " 

Solids specific heat 

Gas mixture specific heat 

Concentration (also cj) 

Particle diameter 

Equivalent particle diameter 

Activation energy 

Bed height, also gas-particle heat transfer factor 

Bed height in incipient state 

Heat of reaction 

Enthalpy of gas mixture at temperature T 

Enthalpy of gas mixture at ambient 

Gas-particle heat transfer coefficient 

Enthalpy of formation of species j at temperature T 

Effective thermal conductivity 

Thermal conductivity, also used for constants 

Reaction rate factor 

Particle recirculation, or transportation, rate 

Mass flow of gas mixture 

Molar flow rate (also Ny and wD 

Nusselt number 

Bed pressure drop 

Bed surface radiation rate



Nomenclature (contd) 

Re 

6T 

<
e
 

Ving 

Radius 

Gas constant 

Reynold's number 

Temperature (also Tg and Ts) 

Temperature difference between particles in dense and 

bubble phases 

Minimum fluidizing velocity 

Bubble velocity 

Interstitial gas velocity 

Volume rate of gas mixture 

Volume rate of gas mixture in incipient state 

(also ve and pore) 

Thermal diffusivity 

Voidage 

Voidage in the incipient state 

Emissivity 

Mc/KA’, also used as a multiplying factor in the particle 

transportation equation 

Viscosity 

Density 

Density of a gas mixture (also P) 

Bed density 

Stefan Boltzmann constant 

Particle shape factor 

Stream function
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TABLE 2 

BED TEMPERATURES 

L.5ox STOLCHIOMETRIC 
  

PARTICLES: (1.0-1.4)mm DIAMETER 
  

ZIRCONIUM SILICATE 

  

  

        
  

TABLE 3 

  

  

  

  

  

va YG T PLATE T RED 

(L/M) (L/M) (°c) (°c) 

262 18.3 1185.5 1183.5 

242 16.9 1181.5 1184.5 

225 15.7 1183.5 1185.5 

208 14.6 1173.5 1183.5 

187 13.1 1159.5 1180.5 

175 12.3 1158.5 1182.5 

160 ¥E52 1163.0 1182.5 

BED TEMPERATURES. 
L356: xi SPTOLCHIOMETRIC 

PARTICLES: (1.0-1.4)mm DIAMETER 
ZIRCONIUM SILICATE 

vk YG TDLATE T BED 

(L/M) (L/™) co (°¢) 

262 17,2 1163 1163.5 

242 15.9 1163 1167.5 

225 14.8 1167 1163.5 

208 13,7 1133.5 1150.5 

186 12.2 1072 1141.5 

175 11.5 1042 1144.5 

160 10.5 1060 1134.5           

  

 



TABLE 4 

BED TEMPERATURES 

1.7 x STOICHIOMETRIC 
PARTICLES: 

ZIRCONIUM SILICATE 

2O- ° 

  

mm DIAMETER 

  

  

        
  

TABLE 5 

  

  

  

  

  

Va YG TOLATE TRED 

(L/M) (L/M) (°c) (°c) 

277 athe lL 1110 LEZ. 5 

262 16.2 1107.5 Li27:25 

242 150 LIO9..5 LE3135 

225 13.9 1110 1133.5 

208 12.9 1081 1333.5 

LO 1s 1069.5 EET 

£15 10.8 1029'55 LL225 

160 ao 1075 1126.5 

BED TEMPERATURES 
1.8 x STOICHIOMETRIC 
PARTICLES: (1.0-1.4)mm DIAMETER 
ZIRCONIUM SILICATE 

Ya YG TDLATE T BED 

(L/M) (L/M) (°c) (°c) 

277 16.2 1105.5 1106 

262 1543 1104.5 1313.5 

242 14.1 1069.5 1113.5 

225 Loe. 1064 1105.5 

208 Tek 96955 1104.5 

200 11.7 940 LIL           

  

 



TABLE 6 

BED TEMPERATURES 

2.0 x ‘STOLCHIOMETRIC 

PARTICLES: (1.0-1.4)mm DIAMETER 

ZIRCONIUM SILICATE 
  

  

  

          

TABLE 7 

  

  

  

  

  

Ya YG LATE * BED 

(L/M) (L/M) they a 

297 15.6 1036 1082 

277 14.5 1037 1080.5 

262 13.8 1017.5 1073.5 

242 121 967.5 LO72.5 

225 11.8 983 1076.5 

BED TEMPERATURES 

1.6.x STOLCHIOMETRIC 

PARTICLES: (0.71-0.85)mm DIAMETER 

ZIRCONIUM SILICATE 

Va YG T PLATE TBED 

(L/M) (L/M) (°c) (°c) 

195 12.8 1186.5 1193.5 

175 11.5 1194.5 1195.5 

160 10.5 1206.5 1204.5 

144 9.5 1191 1200.5 

£35 8,9 LLZ3 LI9705           

  

 



TABLE 8 

BED TEMPERATURES 

    PARTICLE'S's' 

L.3' x “STOLTCHIOMETRIC 
‘ymm DIAMETER 

  

  

          

  

  

  

  

  

Vv ) T 
A YG T PLATE BED 

(L/M) (L/M) (°c) (°c) 

215 12.5 1125 1151.5 

195 17.4 1065 1134.5 

175 10.2 1053.5 1123.5 

160 9.3 1025.5 1114.5 

TABLE 9 

BED TEMPERATURES 
2.0 x STOICHIOMETRIC 
PARTICLES: (0.71-0.85)mm DIAMETER 

ZIRCONIUM SILICATE 

Va YG TDLATE T BED 

(L/M) (L/M) (hos (exes) 

235 12,3 1069.5 1126.5 

215 11.3 1056 1115.5 

195 10.2 1051.5 1107.5 

175 9.2 1029 1085.5           

  

 



TABLE 10 

BED TEMPERATURES 

1):4. x STOTCHIOMETRIC 

PARTICLES: (0.6-0.71)mm DIAMETER 

ZIRCONIUM SILICATE 
  

  

  

          

  

  

  

  

  

= : 

A YG T PLATE "BED 

(L/M) (L/M) (Pc) (Pc) 

114 10.8 1126 11A4a.5 

129 9.7 1125 1144.5 

112 8.4 1107 1142.5 

109 a4 1155 1148.5 

TABLE 11 

BED TEMPERATURES 

1.6 x STOICHIOMETRIC 

PARTICLES: (0.6-0./71)mm DIAMETER 

ZIRCONIUM SILICATE 

= : 
A Yc T LATE T BED 

(L/M) (L/M) ([C) (°c) 

175 11.5 1125 1317.5 

160 10.5 1126.5 1118.5 

144 9.5 1102 1122.5 

129 8.5 1074 1117.5 

112 154 986.5 LLOSS5 

99 6.5 962 1102.5 

90 5.9 1062 1100.5         
  

  

 



TABLE 12 

BED TEMPERATURES 

Lato. x. S TOL CR TOME T RIC 

PARTICLES: (0.6-0.71)mm DIAMETER 

ZIRCONIUM SILICATE 

  

  

        
  

  

  

  

  

  

        

Vv ) T 
A YG 7 PLATE BED 

(L/M) (L/M) (°c) (°c) 

195 P14 1079.5 1097.5 

175 10.2 1072 1084.5 

160 9.3 1058 1079.5 

144 8.4 1044 1071.5 

129 7.5 1024 1072.5 

TABLE 13 

BED TEMPERATURES 

2:40. xX STOICHIOMETRIC 

PARTICLES: (0,6-0.71)mm DIAMETER 

ZIRCONIUM SILICATE 

V oe 

A Vc TOLATE T BED 

(L/M) (L/M) (°c) (°c) 

215 14.3 1066 1077.5 

195 10.2 1049.5 1070.5 

175 9.2 1035 1051.5 

160 8.4 loll 1037.5 

  

  

 



TABLE 14 
  

  

STOICHIOMETRIC 
PARTICLES: (0.71-0.85)mm DIAMETER 

STLICA DIOXIDE 

  

  

  

  

          

  

  

  

  

      

Ya Ms PLATE BED 
oO Oo 

(L/M) (L/M) CEG) KC) 

92 9.5 183 115055 

82 8.6 Li TET eS 

66 6.9 1140 1086.5 

TABLE 15 

BED TEMPERATURES 
1.2 x STOICHIOMETRIC 
PARTICLES: (O.71-0.85)mm DIAMETER 
SILICA DIOXIDE 

yy ie T DLATE T BED 

(L/M) (L/M) (°c) (°c) 

112 9.8 1106 1113.5 

98 8.6 1105 1110 

82 eZ 1070 1081 

a5 6.6 1053..5 1067 

66 5.9 Lkewah 1045 

    

  

 



TABLE 16 

' BED TEMPERATURES 

1.4 x STOICHIOMETRIC 

' PARTICLES: (O0.71-0.85)mm DIAMETER 

SLElCA: DIOXIDE 

  

  

          

  

  

  

  

Vv ) . 
A 4G * PLATE BED 

(L/M) (L/M) Ce) (76) 

144 1028 107345 107545 

129 Oe 1072.5 1079.5 

11:2 8.4 1062 1072.5 

98 7.4 1047 1064.5 

82 6.2 1O2 35 1045.5 

75 5.6 983 1021.5 

TABLE 17 

BED TEMPERATURES 
1.6 x STOICHIOMETRIC 
PARTICLES: (0.71-0.85)mm DIAMETER 

STUTCA DLOXTDE 

A YG ‘PLATE T BED 

(L/M) (L/M) (?e) (°c) 

144 Loves 1058.5 1059.5 

129 9.7 1048 1057.5 

412 8.4 1028 1041.5 

98 TeaS 1018.5 10375. 

82 o.Lo 983.5 1019.5           

  

 



TABLE 18 

BED TEMPERATURES 

Lo x STOLCHIOMETRICG 

PARTICLES: (0.71-0.85)mm DIAMETER 

SILICA DIOXIDE 

  

  

        
  

  

  

  

  

    

V ’ . 
A G PLATE BED 

(L/M) (L/M) (2c) (°c) 

160 9.3 1012.5 1030.5 

144 8.4 986.5 1002.5 

129 725 980.5 1002.5 

112 6.5 970 986.5 

98 5.7 948.5 966.5 

TABLE 19 

BED TEMPERATURES 
2.0 x STOLCHIOMETRIC 
PARTICLES: (0.71-0.85)mm DIAMETER 
SILICA DIOXIDE 

Vs YG T DLATE T BED 

(L/M) (L/M) (%c) Cri 

195 10.2 966 992.5 

175 9,2 956 981.5 

160 8.4 946.5 966.5 

144 7.6 928.5 939.5 

129 6.8 910 923.5 

120 6.3 906.5 920.5     
  

  

 



TABLE 20 

BED TEMPERATURES 

2.1 x STOLCHIOMETRIC 

PARTICLES: (0.71-0.85)mm DIAMETER 

SILICA DIOXIDE 

  

  

  

        
  

  

  

  

  

        

Vv ; T 
A YG T PLATE BED 

(L/M) (L/M) (°c) (°c) 

195 9.8 923.5 939.5 

175 8.8 916.5 930.5 

167 8.4 913 923.5 

160 8.0 903.5 918.5 

TABLE 21 

BED TEMPERATURES 
£40 x STOLCHIOMETRIC 

PARTICLES: (0.6-0.71)mm DIAMETER 

SILICA DIOXIDE 

A Vo TOLATE TRBED 

(L/M) (L/M) (°c) (°c) 

74 7.8 1109 1124.5 

67 7.0 1092 1114 

60 6.3 1083 1102 

55 5.8 1065 1089 

48 5.0 1082 1062 

  

  

 



TABLE 22 

BED TEMPERATURES 

‘Le2:x STOTCHIOMETRIC 

PARTICLES: (0.6-0. 

SILICA DIOXIDE 

mm DIAMETER 

  

  

          

  

  

  

  

        

YA ve T DLATE "BED 

(L/M) (L/M) (Pc (co) 

100 8.8 1lol 1106.5 

93 Sel 1094 1098 

86 TS 1082.5 1086 

80 150 1063 LOvo 

74 625 1057 LOTT 

67 Boo 1044 1068 

60 533 1014 1049 

55 4.8 981 1029 

TABLE 23 

BED TEMPERATURES 
1.4 x STOICHIOMETRIC 
PARTICLES: (0.6-0.71)mm DIAMETER 
SILICA DIOXIDE 

Va YG T PLATE T BED 

(L/M) (L/M) (°c) (6) 

129 Ad) 1083.5 1076.5 

412 8.4 1077.5 1078.5 

98 7.4 1068 1073.5 

82 Oe2 1020.5 1044.5 

65 4.9 969 LO23;5 

  

  

 



TABLE 24 

BED TEMPERATURES 
1.6 x STOICHIOMETRIC 
PARTICLES: (0.6-0.71)mm DIAMETER 

SILICA DIOXIDE 

  

  

          

  

  

  

  

          

Vv v 
A G PLATE BED 

(L/M) _ (L/M) (°c) (Pc) 

129 8.5 10425 1050¢5 

Laue 7.4 1026.5 1039'.5 

98 6.4 1014 10345 

82 5.4 991.5 1028.5 

65 a3 9375 993.5 

TABLE .25 

BED TEMPERATURES 

Looe es STOLCHITOMETREC 

PARTICLES: (0.6-0.71)mm DIAMETER 

SILICA DIOXIDE 

Vv : 
A Yo T DLATE TRED 

(L/M) (L/M) Gon (7%) 

144 8.4 1006.5 1023.5 

129 Led 992.5 101355 

Lig 6.5 972465 991.5 

98 Say 9537.5 973%5 

90 be 3 934.5 962.5 

  

  

 



TABLE 26 

BED TEMPERATURES 

2.0 x STOICHIOMETRIC 

PARTICLES: (0.6-0.71)mm DIAMETER 

SILICA DIOXIDE 

  

  

          

  

  

    

  

  

  

Vv é T 
A "G PLATE BED 

(L/M) (L/M) (Fc) (°c) 

175 9.2 988 1010.5 

160 8.4 976 1001.5 

144 7.6 961 986.5 

129 6.8 952.5 973.5 

112 5.9 932.5 950.5 

105 5.5 918.5 936.5 

98 5.1 903.5 926.5 

TABLE 27 

BED TEMPERATURES 

Ze x STOECHLOMETRIG 

PARTICLES: (0.6-0.71)mm DIAMETER 

SILICA DIOXIDE 

Va Yo T DLATE TRED 

(L/M) (L/M) (°c) (Fe) 

175 8.8 940 970.5 

160 8.0 922 944.5 

144 4,2 906.5 922.5 

135 6.8 900 921.5 

129 6.5 902.5 923.5           

  

 



TABLE 28 

COMPARISON OF BED HEIGHTS 

cS x STOTCHIOMETRIC 

‘PARTICLES: (0.6-0.71)mm DIAMETER 

ZIRCONIUM SILICATE 

  

  

            

  

          

Va VG TDLATE T BED 

(L/M) (L/M) (°c) (°c) 

195 11.4 1079435 1097.5 

175 $022 1072 1084.5 

B 160 9.3 1058 10795 

8 144 8.4 1044 LOS 

129 Las 1024 1972-5 

195 11.4 1075 109035 

& 175 1032 1060 LOJ7 5 

160 943 tO51 1070%5 

8 144 8.4 1032 1068.5 

  

  

 



TABLE 29 

COMPARISON OF DISTRIBUTOR 
  

Lio xe STOLCHIOMETRIC 

PARTICLES: (1.0-1.4)mm DIAMETER 
  

ZIRCONIUM SILICATE 
  

  

  

        
  

  

          

Va VG T PLATE T RED 

(L/M) (L/M) (°c) (°c) 

4 275 16.0 1119 1132.5 
Bl 255 14.9 1120 1141.5 
Rl 235 13.7 1117 1144.5 

eee 12.5 1095.5 1146.5 
F 205 12.0 1072 1144.5 
2 

277 16.2 1105.5 1106 
p| 262 15.3 1104.5 H13.5 
q| 242 14.1 1069.5 1113.5 
Abe 13.3 1064 1105.5 
=| 208 12.1 969.5 1107.5 

200 Ley 940 1113 

  

  

 



TABLE 30 

TEMPERATURE PROFILE 

PARTICLES: ZIRCONIUM SILICATE, (1.0-1.4)mm DIAMETER 

  

  

  

AIR = 150 L/M 
GAS = 12 L/M 

ROTATIONS OF SCREW T AT 

L Rev = 0.15875 cm °c +°C 

Q 1236.5 0.5 

10 1248.5 0.5 

210 1253.0 2.0 

3,0 I25155 O55 

3.5 1247.5 0.5 

4.0 1245.5 0.5 

4.5 1243.0 1.0 

5.0 1241.5 0.5 

5.5 1241.5 0.5 

6.0 1240.5 0.5 

1:0 1239.5 0.5 

10.0 1237.5 0.5 

15.0 1237.5 0.5 

20.0 1237.5 0.5       
 



TABLE 31 

TEMPERATURE PROFILE 

PARTICLES: ZIRCONIUM SILICATE, ‘(1.0-1.4)mm DIAMETER 

  

  

  

AIR = 185 L/M 
GAS = 11.25 L/™M 

ROTATIONS OF SCREW . AT 

1 Rev = 0.15875 cm ae +o 

O 973.0 30.0 

0.5 1017.5 16.5 

1.0 1060.5 7.5 

1.5 1038.5 24.5 

2.0 Latics 18.5 

2.5 1111.5 22.5 

3.6 1127.0 5.0 

3.5 1129.0 8.0 

4.0 1140.5 1345 

4.5 1157.0 5.0 

5.0 1164.5 4.5 

5.5 1170.5 6.5 

6.0 1166.5 2.5 

6.5 1167.5 2.5 

7.0 1159.5 3.5 

Te 1156.0 2.0 

8.0 1152.0 | 1.0 
8.5 1150.0 2.0 

9.0 1149.5 0.5 

9.5 1148.0 1.0 

10.0 1146.5 6.5 

we 1145.5 0.5 
12.0 1144.5 3: 0.5 

13.0 1143.5 0.5 

20.0 1143.5 0.5           
 



TABLE 32 

TEMPERATURE ‘PROFILE 

‘PARTICLES: ZIRCONIUM SILICATE, (1.0-1.4)mm DIAMETER 
  

AIR = 193 L/M 

  

  

GAS = 12.5 L/M 

ROTATIONS OF SCREW vty AT 

L Rev = 0.15875 cm be oc 

O 1068.5 4.5 

2.0 1133.5 3.5 

4.0 1157.5 0.5 

5.0 1156.0 1.0 

5.5 1155.5 0.5 

6.0 1154.5 0.5 

6.5 1152.0 1.0 

7.0 1149.0 1.0 

72 1146.5 0.5 

8.0 1142.5 0.5 

8.5 1143.0 0.0 

9.0 1143.5 0.5 

9.5 1141.0 0.0 

15.0 1138.5 0.5 

20.0 1138.5 0.5          



TABLE 33 

‘TEMPERATURE PROFILE 

AIR 

GAS 

193 L/M 

Lis? -L/M 

  

  

    
  

ROTATIONS OF SCREW y AT 

lL Rev = 0.15875 cm °c +° 

o 964.0 14.0 
ae 1029.0 8.0 
4.0 1097.5 2.5 
5.0 1125.0 2.0 
6.0 1132.0 1.0 
7.0 1137.5 0.5 
8.0 1142.0 2.0 
9.0 1136.5 1.5 
9.5 113%0 1.0 

10.0 1136.0 1.0 
10.5 1135.0 1.0 
11.0 1131.0 136 
11.5 1128.5 1.5 
12.0 1127.5 0.5 
12.5 1124.5 0.5 
13.0 yiee-5)0 | 0.5 
14.0 1126.8 °. | 0.5 
16.0 Lits.5 | 0.5 
20.0 1114.5 0.5 
25.0 1114.5 0.5 

   



TABLE 34 

TEMPERATURE PROFILE 

' PARTICLES: ZIRCONIUM SILICATE, ‘(1.0-1.4)mm DIAMETER 
  

  

  

AIR = 168 L/M 
GAS = 9.75 L/M 

ROTATIONS OF SCREW T AT 

L Rev = 0.15875 cm °c +°o 

O 1072.5 3.5 

033 1068.0 3.0 

ise 1122.0 9.0 

1.5 1134.0 7.0 

2.0 1156.0 4.0 

255 1177.0 2.0 

3.0 1188.5 4.5 

3.5 1188.5 2.5 

4.0 1190.0 1.0 

Ais 1188.0 1.0 

5.0 1185.5 2.5 

535 1180.5 3.5 

6.0 1176.5 1.5 

6.5 1171.5 1.5 

7.0 1169.5 0.5 

1.5 1164.5 0.5 

8.0 1159.5 0.5 

8.5 1158.5 1.5 

9.0 1156.5 0.5 

10.0 1156.5 0.5 

1b 1154.5 0.5 

1256 1154.5 0.5 

13.0 455855 0.5 

14.0 1153.5 0.5 

15.0 1152.5 0.5 

30.0 1152.5 0.5          



TABLE 35 

TEMPERATURE PROFILE 

‘PARTICLES; ZIRCONIUM SILICATE, ‘(1.0-1.4)mm DIAMETER 

  

  

AIR = 181 L/M 
GAS = 11.1 L/M 

ROTATIONS OF SCREW T AT 

1 Rev = 0.15875 om °c +°c 

Oo 1081.5 3.5 

1.0 1088.0 4.0 

2.0 1117.5 4.5 

3.0 1138.5 0.5 

4.0 1155.5 3.5 

5.0 1163.5 0.5 

6.0 1163.5 0.5 

7.0 1161.5 — 0.5 

7.5 1160.5 0.5 

8.0 1159.5 0.5 

8.5 1157.5 0.5 

9.0 1156.5 0.5 

9.5 ; 1155.0 10 

10.0 1154.5 0.5 

10.5 1152.5 0.5 

11.9 1152.5 0.5 

11.5 1151.5 0.5 

12.5 1152.0 1.0 

16.0 eo A 0.5 

20.0 CS es 0.5          



TABLE 36 

TEMPERATURE PROFILE 

PARTICLES: ZIRCONIUM SILICATE, (1.0-1.4)mm DIAMETER 

AIR 

GAS 

185 L/M 
Livi GPE 

  

  

  2080     

ROTATIONS OF SCREW al AT 

1 Rev = 0.15875 om °c +% 

O 1083.5 17.5 

sO 1092.0 4.0 

2.0 1132.0 1.0 

3.0 1154.0 1.0 

4.0 1164.5 0.5 

5.0 1167.5 0.5 

6.0 1165.5 0.5 

6.5 1162.5 0.5 

7.0 1160.0 1.0 

15 1158.0 1.0 

8.0 1157.0 1.0 

8.5 1155.0 1.0 

9.0 1154.0 1.0 

9.5 1154.0 1.0 

10.0 1152.0 1.0 

10.5 1151.0 1:0 

11.0 1151.5 0.5 

12.0 1149.0 0.0 

13.0 1148.5 0.5 

15.0 1148.5 0.5 

20.0 1148.0 1.0 

1148.5 0.5 

  
 



TABLE 37 

TEMPERATURE PROP IGES 

' ‘PARTICLES: ZIRCONIUM SILICATE, (1.0-1.4)mm DIAMETER 

AIR = 235 L/M 

GAS = 14.25 L/M 

  

  

      

ROTATIONS OF SCREW T AT 

1 Rev = 0.15875 cm °c 4% ec 

O 1100.5 5.5 

1.0 1109.0 1.0 

2.0 1120.0 2.0 

3.0 1141.5 2.5 

4.0 1154.5 1.5 

5.0 1157.0 1.0 

6.0 1154.0 1.0 

7.0 1150.5 0.5 

8.0 1146.5 0.5 

9.0 1143.5 0.5 

10.0 1140.5 0.5 

11.0 1138.5 0.5 

12.0 1137.5 0.5 

13.0 1135.5 0.5 

14.0 1134.5 0.5 

15.0 1133.5 0.5 

20.0 1133.5 0.5 

30.0 1133.5 0.5 

   



TABLE 38 

‘TEMPERATURE ‘PROFILES 

‘PARTICLES :' ZIRCONIUM SILICATE, ‘(1.0-1.4)mm DIAMETER 
  

  

  

AIR = 144 1:/M 

GAS = 10.5 L/M 

ROTATIONS OF SCREW T AT 

1 Rev = 0.15875 cm °c +° 

O 1210.5 2.5 

1.0 1217.5 2.5 

2.0 1230.5 2.5 

3.0 1228.0 4.0 

3.5 1226.0 1.0 

4.0 1222.0 1.0 

4.5 1290.0" 1.0 

5.0 1219.0 1.0 

5.5 1218.0 1.0 

6.0 1216.0 1.0 

6.5 1216.0 1.0 

7.0 1215.0 1.0 

8.0 1216.5. 0.5 

9.0 1216.5 0.5 

20 1216.5 0.5          



TABLE 39 

  

  

  

  

      

TEMPERATURE PROFILE 

’ 'PARTICLES': ZIRCONIUM SILICATE,’ ° (1,0-1.4)mm DIAMETER 

AIR = 150 L/M 

GAS = 9.75 L/M 

ROTATIONS OF SCREW Tt AT 

1 Rev = 0.15875 cm °c +°% 

oO L221L0 TO 

0.5 1218.0 4.0 
1.0 1228.0 4.0 

1.5 1229.5 3.5 

2.0 1244.0 7.0 
2.5 1217.0 5.0 

3.0 1198.5 2.5 

3.5 1186.5 1.5 
4.0 1178.5 2.5 

4.5 1172.5 3.5 

5.0 1176.0 3.0 
5.5 1169.0 5.0 

6.0 1169.5 1.5 

6.5 1163.5 1.5 
7.0 1163.5 1.5 

7.5 1163.5 0.5 

8.0 1162.5 0.5 
9.0. 1161.5 0.5 

25 1161.5 0.5 
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Pua. 2 

FLUIDISED COMBUSTOR WITH POST BED BURNER 
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FIG .3 

TEMPERATURE VARIATION OF THE AMOUNT 

2 OF AIR REQUIRED TO FLUIDISE 1C.M. 

OF BED AREA WITH PARTICLES AS 

  

    

PG 2 SPECIFIED BELOW: 
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A TWO STAGE WATER HEATER 

  

  

  

  

  

  

FIG. 4 
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FLUIDISING VELOCITIES 

FIG, 5 

  

  

  

    
Fluidising Velocity is defined as 
the velocity in the freebed area 
as shown above. 

At the incipient state U=U is



FIG.6 

BUBBLE FORMATION WITH FINE PARTICLES 
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FIG .7 

BUBBLE FORMATION WITH LARGE PARTICLES 
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FIG. 8 

MECHANISMS OF SOLID TRANSPORTATION 

INCIPIENT BED 
: BUBBLE INJECTION 

lower level particles we 
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FIG. 9 

EFFECT OF BUBBLES ON GAS MIXING 

    

      

FROM REF.14
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FIG.1 

TEMPERATURE PROFILES 
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DISTANCE FROM PLATE* 
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FIG 12 

ENERGY BALANCE CONTROL VOLUME 
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FIGI3 

VARIATION OF BED TEMPERATURE 

WITH THROUGHPUT 

ADIABATIC 
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FIG .14 

POSSIBL SOLUTIONS OF ONE- 

DIMENSIONAL FLAME EQUATION 

  

   



FIG, 15 

HEAT TRANSFER DUE TO PARTICLE MOVEMENT 

    
    
  

[ DOWNWARD FLOW OF 
"4 EMULSION PHASE(M) PARTICLES TRANSPORTED UPWARDS 

: IN BUBBLE PHASE (mM) 

    

  

UPWARD CONVECTION= MC (1, ~ L )



FIG.16 

BED TEMPERATURES & DEGREE OF REACTION 

FROM SIMPLE MODEL 
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FIG 18 

COMPUTED BED PROFILES 
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FIG. 20 

EFFECT OF BED CONDUCTIVITY 
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FIG ,.22 

EFFECT OF GAS-PARTICLE 

HEAT TRANSFER (H) 
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FIG. 23 

EFFECT .OFPLH 

2000 = 

1500 ™ 
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FIG. 24 

EPFECT OF CHEMICAL KINETICS 
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“FIG.25 

MIXING WITH VERY HIGH PARTICLE 

TRANSPORTATION = RATES 

  

  

  

   



FIG, 26 
COMBUSTION BED WITH STEEL DISTRIBUTOR 
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FIG, 27 

COMBUSTION TUBE WITH REFRACTORY 

DISTRIBUTOR PLATE 
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PARTICLE TRAP 
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FLUIDISING VELOCITIES FIG. 33 

ZIRCONIUM SILICATE 

(0:-6-0-'71 )mm dia 

Ung =B4-5C 
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FIG. 34 

FLUIDISING VELOCITIES 

SILICA DIOXIDE 

(0-6- 0-71 )mm dig 

Ung =24-'75 cm 
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FLUIDISING VELOCITIES , FIG. 35 
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4 FIG.36 
FLUIDISING VELOCITIES sae 

ZIRCONIUM SILICATE 

( 0-71-0-85) mm dia 

32 cues 

Ung =675cm 
S 

24 emul 

prem H50) 

16 

       



FIG. 387 

FLUIDISING VELOCITIES 

ZIRCONIUM SILICATE 

(1:0 -1°4 )mmdia 

Une =113 oh 
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FIG.88 

VARIATION OF U,., WITH TEMPERATURE f 
ZIRCONIUM SILICATE 

(1:0 -1-4 )mm dia 
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FIG, 39 

COPPER TUBE SAMPLING PROBE 

COOLING SAMPLE LINE 
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-FIG.41 

BED TEMPERATURES. 
ZIRCONIUM — SILICATE. 

Ds am, 
1-5 xSTOICHIOMETRIC AIR 
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NUMERICAL SOLUTION OF DIFFERENTIAL EQUATIONS 

The following differential equation has to be solved: 

N o=N 

° e aT , J yi by 

me T -MCT -KA, —+ (h_), ad = constant 
pg s dx : | 

j=1 GN? 
j 

A simple predictor-corrector method as described below is used, 

starting at the distributor plate and progressing along the axis. 

Predict 

aT. 
(1) P(T.) = 4, + bx 

N ° 

: 7 ON, 
(2) p(T.) = 7 + |B(r -T) - (hi)—e]. Sx 

g g Sg eye fax 

P j=l 

e e aN. 

(3) P(N.) =N, + ——b + 6x 
3 J ax 

= N 
aT. ts : ec = 

(4) PIS) = eqlme P(t) - McP(T.) + » [Pa,) -N,] (ne), 

j=1 

- constant 

From these predicted values, more accurate estimates are made as 

follows: 

Correct 

or raT | § s s x 
(1) eo) noe ae os p.3



DAO a 

  

o a i 6x 
(2) Cin) = Ty vices ‘< + P(T.) P(T “vl at, ine 

5 ae Ee = a23 

aN 
ax 

N 

aT . , a: 
(4) Cc aI =i me (T,) = MC C(T.) + [(c(N,) - N5] (he) 5 

j=l 
- constant 

In this scheme, the integral term in the differential equation is 

satisfied by adding the summation term in this last equation to the 

constant value as the solution advances each incriment. Values 

of 6x are chosen to satisfy convergence requirements. A simple 

artifice is used to ensure that no value of N becomes negative 

in an exponential form as shown below: 

tae exp (1) 

From this 

OOF ot pat co 
ax c ax 

Noy 

and for each incriment values of 6W can be found. From the 

stoichiometry of the reaction values of ~ can be found for all 

of the other components. 

The programme is given at the end of this Appendix.



ine? s 

Two types of solution were made: 

(1) The simple solution where 75 = T, and the drift 

particles left at the plate 

(2) The more realistic solution where Pa # TS 

The programme is given for the latter but is easily ammended for 

the former. The exponential form is only used in the last stages 

of the programme since initially some values of N, are zero, and 

in this respect the programme is in two parts: one using the 

exponential notation and one the ordinary. 

The programme nomenclature is given below in the order used: 

HP = 4H the gas-particle heat transfer coefficient 

C = thermal conductivity 

CN(I) = reaction stoichiometric coefficients 

[e.g. CHy + 202 = 202 + 2H20 and in this scheme 

CN(1) = 1, CN(2) = 2, CN(3) = -1, CN(4) = -2] 

N = number of chemical components 

TG = gas temperature (TQ) 

T = solids temperature (T.) 

A = bed area 

ye Vgas 

oe air 

GN(I) = i 

DLT = aT §/dx 

DEL = 6x 

D = particle diameter



ae ee 

cs = C(specific heat of particles) 

WG =n 

WSC = MC 

WGC = mc, 

HF1(I)= (hp) 5 

DNEG) = de, /dt 

UMF (T) = Uae 

DDN (I) = aN, /ax x 6x 

PT = P(T.) 

PIG ss PCT’) 
g 

PGN(I) = P(N,) 

BD1T = P (aT ./dx) 

Cte. = 9 G(r ( g’ 

cG(I) = Cc, 

EN(I) = exponential form of Ny 

PEN (I) predictor for above 

Identifiers such as CONST, HSUM, FSUM, SUM, Fl, F2 etc are 

constants in the differential equation and identifiers used for 

counting and comparison. 

MHF is a subroutine for evaluating thermodynamic data at 

different temperatures, VEL evaluates the chemical kinetics at 

different temperatures and compositions, and UMF evaluates Uf at 

different temperatures.
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CHEMICAL EQUILIBRIUM CONSIDERATIONS 

Given a number (N) of chemical species it is required to find 

a set of concentrations (C,, Co, «see Cy such that the mixture of 

these chemical species is in a state of chemical equilibrium. 

This condition is attained when the free energy of the mixture, 

at the required temperature and pressure, is at a minimum. 

If an ideal gas mixture is assumed then the molar free 

energy of a chemical species, i, is given by 

Bi = (£1) fire 1) P 
rs £4 Fe Tai 

where ter, is the free energy of formation of the species 

R is the gas constant 

2 is the temperature 

Py is the partial pressure 

TE AV Yo 7s 3% YW are the mole numbers of the components in 

the gas mixture, then the free energy of the gas mixture is given 

by: 

The values of (Yi, Yay eee YW are required such that F is a 

minimum. The values of (¥1, Y2, ... Yy) cannot vary arbitrarily. 

In specifying the gas mixture under consideration there will be 

given quantities of atoms from which the molecular species are 

made, and only variations of (Yi, Yo, ... YW that do not violate



i AB ae 

the conservation of atomic species are permitted. This considera- 

tion is written as: 

N 

2 a4 XY, = B, (j = 1, M) 

j=l 

where as4 represents the number of atoms of species j that are in 

chemical species i, and the values of b. are those which specify 
J 

the mixture. M is the number of atomic species. 

In this study, a methane-air mixture is under consideration. 

Possible chemical species to be considered in the equilibrium 

mixture are: 

CO2, CO, CHy, Ho, H20, H, No, NO, O, OH, O2 

The emission of any one component will effect the calculated 

equilibrium concentration of the others, and how great will be 

its effect depends upon the contribution of that component to the 

total free energy of the mixture. 

Several methods have been proposed for calculating complex 

chemical equilibria problems, and these are collated in a small 

but useful volume by van Zeggerean and Storey*® . Each method 

has its own merits and conditions under which it is eminently 

suitable. Of those tried during this work, the method of White, 

Johnson and Dantzig?® was found to be the most suitable. 

With this method an initial set of mole numbers (yi, Yo, sie 

¥) is assumed satisfying the atomic constraints for this mixture.



Songs 

With the initial values, an approximation is made with a Taylors 

expansion to give a new value of free energy with the condition 

that this shall be a minimum value for any variation around the 

starting point. The atomic balance constraints are used with 

Lagrangian multipliers to ensure that the new mole numbers do not 

violate the conservation of atomic species. 

The calculation procedure is given below and equation 

numbers are those in the paper by White et al. 

My v 
Start with values of T, P, [(fpy (£p)aee(E ul, (Vip Yes 

° 

eoe Ye ead? (b v b eee b,) 

(1) Evaluate for all i 

eee ey ee we tg Ps me le) 4 RT| dog Pee 1 ai i fi rw fi O9— 9. Y 

(2) Formulate the matrice (Cis given by 

N 

Cor = Os se ay as, Y, (17) 

j=l 

(3) Solve the (Mtl) linear simultaneous equations for Ay and U 

Z 
N 

ri 

N 

) ag fy 

CryAr* Cyok2: ticdews Ce + biv 

ul
. re
 

CoA eit TOD 0A si ese Conn ah DoD 211 2242 2MoM 2 

ul
. 

rR
 

CylA a + Cyy2r 2 meh ete hie Cyn + byv im fy " a
e
 

9 

ul
. ul a



2) ROL 

N 

j=l 
These are equations (18) in White's paper. 

(4) Solve X = (U+1)¥ - equation (19) 

where: 

Xs (new mole numbers) <I
! i] 

Ul
. 

a
 

| 
z 

Y = YX, (old mole numbers) 

=1 Ul
.)
 

(5) Solve for the new mole numbers from: 

M 
Ye 

Xoo) fet | x + i Kige Ves - equation (14) 
1 = Ni fe se ae eae 

j=l 

With these new estimates the cycle is repeated. 

To ensure that all of the new estimates converge upon the 

point of minimum energy and do not overshoot, the estimates of mole 

numbers are modified to ensure that the function: 

  

N 
y, +AA, 

- J 
£(X,) = ye afte, + R.T.log_P OG oof = 

| Y+AA 
i=1 

where A, = XS ~ ¥ 9 does not become positive. Values of A in the 

domain O < X < 1 are chosen to meet this requirement. 

The computer programme and the results are given at the end 

of this Appendix. As a guide, the computer programme nomenclature 

is given below in the order used:



AO 

N = number of chemical species 

M 2 number of atomic species 

A(I,J) 
as used in atomic constraints with Y(I) 

B(J) 
as mole numbers etc 

VT) 

Tr 
G(I = (1) (£5) ,/7 

AP = log, P 

TY = ¥ 

F(I) = £,/RT 

C(K,J) = Mic} 

N 

FP(I) = ayect 
Je.9 

RIL) |= solutions of equation (18) 

TX = X 

X (I) = new mole numbers 

D(I) = A, 
of 

DD (CE) h= variation of A. as check for -ve mole 

numbers made 

DX(I) = variation of Xx, as check is made for -ve 

mole numbers. Also used as concentration 

Te&qTT= values of X used in search 

TF = free energy of mixture 

Besides integer variables used in DO LOOPS, the following identi- 

fiers were used for counting etc and have no physical or chemical 

significance: 

ASUM, BSUM, SUM, T, V, E, W, S



- Alo = 

The tables of computed results are for a mixture of CO, CO2, O2, 

No, H20, H2, NO, OH, O, H. It was found that including CH, 

greatly increased the computing time and its omission did not 

appear to affect the results. Its value was smaller than the 

others, being just less than the oxygen atom concentrations. All 

chemical constants used were taken from reference 34,



O
=
N
A
S
Y
 

HW’ 
L
=
1
e
9
a
g
 

T
R
 

O
O
 

E
R
R
 

R
R
R
 
A
M
E
R
 
R
A
E
 
R
A
R
E
R
 
E
R
R
O
R
 
R
A
K
 

R 
R
R
R
 

* 
2b 

*NOZ 
NI 

C
F
‘
)
 a 

L
N
3
H
3
7
3
 

2 
MAR 

M
E
R
I
 
R
R
 

on 
A
R
I
 
R
R
 

R
R
R
 

R
R
R
 
A
R
E
R
R
 
R
E
E
 
R
M
 
R
R
M
 

EHR 
B
B
Y
 

W
A
S
=
 

C
F
 
4
H
)
D
 

C
C
L
I
A
B
C
A
T
T
D
V
E
C
R
 

L
D
V
)
 
H
H
A
S
E
L
N
S
 

N
‘
L
=
1
4
9
0
0
 

O
=
H
N
S
 

W? 
b
=
x
2
9
0
0
 

HW’ 
b=f 

2
9
0
d
 

C
C
A
L
A
C
L
I
A
I
I
O
I
V
 

4
d
V
e
 
CLI 9) B

C
T
)
 
A
R
C
I
)
 
A 

N
‘
’
L
=
I
9
9
0
d
 

C
I
D
A
t
A
L
S
A
L
 

N
’
L
=
1
9
9
0
0
 

OndAdL 
6
S
8
6
°
 

4
/
0
9
)
 
9
2
¢
9
)
9
 

N
é
@
L
=
¥
L
o
d
 

G=2d¥ 

(O° 
O32) 

L
y
H
e
O
d
 

CN’ 
Let’ 

(109) 
C
o
e
4
L
a
v
a
d
 

CO° 
od) 

Lyiisos 

CN’ 
LeI 

C
T
I
A
 
C
E
E
 

L
I
G
Y
a
Y
 

C
O
°
O
3
%
)
 
L
y
u
N
O
d
 

C7’ 
bar’ 

(rod) 
Cee! 

L
o
a
y
a
d
 

CO 
O
a
)
 
L
Y
H
u
O
d
 

CN’ 
LSI 

Co 
e
r
 

c
r
 
T
V
)
 

CLe 
L
o
 
a
y
a
a
 

o
n
l
 

@=N 
C
O
Z
*
0
2
0
V
4
 
(
0
2
9
0
2
0
9
 

' 
(
0
2
0
8
4
 

CO0Z)D4 
C
O
S
A
!
 

C
O
S
T
L
Y
 

C
O
Z
)
 
dd4 

(02) 
4 

N
O
I
S
N
3
W
I
G
 

C
O
Z
I
K
4
 

COSDKXG4 
(
0
2
)
d
a
4
(
0
C
)
d
 

N
O
T
S
N
I
W
T
A
 

49 

99 

S9 

Gog 

08 

£8 

28 

L8 

Mh 
R
O
 
O
R
 

aR A
A
R
 

OR 
UR IE 

ROS 
Ran 
O
O
 

R
R
 
E
M
 

R
R
 

M
R
A
 

R
E
E
 
A
R
A
M
A
R
K
 

R 
B
R
E
 

HYD 

* # 

C
O
B
S
 
G
L
)
 
4
G
H
b
S
S
S
B
E
 

S
A
H
A
’
 
W
H
H
O
'
F
 

+) 
Y
a
d
V
d
 

S
3
L
I
K
M
 

OL 
F
H
V
 

S
S
I
S
I
N
A
H
A
A
A
Y
 

1
7
V
 

Q
O
H
L
3
W
 

O
N
V
Y
 

SHL 
AS 

V
I
e
d
r
i
i
n
o
a
 

W
O
T
W
S
H
O
 

Ka 
1
d
W
O
Y
 

40 
N
O
T
L
N
I
O
S
 

3 2 
T
A
 
R
I
O
R
 

OR 
a 

OR 
A
 
U
O
 

OR 
O
R
D
 

R
A
 

R
E
A
R
 
R
A
A
B
 

P 
E
R
R
 
R
R
B
 

R
R
E
 
E
R
R
 

R
D
 

.



i 
(XT? 

XT) 
0
8
9
 

; 
C
h
a
n
!
 

D 
2
.
 

CN 
P
I
C
H
I
A
 

PDD 
OF 

A
I
‘
T
#
4
 

O£ 
OG 

C
h
e
)
 

Jed 
X
I
¢
d
l
=
f
 

o¢ 
04 

NI 
C
A
T
T
)
 

9 
O
e
 
T
O
"
 

Be 
A
l
*
1
=
9
4
2
0
9
 

C14 
1
)
9
=
A
 

I
A
N
I
A
N
O
D
 

OF 
Le 

Oh 
t
i
 

2 
C
W
P
 

I
H
C
H
 

T
D
D
 

? 
: 

CH? 
TV 

Oeh 

Al’ 
tpenZod 

¢ 

O
L
Z
O
L
°
S
C
C
C
I
P
I
I
I
S
E
V
E
C
C
L
“
I
I
I
I
S
A
V
)
 

IT 
X
I
‘
d
I
=
f
0
L
o
d
 

Lelead! 

Wi 
b
=
r
o
¢
o
d
 

K
K
 
E
R
E
 

R
R
 
O
E
R
 
R
E
M
E
M
B
E
R
 

A
R
E
R
R
 
R
E
 

H
D
 

* 
S
A
O
N
S
W
W
O
O
 

“"3°7°S 
JO 

N
O
T
i
N
i
0
S
s
 

d 

% 
Q
N
N
O
d
 

(
Q
l
 

“
N
O
3
)
 

L
A
G
 

NI 
N
W
A
T
O
D
 

L
S
Y
?
 

G
N
Y
 

M
o
H
 

H
o
l
l
L
o
d
 

3 

A
R
R
 

A
R
E
R
R
 
R
E
E
M
A
 

R
E
 

R
E
 

T
R
 
E
R
B
 

R
R
R
 
R
E
E
 
R
R
M
 
e
R
)
 

W
H
S
B
=
C
A
L
S
X
I
D
9
 

02 
0X1 

2X1) 
0 

CI) 
d
d
=
C
A
l
!
I
)
9
 

O02 
CL) 

8
5
6
1
 

X
I
D
 

Cl) 
g
a
t
x
X
1
4
1
)
 2 

W’ 
b
=
t
o
4
0
0
 

2
e
h
l
s
A
l
 

b
e
W
=
X
I
 

Cli 
d
+
e
n
N
S
a
s
h
H
n
s
e
d
 

69 
N? 

L
=
1
6
9
0
4
 

O
=
W
N
S
4
 

4 
R
R
A
 
R
R
R
 
R
A
E
 
B
O
R
 
R
R
 

R
R
R
 
B
R
E
E
 

R
M
R
 
A
R
N
 

R
M
 
R
E
E
 
R
R
 
E
R
E
 

R
R
 

R
R
 
R
R
R
 

* 
SL 

“NO3 
NI 

G
N
N
O
d
 

4ANAWATA 
"H"S 

2 
A
R
R
 

R
R
A
 
K
R
 

D 
D
R
E
 

R
E
 

R
R
R
 

R
A
R
E
R
 
E
M
A
A
R
 
M
A
A
R
 

R 
E
E
R
E
 

E
R
 
R
R
R
 

E
K
 
O
K
 

E
R
 
H
Y
 

W
N
S
V
=
E
C
(
I
)
 

dd 
29 

: 
CCL 

Pp) 
¥ e

C
)
 

4) 
e
H
O
S
Y
E
H
N
S
Y
 

= 
N
‘
L
=
e
f
g
g
o
d
 

.



bem 
LOZ 

O
Z
2
'
b
O
2
*
 

b
o
z
c
 
Cho xed al 

C
P
I
G
G
H
#
C
H
I
A
=
C
P
)
 

XG 
O
O
L
/
 
COP) 

I
#
S
)
=
c
h
y
a
d
 

N
’
L
=
f
0
2
2
0
4
 

¢co2 
. 

Vee?’ 
S024 

0
2
2
¢
M
)
 

41 
L
+
$
=
$
 

VOL’ 
bL=lozzod 

o=s 
o=n 

P
E
R
E
 
E
R
E
E
A
 
E
R
E
 
E
R
A
 
B
E
R
R
 

E
R
E
 
E
E
A
 

E 
M
E
 

R
E
A
L
E
 

E
E
R
E
 
E
E
R
E
 

R
E
E
 

RK 
A
E
E
 

E
E
R
E
 

* 
* 

$MO1104 
S
Y
A
S
W
A
N
 

310W 
4A* 

YOd 
XOZHI 

3 
a 

R
R
R
B
E
R
E
R
E
R
 
R
E
E
 
A
R
M
 

R 
R
E
T
R
 

R
R
R
 

E
R
E
 
E
R
E
 

E
R
E
 

E 
A
A
R
 
R
A
R
E
 
A
E
M
 
E
M
A
 
R
E
A
R
 

O
R
 
K
K
H
 
R
R
R
)
 

C
L
I
A
=
C
I
)
X
=
C
1
9
0
 

002 
T
E
R
E
 

R
M
E
 

ER 
E
R
E
 
E
R
E
 

E 
RR 

E
R
E
E
E
E
 
A
R
A
M
 
R
E
M
 

K
O
N
E
 
E
R
E
 

E 
E
E
E
 

R 
E
E
R
E
 
A
R
E
R
R
 

R
E
M
 
O
R
R
 
R
R
R
 

E
R
K
 

* 
74 

"NO3 
WOUd 

G
N
N
O
4
 

S
Y
a
Y
N
N
N
 

JION 
MAN 

2 
F
R
E
E
R
 

R 
E
R
E
 
R
R
 
E
R
A
 
M
R
 
E
E
R
E
 
E
E
R
E
 
R
E
M
 
B
E
R
N
 

R
A
M
E
E
 

A 
A
R
E
R
R
 

H
S
 
R
A
M
E
E
 
R
E
R
E
A
D
 

R
R
R
 

E 
K
H
)
 

C
C
L
V
A
S
H
N
S
)
 
#
C
X
L
e
C
A
L
/
 

CID 
AI) 

C
1
)
 
d
=
=
0
1
)
X
 

C
C
P
4
T
I
V
a
C
P
I
T
Y
#
H
A
S
=
H
A
N
S
 

OSL 
W
'
L
E
P
O
S
L
O
O
 

O=HNS 
N
’
t
L
e
l
t
o
o
z
o
d
 

C
O
X
L
I
 

T
M
 

L) w
A
L
a
X
h
 

C
O
P
D
 
I
M
H
O
 
A
D
I
“
 

CHI 
T
R
C
N
 

TY 
0s 

X
I
‘
d
l
=
f
o
g
o
d
q
 

b
e
a
d
]
 

I=X 
f= 

W
‘
b
L
=
T
o
G
o
d
 

T
E
M
P
E
R
 
R
E
E
 

R 
A
R
E
R
R
 
E
M
E
R
 
E
E
E
 

R
R
R
 
A
A
R
 

E
A
M
 
E
R
R
 

A
M
E
E
 
A
R
K
H
 

“ 
(
A
l
u
 

dod 
GHA 

IGS 
Si. 

a
4
 
*s 

Q 
B
R
E
R
E
R
R
E
R
 
R
E
E
 

E 
E
K
E
R
 
R
E
D
E
E
M
E
R
 

R
R
R
 

R
E
 

E
E
R
E
 

E
E
R
E
 
E
R
R
 

A
R
 
R
E
E
 
A
R
E
R
R
 

R
A
R
E
R
 
R
E
A
R
 
E
R
E
 
E
K
Y
 

C
A
T
E
)
 
O
R
C
I
)
I
Y
 

a4 

XI’ 
L
e
r
o
v
o
d
 

A
/
C
A
T
S
R
X
I
)
O
S
C
A
T
I
X
E
D
 OD, 

B
/
C
X
T
S
 

X
L
)
 ORCKXII XE) OD



Los! 
O0s 

0
0
S
 
(
L
O
Q
O
0
O
 
O
R
C
 
C
M
I
A
/
C
F
I
G
G
)
 

Al 
C
P
y
d
e
l
l
=
(
f
j
a
a
 

N
‘
t
e
t
g
o
g
o
d
 

g=" 
: 

C
O
P
I
A
S
L
L
I
S
C
M
I
A
E
C
P
D
X
G
 

092 
> 

N
@
b
=
r
o
g
z
g
o
d
 

¢
s
2
 

dell 
td2 

cs2' 
bee’ 

t
e
2
c
n
p
 al 

c
d
e
 
c
U
U
a
W
d
b
 

hn 
a
b
a
n
 
G
D
¥
U
4
G
G
E
S
E
E
 
S
O
U
S
 
N
E
N
 

a 
H
E
E
D
 
E
M
E
R
 
S
E
S
H
 
O
D
E
R
U
S
E
R
O
E
N
 
E
E
E
 
E
O
E
S
E
 
U
S
E
R
S
 

SD 

. 
o 

’ 
3QVW 

S
L
N
3
L
G
V
H
9
 

dA*® 
80d 

4I3HO 
5 

P
e
a
c
e
 
G
d
n
s
 
u
h
s
u
c
e
b
e
c
e
s
v
e
n
e
n
s
n
a
n
d
e
t
n
n
t
e
n
t
e
n
a
n
e
h
e
 

t
h
e
n
 
t
h
e
e
 

he 
C
R
e
e
e
 
M
O
U
s
 
S
E
E
 
E
E
E
 
S
E
E
S
 
S
Y
 

A
N
N
I
L
N
O
D
 

LE? 

N
O
L
/
C
L
S
)
a
l
d
 

ben 
0s2 

O
S
2
*
 
L
e
?
!
 
L
E
a
c
H
n
s
p
a
l
 

C
O
C
C
C
C
A
L
=
X
L
)
 
#
C
U
O
E
/
S
)
 

F
A
L
)
 
/
C
C
P
I
G
G
#
 
CODA) 

D
O
T
V
 

Hd 
4 (

1
2
9
)
 
#60) 

0) 
#
H
A
S
S
U
N
S
 

0S? 

C
O
O
L
/
S
I
 

#
(
 
P
I
 
G
=
C
(
f
)
 
a
4
 

Nf 
b
L
=
r
o
g
2
o
d
 

O=hiNS 
122 

bee2'bz2' 
beech 

al 

L*S=$ 
NN? 

L
=
r
b
e
2
0
d
 

o2$ 
O
H
M
 

O
2
2
 

S
a
 

p
E
 
E
E
N
 
A
G
U
E
U
S
N
E
N
E
G
O
A
G
A
4
M
A
 
C
E
R
N
 
A
N
S
 
C
T
D
 

A 
O
E
E
 

s 
A
T
O
R
 
E
N
T
 
E
T
 
E
E
R
 
N
S
 
E
E
E
 
N
B
E
E
O
R
E
E
S
 
S
E
R
S
 

S 
4
%
)
 

- 
Mo110d 

OL 
S
L
N
S
T
Q
V
Y
D
 

3A* 
HOS 

XOGHY 
5 

* 
JqVii 

S
Y
S
A
W
N
N
 

J
I
O
W
 

3
A
*
 

4
0
4
 

W
O
A
H
 

2 

T
R
A
E
 
G
M
C
G
G
E
S
u
c
d
U
D
n
b
s
e
s
d
u
n
n
n
c
n
 
s
e
t
e
 
chs 

c
¥
S
b
0
4
0
5
4
0
9
4
 
5
0
0
0
2
 
S
U
R
E
R
E
E
 
E
E
R
E
 
E
O
E
 
S
M
E
S
 
T
O
S
E
®
)
 

O
O
L
E
N
N
 

bal 
$92 

v
d
e
'
s
g
2
*
s
g
2
c
t
p
a
l
 

I
N
N
T
L
N
O
D
 

022 
L
e
l
=
N
N
 

O
O
L
/
 
C
L
S
)
 
a
d



aN3 
dOLs 

di 
C
9
0
S
'
 

2S) 3
L
T
H
N
 

(fo 
d
e
d
i
e
d
i
l
 

C
O
O
P
R
I
X
T
I
O
O
T
V
 

a
d
 
V
t
C
 
P
I
D
 
#
C
M
I
A
R
H
C
P
)
 
3 

? 
N
’
L
=
f
o
c
g
o
d
 

O
r
g
 

C2° 
S
t
H
.
 
L
V
i
N
O
d
 

CN’ 
Ler’ 

CPO 
XGd 
(
9
0
4
2
)
 

3aL 74M 
A
L
L
 

CL 
I
X
O
S
C
f
 

X
G
 

C
L
Y
A
G
E
C
h
I
A
 

N
’
b
L
=
f
6
4
6
6
0
4
 

C
L
D
A
F
A
L
S
A
L
 

N‘ 
LEI 

9
0
7
0
4
 

O
s
A
L
 

s0¢ 
OL 

09 
C
P
X
G
E
C
P
)
A
 

Nf 
Lefy7ocod 

ZOOS‘ 
Z
O
S
*
 

ZOOS 
CN) 

Al 
A
N
N
T
L
N
O
D
 

b
=
 

008 

90¢ 

666 

2
0
 

004 

90S 
SOE 

O0¢ 
Los 

FR ARR T
R
B
 

A 
IB 
O
O
 

IR 
UR 
I
 

Ok 
a 

OR 
R
R
R
 
R
R
 

E
M
R
 
A
E
R
 
E
R
R
 
E
R
E
D
 

* 
N
O
T
A
V
i
n
d
W
O
o
 

40 
YNA 

YOd 
YIDGZHD 

2 
A
 
R
R
 

A 
OR 

R
R
 
O
R
 

OE 
R
R
R
 
R
R
R
 
R
R
 

A
R
R
 
R
E
P
 
R
R
R
 
R
A
R
E
R
 
R
R
 
R
D



9
0
=
3
4
4
6
1
1
'
°
9
 

9
0
=
3
2
8
5
6
°
0
 

$
0
—
~
-
3
7
5
1
b
4
'
9
 

90=36556°U 

00 
3
2
9
£
9
°
9
 | 

00 
3772b°0 

L0-39529'0 

90 =36525°0 

b
O
m
3
0
S
S
7
°
U
 | 

£
0
—
~
3
6
9
2
2
°
0
 

90 
3
0
0
9
0
2
°
9
0
 

00 
3
0
0
2
 
O
X
Y
 

I
J
I
Y
L
A
W
O
T
H
I
T
O
L
S
 

40 
N
O
T
L
O
V
E
S
 

90=30625'0 
BO43b9EL'O 

b
L
n
a
t
z
e
e
 0), 

| 
9
0
-
3
9
2
1
9
'
0
 

| 
2
0
-
3
4
6
9
5
 

20=39199'0 
2b-3bHS6°0 

| 
00 

36989°0 
(00 

369£9°0' 
0
0
 

369¢9° 

00 
3
6
0
2
t
°
o
 

0
0
 

3
b
'
9
L
°
0
 

09 
a
c
e
s
.
b
(
 

é 

L
O
=
3
5
S
b
2
°
O
 

b
O
e
F
O
C
L
R
O
 

bL0-3 
6
8
6
8
"
 

G0-356E9'0 
2bH39462'0 

gbe32isy 

L
O
m
3
9
g
2
0
°
9
 

| 
b
0
=
3
6
4
9
5
°
0
 

[
1
0
-
3
8
9
5
9
°
 

L
O
=
-
3
2
9
8
2
°
0
 

j
e
a
y
2
9
9
°
0
 

b
O
-
3
g
¢
S
S
"
 

90 
J30S2L°0 

70 
A
Q
V
T
L
™
O
 

7
 

F
0
0
2
b
°
 

C
N
I
A
T
E
A
)
 
I
U
N
L
V
a
A
d
W
a
L
 

6
0
-
3
9
2
2
2
°
0
 

| £
0
=
3
6
8
2
7
°
0
 
| 

60-31009° 

G
b
e
d
b
e
l
g
”
 

Q 

"0 Q G G 0 Q Q 0 Q 

a geen se 

yb-350g2" 

bb-3yogt" 

60 
“
3
6
0
2
 

6
b
~
3
e
L
b
2
°
 

00 
369¢9 

00-4 
L
6
¢
E
1
 

00 
3
0
f
0
1
 

6
b
e
A
s
r
7
e
l
 

L0-29U97 

Lo~ag2z9 

J
O
Q
0
Q
!
 

40 

J
U
T
H
d
M
S
O
U
W
L
Y
 

3NO 
JO 

J
3
u
M
S
S
a
d
d
 

W 
LY 

S
N
O
I
L
I
V
Y
A
 

3
1
0
W
 

Z
U
N
L
X
I
W
 
S
L
V
<
3
N
V
H
L
A
W
 

Y
O
d
 
W
N
T
Y
S
T
T
I
N
G
O
Z
 

T
V
O
T
W
A
H
O
 

ON 

KO 0 

NIJOONLIN 

YNOdVA 
YALYM 

N3DONGAH 

N3DAXO 

JdTXOTa 
Noguy) 

J
Q
I
T
X
O
N
O
W
 

N
O
g
U
Y
)
 

L
N
S
N
O
d
W
O
D
 

2 eRe RL



w
i
c
h
i
t
a
 

h
t
e
 
etaniiinitaenples 

B
r
n
 
A
R
E
 

70-35592°0 

€0-379E4°0 

£0-36908'0 

GO-3L0b4°0 

00 
320299°0 

09 
39g9g4°0 

b
O
~
3
g
0
9
¢
 0 

S0=36422°0 

b
O
~
3
6
2
8
9
°
9
 

b
0
-
3
1
9
2
9
5
°
9
 

90 
3
0
0
0
2
 
°0 

C
O
-
3
b
S
b
L
'
O
 

9
0
-
3
2
7
0
 °0 

9
0
=
-
3
7
8
5
7
°
0
 

2
9
-
3
6
8
¢
1
°
9
 

00 
3
2
4
9
9
°
9
 

00 
3
7
c
8
L
'
d
 

1
9
~
3
0
7
6
¢
°
9
 

2
0
-
3
6
7
2
 °0 

L
0
-
3
0
9
1
9
°
0
 

L
O
-
3
E
¢
6
4
°
0
 

70 
3
0
S
2
L
°
0
 

8
0
=
-
3
6
9
9
2
°
0
 

2
0
=
3
9
i
1
9
°
0
 

G
C
0
=
3
9
9
0
L
°
0
 

bb=397621b°0 

00 
3
2
4
9
9
°
0
 

00 
3
6
7
2
t
°
9
 

b
0
-
3
2
6
9
7
°
0
 

b
t
-
3
2
6
2
2
°
0
 

b
O
=
3
¢
6
1
6
9
°
0
 

b
O
-
3
9
2
1
9
7
°
0
 

99 
3
0
0
7
L
°
0
 

O
l
-
3
4
b
2
9
1
°
0
 

6
~
3
E
5
S
¥
°
0
 

1
N
=
3
L
E
S
7
 "0 

gle-39cb1°0 

00 
32299°0 

; 
: 

60 
208914°0 

b
O
-
3
0
6
5
5
 0 

y
i
-
3
g
2
s
t
 0 

60=-36092°0 

b
O
-
3
7
8
7
¢
 0 

70 
3002+ 

°0 

C
N
I
A
T
A
A
D
I
I
N
A
V
Y
A
d
W
a
L
 

S4=30095" 

b
o
 

Hn 

F
v
i
2
2
°
 

ut 
~~ 

36909" 

4
2
2
9
9
!
 

3AZ0st" 

3g9c9° 

329s7° 

3
9
9
9
9
"
 

a10¢ 

3
0
0
0
 

OO 
3
0
0
8
 
OLYTY 

A
L
l
y
L
A
W
O
T
H
I
I
O
L
S
 

4O 
N
O
T
L
O
V
A
S
 

J
Y
A
H
A
U
S
U
W
L
Y
 

J
N
O
 

dO 
A
u
N
S
S
a
u
d
 

VY 
2V 

S
N
O
I
L
O
V
E
S
 

J
1
0
W
 

Q
U
N
L
X
I
W
 

S
I
V
-
3
N
V
H
L
A
W
 

YOs 
W
N
I
Y
E
T
T
I
N
O
S
 

T
Y
Q
I
W
A
H
O
 »S95" 2 

fy 0 

ON 

HO 0 

N
I
D
O
N
L
I
N
 

U
N
O
d
V
A
 

Y3SLVA 

N
3
9
O
N
G
A
H
 

N
A
D
A
X
O
 

J
d
1
X
O
I
d
 

N
O
g
Y
V
)
 

J
Q
I
X
O
N
O
W
 

N
O
G
Y
V
O
 

L
N
A
N
O
d
G
H
O
D



9
0
=
-
3
8
9
E
9
°
C
 

£
0
=
3
2
1
2
2
°
0
 

£
0
—
"
3
0
%
7
6
1
L
°
9
 

S
-
3
9
7
2
8
2
'
°
0
 

00 
3
9
2
6
9
9
 

b
O
e
3
U
y
7
L
 0 

7
V
<
3
9
6
7
1
°
0
 

bO-36252°0 

6
9
~
3
5
9
9
2
°
0
 

90: 
3
0
U
0
3
-
9
 

60=38762'0 

40=326491L'°0 

9
0
=
3
0
7
6
2
'
0
 

2
9
-
3
0
2
8
2
5
°
0
 

00 
3
8
2
6
9
"
0
 

OU 
3
s
e
e
y
"
d
 

L
0
-
3
4
2
9
1
°
0
 

G
U
-
3
2
S
i
°
0
 

b
0
=
3
9
9
2
2
°
0
 

b
0
-
3
7
2
7
2
°
0
 

40 
3
0
S
2
L
°
0
 

00 
3
0
0
6
'
O
=
U
L
Y
 

J
I
N
L
S
W
O
T
H
O
T
O
L
S
 

40 
N
O
T
L
O
V
E
S
 

J
U
S
H
d
S
O
W
L
Y
 

3NO 
dO 

J
a
u
n
s
S
a
k
d
 

VY 
LY 

S
N
O
T
L
I
V
U
A
 

310NW 

S
U
N
L
X
I
W
 

M
I
V
<
3
S
N
V
H
L
E
W
 

YOd 
W
N
I
N
S
T
 
T
I
N
O
’
 

I
W
O
T
W
S
H
O
 

8
0
-
3
9
2
7
9
°
0
 

2
0
-
3
0
9
2
6
'
°
0
 

90-34689°90 

b
4
=
-
3
9
¢
6
2
7
°
0
 

ou 
3
8
2
6
9
°
0
?
 

00 
3
5
7
8
1
°
0
 

b
0
-
3
8
4
7
0
2
°
0
 

O
L
e
3
7
E
I
L
 0 

bO=3b46b8°0 

b
O
~
3
2
9
0
2
°
0
 

9
 

3
0
0
9
7
1
 

°0 

Ob=-21>09"0 

gleasoet'o 

20439705 °0 

9 4=39692 0 

00 
38269°0 

06 
370810 

L0-36592°0 

9 1=39598'0 

[-azese'd 

b
O
=
3
9
5
9
b
°
0
 

ry 

7
 

3
0
0
2
b
°
0
 

C
N
I
A
T
I
A
 

A
U
N
 

e
s
d
W
3
a
L
 

64~30476°C 

ON 

HO 

NADOMLIN 

UNOdyYA 
BBLYM 

N3904G0AR 

N3DAXO 

3d1XOId 
NOBYYD 

3qdTXONOW 
NOGUYD 

L
N
A
N
O
d
N
O
O



£
0
-
3
5
7
2
8
9
 

9 

E0-39Sb2°0 

Qo 

9
0
=
3
2
7
6
S
 

co 

9
0
-
3
0
 
4
6
2
°
 

0
0
8
3
2
2
7
1
2
7
0
 

00 
3
6
/
8
4
°
0
 

2
0
-
3
G
9
7
E
b
°
9
 

<a 

C
O
M
3
L
2
9
4
°
 

b
O
~
3
¥
4
1
6
°
0
 

2
0
-
9
 
L
C
0
S
 

70 
4
0
0
0
2
7
7
0
 

co 

C
O
-
3
L
4
7
L
°
O
 

C
O
m
I
L
B
L
L
*
O
 

¢9-37029'°0 

G
0
-
2
6
e
S
L
°
O
 

09 
377b2°0 

00 
3
9
6
8
L
°
O
 

C
O
m
d
7
l
e
c
'
d
 

£0=-39896'°9 

L0=30776'C 

g
0
-
3
9
b
1
9
°
9
 

90 
J
3
0
S
2
b
*
0
 

$
0
-
3
9
5
2
9
'
°
0
 

G
O
=
2
6
8
1
5
°
0
 

2
0
-
3
2
2
2
 °0 

G
0
=
3
8
¢
7
7
°
0
 

090 
3
8
%
7
1
2
°
0
 

00 
3
b
2
6
L
°
O
 

9
0
—
=
3
b
9
0
2
°
9
0
 

9
0
-
3
0
S
z
2
1
°
0
 

bO=-3¢056°0 

9
0
=
-
3
9
5
2
2
°
0
 

9
0
 

J
O
u
9
L
~
O
 

9
H
N
W
I
L
S
e
2
S
 YU 

9
0
=
3
9
g
S
b
 0 

6
9
-
3
5
9
2
2
 

0 

O
b
e
3
2
6
7
¢
 0 

ON 
384L2°0 

oo 
1064-0 

g0-329002°0 

S
O
-
a
c
b
7
b
 

b0=39056°0 

g
O
e
a
c
s
7
t
 0 

7
 

3
0
0
2
+
 0 

C
N
I
A
T
E
A
D
 
A
M
N
L
V
A
S
d
W
I
a
L
 

2
0
"
3
9
7
2
9
7
5
 

50 

g
o
n
a
c
g
e
s
2
'
o
 

2
b
e
a
o
c
e
9
 9 

c
l
b
e
2
t
S
e
c
'
?
 

oO 
39y42'd 

00 
A
,
c
6
L
'
9
 

20-395 
629 

2
o
n
a
g
n
e
7
'
 b 

p
O
#
a
9
0
G
 

6
°
 

2
0
-
3
6
0
9
9
2
'
9
 

70 
A
0
6
0
"
)
 

L0 
3
0
0
b
'
O
#
4
T
Y
 

J
I
Y
L
A
W
O
L
H
D
I
O
L
S
 

4O 
N
O
T
L
O
V
S
S
 

J
Y
S
H
d
S
O
W
L
Y
 

JNO 
40 

a
u
q
s
s
a
u
d
 

v 
Lv 

S
N
O
I
L
O
I
V
Y
S
 

2
1
0
W
 

J
U
N
L
X
I
W
 

M
I
T
V
e
3
N
V
H
L
A
W
 

80d 
W
O
T
Y
P
T
T
I
A
O
Z
S
 

T
Y
O
T
W
A
H
O
 

ON 

HO 0 

N
I
9
O
U
L
I
N
 

Y
N
O
d
V
A
 

Y3SLVA 

N
3
J
5
0
N
0
A
H
 

N
A
D
A
X
O
 

2
d
1
X
O
I
d
 

N
O
G
H
V
D
 

2
q
d
T
X
O
N
O
W
 
N
O
N
)
 

L
N
S
N
O
d
H
O
D



2
0
=
3
2
9
1
2
'
0
 

C
O
-
3
6
1
2
L
'
0
 

9
9
=
3
9
0
2
5
'
°
0
 

7
0
-
3
2
1
7
6
'
0
 

af 

U0 
“
3
 
2
6
1
2
-
 

00 
3
b
e
2
t
‘
o
 

£
0
—
3
7
S
6
5
°
9
 

b
O
=
4
F
9
9
9
L
'
°
S
 

b
0
-
3
2
1
9
9
°
9
0
 

£
0
-
3
9
6
0
6
'
°
9
 

90 
3
0
0
0
2
°
0
 

2
0
=
3
2
u
0
L
'
0
 

£
0
-
3
6
7
6
2
°
0
 

S
9
=
-
3
g
7
S
L
°
9
 

70=39L01L°0 

00 
a
g
o
e
s
*
n
 

00° 
3
L
9
2
1
"
0
 

90=326749'A 

L0=-32691L°O 

L
0
=
3
2
9
2
9
'
°
0
 

7
0
-
3
8
Z
2
2
g
°
O
 

99 
3
0
$
2
1
°
0
 

gQe3cgeb2°0 

N
e
d
e
r
 
2
t
'
o
 

g
0
-
3
2
'
2
4
2
°
0
 

90=-32171°0 

00 
3
6
°
2
2
°
0
 

W
O
s
3
s
 
7
2
.
9
0
 

90 
=-3676S5'°0 

b
O
a
d
z
e
d
t
'
o
 

b
O
-
3
2
1
2
2
°
0
 

| 

90-31699'°0. 

90, 
3
0
0
7
L
 0 

9
9
=
3
2
9
8
¢
 0 

S0=3L091 0 

Ql-astsz°0 

Qn-Jeces 
0 

OY 
301220 

0 
3£921b-0 

20=38S9b°0 

LO=20421 70 

Lo-32428 9 

2
0
-
3
E
9
L
L
 0 

of 
J
u
G
Z
L
 

YU 

(
N
I
A
T
S
A
)
 
A
a
N
L
V
Y
A
d
W
I
L
 

00 
3
g
z
7
2
t
*
O
 

O
N
T
O
 

LL 'O 

L
o
e
d
c
e
d
t
 

“
0
 

b
o
=
3
Z
1
2
9
°
0
 

LO 
J
O
L
L
'
O
H
U
l
Y
 

J
I
e
L
A
W
O
T
H
O
T
O
L
S
 

40 
N
O
T
L
O
V
U
S
 

J
U
S
H
A
M
S
O
W
L
V
Y
 

3NO 
JO 

F
u
N
n
S
S
a
u
d
 

¥ 
2Y 

S
N
O
T
L
O
V
Y
S
 

F
1
0
W
 

a
U
n
L
X
I
W
 

M
T
V
-
3
N
V
H
G
9
W
 

YO4 
W
H
I
Y
A
T
I
I
N
O
S
 

W
O
I
W
A
H
O
 

ON 

KO 6 

N
3
9
0
U
L
I
N
 

Y
N
O
d
Y
A
 

Y3SLVM 

N
3
9
0
N
C
A
H
 

N
J
9
A
X
O
 

J
d
l
x
o
T
d
 

N
o
g
u
y
y
 

J
G
I
X
O
N
O
W
 

N
O
g
Y
Y
)
 

L
N
A
N
O
d
W
O
D



2
0
3
0
7
6
2
 0 

C
O
$
a
g
g
s
g
h
'
O
 

70m 
2
2
4
9
2
5
0
 

U
e
 

Fuve 
L
Y
 

v0 
3
2
9
2
2
 
°0 

V9 
3
6
6
$
1
L
°
0
 

2093 
L92°0 

L
O
=
3
7
2
0
E
 

°
0
 

b
U
=
a
0
8
 
62°50 

£
0
-
9
2
6
b
9
 9 

90 
3
0
0
0
¢
7
6
 LO 

3
0
Z
2
b
'
O
s
U
l
v
 

J
I
Y
s
B
W
O
T
H
O
T
O
L
S
 

3O 
N
O
T
L
O
V
E
S
 

2
0
=
a
b
d
e
t
'
o
 

g
O
e
z
c
0
e
e
"
o
 

goe3a7ee1'0 

»O#3ag97b*d 

00 
39s22°0 

690 
AgCIL*O 

y
O
e
a
b
e
v
e
'
o
 

LO#32971¢'°0 

L
0
=
3
2
7
U
8
°
O
 

9
0
@
3
0
7
9
S
°
0
 

¢
0
#
3
9
4
6
2
°
0
 

9
0
=
3
0
2
6
b
'
°
0
 

B
O
~
3
E
9
0
E
°
0
 

90m 
a
b
L
Z
o
l
'
O
 

OU 
3
2
9
2
2
°
0
 

- é 

00 
3019b°O. 

9
0
3
6
2
0
7
0
 

b
O
m
a
n
l
2
e
°
Q
 

b043269U8"0 

9
0
=
3
2
7
S
%
9
°
O
 

70 
3
0
0
7
0
 

C
N
I
A
T
I
A
)
I
U
N
A
V
e
A
d
W
a
d
 

7
0
3
2
6
6
2
 °0 

g0=32462b°0 

Obe3lZ02°0 

S
O
H
R
0
1
2
9
 0 

00,35922°0 

OO 
B
U
L
9
L
 YU 

2
0
*
3
9
2
b
b
 0 

b
O
=
3
¢
1
2
2
°
0
 

{Na 
36708 

°C 

g
0
-
3
9
2
 

08 °C 

70 
3
0
0
2
4
 O 

7
0
#
3
6
6
2
4
'
0
 

ON 

£0936979'0 
| 

HO 

Cba3e9—l*O 
4 

O
b
e
a
g
o
c
c
’
 oO 

0 

00 
3¢92¢2°4 

N3SOULIN 

00 
a
0
4
9
4
 0 

= 
UNOdVA 

Y3LYM 

O
b
a
z
2
0
¢
2
'
0
 

N
a
9
0
N
d
A
H
 

b
o
~
a
6
l
2
e
*
o
 

N3DAXO 

b
O
=
A
6
7
O
8
"
V
 

adIxoOId 
N
o
g
u
V
d
 

O
b
=
a
c
6
d
2
°
0
 

J
G
I
X
O
N
O
W
 

N
O
G
U
Y
S
 

90 
3
0
0
0
L
'
O
 

L
N
Z
N
O
d
W
O
D
 

J
H
a
H
d
S
O
W
L
Y
 

3NO 
JO 

3
u
N
S
S
a
d
d
 

VW 
LV 

S
N
O
I
L
O
V
U
S
 

2
1
0
W
 

J
U
N
L
X
I
W
 

B
l
y
<
4
I
N
V
H
L
S
W
 

4Od 
W
N
T
H
S
T
T
I
N
O
S
 

T
W
I
T
W
A
K
Y



2
0
-
a
d
é
n
e
'
G
 

C
O
a
L
 
S
o
l
’
 

y 

9
O
e
d
3
Z
7
2
2
 

50 

S
U
a
7
L
S
L
'
O
 * 

V0 
3
9
8
2
2
 

° 
0 

00 
asg7L't 

£
0
=
3
4
9
4
5
0
¢
'
°
0
 

b
O
e
s
6
5
e
4
'
0
 

b
O
*
3
b
2
7
2
 

$
0
8
4
2
4
8
7
°
0
 

e
0
s
s
7
e
F
 

1 
Oot 

6
9
#
I
E
9
7
E
°
O
 

G
O
-
d
6
e
g
b
L
 
"0 

y
O
~
9
s
s
a
r
'
 oO 

00 
3
0
0
4
2
 
°9 

O00 
-
a
5
6
7
1
'
0
 

9
0
=
-
1
6
8
2
2
°
0
 

(
0
+
3
2
6
9
°
0
 

b
0
=
9
0
2
9
7
2
°
0
 

7
0
+
3
2
%
9
%
7
°
0
 

#0 
3
0
$
4
1
°
9
 

G
0
-
3
b
9
7
E
°
0
 

9
0
"
I
0
1
0
2
'
°
0
 

gu=aele2'0 

90=39922°0 

a20¢E2°0 

cs 

Lane 

00 
3
9
6
7
1
°
0
 

9
3
4
d
 

b2°0 

0"20276°9 

S
U
-
d
e
d
g
s
 "0 

O
b
m
3
2
e
u
l
 0 

g9=-30519°0 

00 
ag0ge 

"0 

00 
3
9
6
7
1
 "0 

B
F
L
 

98e 
0 

bO=48997°0 
b
O
W
a
b
8
7
y
 0 

bU=39292°0 
 
b
0
=
3
9
/
9
2
 0 

Q
U
m
3
o
2
5
C
°
O
 

B
0
H
R
E
e
E
9
 0 

9U 
3009470 

79 
3
0
0
2
1
 °0 

T
R
G
E
L
S
E
L
U
P
A
E
E
C
L
E
S
 

O
m
a
 

bE S
L
O
 

2
9
*
3
9
6
2
9
°
0
 

C
b
e
a
o
e
s
s
o
 

O
l
-
3
9
4
6
5
 

"9 

00 
F
6
6
E
Z
*
b
 

O00 
3
g
9
6
7
L
 0 

0b#314909"H 

L
O
m
3
S
8
H
4
 

*G 

bom3quy2"0 

O
b
-
3
9
6
b
2
°
0
 

9
0
 

F
O
5
0
L
'
O
 

LO 
FOE 

OZYTVY 
J
I
¥
L
B
W
O
T
H
O
T
O
L
S
 

20 
N
O
I
L
I
V
N
S
 

F
N
I
H
G
S
O
W
L
Y
 

3NO 
40 

B
3
u
n
S
S
a
d
d
 

VY 
LV 

S
N
O
T
L
I
V
U
S
 

J
1
O
W
 

B
Y
N
L
X
I
W
 

B
I
V
e
A
N
V
H
L
A
W
 

8Od 
W
H
T
N
E
T
T
I
N
O
a
 

T
W
W
O
T
W
a
H
O
 

ON 

HO 0 

NAD0NLIN 

HNOdVA 
SALVA. 

N390UdAH 

N39AXO 

Jd1X0Id 
NOguY) 

3
G
I
X
O
N
O
W
 

N
O
g
Y
y
)
 

4
N
I
N
O
G
d
N
O
O



CO#aybos 
0 

C
O
e
z
g
l
y
v
t
’
y
 

7
O
e
Q
I
9
L
2
°
O
 

L
0
M
I
L
E
P
L
'
Y
 

OU 
3
2
7
2
5
2
5
9
 

OO 
F
9
g
e
i
'
o
 

2
0
<
3
9
2
S
2
¢
b
'
u
 

b
O
m
a
y
y
g
g
’
y
 

b
O
e
9
S
 
S
6
9
"
 

r
e
 

2
U
e
I
S
 
2
0
7
 

90 
3
v
0
0
2
'
°
9
 

2
9
3
0
2
4
1
 '°0 

g
O
0
=
3
9
2
S
5
 

°
C
 

S
O
=
3
2
k
0
4
°
O
 

9
0
3
8
2
 
6
L
'
O
 

QU 
A
B
s
s
1
°
O
 

00 
327624°6 

7
0
-
3
2
0
6
 '0 

L
0
O
=
3
9
8
9
7
9
°
0
 

(0#394269°G 

U
e
 
I
s
0
e
e
*
O
 

9) 
4
0
g
2
t
°
O
 

g0=32985°0 

70=32502'0 

gOmaSe72°0 

90#3b2S2°0 

00 
a97g2°0 

G0 
3
9
6
E
1
°
0
 

90=39592°0 

b
O
#
3
¢
9
5
5
 0 

b0#36269°0 

9
0
=
3
6
8
6
2
°
0
 

90 
3
0
0
7
L
°
0
 

C
0
7
 
6S0b 

CO 

G
S
0
“
3
9
l
o
b
 U 

G
C
l
e
g
l
e
g
b
 Co 

8
0
=
3
2
9
9
8
9
 0 

00 
3
8
9
7
£
2
°
0
 

vO 
a
g
e
s
 0 

g
0
-
3
9
1
7
2
 0 

b
O
=
a
g
2
s
s
 "0 

6
0
=
3
6
2
6
9
 0 

g
0
~
3
0
6
2
5
 6 

99 
3
0
0
2
4
 
°0 

C
N
I
A
T
S
A
D
S
I
N
L
V
E
S
d
W
a
L
 

9
0
~
3
b
2
2
1
"
 

2
9
7
3
4
9
6
9
"
 

f
b
e
3
9
6
S
1
"
 

ObL¥agl 
97" 

00 
3Agv7¢g4" 

09 
3296¢1° 

O
l
e
3
L
Z
o
g
'
&
 

‘ b
O
-
3
2
e
¢
¢
'
 

b
0
=
3
6
2
6
9
'
¢
 

O
b
m
a
6
c
e
1
'
 

70 
J
O
0
0
L
'
:
 

bO 
F
O
7
L
*
O
S
Y
T
Y
 

J
I
a
L
a
W
O
L
H
O
T
I
O
L
S
 

30 
N
O
I
L
O
V
E
S
 

0 C- 

\ 

oo 

{ 

_ S = cS 

J
U
F
K
G
S
O
W
L
V
Y
 

3NO 
JO 

3
k
n
S
S
a
u
d
 

V 
LAV 

S
N
O
I
L
I
V
U
d
 

3710W 

B
U
N
L
X
I
W
 

B
I
V
<
3
N
V
H
L
9
W
 

40d 
W
N
T
Y
E
L
I
I
N
G
G
 

T
W
W
I
T
W
a
A
H
O
 

ON 

HO 

N
S
O
9
O
N
L
I
N
 

UNOdVA 
8
3
L
Y
K
 

N
3
9
O
N
Q
A
K
 

N
A
D
A
X
O
 

3dIXOId 
NOguYD 

| 

J
Q
I
X
O
N
O
W
 
N
O
Y
)
 

A
N
A
N
O
d
W
O
O
D



c
0
*
3
2
G
2
9
7
 0 

C
O
-
3
9
7
7
b
 VU 

Y
U
9
3
9
4
6
L
 0 

£
U
e
3
R
5
8
b
L
 

' O 

O00 
2
9
9
¢
2
°
0
 

VO 
3
6
6
¢
g
b
'
°
0
 

&
G
e
3
F
s
L
 

G
L
 

OC 

W
W
e
d
¥
u
g
9
 0 

b
0
#
3
9
3
5
9
°
0
 

g
0
4
a
z
2
g
e
'
0
 

~~ 
& 

Me 

Ww 

c 

“
2
0
0
3
2
2
6
4
0
 

g
0
#
2
8
9
5
5
 

"9 

g
0
=
3
0
0
9
6
°
O
 

70*364602'0 

00 
4
3
2
4
2
2
°
9
 

00 
3
2
0
%
1
°
0
 

7
0
e
3
v
e
d
t
'
O
 

L
0
#
3
2
¢
9
7
9
°
0
 

L
9
#
3
0
7
9
9
°
0
 

7
0
8
3
2
2
5
"
 0 

99 
2
0
9
2
4
°
0
 

G
O
—
3
L
6
b
9
°
9
 

9
0
#
3
9
9
0
2
'
°
0
 

g
0
#
3
2
1
5
2
°
0
 

9
6
@
3
0
7
2
2
°
0
 

00 
3b¥EZ2°0 

VO 
3
6
0
Z
b
°
0
 

90 
ea 

L
V
E
Z
°
0
 

“4003¢759'0 

b
O
~
3
9
9
S
9
'
°
0
 

9
0
3
2
6
8
5
2
 °0 

90 
30097L°O 

c
0
e
3
0
g
b
b
 

vo 

S
0
=
3
b
g
o
b
 0 

O
l
#
3
7
9
¢
b
 0 

B
0
"
2
6
e
7
2
 0 

GO 
a
g
e
e
2
°
u
 

00 
3608b*U 

godazz79°u 

b
O
=
a
8
E
S
9
 0 

b0#394759°0 

g
0
—
3
2
9
9
9
 

$0 
a
0
0
2
L
°
0
 

CNIATEA) 
BUNLV 

U
R
N
S
 

90@3g991" 

2
9
9
3
2
9
6
9
"
 

gb“3aseyh" 

OL*3az0g4%" 

00 
3zg¢2° 

00 
.
3
6
0
¢
1
 

O
b
-
3
2
6
2
4
"
 

b
O
#
3
¢
4
%
5
9
°
 

“
b
O
3
9
4
5
9
"
 

(
0
b
8
3
¢
6
5
1
"
 

99 
3
0
0
0
L
°
 

LO 
a
0
S
b
°
O
=
8
l
¥
 

Q
L
e
L
B
W
O
T
H
I
T
O
L
S
 

40 
N
O
L
L
o
V
U
d
 

J
u
a
n
d
S
u
W
w
l
V
v
 

3NO 
Jd 

QO 
3
u
n
s
s
a
u
d
 

V 
Ly 

S
N
O
I
L
I
V
U
S
 

A
I
O
W
 

Q
a
M
N
L
X
i
W
 

B
l
V
<
a
N
V
H
L
3
W
 

YOd 
w
W
h
l
y
s
l
T
i
n
o
s
 

W
I
I
W
A
H
I
 

v oS 

q A \ 

_ 

- { 

ae 

HO 0 

N
S
O
O
U
L
I
N
 

UnOdvYA 
YaLlvM 

N
3
5
0
4
G
A
K
 

N
3
9
A
X
0
 

a01XxOId 
NOguyd 

3
I
Q
G
I
X
O
N
O
W
 

N
O
g
u
y
)
 

L
N
S
N
O
d
H
O
D



C
U
=
9
2
2
6
%
 

v 

C
O
@
3
7
2
7
4
 

"0 

M
e
a
d
 

eQgh 
eu 

2
0
9
3
9
 

be*sG 

S
Q
=
3
g
6
9
S
5
°
O
 

GOH 
3
2
6
°
 

2
U
e
s
d
u
y
 

G
b
 

ou 
%
i
)
+
3
2
2
¢
2
°
H
 

OG 

O
u
 

£
0
e
3
b
7
E
b
*
Y
 

3
6
9
¢
e
2
°
G
 

O00 
3
4
0
9
2
°
0
 

42@724°0 
vO 

3
0
g
e
L
'
o
 

HUM 
J
I
O
T
G
L
*
G
 

b
U
S
3
9
g
b
2
°
Y
 

LO#3gz2e27'°O 

b
U
#
3
9
2
L
9
°
U
 

1
0
#
3
9
9
9
1
9
°
0
 

£
0
*
3
2
2
4
8
°
0
 

9
0
=
2
6
¢
9
2
°
0
 

9U 
F
V
U
O
7
5
U
 

90 
3
0
G
Z
a
L
'
O
 

£
0
#
3
9
9
9
7
9
'
°
0
 

7
0
3
9
9
0
2
0
 

g
u
u
3
9
2
b
2
'
°
0
 

90#32+462°0 

OU 
3
L
L
9
Z
‘
O
 

00 
d
a
z
g
e
t
'
o
 

90@3gs02'°0 

b0=369E2'°0 

bUm3a094L9°9 

99-3 
6
2
2
°
0
 

90 
J
0
0
7
L
"
O
 

*
$
0
=
9
9
2
e
b
 0 

g
O
=
3
b
o
6
b
 0 

O
b
m
a
d
e
y
b
 0 

g
0
=
3
9
6
8
2
 0 

00 
a2 

13470 

00 
3zce¢b 0 

g
0
@
3
a
g
e
9
s
 0 

b0-398¢2°0 

10-309L9"0 

e
0
-
3
a
g
s
e
7
 0 

90 
2
3
0
0
Z
b
 0 

C
N
I
A
T
3
S
A
)
 
I
R
I
N
A
 
d
W
3
L
 

708368610 
ON 

2
0
"
3
6
8
6
9
 0 

HO 

fbegegel*o 
i 

O
b
s
3
7
0
b
G
 

‘0 
G 

00 
Agby2*o 

N3DO0uULIN 

vO 
32¢z1'0 

UNOdVA 
Y3LYn. 

O
b
#
3
0
6
8
E
 

'0 
N
3
9
0
8
G
A
H
 

b
O
~
a
L
S
e
2
 
9 

NIDAXO 

b
O
M
F
0
9
L
9
T
O
 

3
d
I
X
O
I
d
 

n
o
a
u
y
)
 

Ob"3abboL'o 
3adIXONOW 

NOGNYD 

40 
3000L'S 

L
N
S
N
O
d
W
O
D
 

LO 
3
O
9
L
'
O
=
Y
L
Y
 

J
I
T
Y
L
E
W
O
T
H
O
D
T
O
L
S
 

40 
N
O
I
L
O
V
U
S
 

J
U
a
A
H
d
S
O
W
L
Y
 

3NO 
dO 

3
d
n
S
S
a
u
d
 

V 
LV 

S
N
O
I
T
L
O
V
E
S
 

q
1
0
W
 

S
U
N
 
L
X
I
W
 

S
L
Y
-
3
N
V
H
I
E
W
 

Y
O
4
 

W
O
I
T
Y
B
I
T
I
N
G
G
 
W
o
r
w
3
H
d



C
U
=
3
5
2
4
7
'
°
0
 

C
O
m
3
u
y
7
t
 0 

T
O
9
3
S
L
Z
L
*
O
 

£
0
—
=
3
0
7
0
2
'
)
 

GG 
ai 

ty2 
2o 

UG 
TQi 

6 

£
0
-
3
4
5
2
1
°
0
 

b
0
=
3
5
2
9
2
°
9
 

b
O
m
a
2
2
6
°
0
 

£
0
-
3
8
0
8
9
2
'
0
 

7
0
 

2
0
u
0
2
°
9
0
 

2
0
"
3
9
+
2
2
°
0
 

g
0
-
3
b
s
s
s
'
o
 

90-399S9'°C 

9
0
=
3
7
7
2
2
°
0
 

00 
3
8
z
7
2
°
0
 

00 
3
z
a
b
r
'
o
 

70=-39LZEL°O 

L
O
-
3
9
2
0
8
°
0
 

bO=aSitysg*o 

9
0
-
3
9
5
5
2
°
0
 

90 
3
0
8
2
1
°
0
 

¢
0
=
3
6
6
9
7
°
0
 

7
0
=
3
6
5
0
2
°
0
 

g
0
=
-
3
7
9
0
2
'
°
0
 

9
0
3
8
9
0
2
 °0 

06 
3
2
e
%
2
°
0
 

00 
3
7
9
L
L
°
O
 

g
0
#
a
7
s
g
L
'
o
 

b
O
m
a
z
e
t
g
 0 

b
O
~
3
2
6
1
8
6
°
0
 

9
0
3
2
9
0
2
7
0
 

90 
3
0
0
7
9
 

£
O
=
3
g
e
e
t
 vu 

S
U
#
F
E
2
6
b
 0 

Q
b
e
3
9
6
f
b
*
v
 

8
9
4
9
0
 
6e8 

“yu 

0G 
3
6
E
9
2
 
74 

00 
3
9
7
9
L
L
 UL 

g
O
-
a
g
l
l
s
~
u
 

L
O
-
2
0
7
1
8
 

70 

L
O
=
3
6
l
L
8
S
 0 

R
0
“
F
L
S
9
F
 VU 

90 
3
0
0
2
b
'
U
 

C
(
N
T
A
T
3
I
A
D
 

R
U
N
 

V
e
 adW3al 

9
0
9
3
2
6
0
2
 '°6 

2£0=36569'0 

b
e
d
g
2
e
L
"
O
 

0L-39S55°0 

00 
30%7972°6 

00 
3
¥
9
L
L
"
O
 

ObeaL0ge*o 

bOm3g4¥Le"0 

LO“36te99'0 

O
b
=
-
3
6
9
2
1
°
6
 

90 
J
0
0
0
L
 Ss 

LO 
4
0
2
L
°
O
F
4
L
Y
 

J
I
Y
L
S
W
O
T
H
O
T
O
L
S
 

JO 
N
O
L
L
O
V
E
S
 

J
Y
F
H
d
S
U
W
L
V
Y
 

ANDO 
40 

J
a
n
S
S
a
u
d
 

WV 
LV 

S
N
O
T
L
I
V
a
d
 

J10OW 

S
U
N
L
X
I
W
 

S
L
V
K
3
N
W
V
H
L
A
W
 

YOd 
W
N
O
T
H
B
T
T
I
N
O
S
 

W
O
I
W
S
H
D
 

ON HO 0 

N
S
5
0
4
L
I
N
 

Y
N
O
d
V
A
 

Y
3
L
V
A
 

N
3
9
0
d
q
A
y
 

N
I
D
A
X
O
 

3QLxoOlad 
N
o
g
y
y
d
 

J
Q
I
X
O
N
O
W
 

N
O
S
U
Y
)
 

L
N
3
N
O
d
W
O
D



2
0
-
3
6
2
6
7
°
 

g0=-30b82"¢ 
$0=347684'0 

C
O
“
I
Z
7
E
b
 OO 

yOMAGCRLZ'6 
ON 

Z
U
=
3
H
S
9
L
 UY 

¢0=392SE°0 
«904367020 

= 
S$ 0=3016b°0- 

= 
2
0
"
 

90 
4569'°C 

HO 

7
U
=
3
L
6
9
b
°
 9° 

90-3922b8°9 
g0-36961°0 

Olea3eegb°O 
8 
ebeagoet'o 

i 

$0238Sb2°9 
70930792°9 

gdoeaegbs"0 
g0939298°0 

ObHa92G5"0 
0 

00 
B
9
7
.
)
 

00 
4
2
5
7
2
0
 

= 
60 

31992°0 
00 

38992 
"0% 

00 
3
4
9
4
2
0
 

NIOOULIN 

00 
3£60L°O 

00 
3tObL'G 

QO 
3ECLL'O 

09 
asdtt-o 

00 
F
O
L
L
"
O
 

YHOdVA 
BILYM 

£
0
=
8
9
2
6
0
b
7
 

g0-F2S2450 
9
0
d
 
N
Z
9
L
O
 

«804309990 
=
U
 

Le 
eR 

LE*O 
NIJOOUGAH 

bU=32¥SS8°O 
10=-99698°O 

10839628°0 
LoWnavLee-O 

LO#F0z289°O 
N35AXO 

b
0
=
3
7
9
9
S
°
U
 

L
O
H
3
0
b
S
S
'
0
 

b
0
=
3
6
1
S
5
°
0
 

b
O
a
a
e
i
s
s
’
o
 

b
O
=
3
c
l
g
s
'
d
 

3
¢
l
x
o
T
G
 

N
o
g
u
y
d
 

E
U
V
$
3
9
S
S
2
°
0
 

 
H
b
e
a
y
Z
e
2
°
 

9
U
e
3
8
Z
8
L
°
O
 

V
0
-
3
g
7
2
o
¢
e
 0 

O
l
-
a
9
S
 

LL 
O 

J
Q
G
I
X
O
N
O
W
 

NOGUY)S 

90 
2
U
U
0
2
°
0
 

70 
3
0
G
2
L
°
9
 

Mo 
4
0
0
9
7
1
0
.
 

90 
3
0
0
2
L
"
0
7
 

90 
3
0
0
0
1
2
0
 

C
N
I
A
T
S
A
D
Z
E
N
L
V
Y
A
d
W
3
L
 

L
N
3
N
0
d
H
O
9
 

LO 
S
O
8
L
*
O
S
Y
T
y
 

I
J
I
N
L
S
W
O
T
H
O
I
O
L
S
 

40 
N
O
T
L
D
V
4
S
 

J
U
d
H
d
S
O
W
L
V
Y
 

4NO 
40 

3
U
N
S
S
S
Y
d
 

V 
LY 

S
N
O
T
L
I
V
U
S
 

J
1
0
W
 

S
U
N
L
X
I
W
 

Y
L
V
-
A
N
V
H
L
S
W
 

4Od 
W
N
T
Y
B
I
T
T
I
N
O
S
 

T
W
o
O
l
W
3
a
k
o



C
U
V
—
3
4
5
b
5
 f 

— 

C
O
m
3
6
7
7
1
'
°
0
 

7
O
=
3
¢
2
9
b
 YU 

£
0
=
3
9
0
2
2
'
0
 

00; 
3
5
5
7
 
7-0 

00 
3
2
6
$
0
L
°
0
 

£0=39c001'0 

b
O
=
3
4
5
¢
b
6
'
¢
 

aan, 

bOm 
abt 

29 
0 

2
0
3
8
9
2
2
 ° 0 

70 
J0v02°0 

2
0
"
3
2
6
2
2
°
0
 

¢
0
+
3
¢
6
7
5
°
0
 

g
0
=
3
k
2
8
2
°
5
 

7
U
=
3
¢
2
S
2
°
0
 

00. 
3
£
2
%
2
°
6
 

V0 
39701L°O 

y
U
-
a
0
G
b
L
L
'
O
 

6
0
-
3
6
6
2
6
°
0
 

b
O
=
3
g
e
e
s
'
0
 

9
U
m
3
g
z
b
e
°
U
 

90 
J
0
S
d
t
'
o
 (
N
I
A
T
S
A
I
 
A
N
N
E
 
A
d
W
S
L
 

g
O
m
a
Z
g
i
g
 0 

7
6
9
2
2
0
2
 °0 

QOa3seRL'C 

9
0
-
3
0
6
2
5
 0 

00 
3£e%72°0 

OO 
3
8
7
0
4
7
0
 

90=37551°0 

bOeascye'0 

b
O
#
a
g
s
2
s
 "0 

9
0
4
3
9
2
2
1
5
0
 

99 
4
0
0
7
1
0
 

£0-30686°0 

G
O
-
a
f
6
g
b
 0 

O
l
-
a
d
d
2
b
 0 

8
0
-
3
1
 

68 “0 

00 
ase72°0 

00 
3870b°0 

g
d
m
a
s
e
2
r
 0 

L
O
-
3
2
2
9
7
6
 0 

b
o
=
3
e
¢
¢
s
 0 

g
0
-
9
9
S
5
0
8
 0 

40 
d
u
0
z
t
 0 

70"3¢gSe2 
0 

Z
0
=
2
6
7
9
9
'
O
 

G
h
e
a
c
p
e
r
'
s
 

O
b
W
a
g
9
d
S
*
s
 

00 
3
9
e
%
2
"
6
 

00 
3
8
4
7
0
1
5
 

0b=36262°0 

b0=32296'G 

b
O
s
a
g
s
e
s
*
u
 

O4—=392901°0 

10 
2
0
6
b
O
=
a
T
Y
 

J
I
H
s
A
W
O
T
H
I
T
O
L
S
 

40 
N
O
T
L
O
V
E
S
 

-
3
U
4
H
d
S
O
W
L
Y
 

JNO 
Jo 

3
Y
N
S
S
a
d
d
 

V 
LV 

S
N
O
I
T
L
O
V
E
S
 

d
1
0
W
 

Q
U
N
L
X
I
W
 

M
I
V
-
A
N
V
H
L
3
W
 

YOd 
W
H
T
N
S
T
V
I
N
G
S
 

W
O
l
A
a
H
O
 

ON 

HO 

N
A
D
O
U
L
I
N
 

H
Y
N
O
G
V
A
 

B3alye 

H
a
5
0
8
G
A
H
 

N
3
9
A
X
O
 

J
d
I
X
O
T
G
 

N
o
O
@
H
y
d
 

J
d
T
X
O
N
O
H
W
 
N
o
g
a
 

L
N
A
N
O
d
H
W
O
D



C
O
m
3
2
G
b
S
G
 4 

C
O
$
F
b
S
 

y
l
 

YU 

7
0
=
F
U
9
S
b
L
'
 O 

S
0
2
2
 

227 
°0 

00 
3
7
2
9
2
.
 

b
0
—
-
3
0
U
6
8
6
°
U
 

F
O
<
3
4
2
¢
6
°
0
 

b
O
—
3
4
2
9
6
°
4
 

b0-497967°9 

£
U
e
3
e
L
b
2
°
9
 

9
0
 

3
0
0
0
2
°
0
 

J
Y
I
b
A
G
S
U
W
L
Y
 

J
N
O
 

JO 
J
u
n
s
S
S
a
d
d
 

V 
LAV 

S
N
O
T
L
I
V
G
A
 

2
0
=
3
6
9
9
2
7
"
(
 

¢
0
-
3
0
9
9
¢
°
O
 

g
9
G
-
3
9
E
G
2
°
O
 

7
0
-
3
9
6
S
2
°
0
 

00 
432672 

-¢ 

1
0
-
3
6
5
6
6
"
 

9
O
=
-
3
S
9
0
L
°
C
 

L
O
=
-
3
9
7
8
6
°
°
 

L
O
-
3
L
e
 
6
H
"
!
 

9
0
-
a
2
2
6
L
°
 

om 

70 
3
0
S
A
4
L
°
C
 

£
0
=
3
0
2
e
¢
 0 

9
0
-
3
9
0
0
2
°
0
 

B
U
-
3
L
E
B
L
“
O
 

g
U
-
3
c
e
e
s
 

"0 

00 
32¢9062°0O 

b04I2466°0 

G
U
@
-
A
L
Z
F
I
L
'
O
 

b
u
=
3
2
9
6
6
°
0
 

b
6
=
3
2
6
8
6
9
°
O
 

9
O
"
4
a
g
6
S
L
™
O
 

90 
J
0
0
C
%
L
*
O
 

E
O
m
3
2
%
o
4
7
b
 0 

g
0
<
3
7
2
8
b
 0 

Q
b
=
3
6
2
2
4
 0 

g
0
=
3
S
5
2
b
6
 0 

oo 
39062 

°0 

f 
L
O
-
3
8
2
6
6
°
0
 

9
O
=
3
5
9
6
5
 0 

L
0
~
3
4
2
6
6
°
0
 

L
O
=
3
2
6
8
6
7
 
9
 

g
0
-
2
6
c
8
2
 0 

90 
3
0
0
2
b
°
0
 

C
N
I
A
T
S
A
 

B
E
N
 
L
V
a
a
d
H
a
L
 

9
0
-
A
¢
c
e
2
 

£
0
-
3
6
2
2
9
 

E
L
-
I
Z
I
e
t
 

O
L
~
2
0
2
0
 

6S 

00 
3902 

b
O
-
4
8
2
6
6
 

O
l
-
d
z
b
2
2
 

b
0
-
3
2
2
6
6
 

b
0
=
2
6
9
6
%
 

bL=-aA9f86 

79 
3
0
0
0
1
 

LO 
3
0
0
2
°
O
=
N
L
T
Y
 

J
i
a
L
a
w
O
T
K
I
I
O
L
S
 

30 
NOITLIVAS 110W 

J
U
n
i
X
i
W
 

B
I
V
<
3
N
V
H
L
a
W
 

Y
O
d
 

W
O
I
T
X
E
T
T
I
N
G
A
 

W
o
I
l
w
W
i
k
d
 

 
 

e 
fy 

Q 

0 

N
A
S
O
U
L
I
N
 

Y
A
N
O
d
V
A
 

Y3aLVM 

N
S
9
O
U
C
A
H
 

N
3
9
A
X
G
 

3
d
l
y
x
o
r
a
 

3
q
d
T
X
O
N
O
W
 

N
O
g
U
Y
4
 

L
N
I
N
O
d
C
W
O
D
 

N
O
U
M
Y
O
 

 
 
 


