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SUMMARY. 

The design and construction of a large test rig comprising an open sloping 

channel along which fluidised particulate materials may flow is described. 

A large number of experiments have been performed in this rig, aimed at 

establishing the rheological properties of a bed of flowing sand under a 

wide range of conditions, the parameters varied being channel width and 

slope, bed depth and fluidising velocity. The results of these experiments 

were analysed in terms of a comparison between the fluidised bed and a 

power-law non-Newtonian fluid flowing under similar conditions. Over a 

large range of shear rates the power law model is adequate, and it shows 

the bed to be substantially Newtonian at high fluidising velocities. At 

lower fluidising velocities, the bed becomes increasingly pseudoplastic in 

nature. At low shear rates, however, the behaviour of the bed is much more 

difficult to describe; tentative explanations for the various phenomena 

evident in this region are advanced, these being in terms of the interaction 

of two mechanisms, styled "inviscid layer dissipation" and "bubble 

suppression and segregated layer dissipation", by the author. The 

existence of these mechanisms has been established both by experimental 

methods and visual observations. Correlations of friction factor and 

modified Reynolds number show that the fluidised bed follows the liquid 

laminar flow correlation up to Reynolds numbers in excess of 4000; again, 

tentative explanations are advanced for the absence of any transition 

between flow regimes. Despite the limitations of the theory used 

throughout, the study has established the best range of operating conditions 

for the flow of fluidised sand, and the test rig built as part of it 

should be useful for a further considerable range of experiments.
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Introduction 

The technique of fluidisation is one which has been known for a 

considerable time. It offers a unique means whereby particulate 

solids of many types may be handled as though they were fluids. 

This property may be used in many ways: gas fluidised beds are 

noted for their uniformity of temperature, and for the high heat 

transfer rates attainable within them; such beds also offer an 

extremely effective means of promoting gas/particle contact; 

fluidised beds may also be used for transporting solids, in which 

application they offer several important advantages over the 

alternative methods. 

1.1 Basic concept of fluidised bed 

When a bed of particles is placed over some form of porous 

base and fluid made to flow upwards through the system, the 

particles will offer a certain resistance to the flow. As 

the velocity of the fluid is increased, so the drag increases, 

and the particles will become rearranged to offer less 

resistance. Expansion occurs, and eventually the drag force 

will balance the weight of the bed of particles. In this 

state, the bed is said to be incipiently fluidised, and it 

assumes many of the characteristics of a fluid; waves will 

travel through it, light objects will float and heavy ones 

sink, and it will flow readily under the influence of a 

hydrostatic head. 

Particles may be fluidised using gas or liquid, the patterns 

of fluidisation being somewhat different above the minimum 

fluidising velocity - that velocity necessary to create the 

state described above. Liguid fluidised systems will usually 

continue to expand uniformly until the particles begin to be



carried out of the restraining vessel. In gas fluidised 

systems, further increase in gas velocity is usually accompanied 

by the formation of gas bubbles which contain little or no 

solids. Such a bed is essentially a two phase system, 

consisting of the bubble phase, and the dense phase. The 

transition to aggregative fluidisation (bubbling) is not always 

made at or near minimum fluidising velocity; in fine particle 

systems it may occur at gas velocities considerably in excess 

of this. Conversely, the use of very heavy particles in liqumid 

fluidised systems can create areas which contain no solids. 

This work is concerned only with gas fluidised systems. 

Existing and possible applications 

Fluidisation has certain important advantages and disadvantages, 

some of which were mentioned earlier. However, for clarity, 

these may be listed as: 

1.2.1 Advantages 

1) Smooth flow of particles allows continuous 

automatically controlled operation. 

2) Rapid solids mixing leads to near isothermal 

conditions. 

3) Circulation between two beds allows transportation 

of heat produced or required by large reactors. 

4) The process is suited to large scale operations. 

5) Heat and mss transfer rates between gas and 

particles are high. 

6) The heat transfer from the bed to an immersed 

surface is high.



1.2.2 

1.2.3 

Disadvantages 

1) Mixing leads to non-uniform residence time of 

particles. 

2) Erosion of vessels may be a problem. 

3) The sintering of small particles my set an upper 

temperature limit to operation. 

The advantages of fluidised beds are so pronounced 

that such systems have found very wide application. 

A comprehensive survey of past applications is given 

69 
by KUNII and LEVENSPIEL.~; some of these are listed 

below, together with others, both current and projected. 

Historical background 

The first major use of fluidisation was made by Winkler 

in 1922 who built a large scale plant for the 

gasification of coal. This seems to have been the only 

notable use for the technique until about 1940, when 

there was an upsurge of interest in the use of 

fluidisation in the large scale cracking of hydrocarbons. 

Two major processes emerged, the T.C.C. (Thermofor 

catalytic cracking) and F.C.C. (Fluid catalytic 

cracking) processes; the former using two moving beds 

joined by a bucket elevator (later an airlift), the 

latter being an entirely pneumatic system of fluidised 

beds and pneumatic transport lines. The first 

commercial F.C.C. plant was built in 1942. Two further 

uses are worthy of note, the use of fluidised beds for 

the roasting of ore, first done in 1947, and their use 

in drying and calcination of limestone in 1948.



1.2.4 Current applications 

The current field of application of fluidisation 

techniques is extremely wide. Flowing fluidised bed 

coolers are used for sugar and powdered milk, and for 

freezing peas. "Static" fluidised beds are used for 

the mixing of powders, for drying and sizing of 

materials, and for the recovery of oil from shale. The 

heat transfer properties are made use of in the cooling 

of solids, and in many arrangements of fluidised bed 

combustion systems, for steam raising. 

Fluidised beds have also been used in the plastic 

coating of small metal objects. 

1.2.5 Projected applications 

  

Fluidised bed combustion systems offer certain 

advantages over conventional ones, and it is possible 

to foresee their wide application both commercially 

and domestically. Another possible use is in the 

recovery of waste heat from many types of plant, 

including diesel engines. An extremely interesting 

possibility is the use of solids as a heat transport 

and storage system. A fluidised bed boiler could heat 

solids, which could then be conveyed to a steam raising 

unit which could be part of a steam turbine. It is also 

envisaged that hot solids could be stored, and used for 

the immediate generation of power to satisfy peak demands. 

Transport 

For a number of the applications cited above, the 

transportation of solids is an essential. Fluidised 

transport is also interesting in its own right, offering 

useful advantages over the mechanical or lean-phase
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pneumatic alternatives: 

1) The air power requirement is quite low, certainly 

much lower than in the equivalent pneumatic system. 

2) Much less erosion of plant due to the lower particle 

velocities involved. 

3) No risk of explosion due to static electricity 

build-up such as that experienced in pneumatic 

conveying. 

4) No costly tubing to convey the material. 

5) Can operate at higher temperatures than mechanical 

systems. 

6) Potentially more reliable than mechanical systems. 

Observations 

Although there is considerable, and growing interest in flow 

properties of fluidised solids, the subject is still in its 

infancy. The complexity of the interactions and the number of 

parameters involved make any theoretical study difficult, and 

of very limited practical use. Empirical approaches, however, 

although requiring the collection of much experimental data, 

do provide useful insights into the complex flow character- 

istics. Many approaches have been used (Chapter 2), their 

diversity perhaps reflecting the complexity of the problem. 

This work has been viewed as a basic, first-stage study of 

flow in an open channel (this being selected both because it 

is a simple system, and because of its possible practical 

uses) and some attempt has been made to describe the bed 

behaviour.



 



Survey of published literature 

This survey of published literature is divided into three sections. 

The first presents some general notes on the properties of 

fluidised beds, and goes on to deal with the important parameters 

and characteristics of such systems, especially where these are 

important to flow behaviour. The second section covers work on 

flow behaviour; the models used by other workers to characterise 

fluidised beds are reviewed, with special emphasis on flowing bed 

studies. 

Finally, a short section deals with recent applications of flow 

systems, and those applications which may become practical within 

the foreseeable future.



2.1 Behaviour of gas fluidised beds 

The overall concept of a fluidised bed has already been 

discussed in Chapter 1. Once the bed is fluidised, the lower 

limit to this state being the point of incipient fluidisation 

mentioned earlier, its state is usually stable over a range 

of fluidising velocities, this range depending on the particle 

and fluidising gas properties. The upper limit to norml 

fluidisation is set by the tendency of the smallest particles 

in the bed to be entrained, that is, blown out of the bed by 

the fluidising gas. 

The behaviour of normal gas fluidised beds (non-flowing 

systems) has been the subject of many practical and theoretical 

studies over a considerable period of time. However, many of 

these studies have been concerned with deep beds, these being 

of most interest to the chemical engineers who have traditionally 

been the main exponents of fluidised bed technology. The use 

of shallow beds offers many advantages for certain combustion 

and heat transfer processes, notably the minimising of bed 

pressure drop, and hence the power required to fluidise the 

bed. Bubble growth is also reduced in shallow beds, which 

can be advantageous in heat transfer applications. Thus 

increasing interest has been shown in shallow beds in recent 

years, but one must be extremely careful in using concepts 

developed for deep beds to describe much shallower ones; the 

problem of scale-up in fluidised beds is by no means fully 

understood. 

This section will present notes on the important parameters 

of shallow fluidised beds, and discuss the approaches used to 

evaluate or describe them. It is convenient to discuss these 

ina series of short sub-sections.



2.1.1 Minimum fluidising velocity 

The concept of the point of incipient fluidisation, at 

which the gas is said to have the velocity of minimum 

fluidisation, has already been mentioned. This minimum 

fluidising velocity is perhaps the most fundamental 

parameter, and yet it is a measure of the complexity 

of fluidised systems that even this is difficult to 

estimate,and has been. the subject of many attempts at 

accurate evaluation. 

Fluidising velocities are defined as superficial gas 

velocities in the empty bed, that is, as the fluid flow 

rate divided by the cross sectional area of the bed, 

and it is usual to define minimum fluidising velocity 

as that velocity at which the pressure drop across 

the bed of particles is equal to the weight of the bed 

per unit area of the distributor. However, although 

the transition from fixed to fluidised state has been 

described as taking place at a "point" of incipient 

fluidisation, this does not happen in practice; the 

transition takes place over a range of gas velocities, 

and the pressure drop may not become equal to the bed 

weight until well after minimm fluidising velocity has 

been passed, if at all. This subject of incipient 

fluidisation is exhaustively discussed by RICHARDSON!©?. 

The published literature provides many expressions for 

the evaluation of minimum fluidising velocity, most rely- 

ing on equating bed pressure drop to the weight of the 

particles. This takes the form 

AP, = (P8 - PEL - Ene )EMne (2.1)
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2 
For fine particles, the CARMEN-KOZENY : equation 

applies: 

Ue (2.2) 

  

A PE, 
    

5- es Aen. 

For larger particles, the equation of ERGUN’? is used: 

  

AP, = 150(1 = Epp) HE Usp +2-75(2 - Ene) PE Une 

i rs ee Gee ea 

(2.3) 

By substituting (2.1) into (2.2) and (2.3) expressions 

for minimum fluidising velocity are obtained. However, 

these presuppose the knowledge of bed voidage and 

particle sphericity, properties which are themselves 

not easily evaluated. This difficulty is obviated by 

42 
the use of the expression of WEN and YU 

(Re)pe = [ 3.7? + 0.0408 oa Boe5557 (2.4) 

vhere Re = 4, p,U, and ca =a pi(p, - 0,)e/ Me 

Ms 
It is also possible to simplify equation (2.3) consider- 

ably, to obviate knowing the bed voidage. The first 

term represents viscous losses, and the second kinetic 

energy losses. According to KUNII and LevensPreL°?, 

at values of Reynolds number less than 20, viscous 

losses may be considered dominant, and (2.3) reduces to: 

Use = Gap)” (Pa ~ P)Be | ene (2.5) 
150 Ps 1 -Gne
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At values of Reynolds number greater than 1000, kinetic 

energy dominates, and (2.3) becomes 

  

ern zy 2 
Ue Baty (Pa ~ Pg) Se Eme (2.6) 

1.75 Pe 

WEN and YU found for a wide variety of conditions that: 

i Qs land 1+ Ey. al 

2 2 5 
$5 —me ds Cnt 

These findings are incorporated intheir general 

expression equation (2.4) but two simpler equations can 

be obtained by inserting them into (2.5) and (2.6) 

2 
For fine particles Uj» = 4 (p, =p de, Re < 20 

(2.7) 1650 bg 

For large particles tie a (2, “Pp 8, Re > 1000 
Se eee 

(2.8) 
2h.5 Kg ; 

In the case of the above equations Re = d PY 

Me 
Other expression similar to (2.7) have been proposed. 

rowe's 12> uses 1240 instead of 1650, and RICHARDSON}? 

suggests 1695. It is unfortunate that all these 

expressions are of limited accuracy. KUNII and 

LEVENSPIEL state that the correlation of WEN and YU 

predicts Ue with a standard deviation of * 34h over 

284 points taken from the literature. This may be 

compared with a correlation due to NARSIMHAN?? which has 

a standard deviation of = 46% over 267 points. 

This lack of accuracy is regrettable, but perhaps not 

surprising considering the approximations made and the 

neglection of any interparticle cohesive forces which 

may exist in the packed bed. In view of the limited
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accuracy of the correlations available it is extremely 

fortunate that minimum fluidising velocity may be 

easily obtained experimentally. It is merely necessary 

to plot the pressure drop across a bed of the material 

in question against fluidising velocity. This should be 

done whilst the fluidising velocity is reduced froma 

value well above the minimum. Such a plot has two 

distinct sections, with a gradual change in slope 

between them. Tangents drawn to these two sections 

intersect at the minimum fluidising velocity. Such a 

method is obviously open to some error, but this should 

be much less than the use of any correlation would 

provide. 

A further simple method is proposed by MOTAMEDI and 

gamesone", who introduced bubbles into a bed which was 

below minimum fluidisation, and said that 

Une = least total velocity (fluidising air + bubbles) 

necessary to allow bubbles to pass through the 

bed to the surface. 

This method gives results which are somewhat different 

to those obtained from the normal pressure drop 

technique, but there is no reason to suppose that they 

are any more accurate. 

Some little time has been spent on the subject of 

minimum fluidising velocity, because the difficulty in 

obtaining any accurate expression for this essential 

and basically simple parameter emphasises the complexity 

of fluidised systems and the difficulty faced in dealing 

with them. Other aspects will be discussed in less detail.
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2.1.2 Entrainment velocity 

As already stated, the entrainment velocity of the 

smallest particles in the bed represents the upper 

limit of fluidising velocity. This is so only in open 

beds; sometimes much higher velocities are used in 

closed systems, and a cyclone separator employed to 

extract the small particles from the exhaust air. 

Commercial materials often contain a proportion of very 

fine particles, and it may not be realistic to operate 

at fluidising velocities below their entrainment 

velocity. In such cases, solids loss from the bed mst 

be accepted, and means incorporated in the plant to 

recover this material. 

The entrainment velocity is usually approximately equal 

to the terminal, or free-fall velocity of the particles. 

This can be expressed as: 3 

u, = | Mea,(Ps - Pe) (2.9) 

> pga 

where Cy is an experimentally determined drag coefficient. 

KUNII and LEVENSPIEL present a graph of cake, against 

Re, where 

Re, = 4, PeUt (2.10) 

eg 
and cae,” = hed 2 (P, - Pp ) (2.11) 

2 
34g 

This chart includes both spherical and non-spherical 

particles, and enables Uy to be found from known values 

of d,s Pe’ Pe and /*e°
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An alternative is the use of an analytic expression 

for the drag coefficient Ca: No single expression will 

suffice, the useful range of Reynolds numbers being 

covered by: 

Ca 2k for Re, < Ob (2.12) 

Re, 

Can tet mLOS for 0.4 <Re, < 500 (20135) 

3 Re, 

Ca 0.43 for 500< Re, Z200,000 (2.14) 

Inserting these values into equation (2.9) gives 

UL 

t 

6 Ps - Ped 2 tor Re, < 0-4 (2.15) 

BH, 

4a -( - Veg 56 for 0.4 <Re < 500 
sop (Pes Pa! fe |? “p eae 

Pes (2.16) 

z 

Z-lea pe = Pelt > for 500 <Re, ¢ 200,000 

Pe (2.17) 

Equations (2.12) to (2.17) apply only to spherical 

particles. 

Terminal velocity can also be expressed in terms of 

Galileo Number, Stokes' law applying for low Reynolds 

number, the Schiller-Naumann equation for intermediate 

values, and Newton's law for high values. 

(eee Re, for Ga < 3.6 (2.18) 

Ga = 18 Re, + 2.7 a Or for 3.6<ca<10” (2.19) 

Ga’ = 1 Re 2 for Ga > 10? (2.20) 
3 Pp 

The range of feasible operation is described by the 

ratio of entrainment velocity to minimum fluidising
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> derived an equation velocity. PINCHBECK and popper? 

to estimate this ratio, and compared the equation with 

experimental data. A plot of the ratio against cake, 

is given by KUNII and LEVENSPIEL, and one of the ratio 

against Galileo number is given by RICHARDSON. However, 

the two limits to this ratio are easily obtained. 

For small particles Re, < 0.4 

Up ge UL by 2-15 = 91.6 (2.21) 
  

Une Une bY 2-7 

For large particles Re, > 1000 

Ue = U, by 2-17 = 8.72 (2.22) 
  

u Une by 2.8 
mf 

The practical range of operation is thus between 10:1 

and 90:1, but often this range is considerably narrowed 

by bubbling and slugging of the bed.
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2.1.3 Bubbling and slugging 

Broadly speaking, liquid-solid systems exhibit smooth 

or particulate fluidisation, and gas-solid systems 

exhibit bubbling or aggregative fluidisation. This is 

ussually said to be due to the large density difference 

between the two fluids but this may be much reduced in 

a high pressure gas-solid system. 

ui? WILHELM and KWAI found that the Froude number 

distinguished between the two states. 

Frye < 0-15 smooth (2.23) 

erp ay 1.3 bubbling 

2 
where Frog = U, ee 

de 

ROMERO and souanson’+* use four dimensionless groups 

to characterise the quality of fluidisation. These 

are: 

Frne? Repjmt} Ps ~ Pg) Dur 

Pe a 

Note: Re) wat = 4 Pe me 

and their findings may be summarised as: 

(Fr ie) (Rep cr) Pg = Pg) Bar)  <, 100 smooth’. (2.24) 
ase es 

ee ee > 100 bubbling 

Other examples of approaches to this problem are those 

of SIMPSON and RopGERY? who evolved theory based on 

various dimensionless groups, considering the bed as a 

88 

bundle of capillary tubes, and various scrieren » 104 

attempts at mathemtical approaches based on the stability
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or growth of disturbances in the bed. Other workers 

29 
in this field include HARRISON et al°~ and VERLOOP 

and HEERTJES*". 

It is true to say that whilst these criteria will 

distinguish between gas and liquid fluidisation, they 

will not predict with any accuracy whether or not 4 

gas fluidised bed will bubble. 

Probably the simplest approach in this field is an 

attempt by ceuparr’° to classify powders into groups. 

These are: 

Group A 

Small particles and/or density less than 1.4 x 10°kg/m? 

which expand homogeneously before bubbling starts. 

Group B 

Materials having 

WO jig <p < 500 My» and Lett x 10°Kg/m? < Pg <4 x 10°kg/m? 

which bubble at or near U_»- 

Group C 

Powders having cohesive properties. 

Group D 

Very large and/or dense particles. 

Groups A and B are the only ones which can be said to 

fluidise properly, and a criterion is given for 

minimum bubbling velocity which distinguishes between 

the two: 

-1 
Vn 100 Coy The constant 100 has units of 5 

The work of GELDART, and other workers, has very 

recently been comprehensively reviewed by MeGUIGAN?~ 

and thus little point is served by describing it fully 

here.
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A reasonable overall model of the bubbling behaviour 

of fluidised beds is the so-called "2-phase theory" of 

DAVIDSON and HARRTSON”". This states that the 

particulate phase of the bed is at the minimum fluidising 

condition, and that all excess gas passes through as 

bubbles. This theory is supported by experimental 

findings". However, as stated by McGUIGAN, it is 

likely that in a heavily bubbling bed, some local areas 

of the particulate phase will have greater or lesser 

aeration due to the passage of bubbles, and that these 

areas will have a considerable effect upon the flow 

properties. 

A phenomenon occurring in deep beds is that of slugging, 

where the bubbles grow until they equal the column 

diameter. These slugs rise through the bed, raining 

particles down around their periphery. ZENZ and onan 

observed slug flow in tubes up to 50 m. diameter, and 

a review of the subject is given by HOVMAND and 

pavrpson®@sino point out that two types of slugging can 

occur, as show in Figure 2.1. Type B is that which 

occurs in tubes of up to 50 mm. diameter, being a 

breakdown of proper fluidisation. Type A can occur in 

much larger columns, and has in fact been observed by 

the author in columns of 150 mm. diameter. The pheno- 

menon of slug flow is of little interest in shallow 

bed work, and will not be discussed further. However, 

it is likely to be of great importance in the study of 

vertical fluidised transport.



Figure 2.1 

  

ALTERNATIVE SLUG FLOW_ REGIMES
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The rise of single bubbles through a fluidised bed has 

been studied by many workers, notably DAvIDson>~, 

63 » and wurraye?, DAVIDSON found that in fine JACKSON 

particle systems gas flows upwards through the bubble, 

down the outside and in again at the base, causing solids 

to be carried upward in the wake. Several workers have 

obtained expressions for the rise velocity of a single 

bubble similar to that of DAVIES and TAYLOR”? for the 

rise of a bubble in a inviscid liquid. That was: 
yo 

Ue =a On(92 avd Ls 0.71144)? (2.25) 

Other workers have found different values of constant. 

This sort of expression may be expected to yield only 

approximate results, but in any case the single rising 

bubble is a situation so artificial that its study is 

of very limited value. The most useful aspects of bubble 

study are discussed in sections 2.2.1 and 2.2.4.1. 

Effects of distributor and internal surfaces 

It is usual to neglect the influence of the distributor 

plate when trying to predict bed behaviour, but in fact 

the characteristics of a bed may depend very much on the 

type of distributor used, particularly in shallow beds. 

The only types of distributor which it is practical to use 

in shallow beds are the porous and pierced plate types, 

the shallow bed providing insufficient depth to achieve 

the gas diffusion necessary for uniform fluidisation if 

the bubble cap, tuyere, or orifice type of distributor 

commonly used in deep beds were used. The characteristics 

required of a distributor plate are: 

1) Uniform fluidisation
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2) Minimum pressure drop consistent with this. 

The allowable distributor pressure drop may be quite 

small in shallow beds; down to about 5% of the bed 

pressure drop. 

Obviously, it is more difficult to obtain uniform 

fluidisation in large beds, and also in systems where 

solids are being added and extracted. A further 

difficulty is that where locally defluidised regions do 

occur, they will tend to grow due to the air flowing 

preferentially through the rest of the bed which will 

have alower pressure drop. 

Although one might expect that distributor effects would 

be confined to an area quite close to the base, this 

may not be so. MORSE and BALLOWe® measured the uniformity 

of fluidisation using capacitance probes and found 

distributor effects up to 16 inches from the base, although 

McGUIGAN and exirorr?+ found little influence of the 

distributor more than 50 mm. above it. 

Clearly, the specification of distributor type is a 

subject which the designer mst study most carefully, 

especially in the case of large beds, where variations 

in porosity of supposedly uniform materials may add to 

his problems. 

The effect of placing any internal surfaces in the bed 

will obviously depend on their size and shape, but they 

are virtually always deleterious to uniform fluidisation. 

The lower sections of an immersed object are scoured by 

bubbles, and thus lose effective contact with the dense 

phase, and the upper surfaces become covered with 

defluidised material. These two phenomena may have a
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serious effect on, for example, the heat transfer 

obtained from a heat exchanger immersed in the bed. The 

reported effects of immersed objects are diverse. 

ROMERO and gouanson?!2 report that baffles reduce 

ee and BOPTERILL-+ bubbling, but the work of VOLK et al 

has shown that any internal surface causes dead pockets 

in the bed and promotes channelling. In the case of 

the latter, who was flowing solids horizontally past 

arrays of heat transfer tubes, this phenomenon prevented 

the expected increase in performance. Whilst the above 

is generally true, it may also be said that stirring 

will promote uniformity of fluidisation in some cases, 

especially that of very fine powders. 

The effect of the containing walls of the bed is 

reported by BENENATI and BROSTLOW°ana YAGI and xunzr26 

to disappear about ten particle diameters or less from 

the wall, and thus it is doubtful that wall effects my 

be regarded as significant. 

It is clear from the above discussion that the placing 

of any surface in a fluidised bed mst be viewed with 

caution. It is probably true to say that the only way to 

determine the effect of such a move is experimentally. 

Segregation 

Segregation, that is the settling of large particles at 

the base of the bed to forma stagnant layer, may be a 

serious operational problem. WEN and yl? have 

reported that segregation was likely in a two component 

mixture if the ratio of their minimum fluidising velocities 

is greater than two. Some useful observations on the 

4 
problem are made by BOLAND! , and his assertion that the
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presence of segregation can be detected from the curve 

of pressure drop against fluidising velocity is 

supported by MeGUIGAN?> Segregation may be important 

in flowing bed situations, and it is discussed in this 

context in a later chapter. 

2.1.6 Material properties 

In the fluidised bed, where particles are in contact, 

  

their size distribution and shape will obviously have 

great importance. ‘TRAWINSKI?? suggests that fine 

material could act as a lubricant, and that the ideal 

two component mixture would be one in which large 

particles were covered by a mono-layer of fines. This 

concept seems rather unrealistic. ZENZ and orumen? 8 

suggest that the greatest fluidity is obtained using a 

normal size distribution of material in which 

a = ixd 
Piargest smallest 

McGUIGAN and ELLIOTT? have shown that the minimum 

viscosity of a fluidised bed is unaffected by particle 

size distribution. They also point out how easy it is 

to fail to appreciate the way in which Une for the bed 

is changed as the size distribution changes. MATHESON 

et al? show that beds of spherical particles have 4 

higher viscosity than irregular particles, and attribute 

this to the closer packing obtainable using spheres. 

The effect of using very fine particles is investigated 

by BAERNS” who used particles less than 50 um in 

diameter and suggested a criterion to determine the 

quality of fluidisation likely using a particular 

material.
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2.1.7 Electrostatic charging 

Electrostatic charging in fluidised beds my alter their 

flow characteristics. Generally, its effect is to 

promote agglomeration and thus cause loss of uniformity 

of fluidisation, and the adherance of particles to the 

bed surfaces. Charging is caused by friction as two 

surfaces are brought into contact, and is thus a serious 

problem in pneumatic conveyors because of the high 

particle velocities involved. There have been instances 

of explosions in such systems caused by electrostatic 

charging. It is generally systems which are very dry 

which suffer this problem; the presence of even small 

amounts of moisture will allow the charges to dissipate. 

It is not thought that electrostatic charging was an 

important parameter in the present study, and thus it 

will not be discussed in detail. The published literature 

15, 16, 29, 65, Bh whose work has several contributors 

will be most useful to those concerned with this problem. 

It is hoped that the foregoing section has brought out 

some of the important parameters which must be carefully 

considered by those embarking on the design of fluidised 

systems, and also emphasised the considerable difficulties 

experienced in obtaining reliable data on these parameters. 

It isa qaasuval or the complexity of fluidised systems 

that the available data is often conflicting and confusing. 

2.2 Flow behaviour of fluidised beds 

Although fluidisation has been widely used by chemical engineers 

for many years, it is true to say that there is still little 

understanding of the mechanisms by which fluidised beds flow;
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it may be that it is the fact that chemical engineers have 

been the min users of fluidised beds that has prevented this 

aspect being more fully investigated. Nevertheless, there 

have been many attempts to model the fluidised bed, some models 

being extremely complex, but none is really adequate. The fact 

that this is so is indicative of the complexity of the problem, 

and this is underlined by the diversity of the approaches used. 

These fall into several categories, and it is convenient to 

discuss them in this way. 

2.2.1 Ideal fluid model 

This approach may be summarised as the study of the 

motion of bubbles through the dense phase, treating 

this as an inviscid, incompressible fluid. The 2-phase 

34 
theory of DAVIDSON and HARRISON” falls into this 

32 63 category as does other work by DAVIDSON’ JACKSON 

looked at the motion of a fully developed bubble and 

found that the equations and boundary conditions were 

only satisfied if the bubble rise velocity conformed to 

the equation of DAVIES and TAYLOR” oe Also worthy of note 

is the work of wurraye? who obtained solutions describing 

the motion of the particulate and fluid phases in the 

presence of a fully developed bubble. The difficulty 

of all this work is that of allowing for wake and 

coalescence effects, and particle flow through the bubble. 

Bubbling in fluidised beds has been discussed also in 

section 2.1.3 and will not be dealt with further here. 

2.2.2 Statistical model 
  

The difficulty of any approach based on statistics is 

the essentially random motion of the fluidised bed which
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must have a decisive influence on its properties. 

This approach has one consistent exponent in puvevicH 26 

who has_developed a theory describing the number of 

particles in a volume of a fluidised bed, this number 

being a random function of time. Although interesting, 

this technique seems to have little practical use. 

Observations froma variety of approaches 

In the search for a realistic model, many diverse 

approaches have been used. cazor"® studied particle 

trajectories and found that they were predicted only by 

8 Bingham plastic model of the fluidised bed. 

MARTYUSHIN and KHARAKOZ"? performed a theoretical 

analysis of the first stage of fluidisation, and also 

found that a Bingham plastic model fitted. 

> studied GOLDSCHMIDT and LE GOFF” and GRAHAM and HARVEY 

beds of conducting materials. The results of the latter 

workers show a maximum in bed resistance near U_., 

except very close to the distributor plate, where the 

resistance continues to rise with increasing fluidising 

velocity. They postulate current flow along contacting 

chains of particles, and say that if fluidisation were 

particulate, resistance would rise with velocity until 

the stage was reached where all particles were supported 

by gas and did not contact. This would point to the 

existence of particulate fluidisation only near the 

distributor. The authors attribute the fall in resistance 

beyond U in to bubbles extracting air locally from the 

dense phase, increasing its density and decreasing its 

resistance. This could also explain the dependance 

found of resistance on electrode position. The results 

,
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of GOLDSCHMIDT and LE GOFF show a steady increase of 

resistance with fluidising velocity throughout their 

range of experiments, and thus it would seem that their 

fluidisation was particulate. 

SAXTON et ai 19 performed a statistical thermodynamic 

analysis to obtain values of bed viscosity and compared 

these with values obtained from viscometers by FURUKAWA 

and oumar’? and SCHUGERL et aie" » finding them to be 

consistently low by a factor of two. 

From the above, it can be seen that the means used to 

shed light on the flow mechanisms of fluidised beds are 

extremely diverse; it is true to say that this is one of 

the fascinations of fluidisation. The largest amount of 

work in this field may be broadly grouped under the 

description of"liquid analogy of fluidised beds”, but 

this covers such a range of theoretical and experimental 

work that it must be discussed in sub-sections. 

Liguid analogy of fluidised beds 

Because of the superficial similarity between fluidised 

systems and liquids, there have been many attempts to 

pursue this analogy, and evaluate the flow properties of - 

fluidised beds by treating them broadly as liquids. 

GELPERIN and EINSTEIN-? discuss this exhaustively , 

comparing the fall of viscosity with increase in 

temperature in liquids with the fall of fluidised bed 

viscosity with increase in Up: However, they state 

that this fall is exponential, whereas the variation in 

fluidised bed viscosity with fluidising velocity is 

usually much more complex. Fluidised bed flow through 

orifices has been well studied?’ 16, 17 and some work
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has been done on flow across weirs and through open 

channels“? ap 108 | 

The pursuit of the liquid analogy can be in two min 

ways: 

1) Study of bubble behaviour 

2) Study of bed behaviour when sheared, which may be 

done in 2 ways, by small scale viscometer, or by 

using a flowing bed. 

2.2.4.1 Study of bubble behaviour 

There is much ‘evidence which compares data 

obtained from bubbles rising through fluidised 

beds with the same situation in liquids with 

considerable success. BLOORE and BOPTERILL* 

injected bubbles into a fluidised bed and 

compared their results with those of Calderbank 

for air bubbles in water successfully. It has 

already been shown that bubble rise velocities 

in fluidised beds are often predicted quite well 

by the Davies-Taylor equation (eqn. 2.25); 

HARRISON and Leune®? found the constant to be 

0.71 for a single spherical capped bubble 

rising in a fluidised bed. BAUMGARTEN and 

proror! have also studied bubble rise, 

confirming that bubble air flow agrees with 

the 2-phase theory, and stating that the flow 

corresponds to that in a liquid having a 

viscosity of between 1 and 10 N3/ne (10 - 100 poise). 

Further evidence of the shape of bubbles in 

fluidised beds is provided by ROWE and PARTRIDGE)? 

who used x-ray cine photography to study bubbles
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and found them to be spherical capped. Their 

data was used by GRACE?” to develop a 

correlation for change in bubble shape as a 

function of viscosity. He found that spherical 

capped bubbles became more rounded in liquids 

of higher viscosity and compared his results 

129 for viscosity with those of STEWART who also 

studied bubbling, and SCHUGERL et ai who used 

a rotating element viscometer. The results of 

all three are of similar magnitude, but the 

similarity extends no further, Stewart's work 

showing an effect of particle size where Grace's 

shows none, for example. The difficulty of the 

Grace approach lies in the necessityto measure 

bubble included angle from photographs, a 

measurement not easily taken with accuracy. 

MURRAY?® has calculated viscosity by estimating 

the viscous drag on a rising bubble and found 

it to be a function of bubble size; clearly 

this approach is of limited use. 

A slightly different direction was taken by 

ORMI. son’? who estimated viscosities by looking 

at the rising velocity of slugs; his values 

ranged between 1.2 and 4.5 Ns(m-(22 to 45 poise). 

{wo further methods are worthy of note. The 

first is the attempts of some workers to extend 

the analysis of Albert Einstein for the viscosity 

of an infinitely dilute suspension to finite 

concentrations; an attempt which must be said 

to have met with little success. The second
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method is attempts by wersmanne2 and 

WETSLEHNER! > to use heat transfer measurements 

as an indication of flow properties; once 

again an approach which is of severely limited 

practical use. 

Shearing - viscometer studies 

Several types of viscometer have been used by 

workers in fluidisation. The falling sphere 

method was used by PETERS and scammpr ©, and 

TRAWI nsxr?? 3 » but the accuracy of this is 

extremely suspect due to the influence of the 

walls, and the tendency of the ball to be 

displaced by rising bubbles; certainly this 

method is not quantitatively accurate for a 

bubbling fluidised bed, and even its qualitative 

predictions mst be viewed most carefully. 

HAGYARD and sacerpore™” used @ torsion pendulum 

viscometer; such an instrument is not suitable 

for use with non-Newtonian fluids, and their 

results showed considerable scatter; it is 

doubtful that the trends predicted can be relied 

upon. 

All other viscometers than those mentioned above 

rely on a rotor of some kind. The first work 

on this type of viscometer was done by 

19 using a Stormer (falling MATHESON et al 

weight) type with a paddle type rotor. However, 

the bed used was only 1 inch in diameter, and thus 

the situation within it cannot be the same as 

that in a much larger bed. Nevertheless, the
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results obtained, although only qualitative, 

have been confirmed by subsequent workers. 

Amongst other things, the authors found that 

the "viscosity" of a wide particle size range 

was less than that of a narrow cut, and that 

the addition of a small proportion of fines to 

a bed could significantly reduce its "viscosity". 

TRAWINSKI developed his fine particle monolayer 

theory to explain this, but more recently 

GELDART has shown it to be due to changes in 

the surface mean size of the sample not 

considered by Matheson. Geldart has corrected 

the results on this basis and shown that they 

become consistent. 

A similar Stormer apparatus, but with a 

“dumb-bell" type of rotor was used by kRamars°, 

but the fact that the rotor was run at constant 

speed means that the true shear rate was 

probably not constant under non-Newtonian 

oT used @ conditions. DIEKMAN and FORSYTHE 

Brookfield viscometer without calibration; thus 

their results are only qualitative, but 

similar to those of other workers. However, it 

is reported by MecuIGAN?~ that the use of a 

Brookfield viscometer is rendered inaccurate 

by the disturbance of the rotor caused by 

bubbling: this criticism mst also apply to the 

similar work of LIU and orn who calibrated 

their instrument with liquids and LEEDEN and
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BOUWHUL 3? whose findings are so much at 

variance with those of all other workers that 

they must be largely discounted. 

A well known study is that of FURUKAWA and 

onan’? who used a Stormer viscometer, 

calibrating with liquids. This calibration 

seems to have little justification, and their 

results must be considered merely qualitative. 

One point worthy of note is that they found the 

shear curves to be shear thickening, in contrast 

to the findings of most other workers. 

SHUSTER and uaasi@6 also used a Stormer 

viscometer and paddle type rotor. They found 

substantially Newtonian behaviour over the 

range of experiments performed and claimed very 

good reproducibility - a surprising claim in 

the light of the recent experience of Oe 

The conclusions emerging from the body of 

literature on viscometer studies will be 

discussed later, and a more comprehensive 

review of the subject i8 presented by McGUIGAN. 

Shearing - flowing bed studies 

Flowing fluidised beds have been studied little 

in comparison with static beds, due to the 

complexity of the problem and the comparatively 

sophisticated equipment usually needed. 

However, considerable work has been done by 

wasstmatza’® on fluidised bed efflux from 

134 
orifices, and some by TREES on flow through 

pipes betweenfluidised beds; this type of work
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obviously is of limited application. Work 

which is somewhat analogous to the latter was 

performed by ELLIOTT and exxppon"? on hydraulic 

transport of coal, but it is tmlikely that many 

of their findings could be useful to workers 

on fluidised beds. 

Lean-phase pneumatic transport is widely used 

industrially, and has been the subject of 

considerable study. This work is reviewed by 

KUNII and LEVENSPTELO?. As in fluidisation, 

measurement techniques are often a problem: 

many of these are reviewed by BOOTHROYD and 

GOLDBERG?" , 

Vertical fluidised bed transport is used to 

some extent industrially, but is little under- 

stood, and has been the subject of no mJjor 

studies. The problem was looked at superficially 

by the author using two similar rigs (see figs. 

3.3 and 3.4) and the principle of differential 

aeration, that is, using more air in the upgoing 

leg than in the downcoming, thus promoting 

circulation. It has been reportedly that 

similar systems have worked extremely well 

using other materials, but in the sand systems 

used by the author, rise of solids in the upgoing 

leg was by means of heavy slugging which proved 

impossible to remove, whilst retaining a 

reasonable circulation rate. It is also likely 

that segregation would be a problem in any
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system involving vertical transport. Clearly, 

this subject must be studied much more deeply 

before it is at all well understood. 

The remaining aspect of fluidised bed flow is 

the open channel, the first published work on 

which is due to SIEMES and neLtMer!?* Their 

equipment was a channel 2m. long and 150 mn. 

wide, which was variable in inclination between 

1° and 6°. Solids feed was from a hopper, at 

a maximum rate of 4.0 kg/s., the rate being 

determined by timed weighing of the channel 

efflux. The material used was sand of mean 

particle size 210 4m and minimum fluidising 

velocity 0.02m/s. Fluidising air was supplied 

by a blower, and maintained at a very high 

relative humidity (80-904). It was fed toa 

porous distributor. 

It was assumed that the flow was laminar and 

Newtonian under all conditions, although this 

latter seems dubious, and two approaches used 

to evaluate the results. These were, firstly 

that the flow was analogous to liquid channel 

flow, and thatthe shear stress was the same on 

all "wetted" surfaces, and secondly that shear 

stress occurred only at the bed walls, and was 

absent at the distributor. Values of viscosity 

were calculated by the two approaches, and it 

was inferred that there was slip at the base. 

However, the calculation assumed that viscosity 

was independent of bed depth, ar assumption
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now known to be invalid. Thus whilst the 

results seem to show that slip is occurring, 

the magnitudes cannot be relied upon. The data 

showed that slip increased with inclination 

and flow velocity, and decreased with fluidising 

velocity. 

Another inclined channel] study is that of 

NEUZIL ana TURCATOVA?" » but so little detail 

of fluidising conditions and experimental 

methods is given as to render the work of 

little use to others. 

gassrut® carried out experiments in an 

inclined channel and derived equations for flow 

of non-Newtonian substances in ducts. He 41s0 

proposes a model for the viscosity of a 

bubbling bed in terms of dense phase viscosity 

and bubble voidage. This is extremely complex 

and difficult to use. This latter criticism 

may also be levelled at the experimental 

results; flow curves are plotted at various 

fluidising velocities, and range apparently 

randomly between shear thinning and shear 

thickening behaviour. Shear rates up to io's"? 

are reported, but it is difficult to comprehend 

how they were achieved. 

A considerable amount of work has been carried 

out in a channel flow rig by BOTTERILL and 

185203 a Their channel arrange- co-workers 

ment was a horizontal continuous loop, through 

which the solids were circulated by means of



paddles. Initially, tests were carried out in 

a channel 292 mm. wide, using a bed depth of 

2hO mm. and sand of mean particle size 185 jXm. 

This displayed Bingham plastic behaviour, 

especially at low fluidising velocities, and 

a minimum in the plot of viscosity against 

fluidising velocity was observed at 3U 5+ 

later tests using Bauxilite of mean particle 

size 102 jn showed behaviour ranging from 

shear thinning -(pseudoplastic) to shear 

thickening (dilatant); the former type of 

behaviour was attributed to the flow velocity 

causing more air to pass through the dense 

phase increasing inter-particle lubrication and 

the latter type to a layer of gas at the 

distributor base being scoured away as flow 

velocity increased. 

Further tests in the same channel were made by 

pessant » who used & calibrated propellor 

device to measure local bed velocity, and also 

measured wall shear stress. The velocity 

profiles obtained show a change from liquid-like 

to semi-plug flow with increasing fluidising 

velocity, suggesting increasing slip at the 

distributor. 

A power law equation of the form 

ee KGS ya where = mean shear stress 

x mean shear rate 

K'y n° constants



was used to describe the flow. For @ channel 

140 mm. wide and 118 mm. deep the appropriate 

values of constants were: 

2 ie 
K' 1.3N 5° m u 

n' 0.55 

Using these values, velocity profiles were 

calculated using the approach of WHEELER and 

wissen’? and compared with the measured ones, 

the agreement being good under some conditions. 

The wall shear stress measurements were compared 

with those obtained from the head loss of the 

flowing bed, and it was found that at high 

fluidising velocities the shear stress at the 

distributor became almost zero. Tests were 

also carried out in a small sloping channel 

using very shallow beds, and the theory of 

ASTARITA et ai” for the flow of non-Newtonian 

liquids was modified to enable base slip 

velocities to be calculated. 

Although it must be said that experimental 

difficulties must cast some doubt on the 

magnitudes of the quantities assessed in this 

work( for example, average channel velocity 

was obtained by timing a float, and considerable 

rearrangement of the channel was necessary to 

obtain a symmetrical profile) it is clearly of 

considerable value. 

The most recent work on a flowing channel is 

that of MUSKETT et Aa using a sloping 

channel 8 ft. in length and 3 in. in width.
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Mass flow rate is measured by timed weighing, 

and a pneumatic return system is employed. 

However, this work is clearly in its early 

stages, and no tests analogous to those of 

other workers have yet been reported. 

Conclusions from viscometer and flowing bed studies 

Although it seems that viscometric studies produce only 

qualitative data about real systems, they are clearly 

of value. The non-Newtonian nature of a fluidised bed 

clearly precludes the use of any device which cannot 

indicate such characteristics; equally clearly, any 

device which uses a rotor of considerable length is mide 

inaccurate by the considerable variation in fluidised 

bed viscosity with bed depth. Any immersed rotor will 

disturb the fluidisation to some extent, and this will 

probably have more effect than the disturbance caused by 

the walls of a flowing bed. In spite of these criticisms, 

it mst be reiterated that viscometer studies have 

provided valuable qualitative data on flow behaviour, 

which may be summarised as follows: 

1) The viscosity of a fluidised bed varies consider- 

ably with fluidising velocity, most materials 

displaying a minimum near Une: 

2) The viscosity increases with bed depth. 

3) The viscosity may be affected to varying degrees 

by the design of the distributor plate. 

4) Particle shape and surface roughness, and also 

the surface roughness of the viscometer rotor 

have little effect on viscosity.
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5) The viscosity of beds of some particles may be 

considerably affected by the moisture content 

of the fluidising air, probably due to electro- 

static charge effects. 

6) Mixtures of different sizes and densities of 

particles have markedly different viscosities, 

for example, that of a bed of smill dense 

particles can be reduced by the addition of a 

small proportion of larger lighter particles. 

Clearly, the results obtained from flowing bed studies 

are much more directly related to the transport of 

fluidised materials than are those obtained from 

viscometric work. The main drawback to flowing bed 

work is the much larger and more complex equipment 

necessary. A further limitation is the relative lack 

of sophistication in measurement techniques. 

At the moment, it would seem that the non-Newtonian 

liquid analogy treatment used by Botterill et al is the 

most useful, being based on quite easily taken experi- 

mental results. It seems likely that it may be fruitful 

to pursue the analogy with liquid flow in open channels, 

and derive correlations similar to the well known ones 

for such situations. Due to the non-Newtonian nature 

of the fluidised bed, it is also clearly better to work 

at the sort of high shear rates likely to be acceptable 

in industrial use of fluidised transport. Most previous 

work has been of necessity carried out at much lower 

shear rates, and the knowledge at present available 

makes any extrapolation of this data to higher rates 

extremely hazardous.
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Industrial applications of flowing beds 

Some unique characteristics of fluidised bed combustion systems, 

especially their compactness, high heat transfer, low 

pollution levels and ability to burn low-grade fuels, make such 

systems very attractive for steam raising. The advantages 

are discussed by etitopr’?? He » 48 are some of the problems, 

particularly start-up, control and turn-down. Fluidised bed 

combustors mst of necessity operate within a narrow temperature 

range, bounded by inefficient combustion at the lower end 

and sintering or metallurgical constraints at the upper. 

The start-up and other problems may be overcome by using separate 

combustor and heat exchanger units, transporting hot solids 

between the two. In such a system, it would be simple to 

provide means of storage for the hot solids to satisfy transient 

high load requirements. 

Although the subject of fluidised bed combustion has been 

extensively studied, it having been shown that gas, coal and 

light oil can be burnt in shallow beds, and many applications 

having been devised, including industrial heat treatment of 

metal components and wire!®, and the disposal of old pneumatic 

ree fluidised transport has been comparatively neglected. 

Industrial transport of powders is usually done by pneumatic 

conveyor, a fact which is surprising in view of the advantages 

of fluidised systems already discussed in Chapter 1. The 

only commercial fluidised conveyors known to the author are 

made by Polysius Ltd., in a range of sizes capable of trans~ 

porting up to 2000 a /h, and by Sheepbridge Equipment Limited, 

also in a range of sizes with a maximum capacity of 1700 w/h. 

The design of these is done, in the first case at least, 

purely empirically, based on pilot tests on the specific 

material to be handled.
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A further type of fluidised conveyor has been patented by 

squires". The top of the bed is enclosed, and thus the 

fluidisinggas is made to flow over the surface of the bed at 

high speed; this is said to cause the bed to flow, but it is 

not known if this has been proved experimentally. The 

operation of such a conveyor would obviously be confined to 

a@ very narrow range of conditions, especially regarding bed 

depth. 

Clearly, although fluidised transport has been used with some 

success, and the growth potential of the applications of this 

technique is high, considerable further study is necessary 

before the mechanisms of flow are at all clearly understood. 

However, it is possible to progress without such knowledge by 

use of simple correlations, and to design systems which 

although not the optimum, will work satisfactorily. Much 

greater sophistication in both experimental technique, and 

mathematical modelling is obviously necessary, but at the 

present time, it would seem that the simple approach is the 

most likely one to prove useful to the practical engineer.
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CHAPTER 3 

THEORETICAL AND EXPERIMENTAL
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Theoretical and experimental 

3.1 Liquid flow in an open channel 

Before discussing the flow of fluidised raterial in an open channel, 

some observations. on the flow of liquids in open channels are 

relevant, as the treatment used for the fluidised bed is based very 

much on that for liquids. 

Consider the uniform flow of a liquid between sections 1 and 2 of 

the open channel shown in figure 3.1. The forces acting on the 

control volume ABCD are: 

1) Static pressure forces F, and P,. 

2) The weight W, which has a component Wsin@ in the direction of 

flow. 

3) The pressure forces exerted by the bottom and sides of the 

channel. 

4) he resistance exerted by the sides and bottom of the channel, 

PLE 

As the flow is steady 

F, + Wsin@ - By PLU; = "0 

Now Fy = By 

w= Alps, 

sino= = 

a 

The slope So of the channel is tan$, which for small angles is equal 

to sind. Substituting gives 

= eo FP &e 

A is the hydraulic radius, Ry and so 

r 

foe Ry 89 P & 

2 
In pipe flow, T is given by a



= 4h - 

The mechanism of flow in pipes and channels is similar, and it is 

assumed that the use of the hydraulic radius accounts for the 

difference in cross-sectional shapes of a circular pipe and a 

channel. Thus the two expressions for T may be equated, yielding 

U a 86, Rus, 
=. 

or if C = / 8¢,/f 

U = ¢ /R,S, 

This is the Chezy equation, and C is the Chezy coefficient, which 

is related to both the Darcy friction factor (as shown above) 

and the Manning roughness coefficient, "n", through the equation. 

c = 1.49 ab /n 

won 
In this equation, the values of "n" which are inserted mst have 

ie 

the units of ft6, a typical range being from 0.01 to 0.035. 

In pipe flow, the correlation f = 64 applies to the laminar 
R 

e 
flow region. In channel flow, this is defined somewhat differently 

by STRAUB et alo eee fs = where K depends only on channel 

z
a
 

shape. They develop values of K for several different channel 

eross sections. A graph showing the variation of K with the aspect 

ratio of a rectangular channel is shown in figure 3.2. 

Basically, it is the foregoing approach which has been used to 

examine the flowing bed. The approach has been modified where 

appropriate to take account-of the non-Newtonian character of the 

fluidised bed.





Figure 3.2 
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3.2 Choice of model 

When studying fluidised transport, one of the most difficult 

things is to decide upon the approach to be used. As already 

discussed in Chapter 2 it seems that a fruitful one is to 

pursue the analogy between the flow of a fluidised bed in an 

open channel and the equivalent situation for a non-Newtonian 

liquid. There still remains, however, the problem of selecting 

a model to characterise the non-Newtonian behaviour of the 

fluidised bed as closely as possible. 

For flow of a liquid in a circular pipe we have 

Qa = i 2wr.dr.V (3.1) 
0. 

where R = pipe radius 

V = local velocity at position r. 

and shear stress 

Ti. a (3.2) 

or from pressure drop considerations 

Ts xv a( AP) (3.3) 
B aL 

thus Q becomes 

& 
= R a AP (3.4) 

eee (222 ) 
the well known Hagen-Poisseulle equation. 

Non-Newtonian liquids do not obey equations (3.2) and (3.4) 

because the ratio of shear stress to shear rate varies with 

the shear rate. Various approaches have been used to resolve 

this problem. It is possible to substitute an empirical 

equation for (3.2), an approach used by MeMELLAN?? with some 

success, but the most common method is to substitute a power 

law, or similar model. CRAMER and MARCHELLO”? have reviewed
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many of the models available, comparing their predictions 

with experimental data obtained from the literature. Their 

findings are most illuminating, and it is relevant to discuss 

them further. 

Some of the models examined are: REF. 

Powell-Eyring 3 parameter 

fee fb + Oy sinh” (A, ¥) 106 
vw 

Powell-Eyring 5 parameter 

ben foe + apse + ds sinh” (A, ¥) 
v 

Extended Williamson 

BI foam: MO) Be 5e 

1+ Gey 

Ay 

Oldroyad 

Joa foo [at ay ¥F 7 
Le ACY) 

Seely 

me 
p= Jw + (fy - ole Joy 123 

To test the fit of each model, an error function 

Ei = fi~yi was used, together with the R.M.S. error 

i 

expression 

  

where: Je= viscosity 

soe limiting value at infinite shear rate 

/*o = limiting value at zero shear rate 

XY = shear rate 

= system parameters 

fi = experimental value of dependant variable
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yi fitted value of dependant variable 

N = number of data points. 

The Powell-Eyring 5 parameter and extended Williamson models 

were found to provide the best agreement with experimental 

results, the error on both being about 55. 

The Powell-Eyring 3 parameter model had an error of 144, the 

Seely 20% and the Oldroyd 384. 

The main point which emerges from an examination of these 

models, and others which are far more complex, is that the model 

used is not important as long as it fits the data fairly well. 

Probably the simplest model which fits the available shear stress 

against shear rate data over most of its range is the power 

law 

eC. 

used by Bessant in open channel fluidised bed flow. The 

remaining problem is the evaluation of shear stresses and 

83 
shear rates. MOVZNER and REED ~ have developed a correlation 

for flow of non-Newtonian liquids in pipes of the form 

pAP = XK’ a (3.5) 
AL D 

where = pipe diameter D 

ae pressure drop/unit length 

U = average pipe velocity 

K',n' = constants 

They have developed this further using the definition of 

Fanning friction factor 

f° par / pif (3.6) 

Substitution of (3.5) into (3.6) gives
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fF 
Pan ean 1G where Dees Ki Gocime 

nin een! 

yi ee 
and a generalised Reynolds number is obtained 

  

D 

ei DP ieee 
Z 

Thus data for all non-Newtonian liquids reduces to the line 

fos 16/Npp using these expressions. This work is clearly 

of great importance in liquid flow, but its possible application 

to fluidised bed flow has hitherto received little attention. 

The main exponent has been BOPTERILL, whose channel flow 

experiments have confirmed these findings. 

Various restrictions apply to the use of this approach. 

These are: 

mm) Pseudohomogeneous flow assumed. 

2) For an open rectangular channel, the expressions mst be 

modified by the use of the equivalent diameter concept. 

Dp = 4eweh 

(w + 2h) 

where w = channel width 

h = bed depth 

3) laminar flow prevails, that is viscous forces dominate, 

and friction is not affected by the surface roughness of 

the walls. Ideally, all surrounding walls should be 

identical to eliminate any possible effect, but clearly 

this is not possible, or very difficult, in practice. 

The normal critical Reynolds Number of approximately 

2100 for transition from laminar to turbulent flow will 

not apply in the non-Newtonian case; the onset of 

turbulence in open channels has been obeerved ne” ae to 

be delayed until Reynolds Numbers of the order of 4000 

are reached.
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4) Steady and uniform flow is assumed, that is, that the bed 

is of uniform depth throughout the test section, and 

free from any entrance effects. The extent of the entry 

zone in non-Newtonian flow is not well documented, a 

common form of expression used being 

Lails CD-R, where C is a constant between 

0.02 and 0.06. This is probably reasonable for liquids , 

but observation of fluidised beds suggests that flow 

becomes fully developed within much shorter lengths. 

Some data on entrance effects in non-Newtonian flow is 

presented by pocur’?. This takes the form of a plot of 

x/R_ against non-Newtonian index n', where X is the 

NRE 

distance from the entrance, and R is the pipe radius 

=n! nt 
Nee is defined as D wv L. 

K' men 6 ao) 
The plot shows that entrance length increases with Nep 

and decreases with lower values of n'. 

It also seems likely that as the velocity profile in 

pseudoplastic flow is flatter than that in Newtonian 

flow, the flow is likely to become fully developed 

earlier. The velocity profile is largely governed by 

the non-Newtonian index n', hut the volumetric flow rate 

will be affected more by any slip present atthe walls. 

For flow in open sloping channels, the pessanr?? development 

of the one-dimensional non-Newtonian flow of astarrta! is of 

interest. This defines a slip velocity at the distributor 

of
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= (3) 
ah /y = 0 

where Qy = volumetric flow rate/unit width of channel 

a h bed height. 

Bessant's results on shallow bed flow down an inclined channel 

may be summarised as: 

as) Small entry effects, attributed to the low resistance 

at the distributor. 

2) ‘The sand used showed increasingly Newtonian behaviour 

as fluidising velocity was increased up to 2.5 Une? 

3)  Viscosities were much lower than those obtained in the 

large horizontal channel, this being attributed to 

reduced bubbling in the shallow bed. 

4) Slip velocity had a maximm at 2.0 Ups 

3.5 Experimental 

3.3.1 Initial work 

As already reported in Chapter 2, the first stage of 

the author's investigation of fluidised flow concerned 

circulation systems having two vertical legs, circulation 

being promoted by differential aeration (see figure 3.5)< 

It should be possible to obtain circulation when the 

bed is smoothly fluidised, but in the case of these 

experiments, using sand, motion in the up-going leg 

was by means of heavy slugging, with stick-slip flow 

in the down-coming leg. Although quite considerable 

circulation rates were attainable (regrettably no 

apparatus existed for determining the rates) such a 

mode of operation is clearly not the optimum. Although 

the base section was well fluidised, a large "dead"
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zone existed, where motion was negligible, the particle 

layers shearing along the upper surface of this zone. 

Attempts were made to reduce slugging by placing 

vertical baffles of various types in the up-going 

leg, but these failed. It seemed that experiments could 

more easily be done in small apparatus, and so the rig 

shown in figure 3.4 was constructed. Its basic design is 

similar to the large one: construction is in perspex, 

with a 3/16" thick porous plastic distributor supported 

by expanded metal mesh, separate air supplies being 

provided for each of the vertical legs and the horizontal 

top section. Various air inlets into the sloping 

section were tried, two typical ones being shown in the 

figure. These were intended to promote flow along this 

section, and create a low pressure zone at the base of 

the down-coming leg. This rig worked with some success, 

but again, using sand, circulation was by means of 

slugging in the up-going leg. 

Experiments with these two pieces of apparatus had 

really only served to emphasise the likely complexity 

of the problems involved in a total study of a fluidised 

circulation system. A practical system is likely to 

consist of slightly sloping sections, where movement is 

due to gravity, and vertical or near-vertical sections. 

It was felt that the complexity of the problem 

precluded simultaneous study of both sections using 

one test rig, and as the slightly sloping channel 

appeared to have the greatest number of potential 

applications, the decision was made to concentrate 

initially on this aspect.
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As already mentioned, most previous work on sloping or 

horizontal channels has of necessity been performed at 

relatively low shear rates (low channel linear velocities). 

For any industrial applications, such low rates are 

economically unviable. The current state of knowledge 

in this subject will not permit extrapolation of data 

from low shear rates to much higher ones, and thus it 

was decided that for the work to be commercially useful, 

it would have to be carried out at high velocities. This 

immediately meant high mass flow rates, and a large 

piece of equipment was clearly necessary. A viscometer 

study was in progress within the same department 

using a circular bed 150 mm. in diameter, and it was 

decided to make the experimental channel of comparable 

size. Initial designs called for the channel to be 2 n. 

in length, but this was later increased to 3 m. With 

these basic parameters set, the author began work, 

with a colleague, on the design and construction of the 

test rig. The design is described and discussed fully 

in Appendix 1 and will not be discussed further here, 

except to state the general specification. 

Channel length 35 m 

Channel width 150 mm. or 100 mm. 

Maximum mass flow rate 10 kg/s. 

Maximum fluidising velocity: 150 mm. channel width - 17.9cm/s 

100 mm. channel width - 21.0cm/s 

A general view of the rig is shown in figure 3.5.
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3.3.2 Experimental technique 

The range of experiments undertaken may conveniently 

be summarised as follows: 

150 mm. channel - mainly two bed depths 27.5 mm and 40 mm. 

Fluidising velocities from 6.3 cm/s.(1.64 Une) to 

17-9 cm/s.(4.65 Une) 

100 mm. channel - three bed depths, 27.5, 40 and 55 mm. 

Fluidising velocities from 8.1 cm/s.(2.1 Une) to 

21.0 cm/s.(5.45 Up). 

The material used throughout the tests is a silica sand 

of true density 2.7047 x 10°ke/m and surface mean 

particle diameter approximately 150 Mae 

A notable problem with all types of pneumatic handling 

equipment is instrumentation. In this equipment the 

instrumentation used is basically simple, but one 

problem encountered was accurate measurement of bed 

height. When the bed is bubbling vigorously, it is 

difficult to measure its height with any accuracy. In 

an attempt to overcome this, experiments were performed 

in a small circular bed 150 m. in diameter using packed 

bed heights of 10 to 100 mm. and fluidising velocities 

up to 31 cm/s. A pressure drop against bed depth 

correlation was established, and applied to the flowing 

channel, a reading of bed pressure drop thus being all 

that is necessary to obtain the bed height. The 

accuracy of this method was verified by comparing the 

results so obtained with those given by a vertically 

traversing pressure probe (see figure 3.6), whose 

readings enable the bed height to be accurately



Figure 3.6 
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determined; the use of this probe is precluded during 

actual tests because of the time needed to obtain each 

reading. Agreement between the two sets of results 

was good, and the pressure drop correlation technique was 

used throughout the experiments. 

It is essential that the flow in the test section, which 

comprises the central metre of the 3 m. long channel, 

should be uniform and fully developed. Entry effects 

have already been discussed in Section 3.2, and it is 

believed that any effects will be fully dissipated 

before the test section is reached. To ensure uniformity 

of bed depth, pressure tappings were taken at distributor 

level and applied to a differential manometer. 

Inevitably on some occasions the pressure differential 

(positive indicating a deepening of the bed lower down 

the test section, and negative the inverse) was 

excessive. This problem will be further discussed later, 

but where practical such points were neglected. 

The condition of the fluidising air is obviously of 

paramount importance. The fan which was incorporated 

is not sufficiently powerful for an effective filter 

to be fitted to its inlet without adversely affecting 

the flow available to an unacceptable degree. Thus 

no filter of any sort is fitted and the fan inevitably 

ingests some dust particles, leading to these being 

deposited in the air lines and, more importantly, on 

the distributor, leading eventually to partial clogging 

of this, and the resultant increased pressure drop. 

With the present configuration of the rig this isa



ee 

problem which must be carefully monitored. Its 

implications are discussed later, and a solution is 

proposed in Appendix 1. 

The temperature and relative humidity of the fluidising 

air were constantly monitored during the tests. 

Regrettably, because of the large air flow (up to 

10 m/min.) it has not yet been possible to incorporate 

means whereby these properties could be controlled. 

Again, a possible solution to this is discussed in 

Appendix 1. During the programme of tests undertaken, 

the relative humidity has remained remarkably constant 

at approximately 20% and thus this cannot be regarded as 

a variable. However, it is sufficiently low for 

electrostatic charges of considerable magnitude to be 

generated in the equipment. The duration of a typical 

test session is approximately 23 hours, and in this 

time the air temperature rises typically by 5°C: it 

is not thought that this is enough variation to have 

any significant effect. 

The other parameter which it is necessary to measure 

accurately is the slope of the channel. In order to 

do this, vertical glass tubes are set up, one fixed to 

the framework at the mouth of the top receiver, and the 

other at the same point on the bottom receiver. These 

tubes are interconnected, and supplied with water by 

a@ syringe. When the channel is inclined, the water 

level in the bottom tube is set to a mark which 

corresponds to the top surface of the distributor, and 

the level in the top tube is read against a scale.
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Thus this provides a reading of the slope of the 

channel in millimetres. This arrangement is shown 

in figure Al.7. 

Two types of experiments have been performed. The 

majority of the work has involved keeping the bed 

depth constant, and varying solids mss flow rate and 

channel inclination. The other type of experiment 

involved setting the channel at a constant slope, 

varying the mss flow rate nd measuring the resultant 

bed depth. Samples of solids were taken at various 

times under differing conditions, this being done by 

placing a core down into the bed to rest on the distributor 

and removing the portion of the bed within by vacuum 

extraction. 

Observations on experimental technique 

In the first series of experiments using a channel 

width of 150 mm. (SET A in the tabulated results, 

Appendix 7) readings were taken whilst the miss flow 

rate was being increased or decreased, but not both. 

This set of results was taken during a short period 

before the perspex screening was erected around the rig; 

pressure was mounting for the rig to be enclosed to 

prevent the spread of dust, and this SET A was taken 

rather hurriedly. When the screening was in position, 

further sets of results (B, Cc, D and E) were taken, 

with readings being observed whilst the mass flow rate 

was being increased to a maximum and then decreased 

again. This procedure was naturally followed during 

the subsequent tests using the 100 mm. wide channel.
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A difficulty arising regarding the comparison of SET A 

results on the 150 mm. wide channel and later sets is 

the distributor blockage already mentioned. The same 

distributor was used throughout the tests on the 150 m. 

channel, and obviously it was becoming progressively 

dirtier. The implications of this are fully discussed 

in Chapter 4. Before the tests on the 100 mm. wide 

channel were begun, the distributor in the channel and 

both receivers was changed. The tests were all 

completed as quickly as possible so that blockage of 

the distributor should not be a variable. With the 

extractor fan installed in the rig enclosure, little 

dirtying takes place; the first distributor suffered 

most of its damage when the rig was not enclosed, and 

more dust was present, both rig-generated, and from 

other sources. 

Processing of results 

3.3.4.1 Constant depth tests 

The experimental readings obtained during 

constant depth tests are:- 

Bed depth 

Fluidising velocity 

and for each value of solids mass flow rate: 

Channel slope 

Pressure differential across test section 

Fluidising air temperature and humidity. 

These basic measurements are converted into 

values of shear stress and shear rate by use 

of the expressions of CALDWELL and BapBrrr!
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also used by BOTTERILL’°. 

These are: 

Shear stress t= RAP (3.7) 

L 

Shear rate Y= oa (3.8) 

The factor of 2 in equation (3.8) is strictly 

only applicable to the effect of drag at the 

wall of a circular tube, however the use of the 

hydraulic radius concept modifies the expressions 

for non-circular sections. It is also implicit 

in the derivation of equation (3.7) that the 

shear stress is equal on all "wetted" walls; 

evidence suggests that in a fluidised bed 

this is not always so. This point will be 

discussed inChapter 4. 

Pursuing the liquid analogy further, the con- 

ventional Darcy friction factor may be obtained 

thus: 

Chezy coefficient for open channel flow 

e “RS (3.9) . 

and Darcy friction factor 

f= 8, (3.10) 
e 

The average linear flow velocity in the channel 

is easily obtained 

Von (3.11) 
BA. 

Equations (3.7) and (3.8) may be plotted as the 

normal shear stress/shear rate curve, to which
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the power law equation 

t= Ks) (3.22) 
is easily fitted using numerical methods to 

obtain values of the constants. The constant 

K' is effectively the viscosity of the bed, 

having units of men wie: and the index n' 

indicates the extent of the non-Newtonian 

behaviour, values of n' less than unity 

indicating pseudoplastic or shear thinning 

behaviour,and values of n' greater than unity 

indicating dilatant or shear thickening 

behaviour. 

Given the above quantities, it is now possible 

to evaluate the generalised Reynolds Number 

Yep a 1p (3.13) 

where Z = xe” et 

which can then be plotted in the conventional 

form of friction factor/Reynolds number 

correlation. 

Constant slope tests 

During these tests, the measurements taken are: 

Channel slope 

Fluidising velocity 

And for each value of solids mss flow rate: 

Bed pressure drop (and hence height) 

Pressure differential across test section 

Fluidising air temperature and humidity. 

To make use of these results in the manner of 

BESSANT, the values of mass flow rate mst be
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converted into volumetric terms. This is done 

using values of density obtained from the 

small bed tests mentioned earlier. The plot 

of density against bed height for various 

fluidising velocities is contained in Appendix 

4. Volumetric flow rate is then plotted against 

bed height for various angles of inclination 

and fluidising velocities. Appendix 2 shows that 

according to the modified one-dimensional theory, 

the slip velocity at the base is equal to the 

gradient of this curve at the origin (h = 0), 

and that shear stresses and shear rates can also 

be obtained from this plot: 

Shear stress 1 = Pp gh sind (3.14) 

Shear rate = “21) - Ve (3.15) 

ah 
h 

where Vs is the slip velocity. 

Thus it should be possible to obtain shear 

curves from the graphs of Q against h. The 

method used by BESSANT was to obtain a computer 

curve fit for the data of QQ against h in order 

to obtain local gradients which allowed the 

calculation of slip velocities and shear rates. 

This was clearly time-consuming, and in the 

author's opinion, not strictly necessary. In 

the Bessant airslide rig, a series of calibrated 

orifices was used to indicate mass flow rate, 

and thus the results must be open to some doubt 

due to the impossibility of maintaining a
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constant head of solids over the orifice. It 

is also stated that the computer curve fit 

often did not pass through the origin on the 

Q,/n curve, although the errors in this are 

not stated. 

In view of the still largely unproven nature 

of the modified one-dimensional theory, the 

author decided to use simple numerical techniques 

to evaluate local gradients. The lower sections 

of the Q,/n curves were drawn to a large scale 

to mke this as accurate as possible, and the 

forward difference technique used to evaluate 

slip velocities. The central difference method 

was used for other points on the curves. 

3.3.5 Solids sampling 

The method of solids sampling has already been described 

(3.3.2). The samples taken were carefully sieved by 

hand and by placing the test sieve stack on a Endecott 

Model A test sieve shaker. Weighing of individual size 

fractions was done on an Oertling TPLO balance. 

Plotting of size distributions is done in conventional 

histogram form, and the mean particle size evaluated 

is the surface mean, defined as 

20 
<w/a 

where <W is the sum of the percentages of different size 

fractions present in the sample, ideally 100. 

d is the mean sieve size for the particular size fraction. 

For example, say x% of the sample is between ay migrons 

and a, microns, the nominal sizes of the two sieves used,



then 

Sean = aid 

and w/a = =) Ocean for each band between two sieve 

sizes. 

The results for all the samples taken are not presented 

here, but Appendix 6 tabulates the mean particle size 

of each sample, and the amount of each sample which is 

above 250 and 300 pele This data was needed as part of 

the investigation of the phenomenon of segregation in 

the flowing bed.
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Discussion of results 

As the results obtained fall into several different categories, it 

4s convenient to discuss them in this way. Initial sections will 

describe the ranges of behaviour observed, and the mgnitudes of 

the quantities involved, without any attempt at explanation. This 

is done in a later section. 

Aol Constant depth tests 

4.1.1 Shear curves 

Before commencing the discussion of the shear curves 

obtained, it is necessary to make some general 

observations on their form. The shear stress/shear 

rate data is plotted on logarithmic scales, on 

which the pseudoplastic, or shear thinning, type of 

relationship which characterises most of the shear 

curves appears as a straight line. The slope of this 

line is representative of the degree of non-Newtonian 

behaviour, and hence of the power law exponent n', 

and the position of this line is governed by the 

effective viscosity, the power law constant k'. 

The results obtained from constant depth tests show 

the fluidised bed to be pseudoplastic in nature over 

most of the range of shear rates used. However, at 

the lower end of the shear rate range the behaviour 

is subject to some variations. 

The initial set of results taken using a channel width 

of 150 mm (SET A) contained insufficient data for many 

conclusions to be drawn from it. The trends shown 

by this set were: 

1) At the highest fluidising velocity (4.65 Une)
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hear rate relationships were 

substantially linear for all the bed depths 

used. 

2) At somewhat lower fluidising velocities 

(3.49 and 2.56 Une) the shear curves for a bed 

height of 27.5 mm were shear thinning at the 

lower end (that is, the linear portion was 

approached from above, and thus the viscosity 

was falling) and those for a bed height of 

40 mm were shear thickening at the lower end 

(that is, the linear portion was approached 

from below, and thus the viscosity was increas- 

ing). 

3) At the lowest fluidising velocities (2.1 and 

1.87 U at ) some kind of “transition” region 

occurred between two substantially linear 

sections. 

It is convenient to describe the shear thinning lower 

portion of the shear curves as pseudoplastic, and the 

shear thickening portion as dilatant. Thus, where 

the terms linear, pseudoplastic and dilatant occur 

in this discussion they will, unless otherwise stated, 

refer to these shapes on the logarithmic shear stress- 

shear rate plots. 

It was obvious after the first set of results was 

analysed that much more data was required before 

conclusions could be drawn with any conviction. It 

was equally clear that an improved experimental 

technique was required. In SET A, at any given



fluidising velocity, the results for one depth were 

taken with the shear rate increasing, and those for 

the other depth ee taken with the shear rate 

decreasing, and thus it was not possible to tell what 

influence this might exert on the shape of the shear 

curves. In later sets of results, readings were taken 

at each bed depth with the shear rate increasing and 

decreasing. 

The trends which were isolated from the later sets of 

results (B, C, D and E) were: 

1) Results taken at 4.65 Up with a bed height of 

27.5 mm again showed a linear relationship, 

but did not compare well with set A, where the 

bed depths used were 14.9, 21.5 and 35.0 mm. 

The new, SET B results showed the bed to be more 

viscous than before, as demonstrated by the 

position of the shear curve in relation to 

those of SET A (figure 4.14). 

2) The lower portions of the curves show a range 

of behaviour. At high fluidising velocities 

the behaviour is dilatant for both bed depths. 

As the fluidising velocity falls, the curve for 

a bed height of 27.5 mm becomes pseudoplastic, 

to be eventually followed by that for a bed 

depth of 40.0 mm as the fluidising velocity 

falls even further. 

3) The curves exhibited "hysteresis", that is, 

the path of the curve when the shear rate 

was increasing differed considerably from that 

when the shear rate was decreasing. The 

downward path was always dilatant ‘in shape.
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4) The results taken at 2.1 and 1.87 Une gain 

showed transition regions. Several tests 

were done at 1.87 Une especially, and whilst 

all the curves exhibited this transition, it 

was of varying severity, and occurred in a 

slightly different position each time. 

5) The amount of"hysteresis"present seemed to 

diminish as the fluidising velocity increased. 

The results obtained using a channel 100 mm wide 

confirmed the above observations. In this case, 

however, in addition to the bed depths of 27.5 and 

40 mm used in earlier tests, a depth of 55 mm was 

also used. The behaviour apparent was: 

1) At the highest fluidising velocity (5.45 U,,) 

the curves were dilatant at the lower ends for 

all bed depths. As before, as the fluidising 

velocity was reduced, the curves reverted to 

pseudoplastic, starting with the lowest bed 

depth. 

2) "Hysteresis" was again less marked at high 

fluidising velocities, and seemed to be less 

at greater bed depths. 

As already stated in Chapter 3, it was found that a 

power law adequately described that portion of the 

shear stress - shear rate graphs which appeared 

linear on the logarithmic plot. Such a power law 

was fitted to each line using regression analysis 

and the values of k' and n' obtained, effective 

viscosity and non-Newtonian index respectively, are
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shown in table 4.1. Clearly there is some error 

inherent in this process, mainly due to the selection 

of points to be included in the line fitting procedure; 

equally clearly it is very difficult to estimte this 

error, but it should be acceptably low. Examination 

of table 4.1 reveals thatwith a channel width of 

150 mm, the power-law section was pseudoplastic 

in nature (n'<1) and in fact departed relatively 

little from Newtonian, the minimum value of n' being 

0.715, and n' falling below 0.8 in only six out of 

the twenty sets of conditions. The results taken 

using a channel width of 100 mm again show comparative- 

ly little departure from Newtonian, but in this case, 

dilatant behaviour (n'>1) seemed to be evident at 

the lowest bed depth throughout the range of tests. 

Greater bed depths were again pseudoplastic, the 

lowest value of n' being 0.853. 

Also contained in table 4.1 are values of apparent 

viscosity t/¥, these being mean values of this 

ratio over the section which was linear on the logarith- 

mic shear stress-shear rate plot. These values of 

apparent viscosity, in the derivation of which the 

assumption of Newtonian behaviour is implicit, are 

compared with the values of effective viscosity, 

obtained from the power law, by taking the ratio of 

the two, this ratio again being shown in table 4.1. 

These two quantities are not strictly comparable, 

as their units differ somewhat, those of T/¥ being 
' 

Na/ar and those of k' being Ns” [ue However, as
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a 60" 

the total variation of n' is between 0.715 and 1.313, 

it was thought that the comparison between the two 

quantities could still prove interesting, providing 

that the dimensional inequality was borne in mind. 

Relationship between effective and apparent viscosity 

As expected, the relationship between effective 

viscosity (k') and apparent viscosity (T/ ¥) depends 

upon the non-Newtonian index n'. Figures 4.25 and 

4.26 show the variation of both with fluidising 

velocity. Apparent viscosity varies little with 

fluidising velocity, showing the slight fall with 

increasing fluidising velocity that one would 

perhaps expect, whereas effective viscosity is subject 

to an apparently random variation. However, it is 

difficult to assess whether this is a real variation, 

or whether it is partially or totally due to the 

experimental and mathematical techniques used. it 

should also be stated that values of k' are not strictly 

comparable one with another due to the corresponding 

values of n' being different. It is, however, not 

possible to tell whether the variation evident in k' 

is entirely due to changes in n'. In spite of this 

it is perhaps worth noting that figure 4.27, which 

shows the variation of the ratio k'/t/¥ with index 

n', is of the form expected; that the ratio diverges 

substantially from unity for quite small movements 

away from unity of n', a change in n' from 1.0 to 

0.83 causing a doubling of this ratio. Thus, 

apparent viscosity can be extremely misleading where 

any degree of non-Newtonian behaviour is expected.
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This effectively rules out the use of this quantity 

for fluidised beds, which the present study, as 

well as others, has shown to be almost always non- 

Newtonian to some extent. 

When n' is less than unity, figure 4.27 shows that 

Michaela fite the data obtained. 
t/y (n! yet 

Similarly, when n' is greater than unity 

k! = a 

tly at 0 
  

The author attaches no particular significance to 

the figures 3.7 and 5.0, merely stating that these 

lines fit the data quite well. 

The data obtained has shown the difficulty arising 

in attempts to obtain a sensible value for the 

viscosity of a fluidised bed. Should one use the 

apparent viscosity T/y¥ which takes no account of non- 

Newtonian behaviour, or the so-called effective 

viscosity, values of which cannot be compared one 

with another due to the different values of non- 

Newtonian index involved each time? It would seem 

at the momentthat the effective viscosity k' is the 

best to use, but the incompatibility of the values 

obtained, due to the difference in units in each case, 

must be considered most carefully when it is used.
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quantity | Us h n’ K’ ([) mean 7 

UNITS cm/s mm = Ne®/m® | Ne/m? tet 

17.9 w.9 0.863 0.069 0.0306 | 2.255 

w= 150 21.5 0.819 0.128 0.0564 | 2.27 

SET A 35.0 0.839 0.149 0.0748 | 1.992 

13.45 27.5 0.848 0.151 0.0781 | 1.953 

40.0 0.81 0.221 0.108 2.046 

9.85 27.5 0.948 0.105 0.0863 | 1.217 

40.0 0.80 0.283 0.1302 | 2.174 

w = 150 17.9 27.5 0.715 0.356 0.1049 | 3.594 

SET B 16.1 27.5 0.803 0.268 0.113 2.372 

40.0 0.75 0.361 0.139 2.597 

14.3 27.5. 1.0 0.108 0.107 1.009 

40.0 0.904 0.21 0.145 1.448 

11.65 2755 0.998 0.113 0.112 1.009 

40.0 0.926 0.202 0.153 1.32 

9.85 27.5 1.0 0.116 0.115 1.009 

40.0 0.931 0.201 0.155 1.297 

9.0 27.65 0.761 0.33 0.116 2.845 

40.0 0.751 0.39 0.15 2.60 

8.1 27.5 0.771 0.307 0.111 2.766 

40.0 0.766 0.388 0.156 2.487               
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quantity | Uf h n’ K’ (oa) as 

UNITS cm/s mm - Ne"/m? | Ne/m® ane 

w= 100 21.0 27.5 1.04 0.048 0.0574 | 0.836 

40.0 1.083 0.067 0.0936 0.716 

55.0 0.974 0.116 0.1502 | 1.105 

18.85 27.5 1.313 0.15 0.0682 0.22 

40.0 0.978 0.112 0.0918 1.22 

55.0 0.915 0.203 0.1479 | 1.373 

17.9 27.5 1.10 0.044 0.0701 0.628 

40.0 0.924 0.15 0.1107 1.355 

55.0 0.951 0.198 0.1655 | 1.196 

16.1 27D 1.198 0.027 0.07 0.386 

40.0 0.99 0.112 0.1075 | 1.042 

55.0 0.857 0.274 0.1607 | 1.705 

14.3 2705 1.126 0.042 0.0764 | 0.55 

40.0 1.00 0-115 0.1158 0.993 

55.0 0.927 0.217 0.1658 1.309 

13.45 27.5 1.053 0.068 0.0874 0.778 

40.0 0.913 0.177 0.124 1.427 

55.0 0.872 0.284 0.1774 1.60 

11.65 27.5 1.206 0.036 0.0932 | 0.386 

40.0 0.921 0.173 0.1256 | 1.377 

55.0 0.865 0.286 0.174 1.644 

9.85 27.5 1.208 0.042 0.1087 | 0.386 

40.0 0.896 0.206 0.1349 | 1.527 

55.0 0.875 0.289 0.1858 || 15555 

9.0 27.5 1.088 0.076 0.1134 | 0.67 
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QUANTITY Ur h n’ K’ ([) mean re 

UNITS om/a mm E Ne™/m? | Ne/m® ant 

40.0 0.983 0.153 0.1428 1.071 

' 55.0 0.928 0.257 0.199 1.291 

8.1 27.5 1.133 0.075 0.128 0.586 

40.0 0.864 0.27 0.1558 | 1.733 

55-0 0.853 0.357 0.2117 | 1.686 
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Friction factor data 

The procedure used to evaluate Darcy friction 

factors was described in Chapter 3. Initially 

curves of friction factor against channel flow 

velocity were plotted for each combination of 

fluidising velocity and bed depth. However, it 

seemed that all these lines were tending towards a 

common one at high channel velocities, and accordingly, 

all data was plotted on one set of axes, the resultant 

graphs for the two channel widths being figures 

4,28 and 4.29. There is considerable scatter on 

these graphs at low velocities, but the data does 

tend quite well to a common line above a channel 

velocity of about 0.2 m/s. Regression analysis was 

used to fit straight lines through the data for each 

channel width, points which were some distance away 

from the visually best line being neglected for this 

purpose. The equations resulting were: 

150 mm wide channel 

fs, 60.0715 for 460 data points 

te (462 total) 

100 mn wide channel 

fame 050) for 426 data points 

U4 (485 total) 

If it is considered that the difference between these 

is sufficiently small for all data to be fitted to 

one line, the resultant equation is: 

f = 0.0 for 886 data points 

U (947 total)
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Again the author attaches no particular significance 

to the values of the constants, although it is clear 

that the lines are almost at 45° on the logarithmic 

friction factor - velocity plot, that is, that friction 

factor is very close to being inversely proportional to 

flow velocity. 

In spite of the scatter evident, these plots of 

friction factor against velocity would seem to have 

some usefulness to anyone contemplating the design of 

a@ system similar to the one used in this study. A 

commercial system is likely to operate at fairly high 

velocities, and in this region the correlation 

established will predict the friction factor to within 

about + 25%. This seems a large margin, but the use 

of this correlation will at least show the designer 

the region of friction factors in which he is working. 

A well known relationship in liquid flow is the 

laminar flow region one between friction factor and 

Reynolds number. As already stated, for the non- 

Newtonian fluidised bed, the modified Reynolds 

number of Metzner and Reed was used, as it has been 

by other workers, notably Botterill in his channel 

flow experiments. The graphs of friction factor against 

modified Reynolds number are shown in figures 4.30 

and 4.31. The agreement with the well known 

relationship f = 64/Re is good. 

To evaluate modified Reynolds number, values of 

n' and k' are required for each point. For the 

linear portions of the shear stress - shear rate



relationship single values can be used for all 

points on the line, but for the curving sections 

individual values mst be evaluated for each point 

from the tangent to the curve at that point. 

The good agreement of the data with the laminar 

flow liquid relationship f = 64/Re, also found by 

Botterill, must surely be a powerful argument in 

favour of the liquid analogy approach to the study 

of flowing fluidised beds. This agreement would 

also seem to suggest that the use of the relationship 

suggested by Straub, f = K_ where K is given as a 

function of aspect ratio s figure 3.2, is not 

strictly necessary for correlation of the data. It 

should be said, however, that the aspect ratios used 

in this study are not sufficiently wide ranging to 

cause much variation in kK, the limiting values of 

which are 66.8 and 57 for the great majority of the 

data. Only for the lowest bed depth used, 14.9 mm, 

does the corresponding value of K aiffer greatly from 

64, being 76.5 in this ease. As the values are not, 

except in this one case, greatly different from 64 

it is not possible to state categorically whether 

the use of the Straub relation is necessary in 

flowing fluidised beds or not; however, it would 

certainly appear that its use is not necessary to 

establish correlation of data unless the bed is very 

wide and shallow, the correlation f = 61/Nop being 

simpler, and acceptably accurate elsewhere. 

The relationship between friction factor and Reynolds 

number is linear up to the maximum Reynolds number
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used of approximately 4400, showing no tendency 

towards another flow regime. Thus it would seem 

that the flow throughout the present study was 

analogous to laminar flow. It is doubtful that the 

descriptions “laminar” and "turbulent" can be 

applied with any real meaning to a fluidised bed, 

and although this study does not offer definite 

proof, it seems likely that the fluidised bed has only 

one regime of flow. Certainly, it should ease the 

designer's task to know that friction factor can be 

reliably predicted up to Reynolds numbers of the order 

of 5000. Single regime Reynolds numbers of this 

magnitude are highly unusual. The fact that the 

flowing fluidised bed follows the laminar flow 

correlation up to such high values clearly suggests 

that the flow resistance mechanism of the fluidised 

bed is fundamentally different to that of a liquid. 

In liquid flow, when the transition from laminar 

to turbulent flow takes place, the flow moves from 

a viscous friction dominated regime to an inertia 

loss dominated one. It would seem that in a flowing 

fluidised bed this does not occur; certainly it does 

not occur within the range ofReynolds numbers used 

in this study, a range which one would expect to 

include the laminar/turbulent transition in any more 

normal non-Newtonian flow. It would seem that 

viscous friction losses, composed of shearing at the 

containing walls and inter-particle friction, continue 

to dominate the fluidised bed up to extremely high 

Reynolds numbers.
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In an attempt to explain this, it is necessary to 

briefly examine turbulence in liquid flow. When 

turbulence, swirling and eddying, occurs in liquid. 

flow, local areas of turbulence interact and a good 

deal of kinetic energy is dissipated. Areas of 

liquid will be alternately accelerated and decelerated, 

requiring energy, and where liquid instantaneously 

contacts a wall, it will be brought to rest, requiring 

further energy to accelerate when it leaves the wall. 

It my be reasoned that this process is totally 

different in a fluidised bed. It seems possible that 

when particles are thrown into contact with each other, 

or with a wall, they will "bounce" and retain much of 

their kinetic energy,and thus the flowing bed will 

require less energy to keep it moving at high speed. 

This explanation does not suggest that kinetic energy 

losses will never attain sufficient proportions to 

result in a transition to another flow regime, merely 

that this may be delayed until Reynolds numbers of 

the order of eight to ten thousand are reached. If 

this is so, then the resultant friction factor will 

be very much lower than that apparent in a liquid at 

the same Reynolds number. This would mean that the 

power required to drive a fluidised bed would be 

lower than that necessary to pump liquid at the 

same Reynolds number, which could make the use of 

fluidised solids as a heat transport medium very 

attractive. 

This particle "bounce" theory is partly supported by 

evidence obtained during a study of the pressure drop
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characteristics of beds of a variety of materials". 

If bed pressure drop is plotted against fluidising 

velocity, one would normally expect it to approach 

quite closely to the weight of the bed of particles. 

Some experiments, especially a series using steel 

shot, have shown that the pressure drop falls well 

short of the bed weight, that is, that less energy 

is expended in fluidising the bed than one would 

expect. The suggestion that particles may “bounce” 

on the distributor could explain this, as less 

energy is required to keep an object bouncing off a 

horizontal surface than is required to hold it 

suspended. As yet, this is only a tentative 

suggestion, but it seems at least a partial explanation 

for the characteristics observed, both regarding the 

static and flowing beds. 

Solids samples 

It was thought that a possible explanation for the 

"hysteresis" effect apparent in the shear stress - 

shear rate curves was a restructuring of the bed as 

the channel flow velocity increased. Visual 

observations suggested that this was associated with 

considerable segregation at low fluidising velocities, 

that is, larger particles settling out on the 

distributor. Attempts were made to confirm this by 

taking samples from the bed as described in Chapter 3. 

The relevant results of the size analyses of these 

samples are tabulated in Appendix 6, and the analyses 

of three samples, one from the channel, and one from 

each receiver are shown compared with a sample of
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unused sand in figures 4.32, 4.33 and 4.34. 

All samples taken from the channel at low fluidising 

velocity contain many more large particles (above 

250 jum) than the unused sand, this being sufficient 

in most cases to raise the mean particle size 

somewhat, as shown in figure 4.32. Samples taken 

from the channel at high fluidising and channel flow 

velocities show no such trend, having size 

distributions close to that of the unused sand. 

Samples taken from the two receivers show that there 

is a marked tendency for large particles to collect 

in these components; figures 4.33 and 4.34 show this 

clearly. It seems likely that the segregation 

apparent in the channel would be even more marked 

but for the build-up of large material in the 

receivers. When the rig is stopped after a test, 

@ layer of large particles remains in the receivers. 

Clearly this is a design problem of some magnitude 

as well as an experimental one. In a system where 

the material flows only once through, the problem 

should not be large, although it seems likely 

that large particles will still collect in the 

receivers regardless of the fluidising and flow 

velocities used. In circulating systems, the 

problem is serious, and it can change the size 

distribution of the material circulating over a 

period. This was confirmed by taking samples ofthe 

circulating sand at the weighfeeder exit after the 

rig had been running for some time at high and low 

fluidising velocities. These results are shown in
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figure 4.55, sample cl, being that taken after high 

fluidising velocity running. This sample contains 

more large material, 14.3% being above 250 wm against 

10.5% in sample CI. Whilst not conclusive, this 

would seem to at least partially confirm that more 

large material is kept in circulation at high 

fluidising velocities. 

The technique used to obtain samples from the channel 

is simple, and far from ideal. It would be preferable 

to take samples at various levels in the bed, but 

it is difficult to see how this could be accomplished. 

However, the samples taken do seem to confirm the 

visual observation that large particles settle on the 

distributor at low fluidising velocities,and that this 

effect is much less marked, or totally absent, at 

higher fluidising velocities. The deposition of this 

layer is also dependent on the channel flow velocity, 

the effect again being much less when this is high. 

If the fluidising velocity is such that this layer 

exists at low channel velocities, it is progressively 

swept away as the velocity increases. However, if 

the velocity is decreased again, the layer will very 

soon re-establish itself. Obviously, in designing a 

flowing system, this must be borne in mind when 

operating conditions are being chosen. 

It is also true to say that under conditions of very 

high fluidising velocity, significant amounts of 

small particles can be lost from the rig. This loss 

takes place from the channel itself, and at other 

points in the circuit, notably at the base of the
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hopper at the lower end of the channel where the 

material falls onto the conveyor belt. Some loss 

also takes place at the weighfeeder, where very fine 

particles adhere to the belt, probably because of 

electrostatic charge, and are scraped off the lower 

run by & blade provided by the manufacturers for 

this purpose; obviously this loss is not a function 

of fluidising velocity unless the charges generated 

are some function of this, which seems a possibility. 

The results of this loss of fine material, when taken 

to extreme, are shown by samples cls, to Clg (Appendix 

6) where the mean particle size is raised by the loss 

of fines after an extended period of running at very 

high fluidising and flow velocities. 

The conclusions drawn from the materials samples and 

observation of the channel may be summarised as: 

2) Considerable segregation of large particles 

takes place at low fluidising and flow velocities. 

Increase in either quantity will cause dispersion 

of this layer which will, however, soon re- 

establish itself upon reduction in fluidising 

or flow velocity. 

2) Layers of large particles are deposited in 

both receivers under all conditions. 

3) Loss of small particles may be significant at 

very high fluidising velocities. 

Discussion of data 

The experiments performed have shown that the flowing 

fluidised bed can exhibit a range of rheological 

behaviour depending upon the operating conditions.
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Under operating conditions must be included fluidising 

velocity, channel flow velocity, bed depth and bed 

width. Other parameters which my affect the flow are 

the humidity and temperature of the fluidising air, 

and the size distribution, shape and density of the 

particles used, although the influence of these is 

outside the scope of the present study. 

The key to the understanding of the flow of a 

fluidised bed such as that used here lies in the 

interpretation of the shear curves. The questions 

which must be snswered concerning these are: 

1) What governs the nature of the min section 

of the curve (that which is linear on the 

logarithmic plot). 

2) How does this section change with changes in 

bed height and widta. 

3) What governs the shape of the lower sections 

of the curves (shear thinning or shear 

thickening). 

4) What is the cause of the "hysteresis" 

apparent in the curves. 

5) What is the cause of the "transition" regions 

evident at low fluidising velocities. 

Firm answers to these questions are-difficult, if not 

impossible, to find at the present time. In some 

cases, it is clear that further work will be necessary 

before the present tentative explanations can be 

proved or disproved.
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The main section of the typical shear curve appears 

linear on the logarithmic plot. Its slope determines 

the nature of the flow in this region, whether 

pseudoplastic (n'< 1), Newtonian (n' = 1) or 

dilatant (n'>1). There seems little reason to 

suppose that the bed is other than quite Newtonian 

at high fluidising velocities and shear rates. 

Although the values of n' would seem to suggest 

otherwise, comparison on this basis can be slightly 

misleading. Although, for reasons of space and to 

avoid unnecessary repetition, shear curves are not 

presented plotted on linear axes such plots do show 

the shear stress - shear rate relationship to be 

substantially linear in ite upper range. This is so 

throughout the range of fluidising velocities and 

bed aspect ratios. The values of n' obtained suggest 

that the bed may be pseudoplastic (most of the range 

of results) or dilatant (the lowest bed depth and 

narrowest channel for all fluidising velocities) 

butthe departures from Newtonian are not large, the 

values of n' mostly ranging between 0.8 and 1.2, 

except for one or two results which it seems reasonable 

to regard as exceptions. Evidence from other sources 

would suggest that the fluidised bed tends towards 

Newtonian at high fluidising velocities and shear 

rates, and the data obtained in this study seems to 

confirm this. As the fluidising velocity falls, the 

bed tends to assume increasingly pseudoplastic 

nature, increases in bed depth also tending to 

increase this. This is no doubt due to the inferior
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quality of fluidisation in deeper beds, with more 

bubbling, allied to the obvious decrease in particle 

mobility and interparticle lubrication caused by & 

decrease in air flow. This deterioration in quality 

happens at low shear rates, but it has been suggested 

that increasing shear rate can improve fluidisation 

by suppressing bubbling, causing more air to pass 

through the dense phase, with an associated increase 

in interparticle lubrication. This could explain the 

shear thinning behaviour, and this explanation is 

reinforced by the author's observations that the bed 

does indeed appear to bubble less, and flow more 

smoothly at higher shear rates, in most cases (see 

section 4.3). 

Thus it seems reasonable to conclude that at high 

shear rates the flowing bed is substantially 

Newtonian or slightly shear thinning, depending on 

fluidising velocity. At first sight, the values of 

viscosity do not compare well between the two channel 

widths under the same conditions. However, comparison 

of the values of k' is misleading here, as they cannot 

strictly be compared unlessthe value of n' is the 

same in the two cases. The best way to compare 

results from the two channel widths is to plot the 

shear curves on the same axes. Here again, comparison 

of the later results from the 150 mm wide channel 

with those from the 100 mm wide channel shows 

surprising differences, the bed being considerably 

more viscous in the wider channel. However, there 

is evidence that the blockage of the distributor due
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to dust in the fluidising air is a factor in the 

later results on the 150 mm channel (SETS B, C, D 

and E). Only SET A, taken when the distributor was 

clean, is directly comparable with the 100 m 

channel results, also taken when a new, clean 

distributor had been installed. Unfortunately, it 

is only possible to compare a few results due to the 

lack of data in SET A. However, these results are 

quite comparable, as shown in figures 4.42 and 4.43, 

the differences probably being attributable to 

differences in experimental technique, and experi- 

mental error. This comparison seems to confirm the 

observation of other workers that fluidised bed flow 

is mich more affected by changes in bed depth than 

by changes in bed width. This seems to suggest that 

under most conditions wall friction is considerably 

greater than base friction. 

The blockage of the distributor, with its adverse 

effect on the quality of fluidisation, accounts for 

the discrepancy between SET A and later results on 

the 150 mm channel, highlighted by figure 4.14, a 

comparison between the shear curves taken at three 

bed depths (SET A) and later at an intermediate 

depth (SET B). This shows that the bed is much more 

viscous in the later sets of results, and serves to 

illustrate the serious effects of allowing dustto be 

carried by the fluidising air. As mentioned else- 

where this problem is, happily, not now of such large 

magnitude as it once was. 

The shape of the lower sections of the shear curves



is open to a great deal of interpretation, and it is 

not possible at this stage to put forward firm 

explanations for the rangeof behaviour observed. 

At high fluidising velocity, especially at low bed 

depth, the bed behaves in a shear thickening way. 

At least one viscometer eeutye has detected the 

presence of an inviscid layer close to the distributor, 

when this is of the porous type. It seems likely 

that this will exist also in the channel used in these 

experiments, at least under some conditions. This 

layer will be gradually swept away as the channel 

velocity increases, thus increasing the base 

resistance, and giving rise to shear thickening. As 

the fluidising velocity is decreased, this type of 

flow gives way first to substantially Newtonian 

behaviour throughout the range of shear rates,and 

then to shear thinning behaviour as the fluidising 

velocity is further decreased. This is consistent 

with the inviscid layer explanation, as considerable 

air flow is likely to be necessary to establish this 

inviscid layer. If this is not present, then the 

bed reverts to high drag at low shear rates, the bed 

thinning as shear rate increases due to the bubble 

suppression, with associated expansion, decrease in 

density and increase in interparticle lubrication, 

mentioned earlier. 

It is, however, slightly more difficult to explain 

why this changeover in mechanisms as fluidising 

velocity is reduced begins with the shallowest bed. 

This suggests that the inviscid layer is lost more
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easily in the shallowest bed, and remains lower in 

the range of fluidising velocity in the deepest. bed. 

It is possible that the increased pressure drop and 

inferior fluidisation of the deeper bed allows 

the retention of sufficient air close to the 

distributor to create this inviscid layer even at quite 

low fluidising velocities, but clearly, more work 

on this aspect is necessary before it can be explained 

really satisfactorily. 

As already mentioned, the shear curves display some 

"hysteresis" between the upward and ‘downward paths. 

The above discussion of the shape of the lower sections 

of the curves applies mainly to the upward path, the 

downward one almost always curving down in a shear 

thickening way. It seems likely that this “hysteresis” 

is due to a restructuring of the bed which takes place 

as shear rate increases. The behaviour of thelower 

sections of the shear curves as shear rate increases 

has already been dealt with. From data obtained 

from solids sampling (see Section 4.1.4) it is 

clear that this behaviour is further complicated by 

the presence of a segregated layer of large particles, 

especially at low fluidising velocities and shear 

rates. This is dissipated to a large extent by 

increase in fluidising velocity, and is progressively 

swept away as shear rate increases. This phenomenon 

is again consistent with shear thinning behaviour 

at low fluidising velocities and shear rates.
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However, whether the mechanism of flow at low shear 

rate is that of the "inviscid layer" or a 

combination of the "bubble suppression", and 

"dispersion of segregated layer" mechanisms, the 

end result is the same. A total reorganisation of 

the bed as shear rate increases leads to free-flowing, 

low viscosity, substantially Newtonian behaviour 

at high shear rate. Once the bed has achieved this 

state, mobile, with low drag and a good deal of air 

passing through the dense phase, it is reluctant to 

give it up. As the shear rate is decreased once 

again, it loses its free-flowing character only 

slowly, continuing to behave in a substantially 

Newtonian way, or the viscosity may even fall 

slightly. It is possible that at very low shear 

rates the bed will revert quite quickly to its 

initial state,that is, that it will suddenly "jump 

back" to the upward-going path, but no evidence of 

this is apparent in these tests. It is difficult to 

explain this restructuring in more concrete terms, 

but there seems little doubt of its existence in 

the light of the results obtained. The "hysteresis" 

is less pronounced at high fluidising velocities, 

tending to reinforce this hypothesis; at high 

fluidising velocities the segregated layer will be 

smaller, or altogether absent, and the bed will 

already be quite mobile so that less alteration in its 

structure takes place as shear rate increases. 

The"transition" regions of the shear curves at low 

fluidising velocity can also be explained in similar
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terms. When these were first encountered, it was 

thought that they might indicate a movement between 

two flow regimes analogous to laminar and turbulent, 

but, as already mentioned, it now seems likely that 

a fluidised bed has only one regime of flow, certainly 

up to the limiting value of Reynolds number used in 

these tests of approximately 4400, and that the 

"transition" in fact occurs between two qualities of 

flow. At low fluidising velocity and shear rate, 

segregation of large particles is severe; sufficiently 

so for the layer to act as a secondary distributor, 

disturbing the air flow and having a deleterious 

effect on fluidisation quality. At low Pluidising 

velocity, the bed would not flow freely in any event, 

but this additional effect means that flow is very 

poor at low shear rates. As this is increased, 

the segregated layer begins to be swept away, and 

more air begins to be trapped in the bed, these two 

leading to a dramatic improvement in the flow. In 

several cases, the bed has been observed making this 

"transition". At constant slope and mass flow rate, 

the bed depth is initially stable, and then suddenly 

begins to fall quite rapidly, before again becoming 

stable atthe lower value. The inclination of the 

channel must then be reduced to bring the bed depth 

back to its original value. When observed, this is 

quite remarkable, and is aecompanied by a visually 

discernible improvement in the quality of the flow. 

It seems that it can only be due to the dispersal 

of the segregated layer, with its attendant 

dramatic improvement in bed uniformity and fluidisation



4.2 

- 87 - 

quality. The fact that the "transition" occurs at 

slightly different points on the shear curve and is 

of somewhat different magnitude in each test 

(figure 4.1) is attributable to the difference in 

initial structure of the bed in each case, and the 

differing severity of the segregation present. This 

would suggest that at low fluidising velocity, the 

initial flow depends on such things as the way in 

which the bed was collapsed at the end of the 

previous test, and the length of time which the bed 

has been defluidised between the tests. Clearly, 

this further complicates the analysis of the flowing 

bed at low fluidising velocity and shear rate, 

adding a further factor to the numerous ones already 

present, and making the job of the designer of a 

system intended to operate in this region even more 

difficult. It can truly be said that, at the moment, 

it is only possible to predict with any hope of 

accuracy the behaviour of a flowing fluidised bed 

when the fluidising velocity is high (in excess of 

255) Une) and the shear rate is also quite high, the 

necessary value of the latter depending on the bed 

depth. 

Constant slope tests 

The technique proposed by Bessant, outlined in Chapter 3, 

was used to obtain slip velocities for the three fluidising 

velocities and three channel slopes used. The results of 

these tests are presented as plots of volumetric flow rate 

per unit width of channel against bed height in figures 

4.36 to 4.38. As already mentioned, it was thought



sufficiently accurate in the first instance to evaluate 

local gradients on these curves by numerical methods. In 

order to evaluate slip velocities, the lower section of 

the curve was drawn to a large scale, and forward difference 

equations were used to obtain the gradient at the origin. 

ist forward difference yy: = Y44, 7 Vy 

Ax 

2nd forward difference y,' = -Yy,o + W4,, - 5. 

2 Ax 

where: yy! = gradient at origin. 

Your Value of 4/w after an interval Ax. 

Yayo Value of Q/w after two intervals 

Vy = Value of Q/w at origin = 0. 

The slip velocities thus obtained are shown in table 4.2. 

To evaluate gradients at points on the curve, to enable 

shear rates to be calculated, the more accurate second 

central difference equation could be used. 

Sie, So Daye a ace 

1 Ax



TABLE 4.2. 

Up cm/s S, mm. w mm. Vs mm/s. 

11.65 50 150 81.3 

100 112.5 

150 150 

9.85 50 86.3 

100 137.5 

150 151.3 

9.0 50 60 

100 105 

150 140 

11.65 50 100 96.3 

100 125 

150 176.3 

9.85 50 150 

100 160 

150 175 

9.0 50 76.3 

100 142.5 

150 175
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This procedure was undertaken, using the expressions in 

Appendix 2 for shear stress and shear rate, initially for 

the set of results Up = 11.65 cm/s., w= 100 m. The 

result is shown in figure 4.39, and amply illustrates the 

breakdown of the theory for bed depths greater than about 

20 mm. The calculations were thereafter restricted to 

depths of 15 mm. or less, the results for all three 

channel slopes being shown in figure 4.0. 

The slip velocities obtained are somewhat higher than those 

of Bessant. He computes a slip velocity of 51.9 mm/s for 

sand at 2.0 Une? using a channel width of 135 mm. and an 

inclination of 0.0375 radians, whereas a roughly comparable 

set of conditions in the present study, 2.34 Ue and 

0.032 radians, yields slip velocities of 105 mm/s. with a 

150 mm wide channel, and 142.5 mm/s with a 100 mm wide 

channel. However, the shear curves of figure 4.40 bear 

little similarity to Bessant's, exhibiting a completely 

different relationship for each channel slope, whereas he 

obtained a single curve embracing data taken at several 

angles of inclination. The cx |culations were repeated for 

other conditions, but the shear stresses and shear rates 

obtained had no meaning, some showing falling shear rates 

as shear stress and velocity were increasing. The lower 

portions of some of the curves of aie against h are shown 

in figure 4.41, and examination of these explains this. 

The lack of data at bed depths below 10 mm. is obvious 

and regrettable, but the difficulty in taking accurate 

measurements here is also clear; it is difficult to 

believe that Bessant did not encounter similar difficulties, 

and indeed his curves stop well short of the origin. The
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results obtained here show that there is not likely to 

be a great change in the gradient of the curve between the 

origin and h = 10 mm. This being so, and the shear rate 

being given by 

¥ = slope mus 
  

h 

then this mst fall as h is increased, the slope and slip 

velocities being substantially constant. 

The shape of the curves also explains the breakdown in the 

theory above bed depths of 20 mm. In this region also, the 

local gradient of the curve is changing little, again 

causing the shear rate to fall as the shear stress is 

increased. Thus it would seem that the above expression 

for shear rate can only produce results which are at all 

sensible when the local gradient of the Q/w against h curve 

is changing rapidly. 

In the light of the results obtained in this study, Bessant's 

ability to produce good shear curves from similar data is 

remarkable; certainly the author has been unable to duplicate 

this. Although the numerical techniques used mst call 

into question the accuracy of the results, it seems unlikely 

that sufficient error would arise from this quarter to 

explain the differences. It is the author's opinion that 

the technique used can at least be said to be so restricted 

in application as to be almost useless. The simplifying 

assumptions made in extending the work of Astarita seem 

now to be unjustified. The most major of these is that 

slip velocity does not change with bed height, that is, 

that a plug-like flow prevails. There seems little real
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justification for this assumption, especially when a range 

of operating conditions is being considered. It seems 

likely that slip velocity will be some function of both 

fluidising velocity and bed depth, this latter variation 

being included in the theory of Astarita. Although this 

makes the analysis much more complex, it seems that this 

must be included before the validity of applying the theory 

to a flowing fluidised bed can be proven or otherwise. 

A further puzzling point concerning the work of Bessant is 

the form of the equation which he states that he fitted 

through the data of Q/w against h. He gives this as: 

Uw = a+ 2B(R)P 

where A, B and R are constants. 

This must pass through the origin, and thus A and B mst 

be equal in magnitude, with opposite signs, but the 

values given do not support this. 

The conclusion which must be drawn from the constant slope 

tests performed in this study is that the slip velocities 

obtained must be viewed with some doubt, due in part to 

the techniques used to obtain them from the experimental 

data. The author has found it impossible to obtain useful 

shear rate data using the simple theory presented here, and 

thus it would seem that the only part of the work which is 

to be relied on is the original flow rate per unit width 

against bed depth data. The comparison of data from the 

two channel widths appears to show that the velocity in 

the wider channel is initially lower than in the narrow one, 

suggesting a higher resistance to flow, and later becomes 

higher than in the narrow one, suggesting a lower resistance 

to flow. It is difficult to see why this should be so, and
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it may be due in part to experimental error. The data 

obtained in the wide channel was, regrettably, taken 

whilst the bed was adversely affected by the distributor 

choking mentioned earlier in this chapter. This could 

well account for the apparently greater resistance to flow 

in the wider channel lower in the range. It may be that 

the greater drag in the narrower channel higher in the mss 

flow range is due to some kind of wall effect, but this 

must clearly be looked at in greater detail before useful 

conclusions can be drawn. 

It must be reluctantly concluded that very little useful 

information has been obtained from the constant slope 

tests performed in this study. The author is not certain 

whether useful data can be obtained from such experiments 

or not; certainly it is his opinion that a much closer look 

at the theory is required before this is possible. 

Visual observations 

Several points of interest have arisen from visual 

observation of the bed during the programme of tests. Some 

of these are to a large extent unexplained at the moment, 

whilst it seems likely that others are what might be called 

rig effects, that is, they occur because of some physical 

characteristic of the rig, and are not general phenomena 

encountered in flowing fluidised beds. Nevertheless, an 

appraisal of the visual observations taken demonstrates, 

at least, the complexity of a flowing fluidised bed. 

The first, and perhaps most interesting, of these phenomena 

is that which the author and his colleagues style the 

"hydraulic jump". Although nol strictly appropriate, this 

term describes well enough the character of this phenomenon.
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In the programme of tests described here, it occurs always 

at quite low fluidising velocities (2U 6 or: less) and 

usually only if the channel outlet is restricted in some 

way, although this latter condition is not essential. 

When this "jump" occurs, the sequence of events is as 

follows. Initially, the bed begins to deepen at the 

downstream end where the channel] flows into the lower 

receiver. This discontinuity can reach quite large proportions, 

and it travels upstream, often as far as one metre. On 

some occasions this "jump" can remain stationary and stable 

for some time, whilst on others it is continually being 

dissipated and re-forming. Once a discontinuity is 

established, of course, the fluidising air will flow 

preferentially through the rest of the bed, where the 

pressure drop is lower, and this will help the discontinuity 

to stabilise and grow. At some stage, the lower end of the 

discontinuity will slump forward into the receiver. This 

lessening of bed height here will cause more air to pass 

through this part of the bed, and the discontinuity will 

disperse from the downstream end. Under certain conditions 

it will almost immediately begin to re-form. As already 

stated, restriction of the receiver outlet makes discon- 

tinuities much more likely to form, due to the resulting 

increase in bed height in the receiver, but the process can 

occasionally take place under low fluidising velocity 

conditions when the outlet is not restricted. It is possible 

that this is caused by a minor disturbance or discontinuity 

at the lower end of the channel: perhaps a local build up of 

large particles on the distributor restricting the air flow 

at that point, the disturbance gradually growing. This
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could be helped by the local defluidisation inevitably 

caused by the metal strip which covers the join between 

the channel and receiver distributors. A hydraulic jump 

is shown in the photographs, figure 4.44, and this 

phenomenon should repay further study as to its exact 

cause. 

During the course of the tests, occasionally smaller 

discontinuities would occur between the bed pressure drop 

probes,that is, in the middle of the test section. These 

took the form of small "humps" in the bed, again presumably 

caused by some local disturbance in the fluidisation 

pattern, possibly caused by a patch of large particles on 

the distributor. It is also possible that this was partly 

due to a disturbance of the uniformity of porosity of the 

distributor due to dust clogging the pores from the underside. 

A certain amount of work was done during the course of the 

experiments using a tracer material. This was sand of the 

same type used throughout the study, and was dyed blue. 

Photographs taken whilst the tracer was in use form figure 

4.45 (1) and (2). These were taken when the bed was 

fluidised at 1.64 U_,, and the channel velocity was 0.104 m/a. 

They clearly show that under these low fluidising velocity 

conditions there is little discernible bubbling of the bed, 

and thus little mixing, in either the horizontal or 

vertical directions. This is demonstrated by the fact that 

the line of tracer is quite straight along the channel, 

and varies little in intensity. Clearly, such conditions 

represent the closest analogy with laminar flow. These
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photographs also provide further evidence of the segregation 

of large particles at low fluidising velocity, due to the 

lack of vertical mixing. 

Photograph 4.45 (3), taken when the bed was still 

fluidised at 1.6) Upp? but now flowing at 0.655 m/s, shows 

the development of a “boundary layer" at the channel wall. 

Although the centre is still "laminar,"as witnessed by the 

tracer, it is clear that quite a steep velocity gradient 

exists at and close to the wall. Most of the shearing seems 

to be taking place in this layer, and it is interesting to 

note that tracer dropped in very close to the wall moves out 

to the line apparent in the photograph, and travels stably 

along this line. It is often the case in fluidised beds 

that slightly more air flows up close to the walls, and it 

seems possible that this causes a layer close to the wall 

to be slightly better fluidised, and thus allows it to flow 

more easily. Under conditions of even lower fluidising 

velocity very strange velocity profiles have been observed, 

having a maximum on the line close to the wall shown in 

photograph 4.45 (3) and decreasing both towardsthe wall and 

towards the centre of the channel. This is difficult to 

explain, but is undoubtedly a function of airflow at the 

wall, segregation, and “the attendant secondary distributor 

effect, and possibly blocking of the distributor. 

If the fluidising velocity is increased to the order of 

2.5 U. ne? much more bubbling occurs, the bed shows 

considerable "turbulence", and vertical mixing is good. As 

shown in photograph 4, figure 4.45, the tracer is dispersed 

immediately. When fluidised at this sort of level, the bed 

shows no evidence of any "shearing layer" close to the wall.
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One set of photographs, figure 4.6, taken when the bed was 

fluidised at 2.56 Une seems to show an increase in bubble 

size with increasing flow velocity. At low velocity there 

are many small bubbles, but at higher velocity the bubbles 

are fewer and much larger. This seems at variance with the 

main body of the results, where bubblesuppression with 

increasing flow velocity was noted, as it has also been 

by Botterill. Here, as the flow velocity increased, the 

bubbling bed became much smoother in appearance, and it was 

inferred that the increase in velocity was promoting an 

improvement in the quality of fluidisation by causing more 

air to pass through the dense phase and scouring away 

bubblesfrom the distributor before they had time to grow. 

It may be that in the case of the photographs which show 

larger bubbles at higher flow velocities some segregation 

was taking place, but this seems unlikely at fluidising 

velocities of this order. It would seem that for some 

reason the increased velocity was increasing the time taken 

for the bubbles to rise through the bed, thus giving them 

time to grow by coalescence. Whether this was accompanied 

by an increase in the amount of air in the dense phase 

cannot be assessed. It would seem that the conditions 

prevailing whilst the photographs were taken were in some 

way exceptional; the body of observations confirms that the 

fluidised bed becomes smoother and bubbles less at high 

flow velocities (figure 4.47). 

Visual observation has also highlighted some characteristics 

of the rig itself. The first of these is that it would seem 

that the receivers are unnecessarily large, especially the 

upper one. Thesection of this above the valve, that is,
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useful role and could well be much smaller. The same 

criticism applies to the lower end of the bottom receiver. 

The receivers were intended, especially the top one, to 

stabilise and smooth the flow, but smaller components could 

do this equally well. It has also become clear that the 

corners of the receivers form stagnant pockets of material, 

especially large material, contributing to the build up of 

this in the receivers. These corners could well be rounded 

off. 

With the narrower channel it was found to be impossible to 

perform experiments at fluidising velocities of less than 

2.2 Ups This was due to the formation of a discontinuity 

at the lower end of the channel which could only be 

dispersed by the use of large channel inclinations. As the 

wider channel had always operated satisfactorily at 

fluidising velocities well below this, it can only be 

concluded that this discontinuity was somehow caused by the 

divergent section which joined the 100 mm wide channel to 

the 150 mm wide "neck" of the receiver, although it is 

difficult to see why this should be so. A possible 

explanation is that the drop in bed depth in the divergent 

section and lower receiver in reducing the pressure drop 

here disturbed the air-flow pattern. Previous experience 

has shown that at fairly low fluidising velocities small 

disturbances can have disproportionately large effects. 

Thus, the observations made during the course of the 

experiments have helped to reinforce some theories concerning 

the bed hehaviour, and have also brought to light other 

  interesting phenomena which mist be studied in greater 

depth before they are satisfactorily explained.
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Figure4.3 
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Figure 4.5 
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Figure 4.6 
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Figure 4.7 
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Figure 4.9 
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Figure 4.11 
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Figure 4.12 
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Figure 4.13 
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Figure 4.14 
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Figure 4.15 
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Figure 4.16 
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Figure 4.17 
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Figure 4.18 
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Figure 4.19 
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Figure 4.20 

 
 

  
c
p
 

1 

  
4 

e
r
e
s
 

y
0
0
8
 

8
B
 

I
w
e
Y
S
 

o
o
f
 

o
o
t
 

o
r
 

o
r
 

i) 
9 

t 

a
e
 

T 
T 

T 
T 

E
N
 

DRT 
e
y
e
 

T 
T
i
e
 

L 
i 

4 

L 
a 

&§ 
7 

4 
E 

4 

8 

L 
: 

4 

r 
% 

4 

L 
4 

E 
soaq 

x 
5
h
,
 

e
t
 

S 
E 

or=sq 
+ 

vo 
oo 

e 
r 

S
L
B
s
q
 

© 
A
 

c
a
e
 

4 

S 
4
 

(
J
u
n
 
12-¢)008/m0 

6
4
1
 

= 50 
4   

 
 

<0 

+o 

oO 

2W /N S808 re9eyg



ayer 
reeqg 

 
 

Figure 4.21 
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Figure 4.22 
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Figure 4.23 
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Figure 4.24 
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Figure 4.28 
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Figure 4.32 
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Figure 4.33 
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Figure 4.34 
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Figure 4.35 
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 Conclusions 

The experiments performed in the channel-flow test rig have shown 

that the rheological properties of the flowing fluidised bed may be 

described over most of the range of shear rates used by a simple 

power-law equation. At high shear rates and fluidising velocities 

the flowing bed is very close to Newtonian in character, becoming 

increasingly pseudoplastic as the fluiiising velocity is reduced. 

At low shear rates, it is postulated that the flow is influenced 

by three mechanisms. The first of these is that of “bubble 

suppression", whereby as shear rate increases, more air passes 

through the dense phase, leaving less present in the form of bubbles. 

The bed expands more, its density is lower, and inter-particle 

lubrication is increased. This mechanism produces shear thinning 

characteristics. The second mechanism is one of segregation. 

large particles settle on the distributor, effectively acting as a 

secondary distributor for the rest of the bed, having a deleterious 

effect on the quality of fluidisation, and resulting in high base 

drag. This segregated layer is swept away as the shear rate increases, 

reducing the drag, and thus this mechanism results in basically 

shear thinning behaviour also. 

It seems likely that under at least some conditions an inviscid 

layer exists close to the distributor. This would result in low 

drag at low shear rates. As the shear rate is increased, this layer 

is progressively swept away, causing increased base drag, resulting 

in shear thickening characteristics. 

It is believed that the behaviour of the flowing fluidised bed at 

low shear rates is the result of either the “inviscid layer 

dissipation" mechanism, or a combination of the "bubble suppression" 

and "segregated layer dissipation" chanisms. The actual behaviour 

resulting is the product of a complex interaction of these, this 

interaction being a function of fluidising velocity and bed depth.
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It is also thought that the shear history of the bed could be a 

further variable under conditions of low shear rates and fluidising 

velocities. 

Whatever the mechanism prevailing at low shear rates, a re- 

arrangement of the bed takes place as shear rate is increased to 

produce a low viscosity, easily flowing bed at high shear rates. 

As shear rate is decreased once more, the bed is reluctant to give 

up its character, and continues to flow quite easily. This results 

in the "hysteresis" apparent in the shear curves. Clearly, the 

amount of re-arrangement taking place is dependent on fluidising 

velocity, the greater particle mobility produced at high fluidising 

velocities meaning that less re-arrangement is necessary to produce 

the free-flowing nature. Thus the reduction in "hysteresis" at high 

fluidising velocities is explained. Although the existence of this 

"hysteresis; which produces low drag at low shear rates, would 

appear to make it desirable to operate on the downward-coming path 

of the shear curve, this may not, in fact, be desirable. It seems 

possible that this section is unstable, and that at some time the 

flow may "jump back" to the upward-going curve, resulting in a 

sudden increase in drag which would surely cause serious problems 

if it took place in a commercial system. 

The re-arrangement of the bed with increasing shear rate is   

especially pronounced at low fluidising velocities, of the order 

of 1.8 Ue? Where it is associated with sharp "transitions" from 

poor, heavily segregated flow to much better flow. 

Samples taken from the bed have, together with visual observations 

confirmed the existence of the "bubble suppression" and “segregated 

layer" mechanisms. 

The dependence of fluidised bed viscosity on bed depth, already noted
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by other workers from experiments using viscometers, has been 

confirmed. 

: Experiments performed to attempt to establish the existence of slip 

at the distributor, and to obtain shear curves from graphs of flow 

rate against bed height at a constant slope met with.little success 

due to the limitations and simplifications introduced by the theory 

used. Other workers have claimed that slip exists, but the present 

study has not absolutely confirmed this, although it does seem 

possible that this is present under some conditions. 

The pursuit of the liquid analogy has proved to be quite fruitful 

in establishing the general rheological behaviour of the fluidised 

bed. It has been established that the flowing bed conforms to the 

laminar flow liquid correlation of friction factor and Reynolds 

number, and that it shows no evidence of more than one regime of 

flow up to Reynolds numbers in excess of 4000. The absence of any 

transition from viscous drag dominated laminar flow to inertia loss 

dominated turbulent flow seems to suggest that inertia losses 

continue to be low. A tentative explanation for this suggests that 

whereas turbulent areas in liquid flow interact and dissipate 

kinetic energy, and liquid is brought to rest on touching a 

containing wall, in fluidised beds particles may "bounce" off each 

other, and the containing walls, thus retaining most of their 

kinetic energy, and requiring less additional energy to accelerate 

them to their former velocity. If further experiments confirmed 

that the fluidised bed continued to follow the laminar correlation 

up to even higher Reynolds numbers, this would mean that the energy 

expended in moving fluidised materials would be extremely low. At 

the Reynolds numbers already reached, the friction factor is very 

much lower than that of a liquid at ¢ same Reynolds number. The 

"pounce" theory would also suggest that the use of spherical particles
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would reduce friction still further due to the increased coefficient 

of restitution. 

Although, as already stated, a simple power-law will describe the 

flowing bed over a considerable range of shear rates, it is the 

author's opinion that to develop a model to describe the bed 

behaviour at low shear rates would be very difficult, if not 

impossible, due to interaction of mechanisms producing the chara~ 

cteristics of the bed, and the number of parameters relevant to 

this interaction. However, this study has shown the area in which 

it is best to operate. The fluidising velocity should be moderately 

high, certainly in excess of 2.5 Une? and the bed should be shallow. 

The data obtained suggests that a Reynolds number as high as 

possible should be selected. Given these sort of conditions, a 

flowing system should experience none of the problems which 

manifest themselves at low velocities, and there seems no reason 

why it should not operate successfully. 

Clearly, however, the full understanding of the flow of a fluidised 

bed requires much more work, for a good deal of which the test rig 

designed and built during this study is well suited.
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Future work 

Clearly, the channel flow test rig is suitable for a great deal 

more work. It is the author's opinion that the usefulness of the 

type of work described in this thesis is not yet exhausted. 

Further similar experiments could be carried out, extending the 

range of channel aspect ratios, fluidising velocities and most 

especially, Reynolds numbers used. However, it is clear that to 

gain further benefit from the pursuit of the liquid analogy more 

sophisticated treatment of the experimental results is called for. 

The present study has shown that it is not adequate to assume that 

the shear stress is the same on all "wetted" surfaces in the 

channel, and thus the investigation of the relative contributions 

to the overall drag of the walls and the distributor under a wide 

range of operating conditions must be one of the first objectives 

of any future study. It is also clear that whilst a simple power 

law will adequately describe the shear curves over most of their 

range, something much more complex is necessary to describe the lower 

sections. As already discussed in Chapter 4, it seems likely that 

the shape of these sections is a complex function of fluidising 

velocity, bed depth and shear rate, with bed width having a lesser 

effect. Obviously, the development of a model which will describe 

these curves over a range of conditions is a formidable task; so 

much so that it may not be feasible. However, any future 

investigations must surely be aimed at least at establishing the 

feasibility of this. 

There are several other types of work to which the test rig is well 

suited. The one-dimensional flow approach looked at in this study 

may repay further work, but again, this must clearly be of a more 

comprehensive nature than that undertaken here. The further 

development of the liquid analogy will involve experiments to
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determine velocity profiles. Point velocities in a fluidised bed 

are difficult to measure. Various methods could be used: the 

propellor device favoured by Bessant, drag on some small immersed 

pody, heat transfer from an immersed body, and so on. The difficulty 

with all these methods is that the probe used must be calibrated; 

here, the rotating annular bed approach of Bessant could be useful. 

Any of the above methods will also require some complex mathematical 

modelling. 

All the tests performed in this study have used sand of one type. 

Other workers have shown that the properties of a fluidised bed are 

greatly affected by particle size distribution and density. Here 

then is another fruitful avenue for investigation; the effect of 

using various narrow cuts of sand and other materials, of very wide 

size distributions, and of mixtures of various materials in 

different proportions. A practic 

  

1 difficulty with this type of 

work is the cleaning out of the various components of the rig, 

notably the elevator. This problem is by no means insuperable, but 

it necessitates a great deal of work. 

At first sight, it would seem that forcing fluidised material past 

a heat transfer surface should bring higher heat transfer rates 

than those attainable in a static (non-flowing) bed. Work by 

Botterill has shown that this is not necessarily so, due to the 

surfaces causing local de-fluidisation. However, it may be possible 

by careful selection of the configuration of the heat transfer 

surfaces to obtain improvements in performance due to the high rate 

of movement of particles around the surface, and consequent low 

particle residence times at the surface. 

When the test rig was built, provision was incorporated for the 

study of the flow of fluidised solids over notches and weirs. 

Vertical slots are provided in the channel walls near the top for
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the insertion of plates which would form such obstacles, and it 

would be a simple mtter to mke similar provision in the middle 

of the channel where the flow is fully developed. Such a study 

would also further the liquid analogy approach. 

A phenomenon sometimes observed in the channel which should prove 

most interesting to investigate is that of the so-called "hydraulic 

jump" described in Chapter 4. 

It can be seen from the fore-going that the test rig constructed is 

well-suited to the performing of further work of many types, both 

along the lines suggested here and, no doubt, others.
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Nomenclature 

Flow area. 

Width of settling chamber (Al.) 

he. Mel Ps ~ Ps) 5 ee) 
2 

Pe 

3 Mg $ (a2) 

M6. Pal Pa ~ Pe) 

Half channel width (see figure 3.2) 

Chezy coefficient. 

Drag coefficient. 

Pipe diameter 

Cyclone dimension (Al.) 

Equivalent diameter. 

Diameter of pneumatic conveying line. 

Bubble diameter. 

Mean of two sieve sizes [ay 

Particle diameter. 

Mean size of sample. 

Surface to volume diameter of particle. 

Bed or tube diameter (Eqn.2.2h). 

Sieve diameters. 

Froude Number U. i 

a8 

Froude Number at incipient fluidisation point 

2 
Une 

a6,
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Darcy friction factor. 

Bend friction coefficient (Al.) 

Fanning friction factor. 

Friction coefficient (Al.) 

Experimental value of dependant variable (CcH.3) 

Friction coefficient (Al.) 

See Appendix 6. 

Galileo Number 

Pa’ Po Pg)®e%p 
Me 

Air loading in pnewmtic line (Al.) 

- Pg Bety” 
2 

Gravitational constant. 

Bed height 

Bed height at point of incipient fluidisation. 

Height of settling chamber (Al.) 

Constant in power law. 

Constant (CH.3). 

Length of pipe or channel. 

Entrance length. 

Length of settling chamber (Al.) 

Length of side of square pneumatic return duct (Al.). 

Mass flow rate of solids. 

Number of data points (CH.3). 

Generalised Reynolds Number. 

See Appendix 6. 

Exponent in p r law.    e 

Liquid flow rate (CH.3). 

Volumetric flow rate of solids.



Re 

Re. 

Re. 

Von 

cs 

cs,m 
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Air volumetric flow rate (A4.). 

Flow rate per unit channel width Q/w. 

Air flow rate. 

Pipe radius (CH.3). 

Reynolds Number _pua 
fe 

Particle Reynolds Number, generally 

ay Pals 

Mg 

Particle Reynolds Number at eine of incipient 

fluidisation. 

N.B. Other variations of Reynolds Number are 

defined as they occur, notably in Chapter 2. 

Hydraulic Radius. 

Specific surface of solids. 

Channel slope. 

Channel flow velocity. 

Bubble rise velocity. 

Choking velocity (Al.) 

Saltation velocity. 

Saltation velocity corresponding to maximm 

particle size. 

Fluidising velocity. 

Gas velocity in pneumatic line (Al.). 

Minimum bubbling velocity 

Minimum fluidising velocity. 

Air velocity if airalore flowing in pneumatic line(Al. 

Solids velocity (Al.). 

Particle terminal velocity. 

Bubble volume.



 



Ay oto, 

AP 

AP, 

AP, 

AP 

AP es 

AP, 

B Phoriz 

- Pyert 

OP. 
tvert 

Pe 

d 
D
I
D
 

Ps 

ROS = 

Angle of inclination. 

System parameters (CH.3). 

Shear rate. 

Pressure drop along channel. 

Pressure drops (Al.). 

Pressure drop across fluidised bed. 

Bed voidage. 

Bed voidage at point of incipient fluidisation. 

Error function (CH.3). 

Settling chamber efficency (Al.). 

Viscosity. (suffix g if gas viscosity). 

Liquid density. 

Gas density. 

Solids density. 

Density of fluidised bed. 

Shear stress. 

Sphericity.
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The Test Rig 

The channel flow test rig is of considerable overall size, measuring 

7m. in length and 6.1m. in height. It incorporates a test channel 3m. 

in length, along which solids flow at a maximum rate of 10 kg/s. A full 

drawing of the rig is shown in figure A.1.1. 

Al.1 Channel and auxiliaries 

A drawing of part of the test channel is shown in figure Al.2 and 

@ cross section in figure Al.3. The channel has a steel base 

section which acts as a plenum chamber for the fluidising air. 

The sides of the channel are constructed in 6 mm. perspex in 

three separate lm. lengths, the middle one forming the actual 

test section. At each end of the channel is mounted a receiver 

which acts as a stabilising reservoir for the flow. The "neck" 

section of one of these receivers is shown in figure Al.4. These 

receivers have similar steel base sections/plenum chambers, but 

their top sections are also made of steel. Mach receiver has a 

"neck" of 150 mm. internal width which matches the width of the 

channel ends. In the case of the 100 mm. wide channel sections, 

these 150 mm. end pieces are joined to the body of the channel 

by tapering sections as shown in figure Al.5. The channel and 

both receivers are fluidised, the distributor being effectively 

continuous; joins between channel and receiver distributors are 

effected by narrow metal strips clamping the two ends onto a fixed 

strip beneath the distributor. 

The distributor used is a 3 mm. thick porous plastic mterial 

which accepts the flexing necessary when the channel is inclined. 

The inclination of the channel is infinitely variable between 

horizontal and 30° downwards, movement being by means of a 

hydraulic ram acting through the linkage shown in figure Al.6. 

This latter was necessary because a ram of the required stroke
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fitted at the end of the channel had a closed length too great to 

be accommodated in the available space. When the desired 

inclination is achieved, the end of the channel is supported on 

pairs of eccentric discs which bolt into holes in the leading 

edges of the large curved plates shown in figure Al.7. Sideways 

location is by means of clamping screws onto the sides of these 

plates, an arrangement clearly shown in figure Al.7. 

The plastic distributor has rubber gaskets on either side, the 

ones below being of thin (1.5 mm.) material, but the upper ones, 

between distributor and perspex channel section, are thicker (3.5 mn.) 

aerated soft rubber to prevent cracking of the perspex as the 

assembly is tightened. It is only necessary to "nip" the perspex 

sections down onto this soft rubber to effect the seal. As these 

gasket strips are made in several sections, the joins between 

their ends take the form of labyrinths to minimise the possibility 

of air or solids leakage. The joints between the channel ends 

and the receiver "necks" are again sealed by rubber gaskets both 

below the distributor, between plenum chamber sections, and above 

it, between wall sections. Both top and bottom gaskets also 

incorporate the appropriate section of distributor upper or lower 

gasket, and thus are of quite complex shape. They have a 

"concertina" form to allow for the inclination of the channel, and 

the receiver "necks" are in two separate sections to allow easier 

assembly of the gasket system. Where appropriate the gaskets are 

fixed to the steel sections with "PANG" rubber adhesive; any small 

gaps remaining after assembly are filled with silicon rubber. 

Efflux from the bottom receiver is controlled by a manually operated 

valve of a type which incorporates a nylon “iris" diaphragm. 

From this valve,solids drop through a short steel tube and finally 

through a flexible tube which allows for the channel movement into
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&@ hopper which opens at its» base onto the conveyor belt. There 

is a gap of approximately 4o mm. between the hopper and the belt, 

and this is partially closed by rubber flaps to minimise solids 

loss due to "splashing" onto the belt. 

Having passed through the conveyor/elevator return system, solids 

are discharged at the top of the rig into a hopper which is 

again provided with the same type of valve. This controls the flow 

of solids into the weighfeeder mechanism, which discharges into 

the upper receiver. A third valve is fitted in the centre of this 

component, controlling flow into-a long vertical 150 mm. diameter 

perspex tube, at the base of which is a large hopper with a final 

control valve at its outlet. This tube and hopper provide most 

of the solids storage in the system, the smaller hopper above 

the weighfeeder mechanism providing the remainder. 

Solids return system 

Initial designs for the rig called for the provision of a lean- 

phase pneumtic return system. The design for this was fully 

evaluated (see Al.8) and appeared on several of the initial rig 

design drawings. After a time, however, this system was discarded 

because of the high air-power requirement, anticipated problems 

with electrostatic charge build-up, and perhaps most serious, 

the difficulty anticipated in cleaning the conveying air adequately. 

This latter problem had already necessitated the incorporation in 

the design of a cyclone and large settling chamber in series, but 

it was thought that even this system would allow some dust to be 

carried by the air exhausting from the system. The test rig is 

constructed in a location where the discharge of large quantities 

of air, albeit carrying only comparatively small amounts of dust, 

is unacceptable, and this consideration alone was sufficient to
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force the abandonment of the pneumatic return system. The 

return system chosen consists of a conventional belt conveyor 

and bucket elevator. The conveyor belt is a type having raised 

sides to prevent solids loss, and the elevator is a dredger type 

(inlet and outlet on the same side of the equipment). 

Solids metering 

Solids flowing from the top hopper fall through a chute supplied 

by the weighfeeder manufacturers onto the belt of a Wallace and 

Tiernan "Superweigh" pneumatic gravimetric meter, shown in figure 

Al.8. This consists basically of a continuously moving rubber 

pelt, a section of which is supported on lomd cells which when 

supplied with air at 20 ae/in® provide a pressure signal proportional 

to the weight on the belt section, this being indicated on a 

mercury manometer. The normal belt speed is 72 ft/min., but for 

continuous work at low flow rates, this may be reduced to 36 or 

18 ft/min. by appropriate alterations to the drive gearing. 

Provided care is taken to ensure an even feed of solids onto the 

belt, the weighfeeder has proved to be reliable and accurate. 

The manometer pressure indicated varies between 5 lot/ in? 

(155.17 mm.Hg) at zero mss flow rate and 15 ape/in® (775.86 mm.Hg) 

at a flow rate of 9.984 kg/s., the calibration being linear. The 

mass flow rate indicated is also directly proportional to the 

belt speed. 

Air supplies 

The air supply needed for the weighfeeder comes from a smll 

compressor which feeds a reservoir mintained at approximately 

60 at /in®. The air is then regulated down to the 20 lbf/in® 

needed for the meter. 

All fluidising air is supplied by a single fan,whose output is 

regulated by a butterfly valve at its inlet. The air passes
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+o a manifold which splits the flow into four for metering by a 

bank of rotameters consisting of three type 65K instruments and 

one type 65A. This bank of rotameters is shown, together with 

the electrical controls, in figure Al.9. The manifold incorporates 

a quick-action emergency blow-off valve exhausting to atmosphere. 

From the common outlet to the rotameter bank the air passes to a 

manifold which splits the supply into three, one for each receiver 

and the other forthe channel. The receiver supplies are fed to 

manifolds which split them into the appropriate number of 

individual supplies for the inlets to the receivers; in the case of 

the upper receiver five, and in the case of the somewhat smller 

lower receiver three. One air inlet is located in the narrow 

"neck" of each receiver. The air supply to the channel is fed 

into a long manifold located directly below the channel plenum 

chamber. From this manifold, air is supplied to the plenum 

chamber through eight short pipes. All air inlets are baffled to 

prevent air jetting onto the lower face of the distributor, these 

baffles minly taking the form of "top-hats" placed over the inlet 

pipes. 

The fluidising air supply system has worked well, fluidisation 

being visually uniform, but it has certain restrictions. These, 

together with solutions, are discussed later (section Al.7). 

Instrumentation 
Most of the instrumentation fitted, for monitoring bed height 

and uniformity, channel slope and fluidising air conditions, has 

already been described in Chapter 3, and is shown in figure Al.ll. 

That remaining consists of light sensitive cells which are inserted 

into the hopper above the weighfeeder, the lower receiver, and 

the storage hopper. These provide a signal if the light supply 

to them is interrupted (electric lights provide this) and thus
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indicate, both audibly and visibly, when the solids level reaches 

them. This system is a useful safety device. 

General 

Because of its overall size, it was necessary to construct the 

rig in a location where much of it was below ground level. This 

introduces few problems, apart from the relatively poor access 

to the control valve at the base of the storage hopper. A platform 

next to this hopper had to be provided, reached by a short ladder. 

A further ladder is provided to enable access to the valve above 

the weighfeeder to be gained (see figure Al.12). 

Initial testing showed that the rig generateda certain amount of 

dust, mainly due to the entrainment of very small particles. 

Because of this, it was decided to enclose the rig completely; 

this was done using a "Dexion" framework clad in perspex sheet. 

The enclosure is provided with a large extractor, sucking through 

two outlets in the roof. The air passes through a series of bag 

filters before being discharged to atmosphere. The perspex 

sheeting is treated with anti-static solution to minimise the 

adherance of fine particles to it. 

Operational problems and suggested modifications 

One of the major operational problems encountered during testing 

has been the distributor blockage discussed in earlier chapters. 

Fine particles suspended in the air are sucked into the fan, 

and although many adhere to the flexible pipes carrying the air, 

some find their way through into the channel and receiver plenum 

chambers leading to considerable dirtying of the distributor over 

a period. This inevitably causes disturbance of the fluidisation 

patterns, together with greatly increased distributor pressure 

drop which can lead to a decrease in fan output. This problem is 

much less pronounced now that the rig is enclosed and fitted with
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an extractor, but it still exists, minly due to the lack of a 

filter on the fan inlet. An extremely fine filter would be necessary 

to remove the very small particles (only a few jn in diameter ) 

which cause the problem, but such a filter would inevitably have 

a high pressure drop, and would restrict the output of the existing 

fan to an unacceptable extent, as even with a new distributor fitted, 

the fan capacity is only just sufficient to fulfill the design 

requirement. The ideal solution would be to utilise a new fan of 

increased capacity. This should be placed in a sound insulated 

enclosure outside the normal rig enclosure.A very fine filter would 

no longer be necessary, and the noise level inside the enclosure 

would be considerably reduced, improving the working environment. 

Ideally, this change of fan location should be done as part of an 

overall revision of the fluidising air system. Although 

fluidisation is visually quite uniform in all three components, 

it would be an advantage for them to be fluidised separately; as 

an aid to dissipating an increase in downstream bed height for example. 

To accomplish this, the air flow should be split into three immediately 

downstream of the fan, taking care to ensure that all three supplies 

are equal, and additional rotameters incorporated. Obviously, the 

plenum chambers of the three components would have to be divided 

from one-another by airtight partitions. Should any such revision 

of the air supply system take place, it would be extremely useful 

to incorporate provision for control of the air temperature and 

humidity. Ideally this will involve provision of both a heater and 

cooler, together with means of increasing or decreasing the moisture 

content of the air. Clearly, because of the large air flow used 

(10m? /min. maximam) such pieces of equipment will of necessity be 

large and expensive. The moisture content could be increased 

simply by spraying water under pressure into a chamber through which
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the air passes, but the solutions to the heating, cooling and 

drying parts of the treatment are much more complex. It is 

probable, at this stage, that the improvement in versatility of 

the rig brought about by such changes to the sir supply system 

would not be sufficient to justify the expenditure incurred. 

As a further small point on the air supply system, tests have 

shown that the metal strips on the "necks" of the receivers which 

cover the joins between channel and receiver distributors do 

cause a slight "dead" spot in the fluidised bed. Although 

apparently of little importance, this could obviously be avoided 

by cutting the entire distributor from a single sheet of porous 

material. 

Most of the dust at present generated by the rig comes from two 

sources, the weighfeeder belt and the point where the solids fall 

into the hopper at the base of the bottom receiver. Dust from the 

first source is due to particles adhering to the rubber belt of 

the weighfeeder and being scraped off by a blade just below the 

bottom run of the belt provided for this purpose. The particles 

then fall into the airstream created by the fan motor which is 

directly beneath. Should the fan be moved out of the rig enclosure, 

obviously the problem would become meh less severe, but a simple 

solution in the short term would be to enclose the base of the 

weighfeeder to catch the particles before they can fall into the 

airstream. Two simple trays are already provided for this purpose, 

but gaps still exist which allow particles through; a more 

comprehensive tray arrangement should be installed. 

Dust from the second source is generated by solids from the lower 

receiver falling a varying distance into the hopper beneath. The 

dust could be prevented from leaving the hopper by means of a 

simple shroud, of polythene or similar material, fitted between the
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flexible tube and the top of the hopper. It is essential, however, 

to retain means whereby a visual check can be kept upon the level 

of solid material in the hopper. To allow this, a perspex section 

across the top of the hopper should be provided together with 

internal illumination. This latter would also allow provision of 

a level-sensing photocell similar to those used elsewhere on the 

rig as a safety measure. 

The relative difficulty of access to the control valves located 

above the weighfeeder and below the storage hopper has already 

been mentioned. Operation of the rig by a single person would be 

made considerably easier by the installation of remote control 

mechanisms at these two points. The type of valve used can be 

operated either mechanically (through "Teleflex" cables) electrically 

or pneumatically; probably the simple and quite inexpensive mechanical 

alternative is adequate for this application. With such controls 

installed, it would be unnecessary for the operator to move from 

ground level during testing except for occasional checking of the 

carpet of mterial being deposited on the weighfeeder belt. 

Clearly, the operator could then devote more of his time and energy 

to the experimental work, something which would be particularly 

important in the likely event of much more sophisticated experimental 

and measurement techniques being used on the rig at some future date. 

Perhaps the most serious operational shortcoming of the rig at 

present is the fact that the photocell installed in the top hopper 

(above the weighfeeder) provides the only measure of solids level 

in that hopper. Initially, visual checking of the level was 

possible, but the perspex enclosure now fitted has rendered this 

impossible. Obviously, it is advantageous from the point of view 

of supplying the weighfeeder with an even carpet of material that 

the solids level in this hopper should be kept constant. This is
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extremely difficult to do at present. As internal illumination 

is already provided, two alternative means of checking the solids 

level suggest themselves. The simplest would be the provision of 

a clear window in the hopper, but checking the internal level 

would again require ascending to the platform alongside the 

weighfeeder. To avoid this, it should be possible to provide remote 

indication of level by means of an array of photocells. A possible 

system is shown schematically in figure Al.13. 

The range of experiments so far performed has used only two 

channel widths. It is likely that in the future it will be desirable 

to use many aspect ratios and hence several widths of channel. The 

two widths currently used are achieved by means of two completely 

separate perspex channels, but obviously the construction of many 

channel sections is to be avoided if possible. It should be feasible 

to construct one universal channel having wide slotted flanges 

which would allow the width to be varied without time-consuming 

stripping and re-building of the channel. Clearly, such an arrange- 

ment would make effective gasketing a much more complex problem, 

but it should not prove to be insoluble. 

In conclusion, it must be said that the test rig has fulfilled 

its design objectives, and has generally performed well throughout 

the programme of tests. The modifications suggested are comparatively 

minor ones, and none are made essential by anyshortcoming in the rig 

as it now stands. 

Pneumatic return system design calculations 

The calculations performed during the design of the pneumatic 

return system are based, unless otherwise stated, on procedures 

fully described by KUNII and LEVENSPIEL©?; only an outline is 

presented here.
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Necessary data: 

Channel width = 150 m. 

Projected maximum bed height = 150 m. 

Projected maximum velocity at this depth = 0.3 n/s. 

True density of sand, measured = 2.7047 x 10° kg/m’. 

Density when just fluidised, calculated from experimental results 

= 13x 10? ka/ar’. 

Mehsity of eirvaciov{c.* swiieiAvke/ me 

Viscosity of air at 27°C. = 1.846 x 10°” Ne/m= or ken/s. 

Sand mean particle size approximately 150 Ln. 

Sand maximum particle size approximately 400 Mme 

Horizontal section total length = 8m. 

Vertical section total length = 4 m. 

The first calculations are designed to find the required conveying 

pipe size and air velocity. “~ 

Mass flow rate of sand for 150 mm. square bed travelling at 0.3 n/s 

is 8.78 kg/s. 

It is now necessary to assume a value for air loading, that is, the 

ratio of solid to gas mass flow rates. Both information given in 

the above reference, and the author's previous experience, indicated 

that a value between 5 and 20 would be reasonable; 15 was chosen. 

Thus air flow rate = 8.78 = 0.585 kg/s. = 0.496 w/s. 

Finding the correct siaieiee and air velocity requires an iterative 

process. 

Initially, choose an air velocity which is certain to keep all 

solids in suspension, say 9 m/s. 

oun96 = 0.055 me 

If a circular pipe is used d = 0.265 m. 

Flow area required =   

If a square duct is used 1 = 0.255 m 

We now calculate the saltation velocity using the procedure of Zenz.
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1 
op a a, / Brg 5 

Br Mee Pal Pa ~ Pa) 

Insertion of the data gives (B,)? = 8.16 x 107? 

Bp = 201 x 10"? 

The maximum particle size to be conveyed is 400 pm. 

therefore 4a, = 19.9 which is the controlling parameter. 

Br / max 

From the graph, figure Al.14, we obtain 

Vicia ian 6 

86 

Pee hee Hel Ps = Pe) 3 

Da 

Insertion of the data yields: 

Bg TT 

therefore U., y= 3.6 x 77-7 cm/s. or 2.797 m/s. 

This is correct only for a pipe 0.0635 m. in diameter as used by 

Zenz. 

Correcting for a pipe 0.265min diameter 

0.4 
2.797 = 0.0635 Giving Usg y= 4.95 m/s. 

Uog,m 0.265 

Clearly the air velocity chosen is much too high. 

Try an air velocity of 5 m/s. 

2 
Flow area = 0.496 = 0.0992 m, da = 0-355 m 

cae ’ 

2.191 = 0.0655 | U = 6.57 
cs,m 

0.355 
cs,m
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Try an air velocity of 6 m/s. 

Flow area = 0.4! = 0.0827 x, a = 0.324 m 

Ob 2.791 = | 0.0635 Dee em 

Toate 0.32h 

Try an air velocity of 5.5 m/s. 

Flow area = 0.496 = 0.0902 nm, ad = 0.339 m 
ay 

2.791 = 0.0635 Ot Useen oe 5.47 m/s. 

Useea 0.339 

Clearly, these now match well, minimising the power requirements. 

0.359 m. Pipe diameter 

Air velocity = 56) m/e 

The minimum gas velocity required for vertical flow or choking 

velocity U,, can be taken as 

U wil1ltol Ue so this is no cause for concern. 
ch 5 

To calculate the likely pressure drop in the pneumatic system, it 

is necessary to calculate the terminal velocity of the particles 

1 

UL * Ha o4( Pes Pg) 2 

> Peha 

where Cy is an experimentally determined drag coefficient. 

A chart is given by KUNII and LEVENSPIEL relating 

2 3 A: 
Cate, 445” pel Ps ~ Pe) 

a 
2 Mg 

to Re, = 4a Pp. U, 

Ae 

Insertion of the required data gives Gare. = 415. 

It is necessary to assume a value of shape factor, and a reasonable 

one is 0.8.
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From the chart we obtain Re, = 4k, giving a value of U, of 

0.417 m/s. 

Rose and Barnacle suggest that the pressure drop in a horizontal 

section is given by: 

OP, + AP eg + AP oe. SPhoriz 

OP, is the acceleration term. 

AP. ¢ is the frictional pressure drop due to air only. 

  

f 

APp, is the frictional pressure drop due to solids only. 

me” Ye palo 
&, G 

where solids velocity U, ~ u, =Upee (5.5 = 0.417) 

= 5.083 m/s 

giving AP, = 5.04 gom 

a 
= 2f ul 

AP ee ges 

ca 
the friction coefficient a depends on Re, eae U a, 

Kg 

which has a value of 11.61 x qo’. 

Two expressions are given for ft, 

0.25 3 5 
fy 0.0791 a U a, for 3 x 10°< Re {10 

Mg 
ir -0.257 5 8 i: = 0.0008 + 0.0552 | p,U.4, for 10°< Re <10 

Ae 

Using the latter expression, yields 

= 0.004 f, 3 

and APf, = 0.075 g/ené 
hE es eee



4 
egg a 

G 
Bee Ee 

The value of ty is obtained from figure Al.15 as 0.65 x 10". 

thus Pp, = 4.26 OP eg 

= 0.31 en” 

Thus the total horizontal section pressure drop is 

A 5.43 g/cm Phoriz 

  

The pressure drop in a bend is given by 

AP tp pre 

8 

where Pp is the mean density of the gas/solid mixture, which my 

be approximated by 

U = 19.15 kg/m’. 
P= %% pe 

U, 

Qa 
Q 

The value of the coefficient ty depends on the ratio of bend 

radius to tube diameter, for a ratio of 4, f, = 0.188. 

AP, for 2 bends is hbk g/one 

The pressure drop in the vertical section is 

- Ah + AP, 
A Pert vert 

where AP, is the static head P (hg - h,) 

APp is the friction drop, obtained in a similar way to that 

vert 
in the horizontal section. 

The values are AP, = 5-75 g/cm. 

AP, = 0-197 e/em 
vert 

2 
APyert = 52947 e/em + 
Se 

Thus the total pressure drop is AP, .4, + AP, + AP ert
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= 15.82 e/em. 

or 0.16 m. water. 

Total system pressure drop = 0.16 m. water 

To extract the solids from the conveying air it was decided to 

use a settling chamber and cyclone separator in series. 

Settling chamber 

According to information given by PERRY? °@, settling chamber 

efficiency 

  

If we say that the velocity in the chamber Me = 1.5 n/s. 

the flow area = 0.4 = 0.331 mw. 
1. 

Assume initially that H, = 2B, 

  

      

2B, = 0.351 

A, Bg = 0.407 m 

s 
co Assuming 100% efficiency 

1 g. = BL B lg U, 88 

0.496 = 0.K07.L, 

0.417 

L = 2.92 m 

This seems rather excessive, so make 3, = 0.5 m, giving 1, = 2.38 m. 

Now BH, = 0.3551, 80 BH, is now 0.662 m. 

Thus a suitable size would be 

H, = 0.66 m 

we
 " 0.5 m 

i. = 2.38 nm. 

Settling chambers are usually incapable of separating out particles 

smaller than 40 an in diameter, and so clearly a cyclone separator
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is also needed. 

cy ‘clone 

The design of the cyclone follows the procedure laid down by 

STATRMAND =>, The type chosen is the high-throughput type, the 

proportions of which are shown in figure Al.16. 

Gas rate = 1500 Db w/nr where D is in feet. 

Thus D = 1.091 ft = 0.333 m. 

Inlet area = 0.75 x 0.375 pv = 0.031 Fe 

Velocity in inlet = 0.496 = 16 m/s or 52.5 ft/s. 
0.031 

This agrees well with Stairmand's data on pressure drop which is 

based on an inlet velocity of 50 ft/s.; thus it seems reasonable to 

use the figure he gives for cyclone pressure drop, that is, 4 in. 

water or 0.102 m. water. 

Thus the total system pressure drop is 0.16 + 0.102 

= 0.262 m. water. 

This neglects the settling chamber, and allowing a safety factor, 

the conveying air fan capacity should be at least 0.6 w/s against 

a head of 0.4 m. water. 

To feed the solids into the pneumatic line, it was decided to use 

a cylindrical rotary feeder. 

The feeder must supply 8.78 kg/s of material at a density of say 

2x 10° ajar 

Let the feeder be 0.5 m. long. 

Information given by PERRY suggests that a rotational speed of 

30 rev/min be regarded as the upper limit, and that it is reasonable 

to assume that the feeder would run 70% full. 

Volumetric flow rate = $0 3 = 4.39 x 107? w/s. 

using the above figures yields a feeder diameter of 0.23 m. 

Thus a feeder 0.3 mx 0.5 m would seem about the correct size.
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KEY TO FIGURES APPENDIX 1 

Overall drawing of rig. 

The top end of the channel 

Cross-section of the channel 

The narrow "neck" of the top receiver. 

Top view of the end of the 100 mm. wide channel. 

Shows the hydraulic ram and associated linkage. 

The water level system which indicates channel slope. 

Shows the weighfeeder with the control valve above. 

The rig controls. 

A top view of the channel. 

The instrumentation. 

An end view of the rig. 

Suggested solids level indication system. 

Saltation velocity in 63.5 mm. tube. 

Particle friction factor against Reynolds number. 

Proportions of high throughput cyclone.
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Channel 

Upper receiver 

Lower receiver 

Hopper 

Conveyor 

Elevator 

Storage tube 

Weighfeeder 

Valve
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Figure A1.3 

CHANNEL CROSS-SECTION 

  

  

    

  
  

      

  

    
  

    
  

     



 
 

 
 

 
 

  
  

 
 
 
 

  
 
 

 
 

 
 

  
 
 

 
 

  
 
 

 
 

   
 

 
 

  
 
 

  
  

  
  

  
 
 

     



Figure A1.5 
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Figure A1.13 

SUGGESTED SOLIDS LEVEL INDICATION SYSTEM 
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APPENDIX 2 

NON-NEWTONIAN GRAVITY FLOW 

DOWN INCLINED PLANE
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This approach is based on work by ASTARITA et art for a non-Newtonian 

liquid, extended by pessant 12 

The following assumptions are made: 

2) That steady, one-dimensional laminar flow takes place; shear stress 

is some function of shear rate. 

2) The velocity at the distributor is zero or a function of shear 

stress. 

3) The velocity gradient at the free surface is zero. 

4) No waves form at the free surface. 

Referring to figure 2.1: 

The velocity at a distance y from the free surface is given by 

  

  

igre 

V=Vs + ie (2) 

¥=20 

Integration of this yields the flow rate per unit width of surface 

H 

Q, = VeH + \ y (2 ay (2) 
dy 

Partial derivation at constant A gives 

ear | 
asset 

If it is assumed that Vs changes little with H then this reduces to: 

Ge), = Ve + a (=r) (4) 

yoaH 
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The approach used by Bessant is to plot Q against H at a constant angle 

of inclination, the slope of this curve at H = O being the slip velocity 

Vs (from eqn. 4). 

ioe Sesame eae cee (3') The shear rate is (=) = @Q, - Ve 

  

From figure 2.1 

From simple force balance 

Force down plane on element = pHB S1gesin & 

Shear force resisting = %Bd1 (assuming one dimensional flow). 

“ T= pel sind (6) 
  

Thus, using equations (5) and (6) it is possible to evaluate shear stresses 

and shear rates from the plot of Q against H at constant angle.





   



oes 

The following sequence was adopted when starting the rig. 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

y) 

10) 

11) 

12) 

1) 

14) 

Switch on compressor and wait until this cuts off. 

Check that gauge indicating pressure of weighfeeder air supply 

shows 20 ie/in®. 

Switch on weighfeeder and check that operation is correct. Energise 

photocell system and lamps. 

Switch on elevator and conveyor, wait for a few minutes to check 

that they are operating correctly. 

Manometer indicating weighfeeder output should have settled by now: 

check zero reading on this. 

See that both inclined manometers are level and indicating zero. 

Check that blow-off valve at right hand end of rotameter bottom 

connection is closed. 

Close butterfly valve on fan inlet. 

Check that at least two rotameter flow control valves are well open. 

Start fan, and when up to speed open inlet butterfly. 

Open valve in bottom receiver fully, and check that the one in the 

top receiver is closed. 

Shut valve on hydraulic ram pump and pump up until channel is 

supported by ram at a moderate angle of inclination. 

Open top solids control valve (above weighfeeder) a little. 

Allow system to stabilise, ensuring that an even layer of material 

is deposited onto the weighfeeder belt, i.e. that the top hopper 

does not empty. 

The rig is now ready for use. During testing, the following further 

sequence is adopted. 

15) Set mass flow rate to the minimum which can be reliably measured. 

For working at very low flows the speed of the belt may be reduced. 

(see A.1).
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16) Adjust position of channel until the upstream channel pressure 

tapping shows the desired reading. (This is related to bed height 

through a correlation discussed in chapter 3). 

17) Read: Mass flow rate 

Upstream pressure 

Upstream/downstream differential 

Channel inclination 

Humidity of fluidising air 

Temperature of fluidising air. 

18) Increase mass flow rate and repeat until maximum mass flow reached. 

During this period it will be necessary to release more solids into 

the circuit from the storage tube and hopper to maintain the level 

in the top hopper. 

19) Decrease mass flow and repeat back to minimum. During this period 

it will be necessary to remove solids from circulation into storage 

to avoid the rise of the solids level in the top hopper past 

acceptable limits. 

20) Close solids control valve and check weighfeeder zero after a few 

minutes. 

On shutting down the rig the following sequence should be followed. 

21) Open valve in top receiver and allow solids to flow until storage 

tube andiopper are full. Close valve. 

22) Close solids control valve on top hopper. 

23) Allow rig to run until almost empty of solids. 

2h) Close valve in lower receiver. 

25) Shut off fan. 

26) Allow rig to run until conveyor is cleared. 

27) Shut off conveyor and elevator. 

28) Switch off weighfeeder, photocell system and lamps.



Dud = 

29) Switch off compressor. 

30) Position eccentric disc channel supports appropriately and allow 

Channel to rest on them. Open valve in hydraulic ram pump.



 



Figure A4.1 

CHART FLUIDISING VELOCITY 
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Figure A4.2 

WEIGHFEEDER CALIBRATION 

775-86 mm Hg(15 lbf /in® ) 

9-984 kg /sec 

(79242 1b/ br) 

  

155-17 mm Hg ( 3 lbf /in® ) 

  

Mass flow rate kg /sec



Figure A4.3 

BED PRESSURE DROP SMALL BED RESULTS 
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HYGROMETER CALIBRATION ~ NORMAL ELEMENT 

Figure A4.5 
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Figure A4.6 

HYGROMETER CALIBRATION ~ GOLD SPOT ELEMENT 
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KEY TO FIGURE A4.7. 

Audible warning device R.S. 

680 uF capacitors, 25 v. 

100 pF capacitors, polystyrene, 2.5%. 

4 x IN 40001 or R.S. REE 70 diodes. 

Neon sub-miniaturised indicator. 

Sub-miniature indicators, Cy, R.S. 

15 v. Voltage regulator. 

1 PL PS 12 Photocell. 

1 megohm 0.5 W. resistor. 

Low profile relay, lev. R.S. 

Double pole, double throw sub-miniaturised switch. 

Transformer, 17.5 v. R.S. 634. 

Transistor, R.S. 2N. 3053.
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A list of equipment suppliers, and their products, is given below: 

Airflow Developments Ltd. 

29, Union Street, Oldham, Lancs. 

Bowes Engineering Ltd. 

29, Porchester Road, Nottingham 3. 

Buckland Sand and Silica Co. Ltd. 

Reigate Heath, Reigate, Surrey. 

Midland Tank and Ironplate Ltd. 

Heneage Street, Birmingham 7. 

Mucon Engineering Co. Ltd. 

Winchester Road, Basingstoke, Hants. 

Numec Ltd. 

New Whittington, Chesterfield, Derbys. 

Porvair Ltd. 

Estuary Road, Kings lynn, Norfolk 

Rotameter Manufacturing Co. Ltd. 

(GEC-Elliott Process Instruments Ltd.) 

Croydon, Surrey. 

Shaw Moisture Meters 

Rawson Road, Westgate, Bradford. 

Simon-Barron Ltd. 

Bristol Road, Gloucester. 

(Manometers ) 

(Hydraulic ram) 

(sand ) 

(Welded fabrications) 

("Mucon" valves) 

(Belt conveyor) 

("Vyon" porous plastic 

distributor mterial) 

(Rotameters ) 

(Humidity meter) 

(Elevator)
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Sample size analyses 

The mean particle diameter in the following table is the surface mean, 

calculated as described in Chapter 3. 

In order to provide a simple measure of the amount of each sample above 

250 and 300 jum the symbols 'p' and 'n' are used, derived as follows: 

The samples of unused sand tested (sy - 36) are very similar, and so 

their fractions above 250 asa and 300 om were averaged to provide a 

representative figure, these being fy and fy respectively. To compare 

the fractions in other samples with these figures, 'p' and 'n' are used 

such that 

% of sample above 250 um = pf) 

% of sample above 300 pe nf, 

Key to sample designation 

c From channel 

cI Circulating sand, samples taken at weighfeeder exit. 

IR From lower receiver 

UR From upper receiver 

s Unused sand 

For clarity, a note on the conditions under which each sample was taken 

is necessary. 

All the channel samples Cy to Cg were taken from the flowing bed using 

the method described in Chapter 3. In all cases the fluidising velocity 

was low, of the order of 1.6 - 1.8 Une? and the channel flow velocity was 

also low, of the order of 0.15 - 0.2 n/s. Bed depths varied slightly, 

but were within the range used in the experiments. 

Samples of circulating sand, cI, to Cl¢, were all taken at the weighfeeder 

outlet. Sample CI, was taken after a period of running at high fluidising 
a 

velocity, 4.5 Une» and sample CI, after a corresponding period running at 

17S Une Samples cls to Cl¢ were taken after an extended period at
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5.0 Unp when the bed was flowing at approximately 1 n/s. 

Samples from the lower receiver were taken after completion of a days 

tests, when the rig had been shut down. 

Of the samples taken from the upper receiver, U.R, Was taken using the 

sampling tube, the others being taken in similar circumstances to those 

described above for the lower receiver. 

Samples of unused sand, 8) to See were taken from different bags of the 

new material.
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RESULTS OF SAMPLE SIZE ANALYSES 

SAMPLE Mean particle; Amount Amount | p n 

size dp, am Pree abo ee ae | | 

cy 198.6 24.801 5.93 2.835 1.927 

Gy 172.2 15.881 3.643 | 1.815 1.183 

Cs 173.9 16.592 3.952 | 1.897 1.283 

Cy 160.6 17.844 4.712 2.04 1.55 

Cs 163.7 19.997 5.716 | 2.286 1.856 

C6 161.2 18.542 5.797 | -“@.2 1.882 | 

Cy 163.6 20.71 5.96 2.367 | 1.935 | 

cg 186.0 | 25.035 | 7.953 | 2862 | 2.582 | 

| a 
cry 174.2 14.295 4.043 | 1.634 1.313 | 

cry 170.1 10.54 2.974 | 1.205 i 0.966 | 

cls 160.4 | - - - | - | 

cl, 158.4 - - | - | - | 

cls 180.1 - - - haves 

Clg 179.8 - - eee | - | 

| | | 
IR, 213.7 49.527 | 22.866 5.662 74h | 

LRp 212.7 51.592 | 23.272 5.898 | 7.556 | 

LR, 206.3 48.939 20.839 5.594 6.766 | 

IR, 214.3 52.455 | 2.507 | 5 +996 | 1-957 

sae 
| | | 

\  
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SAMPLE |Mean particle} Amount Amount p n 

size dp,, Km jabove 250 yum) above 300 jum| 

F % % 

UR, 169.6 19.586 5.ThL 2.239 1.864 

UR, 378.8 91.421 | 79.001 10.4 25.6 

UR, 346.4 89.325 | 72.899 10.2 23.7 

UR, 361.2 87.53 76.0 10.0 2h.7 

URS 360.6 90.82 76.024 10.4 24.7 

8) 148.8 9.004 2.949 - = 

Sp 150.1 8.9 3.276 - - 

8, Loe 8.975 3.132 5 = 

3), 149.8 9.787 3.586 - - 

S5 161.7 9.268 3.42 “3 Ss 

56 148.6 6.554 2.113 - -             

The average percentage in the above samples, Sy to 86> above 

250 jun is 8.748, and that above 300 dm is 3.08. 

3.08 

8.748 

 



 



TABLE NO. 

1-6 

7 - 20 

21 

22% 25 

2k 

25 = 5k 

2 aN. 

5T - 60 

= Ale 

APPENDIX 

KEY TO TABLES 

CHANNEL WIDTH 

150 

150 

150 

150 

150 

100 

100 

150 

SET A. 

SET B. 

SET C. 

SET D. 

SET E 

Constant slope tests 

Constant slope tests



In tables 1 - 54 the following symbols are used: 

Symbol 

ee 

RE 

TABLES 1 - 54 

Quantity 

Fluidising velocity 

Bed height 

Bed density x 107 

Channel width 

Solids mass flow rate 

Linear velocity in channel 

Shear stress 

Shear rate 

Darcy friction factor 

Apparent viscosity 

Generalised Reynolds Number 

Units 

cm/sec. 

mm. 

kg/1 mn? . 

mm. 

ke/sec. 

m/sec. 

N/a.



  

  

TABLE 1. 

uf = 17.9 h = 14.9 P= 0.845 w = 150 

M U ae o f ae NRE 

0.18 0.0955 1.164 15.4 1.2162 0.0756 83.6 

0.36 0.1906 2.619 30.74 | 0.685 0.0852 185.8 

0.65 0.344 3.42 55.48 [0.2749 0.0616 359.6 

0.85 0.455 3.715 75.39 10.1705 | 0.0506 | 494.3 

1.4 0.7411 4.177 119.5 0.0723 0.055 860.7 

25 0.9528 | 5.1 155.68 }0.0534 | 0.0332 | 1145.3 

2.11 1.117 5.58 180.16 |0.042h 0.031 1372.1 

2.6 1.376 Tol 221.94 |0.0356 | 0.052 1739.4 

3.47 1.837 8.97 298.87 |0.0252 0.05 2415.9 

4.18 2.213 9.62 356.94 10.0186 0.027 2985.6 

5.25 2.769 12.67 446.62 |0.0157 0.0284 | 3852.2 

5.9 Saleoe eallos th 503.71 |0.0155 | 0.0312 | 4416.9 

2.5 1.218 5.52 196.45 |0.0353 0.028 1514.2 

uf = 17. h = 3.0 jp= 1.02 | w = 150 

0.96 0.1793 0.84 15.0 0.204 0.056 178.5 

1.2 0.224 16355 18.74 |0.2118 | 0.0722 | 231 

1.84 0.3436 2.469 28.75 |0.1638 0.0859 ST9 4 

2.23 0.4164 2.868 34.85 |0.1296 0.0823 475.2 

3.0 0.56 3.705 46.86 10.0926 0.0771 669.5 

5.63 0.6779 | 4.oh 56.73 |0.0845 | 0.0871 | 836.3 

4.32 0.8067 5.098 67.51 |0.0614 0.0755 |1022.7 

55: 0.9916 5.756 82.98 |0.0457 0.0692 | 1299.7 

6.18 D5 6.574 96.57 |0.0375 | 0.066 |1549.1               
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TABLE 2. 

Uf = 17.9 Bis 21.5 p= 0-915 w= 150 

M u % x f EAS Neg 

0.0725 | 0.0246 0.25 2.946 | 5.61 0.0849 14.4 

0.1175 | 0.0398 0.55 4.766 | 5.03 0.1154 C563 

0.538 | 0.1146 | 0.999 13.72 | 0.66 0.0728 88.2 

0.495. | 0.1678 | 1.598 20.09 |0.49 0.0795 | 138.5 

0.613 0.2078 1.798 24.89 | 0.36 0.0722 178.3 

0.775 0.2627 1.947 3146 10.25 0.0619 255.1 

0.925 | 0.5129 | 2.52 37-47 | 0.23 0.0675 | 289.1 

eto 0.3915 549 46.89 {0.199 0.0744 376.7 

LAT 0.498% 5655 59.68 |0.125 0.0595 500.8 

1.145 0.388 5.17 46.47 |0.184 0.0682 Deut 

1.61 0.546 5.55 65.39 |0.104 0.0545 | 557-9 

1.97 0.668 4.04 80.0 0.079 0.0505 707-9 

2.4 0.814 4.79 97-49 |0.063 0.042 894 

1.49 0.505 3.696 60.48 | 0.127 0.0611 508.8 

0.175 0.059 0.325 7.066 |0.815 0.046 39.9 

2.08 0.705 4.319 84.45 10.074 0.0512 T54.D 

2.66 0.902 5 067 108.0 0.051 0.0525 | 1009.2 

5.45 1.165 6.842 139.3 0.044 0.0491 | 1562.5 

4.79 1.625 10.09 heh 0.034 0.0519 | 2020.1 

0.95 0.515 2.8h6 37-7 0.251 0.0755 291.4 

0.52 0.175 1.348 21.08 [0.3.4 0.0665 146.5 

2.68 0.908 5.418 108.7 0.0572 0.0498 | 1017.2 

4.85 1. 6b 9.912 196.9 |0.0319 0.0503 | 2050.9 

5.4 1.83 12.25 | 219.2 |0.0319 | 0.0558 | 2327.9 

6.55 2.22 13.93 265.9 0.0246 0.0524 | 2924.21 

7.28 2.468 11.28 295.6 0.0161 0.0382 | 3312.8               
  

 



  

  

TABLE 3. 

uf = 13.15 h = 27.5 P= 1.024 w = 150 

M u ae x f Tey Nre 

6.1 1.445 | 10.85 144.5 | 0.0406 | 0.0751 | 1664.3 

4.0 0.948 7-04 94.8 | 0.062 0.0743 | 1023.8 

2.9 0.687 5625) 68.7 0.086 0.0761 | 706.9 

Det 0.419 B10 41.9 | 0.168 0.0902 | 399.7 

0.95 0.225 en52 22.5 0.362 0.1044 195.0 

0.63 0.149 1.81 14.9 | 0.637 0.1215 100.5 

0.155 | 0.052 0.235 3.15 | 1.85 0.0746 32.83 

Uf = 13.45 h ={40.0 p= 1.08 w = 160 

0.86 0.1352 0.51 10.11 | 0.216 0.0504 - 

1.06 0.165 1.25 12.49 | 0.347 0.1 191.2 

1.6 0.246 1.95 18.85 | 0.237 0.1034 240.8 

2.21 0.330) 5.15 25.98 | 0.202 0.1212 | 322.4 

2.68 OUN2 ts oxy, 31.57 |0.161 0.1172 406.5 

5.72 0.571 4.91 43.75 | 0.121 0.1122 599.2 

Bre 0.783 6.12 60.0 0.074 0.102 872.5 

6.03 0.926 7-09 70.96 |0.061 0.0999 | 1066.4 

              
  

 



  

  

TABLE 4. 

Uf = 9.85 h = 27.5 pa tar w= 150 

M u 4 x f Pa Nre 

5.93 1.295 11.05 129.5 | 0.047 0.0853 | 1403.5 

4.88 1.066 8.65 106.6 0.055 0.0811 | 1143.7 

Wea 0.91 7-56 91.0 0.066 0.0831 968.4. 

2.95 0.646 6.18 64.6 |0.106 0.0957 | 674.5 

2.15 0.469 5.09 46.9 10.166 0.1085 | 3835.0 

165 0.328 AWS 52.8 |0.296 0.1351 | 221.0 

0.8 0.175 3.63 17.51. 10.055 0.2074 15-9 

0.36 0.079 2.85 7.9 sey 0.3582 20.4 

0.2h 0.052 2.18 5.2 5.79 0.4192 11.07 

0.08 0.018 0.564 Ls75= | 0055 0.208 15.0 

uf = 9.8' h = 40.0 jo= 1.14 | w= 150 

0.42 0.061 O.4y 4.67 10.825 0.0942 87.5 

0.8 0.117 0.92 8.97 |0.475 0.1026 ALEso) 

1.15) 0.165 1.95 12.64 |0.502 0.1543 131.6 

2655 0.544 3.8 26.36 10.225 o.1bhe 278.0 

55 0.512 5.06 39.23 10.135 0.129 448.0 

4.7 0.687 6.81 52.64 |0.101 0.1294 637.0 

5.95 0.87 7.88 66.67 |0.075 0.1182 |} 846.0               
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TABLE 5. 

hes 27.5 p=i15 w= 150. 

M u ies x f CLs Nee 

5.8 1.224 10.65 122.4 0.0496 0.087 

5.32 1.122 47h 112.2 0.054 0.0868 

4.17 0.88 8.35 88.0 0.075 0.0947 

3.0 0.633 Tee 65.3 0.1545 0.122 

2.4 0.506 6.94 50.6 0.189 0.1372 

Lib 0.304 TMS 50.4 0.561 O.2uM) g 

2.64 0.557 72h 5a 0.163 0.13 4 

qs75 0.565 8.17 50.5 0.428 0.2238 zg 

250 0.285 7.88 28.5 0.675 0.2765 

0.92 0.194 8.03 19.4 1.49 0.4139 

0.75 0.158 7.58 15.8 2.12 0.4797 

0.75 0.158 57 15.8 1.59 0.3608 

h = hq p>|2-26 y = 150 

O.47 0.0675 0.595 5.17. 0.6 0.0764 

0.5 0.0718 | 1.684 Lp 2.25 0.5062 

0.65 0.0934 5.17 7.16 2.5 0.4427 

1.07 0.1537 4.8 11.78 1.4 0.4075 4 

1.65 0.237 5 hh 18.16 0.669 0.2996 3 

a 0.559 Aug C1651 0.294 0.1632 g 

BUT 0.4986 4.75 38.21 0.132 0.1245 5 

4.52 O.Gho4 6.68 49.76 0.109 0.1542 

5.78 0.8305 7.82 63.64 0.078 0.1229             
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TABLE 6. 
h = 27.5 pill = 150 

M u ae x f as Nee 

0.18 0.037 0.84 5.7) b.085 0.227 2.5 

0.24 0.05 1.53 5.0 |%.225 0.306 18.0 

0.38 0.079 2.33 79 2.557 0.2949 30.5 

0.65 0.135 3.09 13.5 1.159 0.2289 55.5 

1.22 0.253 4.81 25.3 0.515 0.1901 113.8 

1.59 0.329 71 32.9 [0.449 0.2158 | 153.5 

2.34 0.484 9.39 48.4 10.273 0.194 238.5 

aern 0.644 8.17 64 0.135 0.1269 47h .2 

4.1 0.849 9.31 84.9  |0.089 0.1097 | 678.9 

5.65 2.37 12.06 117-0 |0.0604 | 0.1031 | 1028.9 

h = 4d.0 pl 1.18 | w= 150 

4.32 0.61 6.54 46.74 |0.119 0.1599 | 517.2 

3.61 0.51 6.19 39.08 |0.162 0.1584 | 420 

3.88 0.548 6.2h 41.99 |0.141 0.1486 | 456.7 

2.63 0.371 4.53 28.43 10.223 0.1593 | 290.7 

1.97 0.278 4.93 21,3 10.855 0.2315 - 

Leb 0.203 5.7% 15.56 |0.944 0.3689 66.3 

0.97 0.137 5.02 10.5 {2.27% 0.3352 43.5 

0:7 0.099 3.42 1:59 \2-50> 0.4506 30.6 

0.48 0.068 0.81 5.21 |1.184 0.1555 20.6             
  

 



mT. 

  

  

TABLE 7. 

uf = 17.9 h = 27.5 P= 0-961 w = 150 

M U a x f ty Nre 

0.5919 | 0.1493 | 2.701 14.93 |1.009 0.181 

1.026 | 0.2588 | 3.769 25.88 [0.4687 | 0.146 

1.284 | 0.3239 | 4.2h 32.39 |0.3367 | 0.131 

1.589 | 0.4008 | 4.72 40.08 0.2459 | 0.118 

2.072 | 0.5227 | 5.402 52.27 |0.1647 | 0.103 

2.426 | 0.612 6.721 61.2 {0.1495 | 0.11 

2.972 0.7497 8.228 74.97 10.122 0.11 

3.375 | 0.8514 | 8.731 85.14 |0.1003 | 0.103 

3.97 |1.001 | 9.547 |100.1 0.0794 | 0.095 a 

4.677 11.18 10.992 118.0 0.0658 | 0.093 2 

4.05 1.022 |10.301 | 102.2 0.0822 | 0.101 2 

3.262 | 0.8229 | 8.856 82.29 |0.1089 | 0.108 i 

2.603 |0.6566 | 6.909 65.66 {0.1335 0.105 2 

1.991 0.5023 5.402 50.23 |0.1783 0.108 

1.316 0.332 4.208 33.2 0.3181 0.127 

0.9619 | 0.2427 2.764 24.27 {0.3909 0.114 

              
  

 



  

  

  

TABLE 8. 

h = 27.5 ee 0.988 w= 150 

M uU at x f Cae Nee 

0.978 | 0.24 3.293 24.0 [0.4633 | 0.137 - 

1.235 | 0.303 4.74 30.3 0.426 0.156 - 

1.605 | 0.3938 | 5.231 39.38 0.2733 | 0.133 239.6 

2.0h 0.5006 | 5.941 50.06 |0.1921 | 0.119 |319.3 

2.474 0.607 7-168 60.7 |0.1576 | 0.118 {402.1 

3.053 | 0.7491 | 8.653 74.91 10.1249 | 0.116 [517.2 

3.648 | 0.8951 |10.01 89.51 |0.1012 |0.112 |640.1 

4.275 1.049 11.01 104.9 {0.0811 | 0.105 |774.0 

4.983 |1.223 |12.915 | 122.3 0.07 0.106 930.1 

4.388 [1.077 12.494 | 107.7 |0.0803 | 0.107 | 798.8 

3.423 | 0.8399 | 9.686 83.99 |0.1113 | 0.115 |593.1 

2.94 0.7214 | 8.33 72.14 |0.1297 | 0.115 |koh.4 

2.474 0.607 6.78 60.7 0.1491 0.112 402.1 

1.991 | 0.4885 5.812 48.85 |0.1973 |0.119 {310.0 

1.396 |0.3425 | 4.746 34.25 |0.3278 | 0.139 |202.7 

0.978 0.2h 2.518 24.0 0.3543 0.105 - 

            
  

 



  

  

TABLE 9. 

uf = 16.1 h = 40.0 p= 1.063 w= 150 

M u ae x : vee Nee 

0.7849 |0.1231 | 1.088 9.433 10.5408 | 0.115 2 

1.171 | 0.1836 | 2.448 |14.069 |0.5469 | 0.174 - 

1.621 |0.2542 | 3.536 |19.479 |o.4121 | 0.182 164.2 

2.007 |0.31'7 | 4.125 | 24.115 0.3137 | 0.171 214.4 

2.619 |0.4106 | 4.942 | 32.464 0.2207 | 0.157 298.9 

3.326 10.5215 | 5.712 |39.963 {0.1582 | 0.143 405.1 

3.873 0.6072 6.347 46.53 10.1296 0.136 487.5 

4.452 | 0.698 1.295 53.49 0.1121 | 0.136 580.3 

5.257 |0.82h2 | 8.613 | 63.158 0.0955 | 0.136 714.2 

4.018 | 0.63 6.392 |48.277 {0.1213 | 0.132 510.5 

3.069 {0.4812 5.077 |36.874 [0.1651 | 0.138 364.5 

2.545 0.3677 | 4.261 |28.177 (0.2374 |0.151 260.4 

1.734  |0.2719 | 3.264  |20.836 0.3325 | 0.157 178.6 

1.235 0.1936 1.36 14.836 0.2733 0.092 - 
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TABLE 10. 

uf = 14.3 h = 27.5 p = 1-01 w= 150 

mM u ie x f De Nee 

0.4472 | 0.1073 | 1.452 10.73 |0.9998 | 0.135 - 

0.7528 | 0.1807 2.409 18.07 | 0.5848 0.133 - 

1.0584 | 0.254 3.169 25.4 10.3895 | 0.125 - 

1.509 0.3622 4.489 36.22 |0.2712 0.124 - 

1.911 0.4587 5.149 45.87 |0.19% 0.112 343.2 

2.249 | 0.5398 | 5.809 53.98 |0.158 0.108 403.8 

2.635 | 0.6325 | 6.601 63.25 |0.1308 | 0.104 473.2 

3.053 0.7328 7-19 73.28 0.115 0.106 548.2 

3.568 0.8564 9.11 85.64 |0.098h 0.106 640.7 

4.212 | 1.011 {10.727 | 102.1 0.0832 10.106 756.3 

4.887 eS 13.4 A735 0.0772 0.114 877.5 

4.452 | 1.069 11.684 | 106.9 |0.081 0.109 199-7 

4 O34 0.9683 |10.562 96.83 |0.0893 0.109 Takk 

3.487 0.837 904k 83.7 0.1023 0.108 626.2 

3.053 0.7328 7.724 73.28 |0.114 0.105 548.2 

2.635 0.6325 6.601 63.25 {0.1308 | 0.104 473.2 

2217 0.5321 5.743 53.21 |0.1608 0.108 398.1 

1.863 O4K72 4.984 4.72 © |0.1975 0.111 334.6 

1.477 0.3542 3.565 35.45 |0.2248 0.1 - 

1.171 | 0.2811. | 1.782 28.11 |0.1788 | 0.063 - 
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TABLE 11. 

uf = 14.3 h = 40.0 r = 1.079 w= 150 
  

M u tS x f hee Nre 
  

0.7045 | 0.1088 |0.2761 8.337 |0.173 0.033 - 

1.026 | 0.1585 |1.473 12.15 0.4349 | 0.121 - 

1.428 | 0.2206 |2.669 16.9 0.4069 | 0.158 155.2 

1.718 | 0.2654 |3.267 20.34 |0.3441 | 0.161 190.1 

2.112 0.3262 |4.0h9 25.0 0.2823 0.162 238.2 

2.635 |0.407 |%.69% 31.19 0.2102 | 0.15 303.8 

3.149 | 0.4864 [5.43 37-27  |0.1703 | 0.146 369.3 

3.712 | 0.5734 6.304 43.94 0.1423 | 0.143 4h2.3, 

4.131 | 0.6381 |7.086 48.9 0.1291 | 0.145 497.2 

4.581 0.7076 |7.639 54.22 0.1132 0.141 556.9 

4.806 |0.7424  |8.099 56.89 0.109 0.142 587.0 

4.581 0.7076 {7-915 54.22 (oles sy fo 0.146 556.9 

4.187 | 0.6467 17.225 49.56 |0.1282 {0.146 {504.6 

3.68 0.5684 16.35 43.56 0.1458 0.146 438.0 

5.182 |0.4915 |5.522 37-66 0.1696 |0.147 {373.5 

2.643 |0.4082 |4.878 31.28 0.2172 |0.156 |304.7 

2.265 0.3499 4.233 26.81 10.2566 0.158 257 4 

1.798 0.2777 = [3-313 21.28 (0.3188 0.156 199.8 

1.557 0.2405 2.761 18.43 10.3542 0.15 170.7 

1.203 0.1858 {1.38 14 .2h 10.2967 0.097 - 
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TABLE 12. 

Uf = 11.65 h = 27.5 p= 1.062 w = 150 

M U ee x f Ey, Nre 

0.5598 | 0.1278 | 2.013 12.78 |0.929 0.158 - 

0.801 | 0.1828 | 2.672 18.28 |0.6028 | 0.146 - 

1.123 | 0.2563 | 3.887 25.63 10.4461 | 0.152 - 

1.525 | 0.3481 | 4.581 34.81 |0.285 0.132 - 

1.895 0.4326 54k 43.26 |0.2181 | 0.125 - 

2.345 | 0.5353 | 6.212 53.53 [0.1634 | 0.116 405.8 

2.956 0.6748 7.288 67.48 |0.1207. 0.108 511.8 

3.375 |0.7704 | 8.26 77-04 0.1049 | 0.107 584.4 

3.68 0.84 9.266 84.0 10.099 0.11 637.3 

4.131 |0.943 110.55 94.3  |0.0894 | 0.112 715.7 

5.0u7 (1.152 113.55 115.2  |0.0757 | 0.116 874.6 

4.806 1.097 12.494 109.7 0.0783 0.114 832.8 

4.549 1.038 12.01 103.8 10.084 0.116 787-9 

4,082 | 0.9318 10.9 93.18 |0.0946 | 0.117 707.1 

5.6 0.8218 | 9.544 82.18 0.1065 | 0.116 623.5 

3.198 | 0.73 8.191 75-0 0.1159 | 0.112 553-7 

2.699 0.6161 6.802 61.61 0.1351 0.11 467.2 

2.281 0.5207 5.692 52.07 0.1582 0.109 394.7 

1.959 0.4472 4.928 44.72 10.1858 0517 538.9 

1.686 |0.3849 | 3.54 38.49 (0.1801 0.092 - 

nl oiotedaeny (oreo ait | prages 30.41 0.1697 | 0.068 -               
  

 



uf 

= %e15) = 

  

  

TABLE 13. 

11.65 h = 40.0 priall w= 150 

M u ae x f aie Neg 

0.56 0.084 0.3787 6.437 [0.3871 0.059 - 

0.8815 | 0.1324 | 1.467 10.15 0.6038 | 0.145 

1.364 0.2048 12.329 15.69 0.3989 0.148 - 

1.654 | 0.2483 |35.077 19.05 0.3599 | 0.162 ATT <2 

2.04 0.3063 | 3.787 23.47 0.2911 0.161 221.9 

2.395 | 0.3593 [4.355 27.53 |0.2433 | 0.158 263.4 

2.651 | 0.398 14.639 30.5 0.2112 =| 0.152 29h.0 

3.182 0.4778 | 5 uaa 36.61 0.172 0.149 357.7 

3.696 | 0.555 6.391 42.53 0.1496 | 0.15 420.2 

4.308 | 0.6468 17.479 49.56 0.1289 | 0.151 495.3 

5.047 0.7578 |8.805 58.07 0.1106 0.152 587.1 

4.565 0.6854 18.047 52.52 0.1235 0.153 SoTL 

4.179 0.6275 17.385 48.09 0.1353 0.154 479.4 

3.359 0.504% 15.965 38.65 0.1691 0.154 379.2 

2.956 O-4438 15.349 34.01 0.1959 0.157 350.5 

2.651 0.598 4.876 30.5 0.222 0.16 294.0 

2.377 | 0.2569 [4.45 27.35 0.252 0.163 261.5 

1.927 0.2893 13.598 22.17 O.32 0.162 208.7 

1.637 0.2458 2.698 18.8) 0.3221 0.143 - 

1.155 0.1734 0.9468 13.29 0.174 0.071 - 

              
  

  

 



- 7.16 - 

  

TABLE 14. 

uf = 9.85 h = 27.5 p zie w= 150 

M U ne x f t/y Nre 
  

0.4954 | 0.1082 | 2.68 10.82 |1.654 0.241 - 

0.801 0.1749 4.208 17.49 |0.9921 0.241 - 

1.123 | 0.2452 | 4.5 24.52 10.5396 | 0.164 - 

1.412 | 0.3083 | 4.571 30.83 |0.3468 | 0.148 - 

1.718 0.5751 5 bbl 37.51 |0.2789 0.145 - 

2.072 0.4524 6.167 45.24 10.2173 0.136 - 

2.506 0.5472 ‘Tah 54.72 |0.1782 0.135 - 

2.94 0.6419 8.271 64.19 ]0.1448 0.129 491.4 

3.568 0.779 8.851 17-9 0.1052 0.114 596.3 

3.97 0.8668 9.94 86.68 |0.0954 0.115 663.5 

4.613 1.007 11.753 100.7 0.0836 0.117 710.9 

5.112 1.116 12.188 111.6 0.0706 0.109 854.3 

4.903 1.071 12.116 107.1 0.0762 0.113 819.9 

4.388 0.9581 |10.883 95.81 |0.0855 0.1214 7335.4 

3.97 0.8668 | 9.939 86.68 0.0954 | 0.115 663.5 

3.519 0.7683 8.996 76.83  |0.1099 0.117 588.1 

3.021 0.6596 7-835 65.96 |0.1299 | 0.119 504.9 

3.619 0.5718 6.675 57.18 |0.1472 0.117 437.7 

2.265 0.4945 5 hhr 49.45 0.1605 opp lek - 

1.814 0.3961 4.208 39.61 |0.1934 0.106 - 

1.573 0.5454 3.265 34.34 |0.1997 0.095 - 

1.36) 0.2978 2.104 29.78 |0.1711 0.071 ~                 
 



= Tell = 

  

  

TABLE 15. 

uf = 9.85 h = 40.0 p= w= 150 

M U aes x f Ty Neg 

0.6241 | 0.0912 |0.6807 6.989 |0.5747 | 0.097 - 

0.8654 | 0.1265 |2.1393 9.694 {0.9388 | 0.221 - 

1.509 | 0.2206 |2.82 16.905 0.4069 | 0.167 158.8 

1.895 |0.277 |3.549 21.23 |0.32h8 | 0.167 202.5 

2.168 0.317 5.987 2h.29 0.2786 0.164 234.0 

2.4h2 10.357 4.182 27.36 |0.2304 | 0.153 265.6 

2.92h 10.4275 |5.056 32.76 |0.1943 | 0.15% 322.1 

3.471 | 0.5075 |6.029 38.89 |0.1644 | 0.155 386.9 

3.809 0.5569 |6.612 42.68 0.1497 0.155 427.3 

147 0.6063 |7.099 46.46 0.1356 0.153 467.9 

4.983 0.7285 |8.45 55.82 0.1119 0.152 569.4 

4.484 =| 0.6556 17.779 50.24 |0.1271 | 0.155 508.7 

4.018 0.5874 |7.146 45.01 0.1464 0.16 452.4 

3.439 | 0.5028 6.029 38.55  |0.1675 | 0.156 35561, 

3.101 | 0.4534 [5.543 34.74 {0.1893 0.16 343.0 

2.619 0.3829 = |4.57 29.34 10.2189 0.156 286.3 

2.2 0.3216 [4.035 2h .64 0.274 0.164 237.6 

1.847 | 0.27 3.306 20.69 0.3185 | 0.16 197-1 

1.461 |0.2136 |1.993 16.37 0.3068 | 0.122 - 

1.203 0.1759 [0.8265 13.48 10.1876 0.061 - 

              
  

 



uf = 9.0 

- 7.18 - 

  

  

  

TABLE 16. 

h = 27.5 p=i25 w= 150 

M u =e x f Te Nee 

0.447 0.0963 4.706 9.63 3.611 0.489 - 

0.785 |0.1692 | 4.927 16.92 | 1.224 | 0.291 - 

1.235 |0.2662 | 5.147 26.62 | 0.5169 | 0.193 - 

1.605 0.5459 5.368 34 59 0.3192 | 0.155 = 

1.895 |0.4084 | 6.103 40.84 | 0.2604 | 0.149 - 

2.586 0.5573 7-611 55-73 0.17h4 | 0.137 397 2 

3.326 |0.7168 | 9.118 71.68 | 0.1263 | 0.127 542.6 

3.922 |0.8453 |10.074 84.53 | 0.1003 | 0.119 665.6 

4.5 0.9698 |11.324 96.98 | 0.0857 | 0.117 789.1 

5.208 1.122 11.545 | 112.2 0.0653 | 0.103 O45 

4.484 | 0.9664 [10.442 96.64 | 0.0796 | 0.108 785.7 

4.082 0.8797 9.706 87.97 0.0892 | 0.11 699.3 

3.487  |0.7515 | 9.045 75.15" =|0.124 - 1} 0,12 575-3 

2.876 }0.6198 | 7.5 61.98 | 0.1389 | 0.121 453.2 

2.2 O.47h1 | 6.25 47.41 | 0.1979 | 0.132 325.1 

1.863 |0.4015 | 5.29% 4.15 | 0.2337 | 0.132 264.6 

1.702 0.3668 5 hha 36.68 0.2878 | 0.148 - 

1.541 [0.3322 | 4.338 33.21 | 0.2799 | 0.131 - 

1.219 0.2627 3.088 26.27 0.3184 |0.118 - 

1.042 [0.2246 | 2.353 22.46 | 0.3319 | 0.105 - 

               



9.0 

- 7.19 - 

  

  

  

TABLE 17. 

h = 40.0 = 1.148 w = 150. 

M u = x f Ts New 

0.624 | 0.0906 |2.252 6.943 | 1.9135 0.324 - 

0.914 | 0.1327 |3.525 10.169 | 1.396 0.347 - 

1.251 | 0.1816 |4.504 13.916 |0.9525 | 0.32h - 

1.718 | 0.2493 |4.406 19.104 |0.4944 | 0.231 - 

1.865 | 0.2704 [4.504 20.721 |0.4296 | 0.217 - 

2.426 | 0.3521 |4.896 26.981 {0.2754 | 0.181 - 

2.908 | 0.4221 15.386 32.346 |0.2108 | 0.167 308.3 

3.214 | 0.4665 15.875 35.748 |0.1882 | 0.164 349.4 

3.68 0.5341 16.463 40.928 |0.158 0.158 413.7 

4.115 0.5972 17.05 45.763 0.1378 0.154 475.6 

4.645 | 0.6742 17.834 51.664 |0.1202 | 0.152 553-4 

5.16 0.7489 = |8.421 57-388 |0.1047 | 0.147 631.0 

4,581 0.6649 |7.4h2 50.451 |0.1174 0.146 543.9 

43h 0.6299 |6.854 48.269 |0.1205 0.1h2 508.4 

4.05 0.5878 6.659 45.043 0.1344 | 0.148 466.3 

3.552 |0.5155 |5.973 39.503 |0.1567 | 0.151 395.8 

3.117 |0.452h 5.288 34.667 0.1802 | 0.153 336.2 

2.667 0.3871 {4.602 29.663 |0.2142 0.155 - 

2.088 0.303 3.525 23.219 0.2677 0.152 - 

1.4953 [0.2167 2.154 16.606 0.3199 |0.13 - 

1.187 |0.1723 0.881 15.203 0.207 0.067 -             
  

 



uf = 8.1 

- 7.20 - 

  

  

  

TABLE 18. 
h = 27.5 pri w= 150 

M u ae x f Te Nre 

0.56 0.12 4.89 12 2.365 0.408 - 

0.77 0.162 5.48 16.2 1.454 0.338 - 

0.99 0.209 5.8 20.9 0.9234 | 0.278 - 

52 0.319 5.64 31.9 0.3856 | 0.177 - 

1.83 0.386 6.16 38.6 0.2875 | 0.16 - 

2423 0.47 6.7 YT 0.211 0.143 - 

2.62 0.553 7.96 555 0.1812 0.144 = 

3.0 0.633 8.57 63.3 0.1489 | 0.135 - 

3.47 0.732 8.73 1502 0.1134 |0.119 {586.5 

3.99 0.842 9.4 84.2 0.0923 |0.112 |696.6 

yok 0.928 9.99 92.8 0.0807 |0.108  |785.0 

4.97 1.049 12.21 anes 0.0675 0.107 912.6 

4.69 0.989 = 10.44 98.9 0.07453 | 0.106 |848.9 

4.52 0.954 10.03 954 0.0767 0.105 812.1 

42k 0.895 9.54 89.5 (0.0829 | 0.107 =| 750.8 

3.66 0.772 8.95 Tee 0.10K6 =|0.116 =: |626.1 

3.35 0.703 8.28 70.3 0.1166 =| 0.118 = [558 

2.8 0.591 6.77 59.1 0.1348 =| 0.115 - 

2.39 0.504 6.47 50.4 10.1773 0.128 - 

1.96 O.4as 5.34 41.4 0.217 0.129 - 

1.32 0.278 4.8 27.8 10.4326 0.173 - 

0.91 0.192 3.9 19.2 (0.7366 | 0.203 -             
  

 



= 7.21 = 

  

  

  

TABLE 19+ 

ur= 8.1 h-= 40.0 p* 1.16 w= 150 

M u ag x f te Nee 

0.495 | 0.071 2.88 Shh | 3.92 0.529 - 

0.978 | 0.141 3.95 10.8 2.37: 0.366 - 

1.123 | 0.161 WuS 12.34 =| 1.185 0.361 - 

1.573 | 0.226 4.75 17-32 |0.6417 | 0.274 - 

1.83 0.263 4.96 20.15 0.4946 0.2h6 - 

2.545 | 0.337 5.73 25.82 |0.3481 | 0.222 - 

2.667 0.383 5.85 29.35 0.2751 0.199 - 

3.246 | 0.466 6.14 35.71 |0.1953 | 0.172 | 335.7 

3.857 0.554 6.74 42.45 0.1515 0.159 415.6 

4h 0.632 7-63 48.43 0.1318 0.158 489.0 

4.951 0.711 8.4 54.48 0.1147 0.154 565.5 

4.597 0.66 T-17 50.58 0.1231 0.154 515.8 

4h7 0.596 7.12 45.67 0.1384 0.156 454.8 

5.5 0.517 6.03 39.62 0.1556 0.152 - 

2.9h 0.422 5625 52.34 0.2036 0.162 - 

2.538 | 0.365 4.9 27.97 1012537 | 05175 - 

2.056 | 0.295 WAUS 22.61 |0.3531 | 0.197 - 

15557. 0.22 SeTT. 17.17 0.5185 0.22 - 

1.284 0.184 3.12 Ww.1 0.6352 0.221 - 

0.962 0.138 1.63 10.57 0.5916 0.154 - 

              

  

 



- 7.22 - 

  

  

  

TABLE 20. 

US 7.2 sen e275 p=l1T w= 150 

M U ae x f THe NRE 

0.21 0.0435 |1.995 4.35 7-19h | 0.459 

0.35 0.0725 |3.22 T.25 4.18 Oba 

0.93 0.1925 |4.52 19.25 0.8332 | 0.235 

1.25 0.259 6.6 25.9 0.6709 | 0.255 el 

1.75 0.362 = |6.37 56 2 0.3314 | 0.176 4 

2.0 o.41h = [6.82 41.4 0.2717 | 0.165 g 

OT 0.559 6.96 55-9 0.1523 | 0.125 

3.29 0.68 7.65 68.0 0.113 0.113 

Uf = 7.2} h = 4g.0 P = 1.18 w= 150 

3.29 0.464 5 Ok 35.6 0.1871 | 0.167 

2.68 0.378 [5.03 29.0 0.239 | 0.173 

2.21 0.312 = 4. 9h 23.9 0.3436 | 0.207 | 

1.58 0.224 5.42 17.2 0.4625 | 0.199 4 

1.22 0.1725 0.957 13.22 0.2182 | 0.072 zg 

            
  

 



- 7.23 - 

  

  

  

TABLE 21. 

Uf = 7.2 h = 27.5 pid? w= 150 

M U xd xX f tx Neg 

0.17 0.0352 2.07 3.52 11.398 0.588 

0.51 0.1055 3.14 10.55 1.928 0.298 

0.61 0.1262 | 3.6 12.62 1.544 | 0.285 

0.85 0.176 6.4 17.6 1.419 | 0.366 

1.18 0.2hh 1-3 2h ky 0.8612 | 0.307 

0.3 0.062 3.06 6.2 5.432 0.494 

0.74 0.153 5.82 15.3 1.698 | 0.38 g 

1.4 0.29 6.9 29 0.5599 | 0.238 is| 

1.72 0.356 5.9 35.6 0.3179 | 0.166 a 

2.02 0.418 6.14 41.8 0.2396 | 0.147 : 

2.51 0.478 6.51 47.8 0.1946 | 0.136 

2.69 0.557 6.9 55-7 0.1518 | 0.124 

3.18 0.658 7.89 65.8 0.1245 | 0.12 

3h 0.704 8.5 70.4 0.1172 | 0.121 

Uf = 7.2) h= 4d.0 P|" 1.18 w = 150 

55 0.494 6.25 37.9 0.1735 | 0.165 

2.91 0.411 5.14 31.5 0.2061 | 0.163 

2.53 0.358 4.53 27.4 0.2397 | 0.165 g 

2.1 0.297 3.88 22.8 0.2979 | 0.17 

1.75 0.247 3.02 18.95 0.3357 | 0.159 f 

1.5 0.212 2.47 16.25 0.5723 | 0.152             
  

 



eae 

  

  

  

TABLE 22. 

UP = 72) b= 27.5 pzilt w= 150 

M uU ots x f ers Nr 

0.45 0.093 5.22 9.3 2.541 0.346 

0.83 0.172 437 17.2 1.008 0.254 

1.5 0.269 4.99 26.9 0.4707 | 0.186 

1.62 0.335 5.29 33.5 0.3217 | 0.158 

1.9 0.393 6.14 39.3 0.2713 | 0.156 

2525 0.466 6.83 46.6 0.2147 0.147 

2.51 0.52 TohS 52 0.1875 | 0.143 

2.86 0.592 ThS 59.2 0.1447 0.126 

5.55 0.69 8.81 69 0.1263 | 0.128 

3.95 0.818 9.89 81.8 0.1009 0.121 

4.79 0.99 12.12 99 0.0844 | 0.122 fe 

3.63 0.752 8.97 15.2 0.1082 | 0.119 2 

2.99 0.619 7.36 61.9 0.1311 0.119 & 

2.75 0.565 6.6 56.5 0.1411 0.117 S 

2.31 0.478 6.67 47.8 0.1992 0.14 

2.01 0.416 5.52 41.6 0.2177 0.153 

1.75 0.362 4.67 36.2 0.2431 0.129 

1.53 0.316 4.21 31.6 0.2876 0.133 

oo 0.275 3.52 2725 0.3175 | 0.128 

dele 0.231 2.23 25.1 10.2853 0.097 

            
  

 



  

  

  

TABLE 2. 

Ul] 7.2 h = 40.0 = 1.18 w= 150 

M U vw x f ee Nis 

0.56 0.08 1.20 6.1 1.28 0.198 

15027 |/o.2k5' "Janke 11.05 0.7743 | 0.219 

1.188 0.168 Biles 12.8 0.7765 0.252 

1.48 0.21 3.95 16 0.6038 0.246 

1.99 0.28 4.32 21.34 0.3736 0.202 

2.22 0.31 Ady 23.62 0.3133 0.188 

2.65 0.374 5.04 28.5 0.2446 0.177 

3.26 0.46 5.74 35.05 0.1839 0.164 

Deh 0.52 6.25 39.62 0.1568 0.158 

4.23 0.6 6.73 45.72 0.1269 0.147 

5.19 0.73 8.06 55.63 0.1026 0.145 

4.82 0.68 7-55 51.82 0.1107 0.146 : 

447 0.63 6.86 48 0.1171 0.143 ee] 

4,12 0.58 6.64 uh 2 0.134 0.15 5 

3.68 0.52 6.49 39.6 0.1629 0.164 

3.05 0.43 55D 52077 0.2027 0.169 

2.49 0.35 4 62 26.67 0.2558 0.175 

2.09 0.295 4.23 22.48 0.3295 0.188 

1.64 0.23 341 17.55 0.4375 0.195 

12D 0.184 2.72 14.02 0.5445 0.194 

0.98 0.138 1.51 10.52 0.5378 0.144 

0.38 0.054 10.39 4.11 0.9133 0.095             
  

 



- 7.26 - 

  

  

  

TABLE 2h. 

Uf = 7.2 b= 27.5 prtit w= 150 

M U at x f ay Nre 

0.174 0.036 | 1.916 3.6 10.089 | 0.532 

0.351 | 0.073 |3.059 TS 3.917 | 0.419 

0.945 | 0.196 | 5.986 19.6 0.7081 | 0.203 

1.188 | 0.245 5.214 2h.6 0.588 | 0.212 

1.622 0.336 5-359 33.6 0.3239 | 0.159 

1.815 )|'0.376 ~ (5.635 37.6 0.272 | 0.15 

2.25 0.466 |6.67 46.6 0.2096 | 0.143 

2.716 0.562 7.054 56.2 0.1524 | 0.126 a 

3.086 | 0.639 17.436 63.9 0.1243 | 0.116 Z 

2.507 ma Ons50 «1669 53.6 0.1639 | 0.129 & 

2.07 0.429 6.286 42.9 0.2331 | 0.147 5 

1.654 0.342 5.06 34.2 0.2952 | 0.148 

1.284 0.266 {4.446 26.6 0.4288 | 0.167 

1.043 0.216 5 5.45 21.6 0.5046 | 0.16 

0.866 |0.179 {2.03 17.9 0.4325 | 0.113 

            
  

 



- 7.27 - 

  

  

  

  

TABLE 25. 

Uf = 21.0  h= 27.5 P = 0-931 w= 100 

M u a x f ofa Nre 

0.4311 | 0.168 0.754 18.98 | 0.23 0.0397 + 

0.6241 | 0.2hh 1.4 27-57 |0.202 0.0508 - 

0.8654 | 0.338 |2.262 38.19 |0.17 0.0592 | 401.0 

1.284 | 0.502 | 3.339 56.73 |0.114 0.0589 | 586.2 

1.525 | 0.596 |3.716 67.348 |0.09 0.0552 | 691.2 

1.863 0.728 4.685 82.26 |0.076 0.057 837.5 

2.8 1.094 |7.108 123.62 |0.051 0.0575 238.3 

3.439 | 1.343 18.939 151.76 |0.043 0.0589 507.7 

3.97 1.551 41.09 175.26 |0.04 0.0633 731.2 

3.149 | 1.25 8.455 138.99 |0.048 0.0608 [1385.7 

2.377 | 0.928 |5.92h 104.86 |0.059 0.0565 057.4 

1.75 0.6835 |%4.039 71-24 |0.074 0.0523 | 788.4 

1.235 0.482 2.8 54.47 10.104 0.0514 | 563.8 

0.9619 | 0.376 }1.723 42.49 |0.105 0.0406 - 

0.7689 | 0.3 0.862 33.9 0.082 0.0254 - 

              
 



- 7.28 - 

  

  

  

TABLE 26. 
Uf = 21.0 h = 40.0 p= 3-019 w= 100 

M u ae x t Tes Nre 

0.8654 | 0.212 0.806 19.27 0.141 0.0418 - 

1.139 | 0.279 1.832 25.36 0.185 0.0722 - 

1.589 | 0.39 3.225 35.45 10.167 0.0909 |388.3 

2.136 0.524 4.506 47.64 0.129 0.0946 |509.2 

2.651 | 0.65 5.786 59.09 |0.108 0.098 | 620.4 

3.037 | 0.745 16.374 67.73 0.09 0.0941 |703.1 

3.632 |0.891 17.912 81 0.078 0.0977 | 828.4 

4.259 1.044 9.231 94.91 0.067 0.0973 |958.0 

3.616 |0.887 |7.619 80.64 0.076 0.0945 |825.0 

2.973 |0.729 6.081 66.27 0.09 0.0918 |689.2 

2.345 10.575 |4.689 52.27 [0-211 0.0897 [554.4 

1.814 | 0.445 3.517 40.460 |0.14 0.0869 |438.3 

1.412 10.346 1.832 31-45 0.12 0.0583 - 

1.107 0.272 10.659 2h.73 0.07 0.0266 - 

               



  

  

  

TABLE 27. 

Uf = 21.0 h = 55.0 pried w= 100 

M uU aE x f ty x Neg 

1.316 | 0.2175 1.036 | 16.6 0.159 0.0624 - 

W651 5 [0.5026 1 2575 25.0) 0.217 0.1182 | 290.4 

2.136 | 0.353 3.77 26.96 |0.22 0.1398 | 303.4 

2.751 ” 0452 5.087 | 34.46 |0.182 0.1476 | 343.2 

3.005 | 0.497 5-935 | 37-92 0.175 0.1565 | 379.2 

3.648 0.603 6.877 46.03 0.138 0.1494 462.3 

4147 0.686 7.819 52.35 0.121 0.1494 527-7 

4.436 | 0.733 8.29 55.97 |0.112 0.1481 | 564.9 

4.115 | 0.68 T.7ek | 51.95. 10.121 0.1487 | 523 

3.439 | 0.568 6.594 | 43.39 0.149 0.152 W349 

2.683 Oba 5.087 33.86 0.188 0.1502 337.8 

2.265 0.374 5.956 28.58 0.206 0.1384 308.8 

1.782 | 0.295 2.496 | 22.48 |0.209 0.112 295.8 

1.364 0.226 0.754 17.21 =|0.107 0.0438 - 

            
  

 



= 17.30. - 

  

  

  

TABLE 28. 
uf = 18.85 = h = 27.5 P= 0-955 w= 100 

m u Fr = f Te Nee 

0.4u72 | 0.17 1.022 19.24 |0.296 0.0531 - 

0.7206 | 0.274 1.823 31.01 |0.204 0.0588 - 

0.9297 | 0.354 2.403 ko 0.161 0.0501 - 

1.461 | 0.556 3.702 62.85 |0.1 0.0589 - 

1.766 | 0.673 4 UTS 75-99 |0.083 0.0589 | 780.3 

2.12 0.807 5.857 91.22 0.075 0.0642 | 884.0 

2.715 1.034 8.067 116.83 |0.063 0.069 1048.1 

5.182 | 1.212 9.945 | 136.91 |0.057 0.0726 |1169.0 

5.873 1.475 12.376 166.68 |0.048 0.0743 |1337.8 

440k | 1.677 14.034 189.51 |0.0h2 0.0741 |1461.1 

3.825 1.457 12.431 | 164.5 0.049 0.0755 1326.6 

3.326 11.267 10.663 | 143.14 |0.056 0.0745 |1205.2 

2.587 | 0.985 7-735 | 111.31 |0.067 0.0695 |1013.7 

2.2 0.838 5.912 94.683 |0.071 0.0624 907.2 

1.798 | 0.685 431 77-38 = |0.077 0.0557 | 789.9 

1.461 0.556 3.039 62.85 |0.082 0.0484 - 

1.268 0.483 2.155 54.57 |0.077 0.0395 

1.075 0.409 1.326 46.24 0.066 0.0287 - 

            
  

 



= [51 = 

  

TABLE 29. 

uf = 18.85 h = 40.0 P= 1.04 w= 100 

M uU ct x f ee NRE 
  

  

1.107 | 0.266 {0.897 24.18 |0.098 0.0371 - 

1.203 | 0.289 {1.757 26.29 0.162 0.0668 - 

Lebbh 0.347 2.991 31.56 0.191 0.0948 - 

1.702 | 0.409 13.739 37-19 |0.172 0.1005 | 361.7 

2.02h {0.486 |4.712 44.22 10.15) 0.1065 [431.4 

2.538 | 0.61 5.907 55-46 0.122 0.1065 | 544.2 

3.214 | 0.773 16.954 70.23 0.09 0.099 | 693.3 

3.664 |0.881 |8 80.07 |0.079 0.0999 | 792.4 

4.21. 11.012 [9.309 92.03  |0.07 0.1012 |913.0 

3.391 |0.315 |7.328 The 0.085 0.0989 | 731.7 

2.506 | 0.602 5.608 54.76 10.119 0.1024 |536.9 

2.168 |0.521 [4.86 47.38 = 10.138 0.1026 | 463.2 

1.847 | 0.444 — |4.038 40.35 10.158 0.1001 393.4 

1.525 |0.367 2.729 33.33 10.156 0.0819 - 

1.235 0.297 2.57 26.99 0.137 0.0582 - 

               



PRO an 

  

  

  

TABLE 30. 

uf = 18.85 h = 55.0 P= 1-105 w= 100 

M U ey x f Te Neg 

1.364 | 0.224 0.852 17.131 |0.123 0.0497 - 

1.654 | 0.272 2.365 | 20.76 |0.231 0.1139 - 

2.024 0.333 3.784 25.42 0.247 0.1489 - 

2.395 | 0.394 4.589 | 30.06 |o0.214 0.1527 | 300.0 

2.876 | 0.473 54k 36.12 0.176 0.1506 | 365.8 

3.423 | 0.563 6.434 | 42.99 [0.147 0.1497 | 441.9 

3.922 | 0.645 7.096 | 49.25 0.123 0.1441 1512.1 

4.517 | 0.743 8.231 | 56.74  |0.108 0.1451 |597.1 

3.986 0.656 7-1h3 50.06 0.12 0.1427 [521.7 

3.439 | 0.566 6.386 [43.19 |o.14b 0.1479 | 4bb.5 

2.699 O.4ky 5.109 559 0.188 0.1507 {341.6 

2.056 | 0.338 3.217 | 25.82 0.204 0.1246 - 

1.654 0.272 1.514 20.76 0.148 0.0729 - 

1.509 | 0.248 0.568 18.95 0.067 0.03 - 

            
  

 



- 7.33 - 

  

  

  

TABLE 31. 

uf = 17.9 h = 27.5 eae 0.961 w= 100 

M u ye x ft Ty New 

0.624 0.236 1.056 26.68 |0.158 0.0396 - 

0.757 =| 0.279 2.057 31.49 0.22 0.0653 - 

0.898 | 0.34 2.529 38.37 |0.182 0.0659 - 

1.255 0.467 3.78 52.82 |o.1bh 0.0716 476.0 

1.557 0.589 4.336 66.57 |0.104 0.0651 598.1 

1.847 0.699 5.059 78.94 10.086 0.0642 697.7 

2.393 | 0.906 TelT1 | 102.55 |0.075 0.0701 | 881.3 

3.149 1.192 9.784, 134.65 |0.057 0.0727 |1128.1 

5.809 14k 12.675 162.84 |0.051 0.0778 |1338.0 

4.227 11.599 14.34 180.73 |0.047 0.0793 |1469.3 

3.729 1.411 10.284 159.41 |0.043 0.0645 |1313.0 

3.198 | 1.21 9.2 136.72 |0.052 0.0673 |1143.4 

2.603 | 0.985 8.505 111.27 |0.073 0.076) 950.1 

2.007 0.76 5.893 85.82 |0.085 0.0687 752.3 

1.589 | 0.601 4.336 67-45 0.1 0.0638 | 609.1 

1.203 0.455 2.613 51.44 10.105 0.0508 - 

            
  

 



- 7.34 - 

  

  

  

TABLE 32. 

Uf = 17-9 h = 40.0 foes 1.048 w = 100 

M U a x f 3 Nee 

0.769 0.183 0.8287 16.67 0.189 0.0497 - 

0.914 [0.218 {1.733 19.81 0.279 | 0.0875 ~ 

15) 0.31 3.164 28.18 0.252 0.1123 245.7 

1.525 |0.364 |5.8h2 33.07 0.222 | 0.1162 | 292.1 

1.879 0.448 4.897 40.75 0.187 0.1202 365.2 

2.297 0.548 5.801 49.81 0.148 0.1165 453.6 

2.86 0.682 6.63 62.02 0.109 |0.1069 | 574.0 

5.536 |0.843 |8.061 16.67 0.087 | 0.1051 | 721.0 

3.841 10.916 |8.966 83.3 0.082 0.1076 | 788.4 

4.308 | 1.028 10.096 | 93.42 0.073 | 0.1081 | 892.6 

3.986 0.951 9.267 86.44 0.078 0.1072 820.9 

3.712 0.886 8.513 80.51 0.085 0.1057 760.7 

3.262 0.778 7 534 70.74 0.095 0.1065 661.4 

2.86 0.682 6.781 62.02 0.111 0.1093 574.0 

2.442 10.583 |6.103 52.96 0.137 +|0.1152 | 48ki9 

1.879 O.4k8 4 671 40.75 0.178 0.1146 365.2 

1.493 0.356 5-541 32.37 0.214 0.1094 285.2 

1.348 |0.322 2.486 29.23 0.183 | 0.085 - 

            
  

 



Sif eoo 

  

TABLE 33. 

Uf = 17-9 h = 55.0 P = 1.11 w = 100 

M u aN x f Crs Nap 
  

  

1.332 | 0.218 0.618 | 16.65 {0.09% 0.0371 - 

1.461 | 0.239 1.616 | 18.26 |0.204 0.0885 - 

1.798 0.295 3.184 22.49 0.264 0.1416 - 

2.104 0.345 4.467 26.31 0.27 0.1698 | 237.9 

2.619 0.429 5.322 32.74 0.208 0.1626 299.0 

S117 10.512 6.653 | 38.98 }0.184 0.1707 | 359.2 

3.777 | 0.619 7-603 | 47.22 0.343 0.161 439.2 

4485 On/55 8.954 56.08 0.119 0.1593 526.0 

3.938 0.645 8.173 49.24 0.142 0.166 458.6 

3.616 0.592 T41S 45.22 0.152 0.1639 419.2 

5.085 0.505 6.653 38.57 0.188 0.1725 354.8 

2.554 0.418 5.227 31.94 0.216 0.1637 291.0 

2.024 0.331 3.107 25.3 0-2 0.1465 - 

1.621 |0.266 1.568 |20.28 |0.16 0.0773 - 

1.461 | 0.239 0.475 118.26 0.06 0.026 - 

            
  

  
a
e



  

  

  

TABLE 34. 

Uf = 16.1 h = 27.5 Pp = 0-988 = w = 100 

M U aS x f can Nee 

0.624 | 0.23 1.715 25.96 |0.263 0.0661 - 

0.882 0.324 2.629 36.66 |0.203 0.0717 - 

1.284 0.472 3.886 53.38 [0.141 0.0728 - 

1.686 | 0.62 4.658 70.11 |0.098 0.0664 | 691.6 

2.12 0.78 6.058 88.17 {0.081 0.0687 | 831.5 

2.619 | 0.96% 7.83 108.91 |0.068 0.0719 | 985.3 

Beh25\ |b 2 10.744 | 1h2.36 0.055 0.0755 |1221.4 

3.857 1.42 11.944 160.43 |0.048 O.O744 | 1344.2 

4.4oh 1.621 {15.888 | 183.16 |0.043 0.0758 1494.8 

3.905 1.437 11.944 162.43 |0.047 0.0755 1357.2 

5.425 1.26 10.344 142.36 0.053 0.0727 |1221.4 

2.747 1.022 7.74 124.27 {0.061 0.0678 |1023.7 

2.361 0.869 6.287 98.21 |0.067 0.064 906.6 

2.024 | 0.745 4.972 84.16 0.073 0.0591 | 801.3 

1.654 0.609 3.972 68.77 |0.087 0.0578 - 

1.412 0.52 3.029 58.73 |0.091 0.0516 - 

1.219 | 0.4k9 2.286 50.7  |0.092 0.0451 - 

            
  

  

 



- 1.37 = 

TABLE 35. 

Ufi= 16.1 h = 40.0 P- 1.063 w = 100 

  

i u as x f oe Nee 
  

  

0.769 0.181 0.7642 | 16.44 0.176 0.0465 - 

0.962 0.226 1.528 20.56 0.226 0.0743 - 

12235 0.291 2.598 26.41 0.231 0.0984 - 

1.67 0.393 5.821 | 35.7 0.186 0.107 | 340.4 

1.863 0.438 4.28 39.83 0.168 0.1075 |379.7 

ae 0.518 5.399 | 47.05 0.15 0.1137 | 449.8 

2.747 0.646 6.19 58.74 0.112 0.1054 [562.3 

3.166 0.745 7.031 67.68 0.095 0.1039 | 649.4 

3.841 | 0.903 8.636 | 82.13 0.08 0.1052 | 788.6 

4.308 1.013 10.011 92.1 0.074 0.1087 | 885.6 

3.809 0.896 8.788 81.44 0.083 0.1079 | 782.4 

3.294 | 0.775 7.489 | 70.43 0.09% 0.1063 |675.8 

2.828 | 0.665 6.61 60.46 |0.113 0.1093 579.0 

2.2h9 0.529 56259. 48.08 0.141 0.1089 [459.5 

1.847 0.454 4.203 39.48 0.168 0.1065 |376.2 

1.493 | 0.351 3.133 | 31.92 0.192 0.0982 - 

1.284 | 0.302 2.063 | 27.45 0.171 0.0752 - 

0.994 0.234 0.917 21.25 0.126 0.0432 - 

               



=°7.36) = 

  

  

            

TABLE 36. 

Uf =16.1 h = 55.0 pills w= 100 

M U ots x f Pee Nee 

V.348) A.0c22 1.48 16.78 0.219 | 0.0882 - 

1-75 0.285 3.055 21.78 0.27 0.1403, - 

2.136 10.348 [4.296 26.59 0.255 | 0.1616 - 

2.667 | 0.435 15.4 33.19 0.206 | 0.164  |306.1 

3.359 0.548 6.683 41.8 0.16 0.1599 | 398.5 

3.841 0.626 T1393 47.81 0.142 0.1617 |46h4.0 

4.436 10.723 |8.4021 55.22 0.115 | 0.1521 [547.1 

3.986 | 0.65 7-781 49.61 0.132 | 0.1568 | 484.4 

3.471 10.566 |6.922 43,21 0.155 | 0.1602 |413.5 

2.956 |0.482 |6.206 36.8 0.192 0.1686 {344.2 

2.699 | 0.4 5 uke 33.6 0.202 | 0.162 {310.1 

2.088 0.34 4.01 25.99 0.249 0.1543 - 

1.686 0.275 2.673 20.99 0.254 0.1273 - 

1.316 (10.215 [1.05 16.37 0.163 | 0.0641 - 

  
  

 



- 7.39 - 

  

  

  

TABLE 37. 

UE = 1h.5 oh = 27-5 p= 2.01 w= 100 

M u oe x ft BA, Nr 

0.302 =| 0.109 1.168 12.31 |0.779 0.0949 - 

0.544 | 0.196 1.928 22.11 |0.398 0.0872 - 

0.801 | 0.288 2.512 32.58 |0.24 0.0771 - 

1.042 | 0.375 3.622 42.4  |0.204 0.0854 - 

1.493 | 0.537 4.615 60.71 |0.127 0.076 =| 544.7 

1.899 | 0.676 5.579 76.42 10.097 0.073 | 666.1 

2.297 | 0.827 7.186 93.43 10.083 0.0769 | 794.4 

2.9 1.058 9.289 | 119.6 10.066 0.0777 |985.3 

3.6 1.296 {11.976 | 146.43  |0.057 0.0818 4176.4 

4.259 [1.553 [13.846 =| 175.25 |0.047 0.0799 4362.4 

3.841 | 1.383 12.21 156.25 0.051 0.0781 4245.2 

3.536 | 1.273 11.538 | 143.82 |0.056 0.0802 4158.2 

3.037 | 1.093 9.902 | 123.53 |0.066 0.0802 4013.7 

2.426 0.873 7.536 98.66 |0.078 0.0764 |832.9 

1.911 0.688 5.258 17-13 10.088 0.0676 |676.4 

1.557. 0.561 4.382 63.34 |0.11 0.0692 |565.9 

1.219 |0.439 3.038 49.6 10.125 0.0613 - 

1.107 | 0.398 2.22 45.01 0.111 0.0493 - 

            
  

 



- T-4o = 

  

  

  

TABLE 38. 

Uf = 14.3 h= 40.0 p= 1079 w= 100 

M u e x t Thy Nar 

1.075 | 0.249 0.776 | 22.64  |0.093 0.0343 - 

1.235 | 0.286 1.862 | 26.02 |0.169 0.0716 - 

1.348 | 0.312 2.715 | 28.39 | 0.207 0.0956 - 

1.686 | 0.391 4.034 | 35.51 |0.196 0.1136 - 

2.136 | 0.495 5.508 | 44.99 |0.167 0.1224 | 408.7 

27h 103575) 6.362 | 52.12 [0.144 0.1221 [473.1 

2.908 0.674 6.788 61.26 Ondil 0.1108 |556.5 

3.584 0.83 8.301 75.48 0.089 0.1098 | 685.3 

4.308 | 0.998 10.4 90.73  |0.077 0.1146 |824.0 

Dette | 02099 8.805 | 79.55  |0.085 0.1107 |722.5 

2.9h 0.681 7.06 61.94 0.113 0.124 562.3 

2.4h2 | 0.566 6.168 | 51.45 |0.143 0.1199 |476.3 

2.136 | 0.495 5.314 | 4.99 0.162 0.1181 | 408.7 

1.686 | 0.391 3.724 | 35.51 [0.181 0.1049 - 

1.477 0.342 2.793 Sisd 0.177 0.0898 - 

1.235 0.286 1.319 | 26.02 0.12 0.0507 - 

            
  

 



=e 

  

  

  

TABLE 39. 

Ur = 14.5 h = 55.0 p= i-12k w= 100 

M uU ae x f Ly Nee 

1.058 0.171 0.529 13.07 0.129 0.0405 - 

1.316 | 0.213 2.502 | 16.25 |0.393 0.154 - 

1.654 | 0.268 2.887 | 20.42 {0.286 0.1414 - 

2.072 0.335 4.138 25.58 0.262 0.1618 - 

2.458 | 0.398 5.101 | 30.35 |0.229 0.1681 | 277.3 

2.892 | 0.468 5.967 |35.71 {0.19% 0.1671 | 330.0 

3.391 | 0.549 6.737 | 41.87 0.159 0.1609 | 391.6 

3.745 | 0.606 7.603 |46.25 0.147 0.1644 | 435.4 

4.275 | 0.692 8.565 52.8 0.127 0.1622 500.6 

5.938 0.637 7.988 48.62 0.14 0.1643 459.4 

3.487 0.564 7.122 43.06 10.159 0.1654 4ol.1 

2.973 | 0.4821 6.304 | 36.7 0.194 0.1718 | 339.0 

2.458 | 0.398 5.101 |30.35 0.229 0.1681 | 277.3 

1.895 | v.307 Becta al easb 0.247 0.1398 - 

1.637 | 0.265 2.117 |20.21 |o.215 0.1048 - 

1.461 0.236 0.818 18.04 10.105 0.0453 = 

            
  

 



- T.h2 - 

  

  

  

TABLE 40. 

Uf = 13.45 h = 27.5 pe 1.024 w = 100 

M U v x f ee Nee 

0.4351 | 0.153 1.365 IF.3% 0.455 0.0788 - 

0.705 | 0.25 2.518 28.27 |0.315 0.0891 - 

0.898 | 0.319 3.11 36.02 | 0.239 0.0863 5 

1.091 0.387 4.028 43.76 |0.21 0.092 337-7 

1.461 0.519 4.858 58.61 |0.141 0.0829 445.8 

1.911 | 0.679 5.983 76.68 |0.101 0.078 575.0 

2.329 0.827 7-76 93.46 |0.089 0.083 693.1 

2.892 |1.027 |10.54 116.05 |0.078 0.0908 | 850.9 

3.519. | 1225 12.86 141.23 | 0.064 0.0911 | 1024.9 

4.145 1.49 15.28 168.33 |0.054 0.0908 | 1210.4 

3.809 1.353 13.86 152.84 |0.059 0.0907 | 1104.7 

5425,. | ePe2lo wn|ieso 137.35 | 0.066 0.091 998.5 

2.908 1.033 10.72 116.69 |0.079 0.0919 855.6 

2.395 | 0.85 7-583 96.04 |0.082 0.079 711.3 

1.943 | 0.69 5.687 TT-9T |0.093 0.0729 - 

1.573 0.559 4.621 63.13 |0.116 0.0732 - 

1.155 0.41 2.784 46.34 10.129 0.0601 - 

            
  

 



- 743 - 

  

  

  

TABLE 41. 

uf = 13.45 h = 40.0 p= 1.085 w= 100 

M u me x f Ts Nre 

0.576 | 0.133 ray 12.07 | 0.488 0.0969 - 

0.721 | 0.166 1.677 <| 156% 0.4K9 0.1111 - 

1.042 | 0.24 2.574 | 21.63 |0.33 0.1179 - 

1.396 | 0.322 3.901 | 29.24 |0.278 0.1334 - 

1.686 | 0.388 4.603 | 35.32 |0.226 0.1303 | 285.3 

2.056 | O.47h 5-773 | 43.07 {0.19 0.134 | 354.7 

2.635 | 0.607 6.709 | 55.2 0.134 0.1215 | 464.2 

3.17 | 0.736 7-762) | 65.3 0.111 0.1189 |557.0 

3.6 0.829 9.361 | 75.41 |0.101 0.1241 | 651.2 

43 1.0 11.155 | 90.91 |0.082 0.1227 1798.5 

3.857 | 0.889 9.751 | 80.8 0.091 0.1207 | 702.6 

3.455 | 0.796 8.757 | 12.37 © -|0.102 0.1207, | 623.1 

2.94 0.677 7.489 61.59 0.121 0.1216 |522.5 

2.474 0.57 6.475 51.82 0.147 0.125 433.4 

1.879 0.433 4,915 39.35 0.194 0.1249 |321.5 

1.428 | 0.329 Epuy) 29.92 |0.239 0.1173 - 

1.372 0.27 2.184 24.53 0.221 0.089 = 

            
  

 



- Tbh - 

  

  

  

TABLE 42. 

Uf = 13.45  h = 55.0 P7313 w= 100 

M u 7G x f eS Nre 

1.042 | 0.168 |0.532 12.8 0.133 0.0416 - 

1.364 | 0.219 |1.838 16.75 |0.271 0.1097 - 

1.67 0.269 [3.144 20.51 |0.308 0.1533 - 

1.975 | 0.318 |4.35h 24.26  |0.305 0.1795 - 

2.506 | 0.403 |5.515 30.78 |0.2h 0.1792 | 260.6 

3.278 | 0.527 |7-063 40.27 |0.18 0.1754 | 352.7 

3.712 10.597 |7-7% 45.6 0.154 0.1697 | 406.0 

4.131 =| 0.665 18.708 50.74  |0.139 0.1716 {458.5 

3.745 0.603 8.03 46 0.156 0.1746 |410.6 

3.278 10.527 |7.256 40.27 10.185 0.1802 | 352.7 

2.747 | 0.ukW2 |6.2h 33.75  |0.226 0.1849 | 289.2 

2.uk2 | 0.393 5.515 29.99 10.253 0.1839 253.3 

1.991 0.32 4.257 2h ..46 0.294 0.174 - 

1.541 0.248 2.274 18.93 0.262 0.1201 - 

1.316 | 0.212 1.064 16.16 {0.168 0.0658 - 

            
  

 



- 7-45 - 

  

  

  

TABLE 43. 

Uf = 12.65  h = 27.5 hz 1.062 w= 100 

M u ate ~ f Ee Nee 

0.383 | 0.131 1.781 14.81 | 0.782 0.1203 - 

0.576 | 0.197 2.641 22.28 |0.513 0.1185 - 

0.769 | 0.263 3.072 29.7h 10.335 0.1033 - 

1.074 0.368 4.054 41.57 |0.226 0.0975 - 

1.654 | 0.566 5.285 63.97 |0.124 0.0826 | 501.1 

1.911 | 0.654 6.266 73-92 |0.11 0.0848 | 562.0 

2.281 | 0.781 8.293 88.24 {0.102 0.094, 647.1 

3.069 |1.051 |11.2h2 118.73 |0.077 0.0947 | 819.1 

3.68 1.26 15.146 142.37 [0.062 0.0923 946.0 

4.163 = ]1.425 14.927 | 161.03 0.055 0.0927 | 1043.1 

4.645 1.59 17-753 179.71 {0.053 0.0988 | 1137.9 

4.05 1.387 |16.218 | 156.68 |0.064 0.1035 |1020.9 

3.455 1.183 14.62 133.66 |0.079 0.1094 | 899.8 

3.069 |1.051 |12.839 | 118.73 |0.088 0.1081 | 819.1 

2.474 0.847 8.969 95.7 0.094 0.0937 690.1 

2.152 | 0.737 7-31 83.26 |0.101 0.0878 | 618.0 

1.67 0.572 5.222 64.59 |0.12 0.0808 505.3 

1.461 [0.5 4.607 56.5 0.139 0.0815 | 454.1 

1.251 0.428 3.563 48.41 10.147 0.0736 - 

1.026 | 0.351 2.519 39.7 {0.154 0.0635 * 

            
  

 



= 7.46 = 

  

  

  

TABLE 4h. 

uf = 11.65 h = 40.0 pill w= 100 

M u ™~ x f Ty Nee 

0.64 0.144 1.596 | 13.11 |0.556 0.1217 - 

0.93 0.209 2.274 | 19.04 10.375 0.1194 - 

1.219) 7)|'0.275 2.873 | 24.95 0.27% 0.1151 - 

Te5uve | O.SuT 3.87 31.55 0.232 0.1227 | 257.2 

1.911 | 0.43 5.147 | 39.13 |0.201 0.1315 |32h.2 

2.393 | 0.539 6.384 | 49.01 |0.159 0.1303 | 413.7 

3.101 | 0.698 7.6215 |/65.5 0.113 0.12 546.8 

3.728 0.84 9.377 | 76-34 0.096 0.1228 | 667.8 

4.259 |0.959 |10.933 | 87.21 |0.086 0.1254 | 770.4 

4456 0.999 11.411 90.83 0.083 0.1256 |805.1 

4.082 | 0.919 }10.494 | 83.59 0.09 0.1255 |735.8 

3.6 0.811 9.097 73-71 0.1 0.1234 |642.9 

3.037 | 0.68% T-S41 | 62.18 ]0.116 0.1213 |535.0 

2.47h 0.557 6.623 50.65 0.154 0.1308 {428.7 

1.927 0.4354 5.187 39.46 0.199 0.1314 [327.5 

1.589 | 0.358 3.99 32.54 0.225 0.1226 [266.1 

1.284 0.289 21655 26.28 0.228 0.1002 - 

            
  

 



  

  

  

TABLE 45. 
Uf = 11.65 h = 55.0 pe 1.14 w= 100 

M u ae x f 7s Nee 

1.284 0.2047 {0.781 15,65, 0.13 0.05 - 

1.493 | 0.238 |2.001 18.17 0.248 0.1101 - 

1.911 | 0.305 4.002 23.27 0.302 0.172 - 

2.233 |0.356 |5.027 27.18 0.278 0.185 232.3 

2.7719 0.4K, 6.003 33.84 0.215 0.1774 + |297.7 

DosOl wOs5kt | Tasen 41.28  |0.176 Ono Sto. 

4.018 0.641 8.297 48.92 0.142 0.1696 |452.7 

4.259 0.679 8.785 51.86 0.134 0.1694 {483.5 

4.05 0.646 8.346 49.31 0.14 0.1695 |456.7 

3.7717 |0.602 7.76 45.98 10.15 0.1688 {421.6 

3.262 0.52 6.835 39.72 0.177 0.172 357-0 

2.651 -l0.4e5 15.741 32.27 0.224 0.1769 |282.5 

2.184 0.348 hb 6197 26.5 0.243, 0.1578 - 

1.766 0.282 2 dy 21.5 0.215 0.1135 = 

1.541 0.246 10.976 18.76 10.113 0.052 - 

            

  

  
 



  

  

  

TABLE 46. 

uf = 9.85 h = 27.5 PE Dodd: w= 100 

M u an x f igs Nre 

0.495 | 0.162 2.568 18.34 | 0.706 0.14 - 

0.672 | 0.22 3.275 24.89 | 0.488 0.1316 - 

0.849 0.278 3.855 51.43 10.359 0.1226 - 

1.235 | 0.405 5.008 45.72 |0.22 0.1095 - 

De5td: | WO. 505) 5.811 57-03 |0.164 0.1019 | 407.5 

2.007 0.658 7-705 THD 0.128 0.1037 | 502.5 

2.506 | 0.821 |10.819 92.76 |0.116 0.1166 |598.8 

3.198 | 1.047 [13.548 | 118.36 0.089 0.1145 |725.9 

5.809 | 1.2h8 15.667 | 140.98 |0.073 0.1111 | 834.3 

4 2h3 1.39 18.942 | 157.05 |0.071 0.1206 | 908.6 

3.717 | 1.237 115.924 | 139.79 0.075 0.1139 | 828.4 

3.166 1.037 13.484 117.16 |0.09 0.1151 | 720.4 

2.619 |0.858 {10.595 96.92 0.104 0.1093 | 620.0 

2.088 | 0.684 7-673 77.28 = |0.118 0.0993 [518.2 

1.702 0.557 5.65 62.99 |0.131 0.0897 | 440.4 

1.412 | 0.463 Yad 52.27 10.149 0.0848 - 

1.107 | 0.362 3.082 40.96 |0.17 0.0752 - 

            
  

 



  

  

  

TABLE 4’ 

uf = 9.85 h = 40.0 pis 1.14 w = 100 

M U it x f Ths NRE 

0.592 0.13 71.6239 / 2108 0.716 0.1458 - 

0.721 0.158 2.459 | 14.36 0.692 0.1712 - 

1.107 0.243, 3.688 | 22.06 0.439 0.1672 - 

15D 0.384 5.123 | 34.89 |0.2hh 0.1468 | 270.7 

2.152 0.472 6.516 | 42.91 0.206 0.1519 339.9 

2.972 | 0.652 8.032 | 59.26 10.133 0.1355 | 485.6 

3.423 0.751 9.18 68.24 0.124 0.1345 567.6 

4.066 | 0.892 10.53 |61.07 |0.093 0.1299 | 686.3 

448K 0.983, 11.56 | 89.4 0.084 0.1293 764.0 

4.002 0.878 10.245 | 74.78 0.093 0.1284 674.4 

3.555 0.775 9.098 | 70.48 10.106 0.1291 587.6 

3.037 0.666 7-704 | 60.54 10.122 0.1273 497.1 

2.442 | 0.535 6.639 |48.68  |0.163 0.1364 | 390.3 

1.959 0.43 5.245 | 39.06 0.199 0.1343 306.7 

1.493 | 0.327 3.852 |29.76 |0.253 0.1294 in 

12139) 0025 2.705 122.7 0.504 0.1192 - 

            
  

 



- 7-50 - 

TABLE 48. 

uf = 9.85 h = 55.0 p= 1.162 w = 100 
  

i u + x ft 7 x Nre 
  

  

1.203 | 0.188 0.995 | 14.37  |0.194 0.0692 - 

1.348 | 0.211 2.089 | 16.1 0.323 0.1298 - 

1.637 0.256 5.253 19.56 0.34 0.1653 - 

1.975 | 0.309 4.278 | 23.59  |0.308 0.1813 - 

2.619 0.41 5.92 31.28 0.242 0.1893 265.7 

3.326 10.52 7.362 |39.73 |0.187 0.1853 | 347.1 

3.954 | 0.57 Bl556.— 5.55/07 |0.181 0.1965 | 384.9 

= 32h 0.677 8.855 51.65 0.133 0.1714 467.1 

+954 =| 0.619 8.556 [47.23 0.154 0.1812 | 422.3 

423, 0.536 7-661 40.89 10.184 0.1874 359.2 

+101 =| 0.485 6.915 37.04 0.202 0.1867 | 321.0 

n
w
 

U
w
 

+651 0.415 5.97 31.66 10.239 0.1886 269.3 

© b 0.332 4.378 25.32 10.273 0.1729 - 

1.702 0.266 2.686 20.33 0.261 0.1321 - 

1.348 0.211 0.846 16.1 10.131 0.0525 - 

               



  

  

  

TABLE 49. 

Ue =9.0 h= 27.5 f= 3325, 4 = 100 

M u Ass x f ora Neg 

0.335 | 0.108 2.99 12.22 |1.826 0.2447 - 

0.544 | 0.176 3.676 19.86 |0.845 0.1851 - 

0.672 | 0.217 4.099 24.56 |0.519 0.1669 - 

1.348 | 0.436 5.55 49.23 10.207 0.1123 | 324.2 

1.702 | 0.55 7-13 62.15 |0.168 0.1147 | 400.8 

2.2 0.711 8.85 80.36 |0.125 0.1101 | 506.5 

3.005 |0.971 {12.75 109.74 |0.096 0.1162 673.0 

3.652) el eiph- a | toGe 132.65 |0.081 0.1178 | 800.2 

4.066 =| 1.314 17-57 148.51 |0.072 0.1183 | 886.8 

4.211 1.361 18.54 153.8 0.071 0.1205 915.7 

3.873 1.252 16.53 141.46 [0.075 0.1169 | 848.6 

3.342 1.08 14.32 122.07 |0.087 0.1173 741.6 

2.779 | 0.898 11.39 201.51 |0.2 0.1122 626.7 

2,255 0.722 8.98 81.54 0.123 0.1101 513.6 

1s75 0.566 6.7 63.92 |0.149 0.1048 =| 412.4 

1.396 =| 0.451 5.27 50.99 |0.184 0.1034 354.4 

La 0.378 3.9 42.77 |0.194 0.0912 - 
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TABLE 50. 

uf = 9.0 h = 40.0 P= 1.148 w = 100 
  

M u ote x f az Nre 
  

  

1.171 0.255 2.97 23.18 0.319 0.1281 - 

1.255 0.269 3.714 2h 46 0.358 0.1518 - 

1.541 | 0.336 Se1itn| SOs | Oea16 0.1677 - 

2.023 | 0.442 6.521 | 40.06 |0.234 0.1628 - 

2.603 0.567 742g 51.52 0.161 0.1442 | 400.2 

3.198 0.696 9.2kh 63.31 0.133 0.146 493.0 

4.002 | 0.872 11.308 | 79.23 0.104 0.1427 | 620.0 

43h 0.945 12.257 | 85.92 0.096 0.1427 | 672.9 

3.97 0.864 11.225 | 78.59 |0.105 0.1428 |614.2 

3.535 0.77 9.905 | 69.99 |0.117 0.1415 1546.3 

3.069 0.668 8.419 60.76 0.132 0.1386 |472.8 

2.619 0.57 7.387 51.84 0.159 0.1425 |ho2.4 

1.991 0.434 5.695 39.42 0.211 0.1445 | 305.0 

1.67 0.364 4.375 33.05 0.23 0.1324 - 

1.348 0.29% 3.219 26.69 0.26 0.1206 - 

L155). 5|(0se52. 1.898 | 22.86  |0.209 0.083 - 
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TABLE 51. 

uf = 9.0 h-= 55.0 pes 1.169 w = 100 

M U ae se f ees Neg 

0.898 O.1k 1.201 10.66 0.419 0.1127 - 

1.364 | 0.212 |3.053 16.19 | 0.465 0.1886 - 

1.975 0.307 4.805 23.45, 0.349 0.2049 | 183.7 

2.329 | 0.362 |5.606 27.65 0.293 0.2027 }219.1 

3.101 | 0.482 |7.207 36.82 |0.212 0.1957 |297.9 

3.519 | 0.547 18.208 41.78 10.188 0.1965 | 341.1 

4.131 | 0.642 9.51 49.04 0.158 0.1939 405 

4ke 0.687 9.86 52.48 0.143 0.1879 4435.5 

3.986 | 0.62 9.409 47.32 © |0.168 0.1988 390.1 

3.471 0.54 8.208 41.21 0.193 0.1992 |336.4 

2.747 0.427 6.557 32.62 0.2h6 0.201 261.6 

2.41 0.375 5.956 28.61 |0.29 0.2082 227.6 

1.911 0.297 4.555 22.69 0.353 0.2007 177.2 

1.428 |0.222 [2.753 16.96 |0.382 0.1623 - 

1.155 0.18 1.201 13.71 0.254 0.0876 - 
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TABLE 52. 

ur = 8.1 h = 27.5 ps 115 w = 100 

M u +e x f Tey Neg 

0.367 0.116 2.59k 13.1 1.342 0.198 47.9 

0.576 | 0.182 3.592 20.57 |0.755 0.1746 86.9 

0.898 | 0.284 4.523 32.07 |0.39 0.141 156.5 

1.348 | 0.426 6.186 48.16 |0.237 0.1284 | 267.5 

1.798 | 0.569 7-783 64.25 |0.167 0.1211 | 385.8 

2.265 | 0.716 9.978 80.91 [0.135 0.12553 | 473.0 

3.166 |} 1.001 15.133 | 113.09 |0.105 0.1338 | 636.8 

3.857 | 1.219 |18.493 137.8: |0.087 0.1342 | 758.4 

4.32h =| 1.367 }20.821 | 154.46 |0.078 0.1348 | 839.5 

3.873 1.225 17.495 158.37, |0s081 0.1264 761.7 

3.455 | 1.092 |15.499 | 123.43 10.09 0.1256 | 687.9 

3.182 1.006 |14.202 | 113.66 |0.098 0.125 639.6 

2.168 0.686 8.382 TT-46 |0.124 0.1082 513.9 

1.895 | 0.599 6.652 67-69 |0.129 0.0983 | 470.9 

1.557 | 0.492 5.322 55.63 |0.153 0.0957 | 415.0 

1.316 | 0.416 4.39 47.01 |0.177 0.0934 | 372.5 

1.074 0.34 3.293 38.39 |0.198 0.0858 327.2 

            
  

 



Tito 

TABLE 53. 

uf = 8.1 h = 40.0 pe 1.16 w = 100 

  

M u e x f U7 Nee 
  

  

0.318 0.069 1.918 6.24 2.783 0.3074 - 

0.528 0.114 2.669 10.34 1.418 0.2581 - 

0.721 | 0.155 3.711 | 14.12  |1.067 0.2628 - 

1.428 0.308 5.087 27.99 0.37 0.1817 - 

1.83 0.394% 5.921 | 35.86 10.263 0.1651 | 2h2.4 

2.345 | 0.505 T7464 | 45.95 0.202 0.1624 | 321.4 

2.94 0.634 8.59 57-61 0.148 0.1491 | 416.1 

3.423 0.738 10.091 67.06 0.128 0.1505 4ok.5 

4.018 | 0.866 11.634 | 78.72 0.107 0.1478 | 593.0 

4.275 |0.921 |12.927 | 83.77 0-105 0.1543 | 636.0 

3.857 |0.831 12.551 | 75.57 0.116 0.1529 | 565.9 

3.198 | 0.689 g.u2k | 62.65 0.137 0.1504 | 457.4 

2.763 | 0.596 8.215 | 54.14 0.16 0.1517 | 387-9 

2.313 | 0.498 7-339 | 45.32 |0.204 0.1619 | 316.3 

1.83 0.394 6.005 35 86 0.267 0.1675 2h2 4 

1.348 | 0.29 4h 26.41 |0.363 0.1674 - 

1.139 | 0.245 3.419 | 22.31 0.393 0.1532 - 
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TABLE 54. 

uf = 8.1 h = 55.0 p= 1179 w= 100 

M u > x f tire Nee 

16139) 0.176. |a.-212 13.41 [0.265 0.0903 - 

1.251 |0.193 |2.321 14.73 [0.423 0.1576 - 

1.654 10.255 4.036 19.47  j0.421 0.2073 - 

1.847 |0.285 [4.843 21.74 10.405 0.2228 155.1 

2.297 [0.354 [6.054 27.04 0.328 0.2239 |198.9 

3.117 |0.481 7.769 36.7 0.228 0.2117 |282.7 

3.712 |0.572 9.283 43.7 0.193 0.2124 |344.9 

4.115 |.0.654 = 19.535 48.4 = 0.161 0.1968 = }388.1 

4.356 |0.672 |9.888 51.28 |0.149 0.1928 = [414.9 

3.954 | 0.61 19.586 46.54 {0.175 0.206 = |371.3 

52439 | 0.53 8.577 40.48 = 0.207 0.2119 |316.0 

2.908 [0.448 {7.265 34.23 [0.246 0.2122 |260.6 

2a 5, 0.396 [6.458 30.25 0.28 0.2135 |226.2 

1.911 |0.295 |5.045 22.49 10.394 0.2243 161.4 

1.461 0.225 5 OTT 17.19 10.413, 0.179 - 

1.155 0.178 1.715 13.6 10.368 0.1261 - 

            
  

 



In tables 55 - 60 the following symbols are used: 

Symbol 

Q/w 
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‘TABLES - 60. 

Quantity 

Fluidising velocity 

Channel width 

Solids mass flow rate 

Bed height 

Bed density x 107 

Solids volumetric flow rate 

per unit 

width of channel x 10” 
2



  

  

  

TABLE 

Uf = 11.65 w= 100 

M h P Q/w h P ayy 

So = 50. So = 150}0 

0.222 | 16.36 |1.011 21.96 11.24 |0.989 30.54 

0.512 | 21.08 | 1.032 49.66 ISc6K eyo 54k 

0.721 | 24.2 1.046 68.93 15.08 {1.005 68.46 

1.187 | 32.68 |1.081 109.81 18.44 = |1.02 122.65 

1.605 | 38.92 {1.108 144.86 22.28 |1.038 168.59 

1.991 | 46.84 = 1.132 176.04 25.16 | 1.05 200.38 

2.763 |56.52 |1.14 2h2.37 30.44%  |1.072 256.25 

2.522 | 53.64 |1.139 221.42 33.72  |1.086 309.3 

2.233 | 49.48 1.138 196.22 30.6 1.073 263.56 

1.814 | 42.68 eae 161.96 22.68 1.04 180.67 

1.396 | 35.48 1.092 127.84 18.76 1.021 128389 

1.107 | 29.64 |1.07 103.46 15.32  |1.007 100.3 

0.688 | 21.32 {1.033 66.6 

So = 1000 

0.302 | 15.88 1.01 29.9 

O47 | 18.44 1.02 43.82 

1.155 | 22.76 |1.04 111.06 

1.605 | 26.76 1.056 151.99 

2.168 | 32.2 1.08 200.74 

2.828 | 38.2 1.104 256.16 

3.359 | 41.8 1.119 300.18 

2.908 | 38.52 1.106 262.93 

2.474 | 33.8 1.086 227.81 

1.847 | 28.44 1.062 175.92 

1.316 | 22.44 1.039 126.66 

1.074 [18.92 {1.022 105.09               
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TABLE 56. 

uf = 9.85 w = 100 

M h Pp Q/y M h P aw 

So = 50.) So = 150,0 

0.399 | 19.0 1.079 36.98 9 0.286 | 12.44 | 1.056 27.08 

0.479 | 22.68 |1.09 43.94 J 0.512 | 14.6 1.064 48.12 

0.592 | 26.2 pee 53.82 0.785 | 16.28 |1.07 73-36 

0.914 | 53.16 {1.119 81.68 9 1.332 | 20.68 1.082 123.11 

1.686 | 42.36 | 1.14 147.89 91.766 | 2h.12 | 1.093 161.57 

2.12 | 49.8 1.155 183.55 | 2.265 | 28.04 |1.104 205.16 

2.876 | 60.84 1.168 246.23 9 3.085 | 34.0h | 1.12 275-45 

2.458 | 54.36 1.162 211.53 J 1-911 | 24.6 1.095 174.52 

1.782 | 42.6 1.141 156.18 § 0.978 17.0 1.071 91.32 

0.95 | 27.88 {1.103 84.32 0.721 | 14.6 1.064 67.76 

So = 100}0 

0.335 | 14 4h 1.063 31.51 

0.608 | 18.12 1.075 56.56 

0.833 | 20.04 1.081 TT-06 

1.026 | 22.28 {1.089 94.21 

1.412 | 26.28 |1.1 128.36 

1.959 | 31.64 1.114 175.85 

2.715 |39.08 {1.132 239.8 

1.814 | 29.24 + (1.108 163.72 

0.914 | 20.28 1.082 84.47 

0.656 | 16.84 1.071 61.25             
  

 



  

  

  

TABLE 57. 

uf =9.0 w= 100 

M h Pp ayy M h P Qf 

So = 50. So = 15040 

0.27 | 20.44 1.11 24.32 $f 0.335 13.64 1.088 30.79 

0.512 | 25.48 1.122 45.63 0.544 16.04 1.096 49.64 

0.592 | 29.48 clos: 52.34 0.753 16.76 1.099 68.52 

1.058 | 33.88 1.14 92.81 Leo 20.68 reid: 117.12 

1.267 | 37.64 1.149 110.27 1.686 2h .Ob 1.12 150.54 | 

1.686 | 44.76 dio 145 234 2.104 27.08 1.128 186.52 

2.2h9 [52.68 1.17 192.22 § 2.892 | 32.84 1.139 253.91 

2.86 62.6 1.179 2h2.58 2.426 28.6 1.25 214.69 

2.345 | 54.6 Bel Tl 200.26 1.83 23.8 1.119 163.54 

1.847 | 45.72 1.161 159.09 0.898 17.32 Lek 81.64 

0.914 | 30.36 1.134 80.6 0.656 15.08 1.092 60.07 

0.576 | 24.76 1.121 51.38 

So = 10040 

0.27 15.72 1.095 2.66 

0.399 | 18.12 1.102 36.21 

0.769 | 21.32 2.112 69.15 

1.123 |2h.92 1.121 100.18 

1.654 |29.56 1.132 146.11 

2.168 | 34.36 1.141 190.01 

2.86 41.08 1.152 28.26 

2.41 36.2 1.145 210.48 

1.702 | 28.92 13 150.62 

0.914 | 22.28 L125 81.97 

0.56 18.44 11.103 50.77             
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TABLE 58. 

uf= 11.65 w= 150 

M h P ayy h P ayy 

So = 50.p So = 150,0 

0.495 | 22.04 1.035 31.89 10.44 0.983 11.8 

0.608 | 24.04 1.045 38.79 11.88 0.991 21.39 

0.881 | 27.32 1.06 55.41 14.28 1.002 MAL7L 

1.316 | 31.64 1.078 81.39 15.4 1.006 56.26 

1.573 | 32:84 12.082: 96.92 16.6 1.012 81.36 

212 37.16 Le 128.49 18.12 1.02 108.11 

2.747 | 41.8 1.118 163.81 20.04 1.027 134.5 

3.214 | 4b .8) 1.128 189.95 23.56 1.042 184.0 

3.648 | 47.4 25435 214.27 25.48 1.051 222.2 

27.08 |1.059 21.8 

So.= 10040 

0.552] 2508 1.006 23.26 

0.495 | 17.8 1.018 32.41 

0.914 | 20.4 1.03 59.16 

Le) 22.6 1.039 83.42 

1.766 12569 1.044 eT y: 

2.184 | 25.5 1.051 138.53 

3.021 | 29.2 1.066 188.93 

Aiqeon| 5265 1.081 229.91 
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TABLE 59. 

uf = 9.85 w= 150 

M h P an h P ayy 

So = 50. So = 15040 

0.335 | 20.2 1.081 20.66 12.68 1.058 21.11 

0.624 | 24.36 1.094 38.03 14.52 1.063 35.12 

0.801 | 26.28 sieal 48.55 15.88 1.069 4b .97 

1.284 | 31.32 1.112 76.98 17.8 1.073 72.75 

1.814 | 35.88 1.126 107.4 19.24 1.08 95.13 

2.297 | 39.96 e155 134.92 21.08 1.085 133.21 

3.021 | 45.48 1.148 175.43 24.68 1.095 179.97 

3.809 | 51.88 1.16 218.91 27.64 1.103 220.49 

So = 10040 

0.302 | 15.0 1.065 18.91 

0.56 18.04 1.074 34.76 

0.785 | 20.12 1.081 48.41 

1.332 | 24.04 1.091 81.39 

1.782 | 26.28 ae 108.0 

2.297 | 27.32 1.102 138.96 

2.828 | 29.48 1.109 170.0 

3.519 | 32.76 1.118 209.84 
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TABLE 60. 

uf =9.0 w= 150 

M h Pp ann M h P ayy 

So = 50.p So = 150,0 

0.254 | 20.0k 1.11 15.25 0.351 12.6 1.083 21.61 

0.463 | 24.52 1.121 27.53 | 0.56 14.68 1.091 34.22 

0.785 | 28.52 1.13 46.31 9 0.849 | 16.28 1.096 51.64 

1.155 | 32.36 1.139 67.6 1.267 17.64 1.101 76.72 

1.718 | 37-4 1.148 99.77 | 1.895 19.88 Dae 113.81 

2.49 43.2h aeRO, 143.47 2.828 23.8 1.12 168.33 

3.552 | 53.08 1,17 202.39 | 3.761 | 28.12 1.129 222.09 

So = 100}0 

0.463 | 16.92 1.1 28.06 

0.737 | 20.6 1.109 4h 31 

1.251 | 23.48 1.119 7h .53 

1.847 | 26.28 1.125 109.45 

2.635 | 28.44 1.129 | 155.6 

3.552 | 35.0 1.14 207.72 

            
  

 


