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SUMMARY 

Radiative heat transfer from an emulsion of high temperature 

fluidized solids is visualised, utilizing a continuum approach, as 

that from a volume emitter of voidage greater than zero. The ini- 

tial considerations were of a simplified mathematical model which 

for an homogeneous constant property, emitting, absorbing and 

scattering medium may be described by the exact formulation for 

one dimensional, steady-state radiative transfer. From ane analysis 

the dependancy of the emitted radiative flux levels arn the emis- 

sivity of the bed material emerged. Such observations were 

verified experimentally. 

Following a study of the hydrodynamic behaviour of the bed 

surface, a model describing transient radiative transfer was 

evolved based upon the packet model with initial isothermal 

conditions, The small residence times of the surface eruptions, 

found experimentally, constrained the flux levels to be almost in- 

variant with time. 

The analysis was theoretically and experimentally extended 

to include the conductive heat transfer mode in consideration of 

surfaces immersed into a fluidized bed. Again, using the packet 

model the dominant conductive mode was apparent for early particle 

residence times. Radiation plays an increasingly significant role 

as the time history of the particle contact period proceeds. 

Contrary to previous suggestions, radiation contributes signifi- 

cantly to the overall energy transfer for the normal operating 

temperature range of fluidized bed heat exchangers, unless
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sufficiently low particle or transfer surface emissivities are 

encountered. 

Throughout the work a number of problems have been high- 

lighted where further effort is required. 
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AN _INTRODUCTION TO THERMAL RADIATION WITHIN BEDS OF 

HIGH TEMPERATURE FLUIDIZED SOLIDS 

1.1 Introduction 

The analysis of radiative energy transport within and through 

beds of fluidized solids, or gas-solid emulsions, has received only 

limited attention during recent years. In the literature appears 

a wealth of information concerning the two modes of heat transfer 

in fluidized beds, nanely, conduction and convection, but for a 

number of reasons the radiative mode has escaped an equal degree 

of attention, With the advent of fluidized bed heat exchangers, 

particularly where combustion of a gas/air mixture takes place 

within the bed of fluidized solids, the temperatures encountered 

are of a sufficient level to warrant the inclusion of the thermal 

radiative component in the governing energy equation. The com- 

bustion of a gas/air mixture within a bed of fluidized solids 

takes place at temperatures much lower than the theoretical flame 

temperature of such a mixture, For this to occur the heat losses, 

which are predominantly radiative, from ‘the upper, highly turbulent 

free surface of the bed must be large. In fact, of order 50% of 

the total heat capacity for a bed temperature of 1 000°C with a 

theoretical flame temperature of 2 000°C, 

Heat transfer in any porous media (emulsion) is by gas and 

solid conduction as well as radiation. The mechanism of conduction 

through the gas and solid are similar,in a sense that the heat 

flux is proportional to thermal conductivity and local temperature 

gradient, Radiation on the other hand is a long range process



RA : 

and must be treated accordingly. Local inhomogeneities in the 

emulsion affect the transmission of radiant energy. For example, 

radiation traversing the emulsion may (a) pass through voids in 

the porous bed, (b) be transmitted through the particles, (c) be 

absorbed by the particles and subsequently re-emitted (Kirchoff's 

Law) and (d) be scattered (re-orientated) by the particles, The 

emulsion can be considered to be homogeneous and continuous. 

This is justified if the gas voids and particles are essentially 

in equilibrium, and if the particle spacing is sufficiently small 

so that the temperature difference between adjacent particles is 

small compared to the absolute temperature, 

Although the particular interest in this study is concerned 

with shallow fluidized bed heat transfer, the initial model of 

radiative transfer applies equally to beds of any depth. 

Unfortunately, no strict definition of a shallow fluidized bed 

exists and so, where necessary, a shallow bed is assumed to be 

one in which bubble coalescence does not have sufficient time 

to occur. 

1,2 Review of Previous Studies 

The limited amount of thermal radiative studies in fluidi- 

zed beds that have been conducted have shown varying degrees of 

contradiction in a number of important fundamental areas. The 

levels of bed temperature below which the contribution of thermal 

radiation to the total energy exchange may be ignored is a first 

(1] example, Yoshida and Kunii studied radiant heat transfer 

from a bed of fluidized solids to two kinds of heat exchange pipe,
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one of a high emissivity 0,8 and one of a low emissivity 0,17, the 

bed walls having an emissivity of 0,8, The bed material was a 

microspherical catalyst of size distribution 0,149-0,210 mm and 

density 1 540 kg/m?, The authors concluded from this experimental 

study that the contribution due to radiation heat transfer was 

not significant (approximately 5%) below bed temperatures of 

1 000°C - 1 200°C. A fundamental assumption based on the work 

of Zabrodaky 7s and used in [1], was that the degree of blackness 

(effective emissivity) of the emulsion is equal to unity. In 

contrast to the work of [1], Vedamurthy and Sastxil! in a 

mathematical study of radiation and conduction heat transfer to 

the walls of a fluidized bed combustion concluded, for the case 

of coal burning within the combustor, that radiation contributed 

significently (approximately 30%) to the overall heat transfer 

down to bed temperatures of 800°C, In this case the assumption 

was again that the emulsion effective emissivity was equal to 

unity although no mathematical justification was given. A 

number of further studies have been attempted but are concerned 

primarily with radiative heat transfer to immersed surfaces 

within a fluidized bed, These references are cited in studies 

reported later in this work, 

1.2.1 The fluidized bed effective emissivity 

In the previous section the term bed effective emissivity 

was introduced and requires a formal explanation. The term was 

introduced by Zabrodsky /-! who recognised the fact that a parti- 

culate bed may have an effective emissivity of a somewhat different
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value from the emissivity of the actual particle material. The 

term 'effective'is used to distinguish between the strict defini- 

tion of emissivity of any isothermal surface emitter of voidage 

zero and a volume emitter (emulsion of fluidized solids) of 

voidage not equal to zero, with either isothermal or non-isothermal 

[2] 
particulate boundaries. In the analysis, Zabrodsky approximated 

the emulsion of fluidized solids by a dusty gas cloud. Using 

the equation of energy attenuation (Beer's Law) 

Seo cK,l (1.1) 

an expression for the effective emissivity was derived for the 

system. A complete description of this analysis appears in 

hecenes A. It was subsequently shown in [2] for a typical : 

fluidized bed system that the effective emissivity €, was 

approximately unity in all cases. This is not a surprising 

conclusion as in addition to the high values of particle concen- 

tration a fundamental assumption of Beer's Law is that all particles 

are thermally black. 

In contrast, the work of Rubstov and Syremacnikoy | 

considered the problem of effective emissivity from an idealized 

model of the geometry of particles in contact with a plane vertical 

surface. A term 

ae [2° (1.2) 

where m' = a-e)™ 7 Cis)
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and & is the bed voidage was evolved as being the fraction of 

the surface overshadowed by the first row of particles. Forn 

rows of particles the effective emissivity was derived as 

n 

ete ae Wy for K = 1,....n (1.4) 

and > = particle material emissivity, It was concluded that & 

may differ significantly from unity depending largely upon the 

value of € . 
P : 

In a discussion of [4] by Zabrodsky!5] it was shown that 

the term = (1/m')? was not strictly justified and, for spherical 

particles, must depend upon their packing arrangement, e.g. for 

loose cubic packing of spheres, the interparticle distance 

L = 0,806. pa -€ 3 te 3) 
b 

and 

¥ mp ? 2 
ae P, = 1.2/1 (1.6) 

4L E] n 

Later experimental work by Pikashov et ail6] in which a narrow 

angle radiometer probe was placed in a fluidized bed with the 

thin quartz protecting glass situated in the horizontal plane, 

supports the results of [4] and concludes that the effective 

emissivity must deviate from unity. However, in a similar experi- 

217] mental analysis by Ilchenko et a considerable cooling of the ’ 

first row of particles in contact with the quartz protecting glass 

were observed, This would account for a reduction in the measured 

levels of effective emissivity.
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Hence the 'state of the art' to date is confused being 

dependent on highly idealized systems and for this reason it is 

desirable to reconsider the problem of radiation heat transfer 

within an emulsion of fluidized solids using a physically and 

mathematically justifiable approach, 

1.3 The Equation of Radiative Transfer 

Considering Zabrodsky's!?1 earlier hypothesis of a dust 

cloud it is obvious from equation (1.1) that the energy attenua- 

tion on traversing the emulsion is due to the absorption properties 

of the emulsion alone. Consideration of a more complete equation, 

i.e. the equation of Bere transfer, introduces other factors 

into the analysis. 

The equation of radiative transfer in non-dimensional form 

may be written as 

Wee = nE{t) + o I(v,0')P(6, 6)dQ + (1-w )I,(t) (1.7) 

‘an 

A more complete description of the derivation of equation (1.7) 

and its adaption for use with the governing energy equation appears 

in Appendix B. Briefly the equation describes energy (radiation 

intensity I) attenuation and augmentation when traversing a dif- 

ferential element of emulsion. The first term on the right-hand 

side of equation (1.7) describes energy attenuation due to ab- 

sorption and scattering of the incident beam, The second term 

describes energy augmentation due to scattering (reorientation) 

of energy in the direction of the incident beam. The third term
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accounts for the emission of the particles within the emulsion. 

Before proceeding to an analysis of equation (1.7), an explana- 

tion of the parameters appearing in the equation are now given 

in relation to a bed of fluidized solids. 

1.4 Application of the Equation of Radiative Transfer 

to a Bed of Fluidized Solids - Description of Important 

Parameters 

In a general sense any medium which absorbs, emits and 

scatters radiation, whether a particle seeded flame, thermal 

insulation material or a bed of fluidized solids may be equally 

described by the equation of radiative transfer, It is convenient 

here to consider the packet model of heat transfer described by 

Rigune 1.1 in the case of an emulsion of fluidized solids through 

which radiative energy is transported, The packet model was 

first suggested and developed by Mickley and Fairbanks!®! and 

used to describe conduction heat transfer between an emulsion 

and an immersed surface, A similar packet model is considered 

in this study where all particles are regarded as having zero 

relative motion, and heat is transferred only by the viewing (in 

a radiative sense) of a surface by a packet of emulsion which is 

constantly replenished with fresh particles, Obviously, conduc~ 

tion and convection heat transfer should be included into the 

analysis; however, the initial consideration is of radiation 

predominating. 

1.4.1 Description of the important parameters- encountered in the
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radiative transport equation 

(i) Scattering cross-section 

The extent of scattering of an object (particle) is normally, 

particularly in the nuclear energy transport field, expressed in 

terms of a scattering cross-section, This is the apparent area 

that an object presents to an incident radiative beam in relation 

to the ability of the object to deflect (reorientate) radiative 

energy. This apparent area may be quite different from the 

physical cross-sectional area of the object as shown in Table 1,1 

“taken from Siegel and Howe1l?!, depending upon the ratio of the 

particle size to the radiative wavelength of the incident beam, 

mw). The ratio of the scattering cross-section to the actual 

geometric projected area of the particle is known as the 

efficiency factor. 

TABLE 1.1 (Reproduced from [9]) 

  

  

  

PHYSICAL TYPE OF SCATTERING 

BODY cross-section] CONPITIONS | scarrerInG | CROSS-SECTION 
mm? 

Particles nD 2 >>D_ single} Rayleigh |Proportional to 
of Pp Boor v2n* 
Giameter 7 scattering [ 

» 
aD Mie Varies widely 

d<<D, Fraunhofer nue 
P and Fresnel alt D | 

diffraction P. 
plus 

reflection            
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(ii) Extinction coefficient 

With reference to Section 1,3, attenuation of radiative 

energy is due to both scattering and absorption of an incident 

beam, In the radiative transfer equation (1.7) it is convenient 

to combine these two effects in terms of a single parameter, the 

extinction coefficient, With reference to Table 1,1 for a bed of 

fluidized particles, the ratio 7D,,>>\ always applies and hence 
P 

the absorption coefficient (kK) is simply defined in this study 

as 

bee (1.8) 

{10] from Hottel and Sarofim where €_ is the particle material 

emissivity and N is the particle concentration, . The particle 

concentration may be represented by a function of distance for 

a known distribution, but this refinement produces unnecessary 

complications at this stage of the work and so N is taken as a 

constant value throughout the emulsion field, The scattering 

coefficient K is similarly derived as the absorption coefficient 

and defined as 

2 

Ks 2 eee] q.9) 

where a is the reflectivity of the particle material from [10]. 

The multiplying factor of 2 in equation (1.9) accounts for the 

diffraction of energy around large particles where ™D,>> from [9]. 
P 

The extinction coefficient is then simply K, = K, + K,.
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(iii) _Phase function 

A complete description of the phase function appears in [9]. 

Briefly, P(8) is the intensity distribution, as a function of 

circumferential angle 6, of scattered energy, A number of dif- 

ferent functions of P(®) are described in [9] for various shapes 

and sizes of particles. In the case of fluidized particles with 

tae the phase function of energy scattered over 41 steradians 

is, for diffusely reflecting particles 

P(Q = se (Sin@ - 6Cosé) (1.10) 

The inclusion of such a phase function to account for anisotropic 

energy scattering, produces unnecessary complications in a solu- 

cio of the radiative transfer equation. For this reason, all 

energy scattering is assumed to be isotropic and then P(6) = 1. 

A further justification of this fundamental assumption is shown 

in the work of Love et al [11], for a generalised absorbing and 

scattering medium, who concluded that anisotropic scattering 

accounts for 150% change in the overall emitted flux levels at 

T, = 0.1,to 30% at Ty = 2.0. 

However, the assumption of isotropic scattering is often 

valid in an optically thick medium, the difference in flux levels 

reducing as Ty toe 

(iv) Scattering albedo 

The scattering albedo describes the amount of energy 

scattered to the total energy attenuated, i.e. W) = K,/Ky-
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Some workers, Chandresekhar!!2] and Kourganofel!5] use the value 

of 
nm 

a 
Reve QQ = 0) » 

the degree of darkening, in an astrophysical context. 

(v) Optical thickness, c 

An important dimensionless parameter in any radiation 

absorbing, emitting and scattering medium is the optical thickness 

of the medium, In this present study a fundamental assumption is 

that all radiation is gray and independent of wavelength distri- 

bution, Another assumption is that all radiative properties of 

the fluidized emulsion are independent of temperature ‘variation, 

It therefore follows that the extinction coefficient K, is also 

independent of wavelength and temperature distribution. Hence 

the characteristic physical dimension (L) of the emulsion may 

be transformed into an optical dimension (photon penetration 

depth) as rs KL. Physically, depending upon the constituents 

of the emulsion, the optical thickness may vary between zero, for 

a vacuum, and infinity for a solid object. In the case of a 

fluidized bed the passage, through an element of emulsion, of a 

beam of radiative energy is affected by other elements in close 

proximity. Hence the regime of application of optical thickness 

is for Terk, i.e. the emulsion is regarded as being optically 

thick. When considering the depth (x) of an emulsion of thickness 

(L), the term optical depth Tt = Kx is used,
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1.4.2. Considerations of a simplification of the equation of 

radiative transfer 

(i) The alternate slab model 

In the analysis of [3], the equation of radiative transfer 

was not considered, the radiative flux appearing in the energy 

equation in a simplified form of q. = oT*(x) with the assumption 

Ep = 1 or, in nondimensional form, 

at = 6" (x) (1.11) 

From Appendix B the radiative flux equation is given for a black 

body (wy = 0) emulsion, as 

is 

ay (t) = 2F,E3(t) - 2F2E3 (t,-) + 2f o*certa teeter’ 

° 

no 
- af 6" (t")Ea(t'-t)dt! (1.12) 

t 

Equation (1.11) may be obtained from equation (1.12) by assuming 

the emulsion to be made up of finite slabs of solid material sepa- 

rated by interstices of negligible optical thickness, i.e. 

T=) +0, Hence equation (1.12) becomes 

dy 

" 2F,E3(0) - 2F2E3 (0) 

and 

qi = Fi - Fe (1.13) 

which is simply the radiative flux transfer between two black
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parallel plates. 

Again in [3] for use in a finite difference solution of 

the energy equation then (1,13) is recast in the form 

' = i= Chae Fi - Fi fori-=l1, .... 7m (1.14) 

for the ree and (i-1)th layers of the emulsion, or 

Vii veh Let qt e* - (1.15) 

However, when considering the physics of the emulsion, equation 

(1,15) neglects the contribution to the flux at the aus and 

(i-1)th layer of fluxes emitted by remote layers and passing 

through the intermediate interstices even though thermal, radiative 

transfer is a long range (global) process, As (1.15) was obtained 

from assuming a negligible optical thickness between the layers 

it would seem reasonable to assume that the contribution of flux 

from adjacent and near adjacent layers is contributory. The 

simplification to obtain equation (1.15) is not consistent with 

the application of such an equation in a fluidized bed of €, > 0, 

The emissivity of such a model is equal to that of the material 

considered and from a consideration of Figure 2,1 such a result 

would underestimate the subsequent radiative fluxes for all cases 

except e5 a}. 

In the work of Hill and Wilheim!49] a similar slab model 

was considered in a study of combined radiative and conductive 

heat transfer in a quiescent gas-solid bed, However, for a
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generalized bed material of particle emissivity, ay the bed was 

considered to be made up of either infinite parallel planes, con- 

centric cylinders of infinite length, or concentric spheres, each 

surface considered gray and partially transparent. The allowance 

for the transparent nature of the surfaces (slabs), thought of as 

the effective fraction of free area, is an imporvement over the 

model used by [3] accounting for the long range transfer of 

radiative energy. In addition, the effects of the reflectivity 

and absorbtivity of the surfaces were included. The resulting 

equations were derived by applying an energy balance between 

successive surfaces and summing across the field. The radiative 

flux equations were similar, from a heat transfer point of view 

to those of Hamaker !20 who considered a differential, rather 

than a finite slab approach to the problem, By way of interest 

the radiative flux equation obtained by [49] of 

a(t,’ = Tye) 
  

ane (1.16) 
ui 1 Gee ro peer Nel 
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simplifies to that of radiative transfer between two infinite 

parallel plates of temperatures », and T; respectively 

i.e. the second term in the denominator disappears. The work of 

[49] and [20] are in fact different approaches to the derivation 

and solution of the radiative transfer equation. 

(ii) Optically thick approximation 

A more realistic approximation of radiative transfer within
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fluidized beds is the optically thick approximation, From Sparrow 

[26] and Cess it was shown that the radiative flux equation of 

Appendix B may be simplified in the case of ead of 

4 ae" (1.17) 

in nondimensional form and implies that radiative fluxes at a 

plane are affected by its near neighbours only, being a function 

of the local temperature gradient. Unfortunately, this assumption 

breaks down in the vicinity of a boundary for reasons given in 

[26] and explained in Chapter 2 of this work. 

(iii) The Zone Method 

[10] Developed by Hottel and Sarofim , this method consists 

of subdividing nonisothermal enclosures filled with a non-isothermal 

gas into areas and volumes that can be considered isothermal, An 

energy balance is then applied to each division leading to the 

solution of a set of simultaneous equations, The method is not 

mathematically elegant but forms a powerful practical tool having 

considerable advantage in multidimensional situations. 

1.5 Concluding Remarks 

From a consideration of the radiative transfer equation 

and its various components a number of approximate approaches to 

a solution have been considered. However, as the initial study 

forms a fundamental analysis of radiative transfer within and 

through emulsions of fluidized solids, an application of the exact
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radiative transfer equation is desired, Where appropriate, com- 

parisons are made with the approximate solutions. From the 

subsequent application of the radiative transfer equation it 

is convenient to model the fluidized bed as that of a packet of 

gas-solid emulsion with appropriate mean physical properties. 
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ANALYSIS OF THE RADIATIVE TRANSFER EQUATION 

2.1 Introduction 

Applications of radiant transport theory has received 

considerable attention over recent years, and appears in the 

literature of astrophysics [12] and [13], optics, Gumprecht et 

ail, chemistry, Chu and churchi11!35! 

6] Davison . One of the most thorough and clear presentations 

(17] 

and nuclear energy, 

is given by Viskanta who emphasized the heat transfer point 

of view. The work in [17] is particularly relevant to the present 

study of fluidized solid radiative transfer and for this reason 

[17] and subsequent studies by the same author are constantly 

cited throughout this text. 

2.2 Development of the Mathematical Model 
  

As a first step a simplified physical model of a fluidized 

emulsion is assumed along the lines of the packet model of [8]. 

A plane, gray layer of the emulsion packet is bounded by plane, 

parallel, gray, diffusely emitting - reflecting boundaries, 

according to the configuration of Figure Bl in Appendix B, In 

addition, a number of further simplifying assumptions are made 

and summarised as follows: 

1. One-dimensional radiative heat transfer 

2. Constant fluid and solid properties 

3. Fluid and solid in local thermal equilibrium 

4. Steady-state 

a Fluid and solid in dynamic equilibriun ©
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6. Constant absorption and scattering coefficients 

Te Isotropic scattering 

8. Emulsion, homogenous and isotropic and of constant voidage 

With consideration of later experimental studies, the 

emulsion is further visualized as a homogeneous slab exchanging 

energy, by radiation only, with a remote heat transfer surface 

(detector). 

2.3 Previous Solutions of the Radiative Transfer Equation 

The equation of radiative transfer has been applied to a 

similar model as previously described and solved using a number 

[18] of different techniques, Edwards and Bobco in a generalized 

sauudy, of dispersion emission used a modified diffusion method of 

solution, This technique was based upon the method of moments 

used in an application of the equation of radiative transfer to 

nuclear transport problems, The particular application of [18] 

is in the field of radiation exchange from a seeded rocket engine 

exhaust plume to some remote heat transfer surface (e.g. engine 

base). An interesting and relevant feature of this analysis is 

the use of free boundary conditions which occur equally in the 

case of rocket engine exhaust plumes and beds of fluidized solids. 

The free boundary is applicable whenever an inward directed 

radiative flux on the emulsion boundary has a negligible influence 

on the temperature and radiative flux distribution within the 

emulsion, Further conclusions from [18] of a fundamental nature 

were the concept of radiative intensity, when non-dimensionalised
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to the emulsion black body intensity, being equivalent to direc- 

tional emissivity and that isotropic scattering does not lead to 

the classical Lambert diffuse emission at an emulsion boundary. 

Even in an emulsion of Ton the latter case is not met. This 

conclusion emphasizes the care which must be taken in interpre- 

ting experimental results when using a narrow angle (field of 

view) radiometer to view such an emulsion, Finally, the relation 

between an area formulation and a volume formulation of the 

problem was indicated to show that any scattering system may be 

solved as a field problem and the results used with an area con- 

figuration factor to obtain the irradiation at some remote 

surface, Alternatively, the irradiation may be obtained 

directly by application of the volume formulation as shown in 

: [17] without introduction of a configuration factor concept. 

In a study of radiation through a foggy (scattering) 

atmosphere, schuster!19] introduced the now well-known two flux 

method of approximate solution of the radiative transfer equation. 

This method was extended for use in heat transfer systems by 

Hamaker /201 and consists of reducing the non-linear, integrodif- 

ferential equation to two simultaneous, linear differential 

equations, which in a simple plane parallel system are amendble 

to a closed form solution, 

In a similar study area as [18], Morizumi and Gerpenters- |) 

used a statistical probability approach to solve the radiative 

transfer equation. However, only the first term on the right- 

hand side of the equation was considered and similar to the 

equation used in [2]. The multiple scattering of radiative
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energy was allowed for by the probability functions derived for 

an incident beam traversing a differential slab of emulsion, 

Comparisons of the analytical predictions with subsequent experi- 

mental results, using a narrow angle radiometer and a spectro- 

meter, resulted in an average difference of 17% between the two, 

2.4 Analysis 

The equation of radiative transfer in conjunction with the 

energy equation in Appendix B is now amendble to a closed form 

solution and hence a numerical technique is employed. ‘The 

solution is complicated by the fact that the exponential 

integral E,(|t - t'|) appearing in the energy equation is 

singular at the origin. This problem is overcome by approxima- 

ting the temperature distribution 6*(t) and the. scattering, 

function D(t), with finite polynomial expansions, as suggested 

by Leung and Edwards (22] in a study of solar heat shields and 

solar heat collectors, This method was also used in a non- 

scattering system for the temperature distribution in a time 

dependant radiative heat transfer study by Viskanta and Bathial?™ 

[24] and by Krishna Prasad and Hering in a similar investigation, 

After spacial discretization of the plane parallel layer 

of emulsion, bounded by gray, diffusely emitting, black boundaries, 

the problem is reduced to one of solving for unknown coefficients 

using a matrix method applied across the field. 

2.4.1, Boundary conditions 

As discussed previously, the free boundary of a fluidized
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bed emulsion may be regarded for radiative heat transfer purposes 

as one in which the incoming poundaey radiative flux has negli- 

gible effect on the temperature and flux distribution within 

the emulsion, This being the case, the free boundary condition 

used in this analysis is taken as equivalent to a black plane 

wall at either zero absolute temperature with F, = G = 0, orate 

atmospheric temperature with 6;' of order 0,002 for a bed tempera- 

ture at 1 000°C. This boundary condition is obviously idealized 

and suggests a temperature discontinuity at the free surface of 

the emulsion, In reality, conduction and convection heat transfer 

will occur in addition to radiation heat transfer to eliminate 

the apparent discontinuity, The idealized boundary condition 

used here is not physically justifiable but is used as a 

mathematical expedience, A similar problem was observed by. 

[25] Deissler in a study of radiative heat transfer to parallel 

plates from an absorbing, emitting and scattering medium, The 

case of an optically thick medium was taken, resulting in an ap- 

proximation to the radiative flux equation of 

aon San 

from [25] and [26]. Appropriate boundary conditions were evaluated 

to account for the apparent discontinuity when conduction was 

absent from the analysis, This technique is commonly referred to 

as the radiation slip method, 

The second boundary condition, deep within the emulsion, is 

taken to be equivalent to a plane, black, diffusely radiating
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surface at the bed temperature, This is in accordance with the 

configuration of Figure B.1 of hppendig B, and Figure 1,1, The 

assumption of such a black boundary was chosen to simulate the 

radiative flux emitted from the volume of emulsion beyond a depth 

of T= 10, Hence from Appendix B, F2 = 63 = 1, With the expo- 

nential integral E3(t) = 0,0000038302 for t = 10, the effects of 

such. an assumption are sensed only in the immediate gneiss of 

this boundary. 

With reference to Figure B,1 and Figure 1,1, solutions were 

obtained for fluxes emitted in the negative x direction, 

2.5 Discussion of Analytical Results 
  

The method of solution of the energy equation is described 

in Appendix D, The exponential integrals E(t) encountered. in the 

solution of the radiative transfer equation from [9] are described 

briefly as 

for positive real arguments 

1 
ze = E,() = fe oH a (2.1) 

0 
or 

1 

EA [ ur yr? et (2.2) 

and ° 

1 r th n & B,@) = z/ ¥ ace") (2.3) 
° 

integrating by parts the recurrence relation is obtained as 

ME, (0) oxe =r Ey(t) nd j (2.4)
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and 

SE at = -B (nda (2.5) 

From Appendix D the lowest case of exponential integral encountered 

is E2(t). Using the recurrence relation of equation (2.4) with 

values of Ei(t) obtained from a computer algorithm, all higher 

cases of E(t) may be obtained. 

The solutions of Appendix D were tested for convergence 

using polynomial expansions for 6"(t) and D(t) of order 4 and 6, 

with a spacial step size reduced from 0,1 to 0,05 and to 0,02, 

For the convenience of studies, reported later, of a transient 

analysis of radiative transfer a spacial size less than 0,05 

vequiced a large amount of computer memory and exceeded the . 

capacity of University of Aston ICL 1905E computer. Again, for 

a transient analysis computational time was also excessive. For 

these reasons the 1906A/CDC7600 installation at the University of 

Manchester Regional Computer Centre was utilized. 

This technique, although not of a closed form as the analysis 

given in [18], is sufficiently flexible to account for possible 

non-isothermal conditions. It was not subject to the anomolies 

of [18], where in some cases €_ exceeded unity. 

From the theory developed in [18] and [21] the curves of 

effective emissivity against optical thickness are shown in 

Figure 2,1 for an isothermal slab, along with results obtained 

using the two flux method of [19] in Appendix C. The value of 

effective emissivity from each method reaches an asymtotic value
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for large values of optical thickness, It is apparent from these 

curves that only'a particulate material of emissivity equal to 

unity will produce an effective emulsion emissivity of unity at 

large emulsion optical thicknesses, It appears possible, in most 

cases, to have an effective emulsion emissivity of a higher value 

- than the particulate material emissivity, This may be explained 

by consideration of the work reported in [26] on radiation from 

cavities. As a bundle of radiative energy traverses a cavity 

(or void in a fluidized bed of particles), the multiple reflec- 

tions occurring within the cavity act to augment the emissive 

power of the cavity relative to that of a plane surface of 

identical temperature and material emissivity. In practice, the 

cavity effect is used in the design of black bodies. Because of 

‘the asymtotic nature of the curves in Figure 2.1 and for reasons 

which are later justified experimentally, the slab of eulsion 

is considered to be optically thick and an optical thickness of 

Ton 10 is taken as being representative of the depth over which 

the changes of temperature and hence radiative flux may extend, 

but not exceed. The solutionsof Appendix D were initially for an 

isothermal emulsion. However, as a non-isothermal system is more 

realistic, due allowance was made in the analysis to make possible 

the inclusion of a temperature distribution. 

Results were obtained for a number of scattering albedo 

values W,. The curves are shown in Figure 2.2 along with curves 

derived from those of Figure 2.1, 

Also shown on Figure 2,2 are exact values of € , (hemispherical) 

with toe @s These results were reported in [18] and derived from
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the work of [12]. Briefly, the analysis is taken from a solution 

of the radiative transfer equation in the discipline of astro- 

physics [12] and adapted in [18] for use in a heat transfer 

context, Radiative intensities may be defined in terms of Hs 

functions which are tabulated in [12] for a range of w, and 6 

values, 

The value of (hemispherical) requires values of the 

first moments of the H> functions again reported in [12]. The 

points of hemispherical emissivity taken from [18] and plotted 

in Figure 2.2 show a favourable comparison with the results ob- 

tained by the present analysis thus justifying its use. 

Again, in Figure 2.2 the results obtained in the present 

analysis are greater than those from the work in [18] by up to 

6.1%. As reported in [18], these results would. underestimate the 

exact solution, Hence it is reasonable to assume that the 

analysis presented in this study is an improved approximation to 

the exact solution, 

The curves of Figure 2,2 show conclusively the effect of 

particle material emissivity, through the scattering albedo a 

on the emulsion effective emissivity, This is in contrast with 

the findings in [2] who concluded that ce unity in all cases 

but supports the postulation in [4] and [5]. The curves of 

Figure 2,3 demonstrate how the effective emissivity of absorbing, 

emitting and scattering media exceed the value of particle emis~- 

sivity. As a comparison the effective emissivity of a diffusely 

emitting conical groove, from [26], is given emphasizing the 

effect of scattering.
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2.6 Conclusions 

The equation of radiative transfer is not amenable to 

closed form solution and a numerical technique, subject to initial 

simplifying assumptions, has been developed. The variation of 

effective emissivity, of an emulsion of fluidized solids, with 

change of scattering albedo is shown, The results compare favour- 

ably with the results of other authors and show the denendence of 

€, upon the type of particle material used, The limitation of 

the Zabrodsky model [2] originates in the neglect of the effects 

of energy scattering and energy emission of a particulate emulsion, 

The consequence is an overshadowing of the important features 

highlighted only by a solution of the complete equation of 

radiative transfer, 

2.7 Suggestions of Areas for Further Study 
  

The solution of the radiative transfer equation may be 

achieved by alternative methods such as the statistical Monte 

Carlo method developed for use in heat transfer systems by Howell 

and pecimeten However, this technique requires considerable 

computer time and storage capacity and for this reason the clas- 

sical differential approach is used in the present study, 

Another method of solution is a numerical technique based upon 

Gaussian quadrature and a matrix eigenvector application developed 

by Hera lee [29] and Love used in a study of steady-state radiative 

transfer with an-isotropic scattering, The work by Weston and 

Hauth [20] in a study of the transient cooling of an absorbing, 

emitting and isotropic scattering medium for the case of combined
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radiation and conduction used a similar approach, Solutions 

based on this approach would be useful in order to compare and 

justify the technique used in the present study. In this work 

of an emulsion of fluidized solids, a number of simplifying as- 

sumptions were made and listed, The assumption of steady state 

is one which may be readily relaxed and solutions obtained for 

the more realistic situation of transient radiative transfer. In 

theory, the analysis may also be extended to include conduction 

heat transfer for the case of energy exchange to a surface 

immersed within a fluidized bed. However, before these extensions 

to the work are undertaken, it is desirable to conduct an experi- 

mental programme to justify the results so far obtained.
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DETERMINATION OF FLUIDIZATION AND RADIATIVE HEAT 
  

TRANSFER PARAMETERS 

3,1 Introduction 

Before proceeding to an experimental programme of radiative 

flux determination from emulsions of fluidized solids, it is 

necessary to describe a few fundamental fluidizing parameters in 

addition to those arising due to radiative heat transfer 

considerations, 

3.2 Minimum Fluidizing Velocity at High Bed Temperatures 

A fundamental property of any bed of fluidized solids is 

the minimum fluidizing velocity, Ue It is a basic parameter 

used in mathematical models of fluidization and used extensively 

in the two phase theory of fluidization of Davidson and een ae 

Values of Ue may be determined for any bed temperature using the 

classical Ergun equation, Ergunl 52] of 

2 3 
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resulting in the solution of a quadratic for Une’ Equation (3.1) 

for particle Reynolds numbers of less than 20 may be simplified to 

(p,-P,)e MED? ent U = pg Pp mf (3.2) 
ae m 150 (i-€ 75) 

The two parameters, sphericity Fo and voidage at minimum fluidizing 

velocity er are not well tabulated for a comprehensive range of 
bi
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particle types. To overcome this problem, a paper by Proughtont= 

described a technique in a study of high temperature effects on 

Us which resulted in rewriting of equation (3,2) in the form 

(®prP,) is ge a 
U = «3 
mf uy feo) 

where 

P50 (eye 2 
Sea ee ES CL, (3.4) 

ent 

hence 

s D* Une (, is P (3.5) 

g 

[34] cited values of C used by other workers ranging from 1. 233, 

Dayidaen and eer can! to 1 650, Kunii and teveuepicll ss. 1 and 

suggested in the absence of experimental data that a value of 

1 440 be used producing an expected error range of up to 15%. 

Again [34] cites a number of references where equation (3.5) was 

used with acceptable results, although correlation was poor, with 

a value for C of 1420, in the work of Mii, Yoshida and Kuni 27] 

resulting in errors of up to 100% compared with experimental values 

of Ue 

3.2.1. Experimental determination of Une. at high bed temperatures 

An experimental programme was set up in which bed pressure 

drops were measured at incremental gas flow velocities. Due to 

the low gas flow rates required in such experiments, it was not 

possible to use a conventional type of fluidized bed as combustion
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becomes unstable, For this reason an 80 mm diameter x 300 mm 

high, mild steel fluidized pea weaetor was designed and is shown 

in Figure 3.1. The incoming air was heated by a 2 kilo-watt 

‘cooker element' situated below the 2 in thick ceramic distributor 

plate. The position of. the heating element, on heating the dis- 

tributor plate, reduced considerably the thermal gradients which 

would normally occur in a fluidized bed just above a relatively 

cool distributor plate. Hence, the gas velocity remains constant 

throughout the total height of bed, an important criterion for 

Upp Measurements, Particles of a number of materials were sieved 

in a narrow size range. In order to achieve good fluidization, 

bed heights of up to 140 a were used. If shallow beds are used 

in Ue experiments, i.e, of less than approximately 100 mm in a 

bed diameter 80 mm, there is a possibility that the total weight 

of solids will not be fully supported by the fluidizing medium at 

or above minimum fluidizing conditions, This phenomenon is 

particularly noticeable at high bed temperatures, and demonstrated 

in the later experiments of Section 3.4 in which shallow beds of 

height 25 mm were used, The bed pressure drop levels were measured 

using an inclined liquid manometer from a pressure tapping just 

above the distributor plate and another tapping above the bed of 

solids, The experimental procedure was to lower the gas flow 

rate from an initially well fluidized bed while measuring the 

pressure drop at suitable intervals, This was then repeated for 

increasing gas velocities, again measuring pressure levels, up to 

a well fluidized condition. Repeated raising and lowering of the 

gas flow rates resulted in the typical curves. shown in Figure 3.2
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from which vit was determined in the normal way. 

3.2.2. Discussion of results 

For the materials used in these experiments, the curves of 

Ut against bed temperatures are shown in Figure 3.3 (a, b & (a) 

Unfortunately, it was not possible to raise the bed temperatures 

above 600°C using the electrical heating method. The normal bed 

temperature range of interest for radiation flux measurements is 

800°C to 1 100°C, In order to compare the experimental results 

of Ue with those obtained using both equation (3.1) and equation 

(3.5), the voidage at minimum fluidizing velocity was determined 

from 

W, 'b . 
€ Seas ioe i w(B.b) 

Be ALP tne 

where Hie was measured during the experiments, using a steel 

ruler immersed in the bed, This technique was rather crude as 

the true bed height was difficult to determine due to localized 

bubbling around the ruler as Ue was reached, Over the range of 

bed temperatures used the value of Hoe changed by only 2 mm to 

3 mm resulting in a small variation of the calculated Ene values. 

For the purpose of substitution in equation (3.1) and 3.5) a: 

mean of Ene over the bed temperature range was taken. Values of 

[33] who sphericity 9. were obtained using the paper of Rittenhouse 

tabulated diagrams of typical ranges of two-dimensional particle 

sphericity. Using a microscope and these tables, subjective 

estimates of sphericity were obtained. The results of ele and
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MATERIAL: SILICA SAND; ‘TEMPERATURE: 300 K; Pp? 2 630 kg/m? 

9. Cnt am c Reve 

0.83 0.44 0.354 1431.4 2,086 

0.85 0.424 0.55 1568.8 6,637 

0,83 0.416 0.777 1766.3 14,86 

MATERIAL: SILICON CARBIDE; TEMPERATURE; 300 K; Pp? 3179 kg/m? 

9, ene Dom c Reng 

0.75 0.47 0,354 1361,3 2.63 

0.72 0.455 0.55 1674.1 7,51 

- O75 0.45 D777: 1609.5 18,89 

MATERIAL: ALUMINA; TEMPERATURE: 300 K; p,: 5 850 kg/m? 

ee eng Das c Ree 

0,67 0,52 0.354 1140.7 3.74 

0,69 0,501 0.55 1250.2 11,46 

0,69 0.49 0.777 1365.8 2554 

MATERIAL: MAGNESIA; TEMPERATURE: 300 K; p,: 3 820 kg/m? 

9 5 ene Dene c Ree 

0.71 0.49 0,354 1289.9 3.45 

O72 0,482 0.55 1376.5 10,64 

0.73 0,471 0.777 1425,1 24,76           
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sphericity are shown in Table 3.1 for the bed materials used along 

with the values of constant C and particle Reynolds number for each 

case. A wide range of values for C were obtained emphasizing the 

effect of particle sphericity and hence ene om the resulting Ue 

levels. Comparison of the sphericity and nf results obtained here 

with the curves of Brown et al) shown in Figure 3.4 shows that all 

points were bounded by the curves of loose packing and normal packing. 

As these two quantities are subject to experimental error the favour- 

able comparison with the expected curve of loose packing ‘for the case 

of a fluidized bed places this error within acceptable limits. 

The comparison of theoretical with experimental Ue Ve 

temperature curves of Figure 3.3 (a, b and c) are reasonable in 

most cases showing least deviation for Ue calculated from equation 

(6:5) . The discrepancy with values calculated from equation (3.1) 

and equation (3.5) were most obvious at ambient temperature. This 

fact is reflected in the values of particle Reynolds numbers at 

ambient and high temperatures. In some cases, Reve was large and 

hence equation (3.5) was used at or approaching its limit of 

applicability. Although the greatest discrepancy between theore- 

tical and experimental U,¢ values occurred at ambient temperatures, 

at high bed temperatures of up to 600°C the error was acceptable 

and the trend is assumed to continue to bed temperatures of up to 

1 100°C, The use of either equation (3.1) or equation (3.5) with 

a known value of C would give acceptable results at high bed 

temperatures in the absence of sphericity and €,¢ values. The use 

of C = 1 440 in equation (3.5) as suggested by [34] gives maximum 

difference at 600°C of 16% in the case of 0.354 mm diameter
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alumina particles and of 4% for 0.777 mm diameter sand particles. 

3.2.3 Conclusions 

For all particle sizes and materials used in the later 

experimental studies of this work, Ue was measured for bed tem- 

peratures up to 600°C, The correlations with equation (3.1) and 

equation (3,5) with a predetermined value for constant C in each 

case were reasonable, The greatest discrepancy occurred at ambient 

temperature but rapidly diminished as the bed temperature was 

increased. As stated in [34] the use of C = 1 440 in equation 

(3.5) is expected to give errors of up to 16% for high temperature 

beds, It is assumed that the results can be extrapolated to bed 

temperatures of up to 1 100°C and equation (3,1) or equation (3.5) 

used with confidence, 

3.3 Determination of Particle Emissivity 

As emphasized by the results of Chapter 2, Figure 2.2, the 

effective emissivity of an optically thick medium which absorbs 

and scatters radiation is strongly dependant upon particle emis- 

sivity, As described in Table 3.3 values of & for the materials 

used in this study vary considerably. Such variations are under- 

standable when the large number of parameters which effect emis- 

sivity measurements are considered. Some examples of these para- 

meters are grain structure, transmissivity, wavelength dependency, 

trace additives and surface roughness. The problem has also been 

aggravated by the inadequate description given by many investiga- 

tors of the materials studied, An additional difficulty arises due
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to emission originating at considerable depths below the material 

surface, e.g. refractory oxides, wood and fibrous materials, where 

absorption and scattering of energy are significant parameters, 

In order to have reasonable estimates of the particle emis- 

sivities used in this study it was necessary to produce test 

samples of the various materials and conduct an experimental 

programme of measurement, 

3.3.1 Manufacture of test samples 

The most suitable samples for emissivity measurements are 

solid slabs of equivalent material. Unfortunately, no such samples 

were available and so special test samples were produced from the 

readily available particulate material. 

; An initial consideration was given to the possible use, of 

slabs made from compacted fine particulate material. However, all 

that is really achieved is a packed bed of solids which is essen- 

tially a volume emitter rather than the required surface emitter, 

Hence, a different method was considered where particles of each 

material in the size range 0.71 mm to 0.85 mm were embedded in a 

single layer on the surface of a sub-layer of suitable material. 

In order to reduce the contribution to the overall surface emitted 

flux of this sub-layer, a material of low emissivity was chosen, 

i.e, pure silver, 

Using a firebrick mould which also acted as a support for the 

test sample, a small amount of silver was melted using a propane/ 

air burner. Immersed in this melt was a Cr. AL thermocouple, A 

diagram of the sample configuration is shown in Figure 3.5, As the
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silver became molten, a few particles were sprinkled onto the 

surface. The particles in direct contact with the surface became 

embedded and on subsequent cooling in air remained intact. All 

the loose particles then remaining were blown off using a compressed 

air jet. The resulting surface as described in Figure 3.5 revealed 

closely spaced particles interspaced by silver, The molten silver 

developed a small meniscus and with the lower density particles 

protruding from the silver the appearance of the surface was far 

from ideal, However, aubeeduent grinding of the surface completely 

removed the embedded particles and so was not continued. Although 

a source of error, for the purpose of analysis, such a sample 

surface was regarded as Going flat. The size of each sample, as 

described by Figure 3,5 was chosen as % in diameter x % in deep 

for the field of view of the radiation pyrometer. subtended a 

circular area of 0.25 ins diameter at a target distance of 24 ins, 

Hence, the field of view was always filled by the sample. 

3.3.2 Experimental procedure 

The experimental configuration is described schematically 

in Figure 3.5. To reduce the losses of radiative flux from the 

system and to ensure energy interchange between pyrometer and 

sample surface only, the inner surface of the pyrometer extension 

tube was covered with aluminium foil. This highly reflecting 

surface, in reducing the temperature gradients at the test sample 

surface, also reduced the error incurred in assuming that the 

immersed thermocouple measured this surface temperature, In similar 

experiments conducted by Sully, Brandes and Waterhouse!721 | coats
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of powdered refractories of known thickness were applied to metal 

strips. The surface temperature gradients were corrected by taking 

emissivity measurements for a range of coating thicknesses and 

extrapolating back to a zero thickness, However, absorption and 

scattering of energy within and at the surface of these coatings 

becomes significant and should be allowed for, In the work of 

[73] Pattison » solid cylindrical test samples were heated on the 

outer surface by a propane/oxygen flame and measurements of 

material emissivity obtained by viewing through this flame. In 

the subsequent analysis due allowance was made for the effect of 

flame emissivity. In this way the surface temperature was known 

accurately, being obtained coh a radiation Syeoneter viewing a 

0.25 in diameter x 1 in deep hole bored in the specimen acting as 

a black body source, 

Various measurement techniques have been cited in the litera- 

ture, the most comprehensive of which appears in [43]. However, 

a few simple methods were considered, Piranil74], plotted the decay 

of radiation with time using a total radiation receiver and extra- 

polated back to zero time to obtain the sample emissivity. This 

method being dependant upon the response time of the measuring 

instrument was not considered. Michaua!75] used a similar technique 

to [73]. This method of a flame directly heating the surface to 

be measured was not desirable in this study, With the sample 

temperature measured just below the surface of the silver sub-layer 

the true value of surface temperature could not be determined with 

any reasonable degree of certainty. Ideally, a furnace was required 

to heat the sample. However, this was not readily available and
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the test sample in this study was heated on its reverse side by a 

propane-air burner. Each sample was raised in temperature in steps 

up to a maximum of about 860°C, With the melting point of silver 

determined at approximately 935°C, it was not advisable to raise 

the sample temperature any further. For each steady value of 

sample temperature measured via a digital voltmeter, the pyrometer 

output was recorded, From the output fluctuations the error of 

the pyrometer output was estimated at +5 K, Such experiments 

were repeated a number of times by constantly raising and. lowering 

the sample temperature. A further sample of pure piven with no 

other material present was like-wise studied, 

From the conservation of energy, particle emissivity © 

may be simply obtained from the equation 

4, particlep - 4, silvers e 44 detector target (S+7a) 

From a consideration of the system, neglecting radiative exchange 

with the pyrometer extension tube, then generally 

N 
a 4 fe [5 - (ne )F, 3195, 5 = €, OT, (3.7b) 

with 

$ a) 1 - when k = j 
kj O - when k # j 

where Go j is the radiosity of surface j 
, 

i,j is the irradiation of surface i 
>
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then 

= (teaver 2 fe oT” B76 
40,p p'p-d%o,d PP cee) 

Gogego) (huekce) Yar ado vque eet," (3.74) 

and with 

= oT," => negligible 4d a glig 

Then equations (3.7c) and (3,7d) simplify to give with equation 

(3.7a) 

4 
7 A RK. 

ms measured — target silver eee os - ver — (3.8) 
sample particle particle 

The number of particles within the 0,25 inch diameter field of 

view of the pyrometer were counted with the aid of a Teracceres 

Great care was exercised in ensuring correct alignment of the 

sample and pyrometer, However, the exact position, relative to 

the sample centre line of the area of view could not be precisely 

determined, Hence the number of particles within an area of 0,25 

in diameter were counted for this area centred at different posi- 

tions over the sample surface, A mean value was then obtained. 

From a few initial experiments it appeared that ep predicted 

from the overall energy balance, gave values greater than unity, 

particularly when A/AL was small, Such an energy balance predicts 

an inverse relationship between > and the ratio AL/AL- In order 

to investigate the validity of this relationship the initial experi- 

ments were repeated for a number of ALAAL values. The experimental
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technique eventually used was to initially measure the emissivity 

of a sample of pure silver defined as 

rT 
2 pyrometer cee 

silver My 
sample 

from Appendix F. The sample was then remelted and a few particles 

added to the molten surface, The emissivity of this sample was then 

determined for a range of sample temperatures along with the ratio 

AL/AG: This procedure was repeated for increasing values of AD/Ags 

3.3.3 Discussion of Results 

Typical experimental values of € against sample tem- 
sample 

perature are given in Figure 3.6a for each particle material and 

for silver alone. As A /A, value along with the curve of €_. 
pt silver 

expected for non metallic solids, the value of es is decreased 
amp1l 

with increase of sample temperature. This fact is well known and 

reported in [9] and [10]. For silver, the curve predicts a similar 

trend; however, as reported in [9] and [10] for metals, an 

opposite trend was observed. The reason for this discrepancy may 

be attributed to the formation of an oxide at the surface of the 

silver sample, which would hence exhibit the trend reported for 

a non-metallic material, At high sample temperatures, a levelling 

out of © sample was observed for all the materials studied, Hence 

it was a simple matter to extrapolate the results to higher tem- 

peratures to the levels encountered in fluidization, i.e. up to 

151002. 

The effects on cS of varying the ratio anne are shown 
ample
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in Figure 3.6b, The curves were drawn, simply by inspection, 

through the results of sample and extrapolated to a value of AD/ 

AL = unity. 

Hence the method of => 

determination was to take ep = at the extrapolated point 
“sample 

of ALIAS = 1, when the sample is totally covered by particulate 

material. An explanation of this non-linearity effect lies in the 

effects of the scattering of radiative energy by the essentially 

particulate surface, The true surface area of the radiating 

particles is much larger than the cross-sectional area assumed 

in equation (3,7a) and tends towards a hemispherical surface, 

Hence considerable pErticle! to particle radiation takes place 

resulting in a multiple scattering system, 

This method is simple but approximate in that the temperature 

of the particles are assumed to reach the measured silver sublayer 

temperature, Realistically temperature gradients are in evidence 

and it is therefore expected that the results underestimate the 

true values of Eps An extension of the technique, although not 

considered in this study, was described by [72] in which increasing 

particle depths were used. This would be useful in estimating the 

effects of surface temperature gradients,
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The predicted results of ED and corresponding values of w, 

along with ea determined from Figure 2.3 are tabulated below in 

Table 3.4. 

TABLE 3.4 

  

  

Silica Sand Alumina Magnesia Silicon 
Carbide 

ep 0.64 0.37 0,57 0.77 

W, 0,529 0.773 0.601 - 0.374 

em 0,87 0.71 0.84 0,93 
ei             
  

3.3.4 Conclusions 

Test samples from which particle emissivity was determined 

were produced from slabs of silver into the surface of which 

particles were embedded. Varying the number of particles per unit 

area the values of sample emissivity were observed to increase non- 

linearly with increase in A/a The value of Ep was then determined 

by extrapolation to AL/A, = 1, The method is essentially approxi- 

mate and for the reasons described would tend to underestimate the 

true values of Ep However, the advantages of the technique lay 

in its simplicity of what is essentially a complex problem, It is 

expected that the results of Ep so predicted enable values of 

fluidized emulsion effective emissivities to be predicted with 

greater confidence.
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3.4 Determination of the Extinction Coefficient 

In order to determine the extinction coefficient it was nec- 

essary to know the value of particle concentration within the 

emulsion, In the context of the assumptions so far postulated 

for a fluidized emulsion, the constant voidage extends to the free 

surface. As this free surface is assumed to be in dynamic equili- 

brium, i.e. the gas and particles are motionless relative to one 

another, and furthermore that at no time is the surface disturbed 

by the passage of bubbles, then it is possible to derive an equation 

of particle concentration which will be a time mean value. The 

derivation of this particle concentration equation in terms of the 

vertical pressure drop profile within the emulsion is shown in 

Appendix E(a). The analysis is then extended to include the 

radiative parameters of particle emissivity and reflectivity 

resulting in the final equation for extinction coefficient Kee 

The unknown pressure profile existing within the emulsion, being 

essentially a time-mean value, particularly in the vicinity of the 

free surface, had to be determined experimentally. The resulting 

pressure profile may then be approximated for purposes of analysis 

by a least squares polynomial curve fitting procedure. 

3.4.1 Experimental Determination of Bed Pressure Profile 
  

The experimental configuration shown in Figure 3.7a of a 

143 mm diameter x 100 mm high mild steel fluidized bed reactor, 

was used with a supply of propane/air mixture, Bed pressure drop 

profiles were determined, for a number of particle sizes, (sieved 

to a narrow size range), materials, fluidizing velocity and bed
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temperature, measured by an unshielded copper constantan thermo- 

couple, immersed in the bed. Ke the characteristics of shallow 

beds are of particular interest in this study only bed heights of 

up to 25 mm, measured at atmospheric pressure, were studied. 

To measure the pressure drop distribution, a 0.5 mm diameter 

stainless steel pitot tube was traversed through the total depth 

of the bed with pressure levels recorded at incremental heights. 

In reality the pitot tube remained fixed while the bed was traversed 

vertically, The mressize levels of such shallow beds are small and 

difficult to measure quickly using a liquid manometer, with a long 

response time of the liquid column and connecting tube. Hence a 

'Kistler' differential pieasire transducer, type 7251, capable of 

resolution to 4 Pascals was used. The output from the transducer 

was processed in a charge amplifier type 5001 and finally recorded 

on an Ultra Violet Recorder (U-V-R), The differential transducer 

is basically a dynamic pressure measuring instrument but may also 

be used to measure quasi-static pressure levels, as required in 

these experiments. To achieve this mode of operation the trans- 

ducer was connected to the pressure probe via a three-way pneumatic 

switch. The configuration is shown in Figure 3.7b. By means of 

this switch the reference (zero) differential pressure is applied 

to the transducer. Releasing this switch, and with the charge 

amplifier in the 'Long' time constant mode, the required differential 

pressure level was then applied to the transducer, A typical output 

signal traced from the U.V.R. paper is shown in Figure 3,8. In 

Figure 3.9 is shown the simple resistance matching network used to 

match the high impedance transducer amplifier with the low impedance
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U.V. recorder. 

3.4.2. Discussion of Results 

In the vicinity of the free bubbling surface, the experi- 

mental points were difficult to obtain, a transducer signal to 

noise ratio of unity was approached. Hence in this region the 

pressure drop curves were extrapolated to zero at an ‘observed! 

mean bed height, i.e. the height of the bed taken when the pressure 

probe became visible. This extrapolated distance was in most cases 

of order 3 mm to 4 mm and constituted a small proportion of the 

overall bed height. Examples of the experimental pressure profiles 

are shown for a few of the cases studied in Figure 3.10 through 

Figure 3,12, The curves resulted from a least squares fit of the 

experimental points. 

In most cases it was observed that the total bed pressure 

drop measured at the distributor plate was not equal to the weight 

of solids in the bed, i.e. PA/W, #1, even at high values of U-U le: 

This suggests that the whole of the bed was not fully supported by 

the fluidizing gas and may be explained from a consideration of what 

occurs in the first few particle diameters just above the distri- 

butor plate. Over the first few particle diameters of the bed large 

temperature gradients occur. As a result, this portion of the bed 

will not be fluidized constituting a measurable proportion of the 

total height of bed, e.g. 20% for a 25 mm deep bed of particle size 

0.50 mm and entrance region extending over 10 Dp. In very deep 

beds this entrance region effect constitutes only a small percentage 

of the total bed height and being difficult to measure could be
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considered as an experimental error. Further to this explanation 

[45] who measured oscillation frequencies in the the work of Hiby 

region just above the distributor plate of beds up to 150 mm deep, 

concludes that the first 10 Dp of the bed perform a periodic 

oscillation coherent over the bed cross-section. This oscillation 

of about the ten lowest layers within a deep bed continues and acts 

as the origin for periodic gas bubble formation. Extension of the 

work of [45] by Verloop and Heertjes!46] in shallow gas fluidized 

beds, showed that the bed would oscillate homogeneously, i.e. the 

particles moved in phase, only when the height of bed ee smaller 

than some critical height, eg. for Dp = 0.55 mm, U/U ¢ = 3, 

€p = 0.52 and from [46] Hy = 79 mn, 

Hence even though the bed is well fluidized with 1 < U/Ue <3 

for a height of less than 79 mm, a fully. supported condition is not 

reached, Although the studies of [45] and [46] were at ambient 

temperature, extensions of the hypothesis to higher bed temperatures 

appear to be valid. 

From the pressure profiles so obtained, along with values 

of the appropriate particle emissivity and reflectivity given in 

Table 3.4, values of extinction coefficient K, may be obtained 

corresponding to values of optical depth t = 10 shown on the 

pressure distribution curves. The pressure curves were generally 

of an approximately linear relationship up to optical depths of 

t= 10, and the errors due to non-linearities in deriving subse- 

quent values of K, from K, % 10/nDp are small. The curves of Ky 

against change of excess gas velocity (U-U, 6) are most appropriate 

to this work and are shown in Figure 3.13 through Figure 3.21.
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The curves were obtained from a least squares polynomial fit of 

the experimental points. No attempt was made to correlate the 

effect of bed temperature variation as only three values were 

studied. Values of K, required at intermediate bed temperature 

levels were obtained by simple interpolation. As may be expected 

increasing bed temperatures and increasing gas velocities produce 

incremental bed expansions resulting in lower particle concentra- 

tions and hence lower values of K,. 

These experimental values of K, for a fluidized emulsion 

have not, to the author's knowledge, been determined previously. 

However, studies on radiatively semi-transparent materials such 

as Dydydium glass by Melamed [38] in which the assumption of optical 

thickness, T, = © was made, show values of absorption coefficient 

ke of a comparative level. Also from the analysis of Yokoburi '59] 

levels of K occurring in a particle seeded gas for carbon particles 

of size typically Dp = 0.77 mm gives Ky = 1 500 mn!, These results 

compare favourably with values for kK using particles, i.e. silicon 

carbide found in this work. As a contrast, values of K, are given 

for non-seeded hydrogen at 100 atmospheres and 1 680 K of 10 °m + 

from Williams et at '401, This was a study of the wavelength 

dependency of K, in sub-micrometre particle flames. For non- 

) at atmospheric seeded COz, a value of Ka of approximately 10 m 

pressure and 700 K was reported in [26]. In addition, [40] gave 

an approximate value for kK, of 1 000 m™? for 1 um diameter carbon 

at 2 200 K with a dispersion density (weight of particles per unit 

volume of emulsion) of 0.2 kg/m*, which emphasizes how the radia- 

tive properties are improved when solid particles are added to a
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hot gas. 

3.4.3. Conclusions 

Time average particle concentration levels may be estimated 

experimentally in the vicinity of a freely bubbling fluidized bed 

surface from a determination of the time mean static pressure 

distribution throughout the height of the bed. From such an 

analysis the important radiative parameter of extinction coef- 

ficient follows. The levels of Kt reported are comparable to 

those of similar systems in semi-transparent materials and particle 

seeded gases reported in the literature. The K; values of a 

fluidized emulsion are as expected; some orders of magnitude 

greater than reported values of non seeded gases such as hydrogen 

ae CO2. 

As t = 10 extends to appreciable physical depths within the 

bed, i.e. x = 14.16 mm for 0.354 mm diameter sand particles at 

1 050°C, it is expected that radiative cooling will produce 

temperature gradients to similar physical depths. 

3.5 Determination of the Time Average Temperature 
  

Gradient at the Surface of a Fluidized Bed 
  

As stated in Chapter 1.4.1(v), all properties of the emul- 

sion are assumed to be independant of temperature distribution. 

From the analysis of Chapter 2 an initial solution was of an iso- 

thermal slab of emulsion, However, a more realistic model is one 

in which thermal gradients exist at the bed surface due to radia- 

tive cooling of the particles. The existence of such surface
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temperature gradients is a reasonable hypothesis if the heat 

transfer by radiation and convection to and from a single particle 

in a hot gas stream is considered. 

For example, consider a single particle in a hot gas stream, 

initially at 1 323°K and suddenly exposed (radiatively) to an 

atmosphere at ambient temperature. Use of the lumped capacity 

technique is justified for a Biot number of less than 0.2. For 

a silicon carbide particle in air, the solid and fluid properties 

are: 

a a 3 
> = 0.55 mm Og = 0.2715 kg/m 

K = 1.87 W/m K Up = 4.86 x 10 ® Ns/m 

Pane 3.179 kg/m? ke = 8.35 x 10°* W/m K 

c. = 0.714 kJ/kg K T. = 300K Pp oo 

& = 0.92 Cpp = 1.188 kJ/kg K 

Tanne 1e3250K 

Using the Rantz-Marshall correlation for low Reynolds numbers: 

kK 
ul cae 2 hl = ‘ = 0.3036 kW/m? K (3.9) 

YW 2 2 fa 2 
h, = o€,(T2 + TE)(T, +7) = 0.1558 kW/m’ K (3.10) 

(h, + h)D 
Bi! ifayg at = 0.068 (3.11) 

P 

and 

Te) eats fs ‘dey 
= = le epee nD 3.12 
ae Pp“p- Ye GaZ 

for t = 0.06 secs, a typical residence time for particles above
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the bed, Then 

T(0.06) = 1196.07 K 

and 

Berea) 0.904 (3.13) 

  

In the analysis of a fluidized bed gas to particle heat 

transfer by [36], the heat transfer coefficient was determined for 

both steady and unsteady conditions from a simple heat balance 

equation, neglecting any radiative transfer, The important para- 

meters in the resulting relationship were the temperatures of the 

inlet and exit gas and the temperature of the solids within the 

bed, assumed equal to the gas temperature throughout the bed. The 

temperature distribution throughout the bed implies significant 

losses from the bed surface by radiative heat transfer and the 

radiative term should be included in the overall heat balance 

equation. A paper by Juveland et qu! attempted to measure this 

distribution for a number of fluidizing conditions in very shallow 

beds of heights up to 13.3 mm. A suction pyrometer was used to 

measure the gas temperature profile above the bed. Due to blockage 

of the pyrometer by entrained particles, temperatures less than 

4 in from the bed surface were not obtained. By back extrapolation 

from the resulting profiles the gas temperature at the bed surface 

was determined. In all cases the gas exit temperature was less 

than the bed temperature by up to 150°C, With these results and 

the assumption of [36] that the particles and gas at exit are in 

local thermal equilibrium, the resulting thermal radiation levels
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emitted by the bed surface are accordingly reduced from the purely 

isothermal case. 

3.5.1. Experimental Determination of the Surface Temperature Gradients 
  

The measurement of the temperature distribution at the highly 

bubbling free surface of the bed is complicated by the large turn- 

over. rate of particles and all that may be hoped for is a time 

mean estimation of the gradients. One method of observation would 

be to view the bed in alte horizontal plane with a narrow angle 

“ eauigtton pyrometer and traverse the instrument through the total 

height of bed. However, two major difficulties arise; that of 

the unknown effective. ealssivicy, of the dense bed coupled with, 

as the pyrometer views the diffuse cloud above the dense phase, an 

unknown configuration factor, i.e. the field of yiew of the pyro- 

meter may not be completely filled at all times. For reasons of 

the above complications, this method was not pursued and a contact 

measuring instrument was selected. Firstly, a suction pyrometer 

was used and traversed through a 143 mm dia x 100 mm high mild 

steel bed of bed depths 25 mm as in Section 3.3. To ensure suf- 

ficiently low pyrometer suction rates compared with the total 

throughput of propane-air mixture, a fraction not exceeding 10%, 

a small entrance bore of 1.5 mm diameter was used. Unfortunately, 

the fine hole tended to block,as in [44], so consistently that 

results were only possible in the void region above the bed. For 

this reason a shielded Cr.AL thermocouple probe was constructed 

from twin bore alumina tubing and shown in Figure 3,22, The 

shielded thermocouple probe measures essentially the temperature
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of the gas flowing over the thermocouple bed. Gas exhaust holes 

were provided behind the thermocouple bead to induce such a flow. 

For use in the thermal balance equation, a thermocouple was in- 

serted in the wall of the tube to monitor Ty. 

Vertical traverses of the probe, both up and down, were 

achieved by actually traversing the bed, supported on a 'Griffin 

Labjack' maintaining the probe in a fixed position. A range of 

bed temperatures, excess gas velocities (U-Ul.), particle materials 

and particle sizes were used in the experiments to determine as 

far as possible the effects on the resulting temperature profiles 

of as many variables as practicable. The bed was traversed rela- 

tive to the fixed probe well into the free board above the bed; 

the observed bed height determined at the point where the end of 

the probe emerged from the bed. 

3.5.2. Analysis of the Shielded Thermocouple Probe 
  

A simple heat balance on the probe of Figure 3.22 gives 

2 4 pt hAg(t, -Tp) = Ap(Ty-T,) + OAGR 0 (TH - Te) 

+ conduction losses (3.14) 

From [9] F,.., the view factor between the thermocouple bead and . 

the open end of the probe, is small and may be neglected. Then 

equation (3,14) becomes: 

h 
Tg = Trt ie (Tp - Ty) + C (3.15)
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From the Rantz-Marshall correlation for low Reynolds number flow: 

2k £ ho = o (3.16) 

Assuming concentric cylinders: 

(Ty + T) Gott) 

neeee poh: s7) 
€ 

Ww Ny 
which underestimates the exact value of hy by less than 3% 

with & = 0.8 for an oxidised thermocouple head 

€, = 0.5 for alumina 

In equation (3,15) the condaeion losses in the thermocouple 

wires may be neglected. Assuming the wires to be fins protruding 

3 mm from the base of the alumina tubing, the temperature correc- 

tion was of order 10 K introducing an error of 1% in the tempera- 

ture ratio 0. 

3.5.3. Discussion of Results 

The measured temperature levels were non-dimensionalised to 

the bed temperature plotted against probe position relative to the 

observed surface of the bed. This vertical distance, x, was 

transformed into an optical depth t = K,x and the experimental 

results are shown in Figure 3.23 through Figure 3.25. Appropriate 

values of K, were obtained from the earlier reported results in 

Chapter 3, linearly interpolating between the plotted curves where 

necessary. It was desirable to check the repeatability of a few 

of the experimental results. However, this was subject to the
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ability of repeating the precise air and gas flow rates to achieve 

the same bed temperature value measured at the same position 

within the bed. It was not thought that the test rig or for that 

matter, the method of gas temperature measurement justifies too 

rigorous a check, Hence, experiments were repeated in the sense 

that similar conditions were set up for each repeated test run 

and. a range of further results obtained. 

The scatter of the experimental points shown in Figure 3.23 

through Figure 3.25 were reasonable, of order +5% for the bed 

temperatures considered. However, it was observed thee temperature 

profiles obtained at bed temperatures below 850°C fell well out- 

side the general range of experimental scatter resulting from 

studies at higher bed temperatures. At bed temperatures below 

850°C, incomplete combustion within the. bed. causes considerable 

gas bubble explosions to occur at or near the bed free surface 

resulting in high noise levels and higher than bed temperature 

gas levels. Hence, studies for such unstable conditions resulting 

from these low bed temperature levels were considered to give 

unrepresentative results. For later analytical use it was con- 

venient to obtain a mathematical relationship between 6 and t and 

for this reason a least squares polynomial curve fitting procedure 

was undertaken using a fourth degree polynomial in line with the 

analysis of Chapter 2, The striking observation which was a 

consistent feature of these experiments is the high curvature of 

the temperature distribution curve deep within the bed, close to 

the point of maximum temperature. Below this portion of the bed 

the temperature decreases due to the cooling effect of the
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distributor plate. At the other extremity of the bed close to 

the free surface, the peters is less severe with the gradient 

reducing gradually into the free board above the bed surface, 

The point of inflexion is an indication of the 'effective' surface 

of the bed above which cooling of the gas by relatively cold 

particles has no effect. The shape of the fitted polynomial ap- 

proximations of Figure 3.23 through Figure 3.25 support this 

observation. 

A further observation was that particles of a high emissivity, 

i.e. silicon carbide, tended to show a pronounced temperature 

gradient whereas for particles of a low emissivity the slope of 

the temperature curve was significantly reduced. This fact is 

simply explained from a consideration of the particle radiative 

heat transfer coefficient being dependant on the value of . 

particle emissivity from equation (3.8). 

The degree of cooling of the bed surface is significant and 

extends to large optical depths within the bed, e.g. in the case 

of 0.777 mm silicon carbide the curve extends to t = 6, resulting 

in an actual depth of x = 16.63 mm. For a shallow bed of total 

depth 25 mm (measured at ambient temperature), the depth of 

penetration of this time mean cooling curve represents 66.6% of 

the total bed height. The assumption of an isothermal shallow bed 

is far from reasonable. 

In deep beds, although this percentage may become insignifi- 

cant, the assumption of an isothermal bed still does not hold as 

the important parameter is optical depth. With the initial 

assumption of an optical thickness of t, = 10; the cooling curves
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are seen to extend in most cases almost to this depth and hence 

flux levels emitted from the guriace are reduced accordingly. 

The fluxes originating at large optical depths deep within the 

bed are reduced exponentially on passing through the emulsion 

producing insignificant effects at the free surface - a point 

discussed earlier in Chapter 2. 

3.6 Conclusions 

Using a somewhat crude method it has been possible ‘to 

measure the time averaged gas temperature gradients in the vici- 

nity of the free surface of a fluidized bed. Although subject 

to uncertainties, the nature of the results obtained produce 

some interesting observations, particularly the depth within 

cae bed to which cooling of the gas and particles extends, At 

this stage it is reasonable although not strictly true to assume 

that particles and gas remain, on a time average basis, at the 

same temperature. It is now feasible incorporating the results 

of this and previous chapters to set up a programme of experiments 

to measure the steady state radiative fluxes emitted by the 

surface of a fluidized bed.
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EXPERIMENTAL DETERMINATION OF THE STEADY STATE RADIATIVE 

FLUXES EMITTED BY THE SURFACE OF A FLUIDIZED BED 

4.1 Introduction 

As the free surface of a fluidized bed is readily accessible 

it lends itself to the experimental determination of emitted radia- 

tive fluxes by simply viewing it with a suitable instrument. It 

has the major advantage over studies of heat transfer to immersed 

surfaces within the bed in that no disturbance to particle motion 

is imposed. The analysis of Chapter 2 may, in principle, be applied 

to a study of radiative heat transfer to a surface within the bed, 

In previous chapters escentisily steady state or time average 

processes have been analysed and the assumption is continued in 

‘this study. Throughout the experimental study the radiative 

fluxes are assumed to emanate only from the particulate solids. 

The contribution of the air/gas (propane) mixture is taken to be 

negligible due to the relatively low emissivity of the combustion 

products, A short study of the NO, levels produced during fluidized 

bed combustion of natural gas and air was carried out at the 

British Gas Corporation, Midlands Research Station. Using variable 

gas/air mixtures at bed temperatures from 900°C to 1 080°C, the 

maximum NO, level observed was 9.7 ppm for a bed of 0.354 mm 

diameter sand particles at a temperature of 900°C, combustion 

taking place with 10% excess gas. 

4.2 The Experimental Programme 

4.2.1 Instrumentation
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For the determination of the essentially fluctuating 

radiative flux levels emitted from the bed surface it was desirable 

to use an instrument with a fast response time. As will be des- 

cribed in Chapter 5, the residence times of particles at the bed 

surface ranged from approximately 0,02 seconds to 0.1 seconds. 

Hence, an instrument response time considerably less than 0,02 

seconds was required. Radiometers of the required response time 

are available utilizing a variety of detectors, e.g. uncooled 

thermistor bolometers or cooled Indium Antimonide detectors held 

in an evacuated chamber. The output signal from such instruments 

is essentially d.c. and in order to improve the amplification of 

the signal a mechanical chopper, positioned in front of the 

instrument viewing aperture, converts the radiative flux signal 

to" a.c. A full description of such instruments. appears, in.Smith, 

Jones and Chasmar (47) In addition such instruments are capable 

of wavelength dependant radiative flux investigations through the 

use of narrow band filters. 

Unfortunately, the cost of such instruments became prohibi- 

tive and a radiation pyrometer manufactured by ‘Land Pyrometers' 

was purchased for the study, A schematic diagram of this instrument 

in its operating position is shown in Figure 4.1b. The instrument 

utilizes a thermopile detector sensitive by virtue of the arsenic 

trisulphide protecting glass, to a wavelength range of 0.8 ym to 

1l ym. Held in an evacuated chamber and with auxilliary electronics, 

the detector has a response time of 0,06 seconds to 98% of input 

signal. The distance of the lens from the thermopile was 6.325 in, 

the focal length of the lens being 5.007 in. -The instrument field



= 601% 

of view varied with distance from the target, i.e. from 1.4 ins 

diameter at zero pyrometer to target distance, to 0.25 ins diameter 

at a target distance of 24 ins. The narrow field of view of 

1/100 radian was an advantageous requirement enabling a study to 

be made of a small areaof the bed surface at any one time. The 

pyrometer is essentially a temperature measuring device over the 

range of 300°C to 1 200°C, i.e. 0-5 volts signal output. The 

output is normally non-linear but a linearising circuit was used 

to simplify calibration. An emissivity control via an operation 

amplifier is a standard addition on this instrument providing for 

a range of target emissivity of between 0.5 and 1.0, Its normal 

use is when the target eS is known, which is not the case 

in a fluidized bed. On the contrary, it is this ‘effective emis- 

sivity! as described in Chapter 1 that is to be determined, being 

equivalent to the non-dimensional radiative flux analysis of 

Appendix B. Hence it is necessary to consider the operation of 

a radiation pyrometer for use as an ‘effective emissivity’ 

measuring device. Such an analysis is confined to Appendix F, 

and simply defines €, = Tpyrometer/™ target with Trarget = Tbed 

in this case. The instrument emissivity control was maintained 

at a value of 1. 

Because of the fluctuating nature of the input/output signal 

the temperature levels from the pyrometer were monitored on an 

Ultra Violet recorder using a galvonometer having a natural 

frequency of 160 Hz. For matching of the high impedance pyrometer 

with the low impedance U.V. recorder, the network of Figure 3.9 

was again utilized, To improve the accuracy of this measuring
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system the pyrometer output signal was amplified. To achieve 

this the pyrometer was gperated over small voltage ranges, i.e. 

a 1.8 volt change giving full scale deflection of the galvonometer, 

by offsetting the general voltage level via a series connected 

battery and only allowing the variable signal through to the 

U.V.R. In this way the variable signal was amplified without 

recourse to a d.c. amplifier. The output U.V.R. trace was then 

calibrated by simply imposing a known voltage to the pyrometer 

input circuit. This was a technique provided for by the instrument 

manufacturer along with calibration of the pyrometer against a 

black body source, 

4.2.2 Experimental Procedure 

The experimental configuration was as shown in Figure 4.la,b 

With the bed surface exposed to atmosphere, large temperature 

gradients occur at the free surface, described in Chapter 3.4 

and as a consequence, these have to be minimised in order to 

apply the isothermal analysis of Appendix B. To achieve a near 

isothermal condition, the radiative losses from the bed surface 

were reduced using a 1 inch thick ceramic plate placed above the 

reactor. In the plate was cut a 15 mm wide slot extending over 

half the plate width, The bed was then viewed by the pyrometer 

through this slot. In this configuration there is a possibility 

that the bed and top surface will provide a hohlraum condition, 

i.e. the pyrometer would view a black body, However, a condition 

of a hohlraum is that all surfaces of the enclosure remain iso- 

thermal irrespective of surface emissivity, otherwise the second
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law of thermodynamics would be contravened. To check this pos- 

sibility the inside surface of ‘the top ceramic plate was continu- 

ously monitored, always remaining some 200°K-300°K below the 

temperature of the bed. This bed temperature was measured by a 

bare CrAL thermocouple located deep in the bed at the position 

of maximum temperature. A check on the isothermal nature of the 

bed was carried out by comparing the radiation pyrometer output 

signal with and without the top ceramic plate in position. Typical 

U.V. recorder traces are shown in Figure 4.2 showing clearly, for 

the case of an isothermal bed, the signal to noise ratio of order 

unity. With this experimental configuration using a 143 mm dia x 

100 mm deep mild steel Bete a number of experiments were 

carried out for variable fluidizing conditions and different 

particle materials sieved in narrow size ranges of 0.31 - 0.42 mm, 

0.5 - 0.6 mm and 0.71 - 0.82 mm. Geometric means of the particle 

size ranges were then obtained. A photograph of the overall 

experimental rig is given in Figure 4.la. 

4.3 Discussion of Results 

An initial study of the horizontal variations to check for 

any localised characteristics of emitted flux were determined by 

traversing the bed in the horizontal plane across the field of view 

of the pyrometer. The results indicated only significant varia- 

tions near the wall of the reactor where cooler particles of 

longer average residence times reside. The invariant nature of 

the results are taken also to be an indication of even fluidization 

over the bed surface. Following this, a further study was carried



= 65 = 

out to determine the effect on emitted flux levels of a variation 

in bed height. As the object was to study shallow beds, the flux 

levels were measured for a number of heights up to SO mm. The 

results are given in Figure 4.3 in terms of the standard deviation 

of temperature fluctuations obtained from the U.V. traces for 

various bed heights and temperatures. The differences of standard 

deviation did not present significant variations in mean tempera- 

ture, and subsequently a bed height of Hh = 25 mm (measured at 
f 

ambient temperature) was used throughout. 

Using the experimental conditions previously described, 

results of surface temperatures (Ty ) were determined for 
yrometer: 

both an isothermal (€,;) and a non-isothermal (Een) (top’ ceramic 

plate removed) bed. The mean surface temperatures along with the 

standard deviations obtained from the recorded U.V.R. traces were 

determined from up to 100 values of temperature taken at small 

intervals over a 150 mm length of paper trace. With €, = Oy yrometer! 

, results for the variable material and fluidizing parameters 
Thea 

are given in Figure 4.4 through Figure 4.11. The theoretical curves 

for ey and on shown also in Figure 4.4 through Figure 4.11 are 

derived using the analysis of Appendix B and Appendix D. These 

theoretical predictions are dependant upon appropriate values of 

particle emissivity Ep In the case of an isothermal bed, values 

of Eo, MAY be read directly from Figure 2,2 for an appropriate 

range of albedo values. In the case of a non-isothermal bed, 

values of a were obtained from Appendix D aftermaking due allowance 

for the surface temperature gradients using the appropriate 

curves reported in Figure 3,23 through Figure -3.25.
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The measured mean surface temperatures obtained from the 

U.V.R. traces for an isothermal bed resulted in insignificant 

values of standard deviation. However, for a non-isothermal bed 

these values of standard deviation increased appreciably. A 

typical value of standard deviation equal to 14 K for the case of 

0.55 mm sand particles at a bed temperature of 1 000°C and a 

(U-U; 6) value of 338.6 mm/s was recorded. 

4.3.1 Experimental Observations 

Referring to Figure 4.4 through Figure 4.11 it was observed 

that at low values of (U-U,,¢), approximately 150 mm/s, the value of 

effective emissivity €, reduced particularly when the top plate 

above the bed was removed. This fact is most probably due to poor 

narticle mixing and particle turn-over, both at the surface .and 

deep within the bed. This results in particles residing far 

longer than normal at the bed surface. Being exposed to atmos- 

phere, significant cooling by radiation ensues. Increasing the 

value of (U-U, ¢) tended to improve the particle mixing and particle 

turn-over rate at the bed surface resulting in an initial increase 

and final levelling out of the effective emissivity values. Also, 

an increase in gas/air velocity would tend to expand the bed as a 

whole. An observation was that combustion within the bed improved 

whereas in the somewhat 'slumped' state of the bed at low gas/air 

velocities, combustion appeared unstable with an increase in the 

emitted noise level. At relatively high values of (U-U,, 6) ~ 450 mm/s 

a tendency for the effective emissivity values to fall was observed. 

However, the trend was far from consistent and’no further conclusions
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may be drawn. 

As expected, the effective emissivity or non-dimensional 

flux varied considerably from unity being strongly dependant on 

particle emissivity. Comparison of the experimental points with 

the theoretical predictions is complicated by the fact that at 

this stage theory does not allow for any variation of Ee with 

change of excess gas velocity (U-U,¢). 

For the case of sand and alumina particles the experimental 

points of Figure 4.4 through Figure 4.7 for high U-Uj¢ values fall 

reasonably close to the predicted values for the isothermal bed. 

Theory tends to overpredict experiment by up to 6% for bed 

temperatures exceeding about 900°C but underpredict for less than 

900°C. Similar trends were observed also for magnesia particles 

whereas for silicon carbide particles excellent eretnbre with 

theory was obtained, 

With the bed surface open to atmosphere and due allowance 

made in the predictions for the surface temperature gradients 

present, using the curves of Figure 3.23 through Figure 3.25, 

comparison with experiment was generally poor. Such discrepancies 

are understandable considering the method by which the surface 

temperature gradients were obtained and the uncertainties associated 

with the resulting profiles. For an optically dense medium the 

surface emitted flux tends to follow the proportionality 

qy(o)a6*(o). Hence any small error in determining the surface 

temperature will be amplified by raising this surface temperature 

up to the power four. Such experiments confirm the inadequacy of 

the method used for the temperature gradient measurements described
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in Chapter 3. 

A comparison of the predictions for an isothermal bed with 

the essentially non-isothermal emulsion overpredicts by up to 50%, 

As will be shown in Chapter 5, the response time of the 

radiation pyrometer is of the same order as the residence time of 

the surface ejected bubbles. Hence the results of €, which are 

strictly fluctuating may be significantly damped because of this 

time lag between physical occurrence and subsequent measurement. 

Ideally, a fast response instrument is required with a small field 

of view to follow the instantaneous evolution of radiative flux 

from single isolated bursting bubbles. However, the discrepancies 

between theory and experiment are still too large to be accounted 

for by the time lag of the measuring instrument. It is evident 

that considerable surface eruption interaction takes place with 

increased particle residence times at the bed surface resulting in 

significant surface temperature gradients. 

Only three particle sizes were used although covering a 

reasonable size range. In all experiments no obvious effect on the 

results of varying particle size was observed. 

With the reported discrepancies between prediction and 

experiment the results, at this stage, are useful to a thermal 

designer only in an empirical sense. For convenience the results 

may be reported by taking mean values at high U-U fe values. From 

such results particle emissivity may then be predicted for 

comparison with Table 3.4. Such mean values of ee, are reported 

in Table 4.1.
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TABLE 4.1 

| Silica Sand Sree ge Alumina Magnesia 
Carbide ok 

tes 0.82 0.92 0.67 0.76 
ei 

es 0.54 0.76 0.31 0.43             
Experimentally, it was further observed that the effective 

emissivity changed significantly as the bed temperature was lowered. 

At bed temperatures less than 850°C the value of on began to 

increase from the values observed at higher bed temperatures. 

For relatively high values of W-U this fact was most prominent 

and reported in Figure 4.4 and Figure 4.8 for all particle materials 

at bed temperatures of 825°C. To check this observation further 

experiments were carried out using a high value of (U-U. ) = 340 mm/s 

for both isothermal and non-isothermal bed conditions. Varying 

the bed temperature the previous observations were supported and 

the results recorded in Figure 4.12 and plotted as in [7] as a 

radiative flux (rather than effective emissivity) against bed 

temperature. The cross-hatched area encompasses the experimental 

results of [7] in which a similar deviation away from the absolute 

black body curve with increases in bed temperature was reported. 

The comparison is one in principle only and is not strictly valid 

as in the experiments of [7] a radiometer probe was immersed into 

the bed. In this case other factors should be considered, parti- 

cularly the cooling of the particles in contact with the radiometer 

protecting glass which, as a consequence, would reduce the recorded
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flux levels. 

In a discussion of the work reported in [7] a recent paper, 

[5], quoted a table of particle emissivities and effective (measured) 

bed emissivities for the bed materials used in [7]. It was sug- 

gested in [5] that the radiometer quartz protection glass used in 

[7] was not cooled to the levels anticipated, i.e. 100°C-200°C, 

and in most cases would approach the temperature of the bulk of 

the bed. Hence it is fair to assume an almost isothermal emulsion 

yadiating through a glass wall. Below in Table 4.2. are given the 

particle and effective emissivities taken from [5] via [7]. For 

comparison, values of w, were calculated from the reported values 

of & and values of e, then predicted from Figure 2.3. A compari- 

son between €, from this study and el from [5] are extremely 

close, shown by the percentage difference column of Table 4.2, 

Hence with an accurate knowledge of particle material emissivity 

and isothermal conditions prevailing, emitted radiative flux 

levels may be simply predicted with reasonable accuracy. 

Theoretically, according to the analysis of Chapter 2, the 

curves of radiative flux against bed temperature remain parallel 

to the absolute curve for a black body. The trend away from this 

parallelism shown in the experimental points of Figure 4.12 

being due to the fact that at bed temperatures below 850°C, 

combustion within the bed was not complete and occurred in the 

gas bubbles at or near the bed surface. This fact was noted in 

the surface temperature profile measurements of Chapter 3.3 

resulting in higher local particle temperatures than were measured 

deep within the bed. This fact was further observed in the work
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of Sadilov and Baskakoy! 48] in an attempt to determine the tempera- 

ture of the gas within the bubbles bursting at the bed surface. 

From the results of [48] this gas bubble temperature was up to 

900 K higher for a bed of 0.32 mm diameter alumina particles at a 

gas velocity of 0.3 m/s than the measured bed temperature of 800°C. 

As the bed temperature was increased this temperature difference 

reduced rapidly to almost zero at a bed temperature of 1 100°C. 

For this reason only experimental results in beds above 900°C are 

regarded as being representative. 

It is interesting at this point to compare the resis of 

this study with those of Szekely and Fisher’! who reported a 

study of bed to wall radiation heat transfer in which a fluidized 

bed of particles was heated by a radiant heater at 650 K through 

the glass walls of the bed. From strategically positioned thermo- 

couples a heat balance was established over the whole system and 

heat transfer coefficients were determined. The theoretical analy- 

sis considered the radiative heat transfer to a single particle 

and after certain simplifying assumptions a simple relationship of 

oeoR ays. pe 
Qe. For D, (T3 tT) (4.1) 

was reported, with 

T, = heater temperature 

T) = particle temperature 

Included in F is the emissivity of the particulate material 

along with the view factor between a triangular array of particles 

and a plane surface. In all cases the predicted values of radiative



- 71 - z 

flux underestimated the experimental values of Q,, by a factor of 

about 1.5, As noted in [71] the simple analysis did not take 

account of reflection or reradiation from adjacent particles or 

for any additional heat absorbed by subsequent layers of particles, 

For this purpose the problem should be described by the exact 

integro-differential equations. 

To this end, using the experimental conditions Pepateed in 

[71], values of Q. were predicted using the analysis of Appendix B 

_ and C; the calculated values are reported in Table 4,3 along with 

the predicted and experimental results from [71]. In this analysis 

with the bed heated through the transparent walls by an externally 

radiating source, the boundary conditions from [71] were ‘Ot = 9,222 

with T; = 650 K and Ty = 373 K. 

  

  

          
  

TABLE 4.3 

Silicon Porous 
Carbide | Alumina | 17°" Shot 

€ 0.94 0.9 0.6 
P 

Predicted Qe watts 95 90 ~110 > From [71] 

Experimental Q. watts 160 140 135 

wn 0.12 0.18 0.58 peetant 

Predicted Q, watts 124.7 109.4 6S heen 

where q = 4, 7 DL 

D = 0.061 m 

L = 0.067 m
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From Table 4,3 a significant increase in the predicted values 

of Q, are observed for Silicon Carbide and Alumina using the present 

analysis. However, the discrepancy is still too large to be at- 

tributed to experimental error, For the case of iron shot particles 

the present analysis predicts results even smaller than those 

predicted in [71]. Unfortunately, no details are given in [71] 

of the source of particle emissivity determination. It is possible 

in the case of iron shot that the value of £ is much larger than 

0.6. Interestingly with i) = unity, theory predicts Qn 2 138.5 watts. 

With the unacceptably large discrepancy between prediction 

and experiment, it would be useful to repeat similar experiments 

and qualify the results reported in [71]. 

4.3.2 Directional and Hemispherical Effective Eniseivities : 

Both experimentally and theoretically according to the 

analysis of Chapter 2, the reported values of emulsion effective 

emissivity are, by definition, hemispherical. Functionally, the 

directional emissivity of any emitter is defined as 

fads Eo (9 To? 4) 

In the analysis of Appendix B the radiative flux, and hence 

effective emissivity, is assumed to be invariant with respect to 

angle 0, where © is measured from the normal to the emulsion surface 

shown in Figure 4.1, Through subsequent integration, the effective 

emissivity becomes 

ee: = € 
fe el» 9) eh
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In the work of [18] the directional effect of emissivity was 

shown to deviate from Lambert's Cosine Law, significantly at large 

values of angle 0, particularly in media of a low optical thickness. 

This variation was shown to be less marked for optically dense 

media. In the work of [7] where a radiometer was immersed in the 

bed, Lambert's Law was assumed to hold but not strictly justified. 

To check the angular variation of effective emissivity in the case 

of a fluidized bed where an optical measuring instrument with a 

_narrow field of view was used, an experimental programme was carried 

out. 

The radiation pyrometer supported on a simple traversing 

mechanism was moved along a hemispherical path above the bed. 

Using a 143 mm diameter x 50 mm high mild steel reactor, the pyro- 

meter viewed the bed surface to within 10° of the horizontal plane 

through a 15 mm wide x 20 mm high slot cut into the side of the 

bed. During operation a few particles were ejected through this 

slot but this did not produce any detremental effects. Using the 

same bed materials as in previous experiments, and for similar 

fluidizing conditions, results of effective emissivity were obtained 

with and without the top ceramic plate in position, The results 

are shown in Figure 4.13 through Figure 4,20. The deviation from 

Lambert's Cosine Law is small as suggested in [18] and confirms the 

earlier assumption of this work that hemispherical emissivity may 

be used throughout with the introduction of only a small error. 

Strictly, for comparison with experiment, a two-dimensional 

analysis of the surface emitted fluxes should be conducted, a 

similar study of which was carried out in the work of Bopco lod,
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However, in the interest. of simplicity and to a first approxima- 

tion, an analysis of the angular variation of emitted flux was 

taken from [18]. This analysis was essentially a modified diffu- 

sion approximation to the radiative transfer equation. 

The comparison of experiment and prediction was expectedly 

poor in some cases. The important trend away from Lambert's 

Cosine Law was sustained, though not of a sufficiently significant 

level to invalidate the assumption made previously of fea 

invariant with angle 0. 

4.4 Further Studies of a Bed Composed of a Binary Mires 

The previous experiments were idealized in that particles 

of a very narrow size range were used. Industrial applications 

of fluidized bed heat exchangers normally use mare tcutete material 

comprising a large size range. As an extreme of this condition, 

the effect on emitted radiative flux levels in beds of binary 

mixtures were studied. When using a binary mixture segregation of 

the bed occurs. Segregation, according to the work of Cheung, 

[515ond of Gibilaro and Rowel’-! Nienow and Rowe , depends largely 

upon the density ratio of the particles using and to a lesser 

degree upon the diameter ratio of the particles. In this work 

only the particle diameter ratio effects are considered as in heat 

exchangers it is unlikely that particles of different type 

(density) are used. 

4.4.1 Experimental Observations 

The experimental configuration and method of radiative flux
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measurement has been described earlier in this Chapter and need 

not be elaborated here. The results of two such experiments for 

a non-isothermal bed using Silica Sand and Silicon Carbide are 

reported in Figure 4,21 for a range of percentage fines content. 

On start-up the bed segregated readily with combustion taking 

place in the fluidized upper portion of the bed made up of fines 

with the lower portion of large particles remaining unfluidized. 

As the temperature of the lower portion rose above 750°C this also 

became fluidized. The two segregated regions then became increas- 

ingly mixed as the temperature of the lower portion increased 

further. With combustion taking place deep within the lower 

portion, at a temperature 950°C for sand particles and 935°C for 

Silicon Carbide particles, a number of effective emissivity results 

were observed for a range of (U-U 6) values. The values of minimum 

fluidizing velocity for the mixture were derived from the correla- 

tion of [51] as Urea per /Yaes) ! Uns? with subscript L and 

S referring to Large and small particles respectively. The term 

a, is the fraction of large particles present, i.e. a, + a, = 1, 

In a segregated bed the above correlation does not hold except 

perhaps in the interface between the upper and lower portions. 

For a low percentage fines content, mixing at the interface of the 

upper and lower portions was significant although a major propor- 

tion of the fines remained virtually suspended above the bed 

surface. 

As suspected, the measured results of effective emissivity 

showed a marked drop of order 5% compared with the previous results 

for a narrow particle size range. The suspended fines, having
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extremely long residence times at the bed surface, were cooled 

significantly by radiation to atmosphere and also acted as an 

attenuater of the radiative fluxes emitted by the lower portion of 

large particles. Similar trends to those experienced on beds of 

a narrow particle size range were observed for increasing (U-U,,¢) 

values, i.e. a sharp increase in effective emissivity with a final 

levelling off. However, as the percentage fines content was 

increased, different results were observed at low (U-U, 6) values. 

With more fines added a sufficient volume of small particles 

encouraged combustion to take place in the upper portion of the 

bed and at the interface. This was verified by traversing a thermo- 

couple through the total height of the bed and noting the point of 

maximum temperature. At low (U-U,¢) values with combustion taking 

place near to the bed surface, the lower portion became ‘defluidized 

(similar to start-up conditions), Hence the upper portion acted 

as a single bed with a high turn-over rate of small particles 

thereby producing higher emitted radiative flux levels. Increasing 

WU-U,, -) encouraged a shift downwards of the combustion zone, this 

once more fluidizing the lower portion, improving the mixing of 

the two regimes near the bed surface. With small particles thus 

virtually suspended the radiative flux levels were reduced. These 

results were general for both silica sand and silcon carbide, 

although for silicon carbide the shift of the combustion zone to 

the lower portion occurred at a lower percentage fines content than 

for silica sand. 

The experiments were not continued further. Nevertheless, 

they demonstrate that in an industrial design of a thermal heat
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exchanger where large particle size ranges are to be used, the 

effect of segregation may have a significant effect upon the 

expected radiative flux levels emitted from the bed surface. 

4.5 Application of the Analysis to Irradiation of a 

Remote Surface by a Fluidized Emulsion 
  

The analysis so far has been concerned with the determina- 

tion of the surface emergent radiative flux levels from a fluidized 

bed. Of interest to the thermal designer is the irradiation of a 

surface, remote from the bed, but nevertheless exchanging radiative 

energy with the bed. The solution of the radiative transfer equa- 

tion has by nature Eransforned the problem of radiation from a 

volume emitter to one of transfer from an effective surface, i.e. 

with a corresponding value of effective emissivity. Hence irradia- 

tion of a remote surface is reduced to a geometrical problem when 

the appropriate emissivity and temperature of the remote surface 

are included in the solution of the radiative transfer equation. 

The analysis becomes essentially that of radiative transfer between 

opaque surfaces involving a determination of the relevant view 

factor. 

4.6 Conclusions and Suggestions for Further Study 

Radiative flux levels from the free surface of a fluidized 

bed have been obtained both theoretically and experimentally with 

the assumption of steady state heat transfer made throughout. An 

important parameter is the particle material emissivity and, due 

to the range of values reported in the literature, may be a source
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of large discrepancy between predicted and experimental results. 

However, values of particle emissivity reported in Chapter 3 

produce a reasonable comparison between theoretical and experimental 

values of emulsion effective emissivity for a closely controlled 

study of an isothermal bed surface. The variationgof particle 

emissivity with the range of temperatures used in this work do not 

appear to be large (from Chapter 3) and hence the porn of 

invariance in this study is not expected to be a major source of 

error. 

Further studies on beds radiating to atmosphere shoved how 

the complex, time-dependent, surface temperature gradients consid- 

erably reduced the emitted fluxes compared with the controlled 

isothermal case. 

An attempt has been made to estimate these temperature 

profiles using a shielded thermocouple probe reported in Chapter 3. 

Unfortunately, such a method leads to large uncertainties as to the 

accuracy of the resulting profiles which on substitution into the 

theoretical analysis show considerable discrepancy with experiment 

emphasizing the emitted flux dependance upon the type of remote 

boundary present. With the emitted fluxes being proportional to 

the surface temperature raised to the fourth power of any optically 

dense medium, then the accurate determination of this surface 

temperature is essential. 

Further experiments studying the hemispherical variation of 

the surface emitted flux show a deviation from Lambert's Cosine 

Law. Although such variations occur over a small lower portion of 

the hemisphere, they are not considered significant in this study
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of an emulsion with tT, >> 1. 

As industrial designers are concerned with beds of a large 

particle size range a few experiments were conducted to show the 

effect on surface emitted flux levels from binary mixtures. 

Although such experiments are somewhat ideal, they do show interest- 

‘ing trends which should be further studied for a variety of mixture 

types and fluidizing conditions. However, as many Fandamenea! 

problem areas still remain, this line of approach was not continued, 

Theoretically, the study has established that radiative 

flux determination from a volume emitter may be recast as an ef- 

fective surface emitter, the transfer from which depends only upon 

the geometry (view factor) between the relevant surfaces and the 

thermal gradients present at the bed surface. 

: So far the analysis has been verified experimentally only 

under controlled laboratory conditions where the surface temperature 

gradients have been significantly reduced and isothermal conditions 

maintained throughout the bed. In order to predict the emitted 

flux levels for a variety of remote boundary conditions further 

study is required on the behaviour of the bubbling surface and its 

effect upon the emitted fluxes. 

The assumption of a steady state process maintained throughout 

this study is an over-simplification of the real conditions, and a 

study of the fluctuating nature both thermally and hydrodynamically 

of single isolated erupting bubbles is desired to eliminate any 

surface interactions,
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A STUDY OF THE BEHAVIOUR OF A FREELY BUBBLING FLUIDIZED 

BED SURFACE 

5.1 Introduction 

Before proceeding to an unsteady analysis of radiative 

transfer, a study of the behaviour of particles at the bed surface 

is necessary. Any study of the surface is complicated by the a- 

parent non-periodic nature of bubbling. However, according to the 

hypothesis of [45], the observed periodic nature of bubble nuclea- 

tion just above the distributor plate gives rise to giniier pressure 

fluctuations measured at this position, To a first approximation 

it may be considered that these periodic fluctuations are due to 

a subsequent periodic bursting of bubbles at the bed surface. 

Following this initial premise, a simple model of bubble, and 

particle motion may be derived which enables representative, if 

not exact, results to be obtained. From the point of view of 

radiative heat transfer at the freely bubbling surface, such an 

energy exchange is rendered unsteady not by the direct variation 

of radiative intensity (as this term in the radiative transfer 

equation is multiplied by the reciprocal of the velocity of light, 

i.e. 

but directly by the radiation cooling of the particles subject to 

a residence time of exposure. Hence a first consideration in the 

study of surface behaviour is to establish a residence time, or 

residence time distribution of particles ejected by bursting bubbles.
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It was shown earlier in Chapter 3 that on a time average 

basis temperature gradients extended deep into the bed to optical 

depths of order 10, Consideration of the temperature fluctuations 

at the surface suggests two alternatives. First, of all a model 

of an isothermal packet of emulsion brought to the surface at zero 

time and exposed thereby producing a temperature distribution for 

all times greater than zero may be assumed. Alternatively, as 

there may be a significant time lapse between one bubble arriving 

at the surface ejecting a packet of particles, and the next bubble 

plus ejected packet, the subsequently exposed surface would cool 

by radiation. A temperature distribution would be imposed at the 

surface which in the model suggests that at zero time the emulsion 

packet is not isothermal. Of course in a freely bubbling bed as 

distinct from a single isolated bursting. bubble, considerable bubble 

interaction and lateral particle mixing takes place. Thus neither 

of the two alternatives would strictly hold, although the second 

one appears closer to reality. 

One important assumption inherent in the two suggestions is 

that particles ejected into the free board above the bed originate 

from or near to the bed surface, From extensive studies of bubbles 

in fluidized beds reported in [31], it appears that particles 

ejected into the free board may well originate at the bed surface. 

However, these may also be augmented by a proportion of particles 

brought from deep within the bed, carried in the wake of the bubble. 

Again the observations reported in [31] confirm that considerable 

particle mixing takes place within the bubble wake as the bubble 

passes through the bed. If this is the case, then particles ejected
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in this manner into the free board would be considerably hotter 

than particles ejected from the surface, given their momentum by 

the diffusion of gas from the bubble as it reaches the surface. 

It is a point of conjecture whether or not bubbles occur at all 

in shallow fluidized beds which for the purposes of this study are 

defined as beds in which bubbles may grow but do not have sufficient 

time. to coalesce. Again referring to the work of [45] and from 

the observations of shallow bed pressure drops reported in 

, Chapter 3, it is quite feasible to imagine bubbles originating 

at, or a few particle diameters below, -the bed surface. This is 

particularly so when the overall bed height approaches 10 a 

So in any study of the behaviour of a freely bubbling bed surface 

the above postulations should be considered. 

For the convenience of any initial study where a limited 

amount of work has been previously reported, the simplest approach 

is usually the most desirable. In this work the obvious starting 

point was to study the behaviour of single isolated bursting 

bubbles and build up a model to include further complexities if 

initial observations allow. To this end with a consideration of 

the previous postulations, a programme of experiments was conducted 

in which single bubbles were injected into an incipiently fluidized 

bed and the ensuing events recorded on film. 

5.2 Particles Ejected by Single Isolated Bursting Bubbles 

5.2.1 A Theoretical Model 

An initial study of the appropriate equations of particle 

motion at the bed surface was made in the light of the work on
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55] 
particle ejection and entrainment by Zenz and weil and later 

by Do, Grace and crise! 9) | In particular, the work of [56] pos- 

tulated a simple model based on three simplifying assumption and 

it is this analysis that is used in this study. Assumptions: 

[1] Particles are ejected from the surface of the bed with an 

initial velocity ve related to, but not necessarily the 

same as, the velocity of the bubble causing the particle 

ejection 

(2] The subsequent particle motion is determined by a balance 

between gravity and drag forces, with 

0.42 = 24 0.687 | (5.1 

Fiat cee ei oa Pa a i 

[3] The gas in the free board has a uniform superficial 

velocity, U. 

The equation of motion may be written from a consideration 

of assumption [2]; i.e. 

gr Gy Peel Mal eaCPneencle 
x = = ta. ae (5.2) 

Diced P 

where V = dh/dt is positive in the upwards direction, and 

V_ = V-U, and 
= 

h is the height of the particle measured from its ejected 

position, i.e, the dome of the erupting bubble. 

Equation (5.2) may be solved numerically with boundary conditions 

of V= V; andh = 0 at t= 0,
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The above theoretical model is similar to that of [55] but allows 

for the more exact form of drag coefficient. [55] used the 

standard relationship of 

  Cee= = (553) 

A computer program using a Kutta-Merson numerical integration 

procedure was written to solve equation (5.2) and checked with the 

reported results of [56] using their initial boundary and flow 

conditions. The predicted particle trajectory curves as a function 

of time are described in [56]. These curves suggest observations 

which may be expected from later experimental studies. It appears 

that large particles are generally projected higher for the same 

need conditions and have longer residence times in the free 

board than smaller particles, although very fine particles may 

be immediately entrained and carried away if their terminal 

settling velocity is exceeded. Further predictions by [56] suggest 

that increasing the superficial gas velocity U increases the 

height and residence time of any size of particle. Also, that if 

particles return to the bed and are not entrained away, the maximum 

height of rise is strongly dependant on the initial ejection 

velocity V;> with 

  

h DV, 
Hex Spe Peet toed ; oP Cae Oy td (5.4) 

where V = VIM, - U) 

YE = terminal settling velocity.
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5.2.2 Experimental Study 

In the work of [56] an eopenmnen eal programme was conducted 

to verify the previously described mathematical model. A ‘two 

dimensional' fluidized bed was used, constructed from plexiglass 

sheet 560 mm wide x 10 mm thick x 2 440 mm high. Although not 

given in the report, it would appear that a deep bed of glass 

beads was used for the study. As this present work is concerned 

with shallow beds, i.e. less than 100 mm, it was necessary to 

repeat such experiments and compare the results with the analytical 

predictions. A similar 'two-dimensional' fluidized bed was 

constructed from perspex sheet 600 mm wide x 10 mm thick x 

600 mm deep. Sand eerie ies of three sizes, i.e. 0.354 m, 

0.55 mm and 0.777 mm (geometric means) were used, The depth of 

particles within the bed was maintained at 65 mn, measured at 

minimum fluidization conditions, throughout the experiments. A 

schematic diagram is shown in Figure 5,1 describing the lighting 

arrangement similar to that employed in [56] for purposes of a 

photographic study of the bubble rise and subsequent bursting at 

the bed surface. Intense rear lighting of the bed enabled the 

two dimensional bubbles to be seen clearly. Above the bed a 

black matt screen (cardboard) was used with front illumination 

to allow sufficient contrast for particles ejected into the free 

board to be seen. The horizontal screen at the front of the bed 

was designed to allow illumination of ejected particles and 

prevent front illumination of the lower portion of the bed. The 

superficial gas velocity was set at 1-1.2 Vie for the particles 

used, the incoming air bubbled through a humidifier to minimise any
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electrostatic effects. 

With a solenoid valve controlled by a rotating cam, a series 

of bubbles were ejected through a 1 mm diameter bore stainless 

steel tube, positioned at 10 mm above the distributor plate. The 

frequency of bubble generation was simply controlled by changing 

the speed of rotation of the cam, The bubble rise bursting at the 

bed surface, followed by particle ejection, was recorded for a 

number of experiments using an electrically driven 'Hycam' high 

speed camera operated at 200 frames per second. A pulse marker 

appeared on the film every 10 seconds as a check of frame speed. 

Sufficiently clear resolution of particles was obtained using a 

75 mm telephoto lens.. The velocity of bubbles and ejected particle 

trajecteries were measured from a frame by frame analysis of the 

films. 

Using the bubble nose as the point of reference, its mean 

rise velocity was obtained from a measurement of distance travelled 

divided by time of travel. The mean ejection velocity of particles 

at the surface of the bed was also obtained from the motion of the 

dome shaped surface disturbance as the bubble broke the surface. 

The determination of this velocity was made difficult by having to 

measure very short disturbance distances. However, use of the high 

speed camera and subsequent enlargement of each frame by an order 

4.4: 1 when viewed on a screen made it at least possible, although 

the measurements may be subject to a small error, The position with 

respect to time of the upper surface of the ejected cloud of 

particles was observed as the cloud rose and then returned to the 

bed surface,
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5.3 Discussion of Results 

As an example of the bubble rise and particle ejection, a 

sequence of photographs are shown in Figure 5.2. It was observed 

that on initial injection of a volume of gas into the bottom of the 

bed, an immediate disturbance was sensed at the bed surface shown in 

Figure 5.2a. Figure 5.2b and Figure 5.2c show clearly the rising 

bubble with its well defined wake. During examination of eile 

bubble motion, the particles within the wake being interchanged with 

particles from the main emulsion could be clearly observed: Figure 

5.2d shows the bubble approaching the bed surface. Clearly the bubble 

here reduces in size as gas from its interior diffuses rapidly through 

the small depth of emulsion of reduced resistance above it. Figure 

5.2e and Figure 5.2f then describe the subsequent rise and fall of 

ane ejected particulate cloud, 

As observed in [56], the initial ejection velocity V, of the 

particles exceeds the mean bubble rise velocity by typically 15%, 

whereas in this work it is between 15% and 25%. It appears that 

this extra velocity may be caused by the diffusion of gas from the 

bubble interior as the bubble breaks the surface supporting the 

evidence of Grace and Harrison!®7] 

Predicted and observed particle cloud trajectories are des- 

cribed in Figure 5.4 through Figure 5.6 with Vj = 1.25 U, for the 

different cases studied, In all cases the comparisons are reasonable 

and justify the theoretical analysis in application to shallow 

fluidized beds for single isolated bubbles. Also shown in Figure 5.3 

are the predicted cloud trajectories for high temperature conditions. 

The experimental results, although observed at ambient temperature,
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compare favourably with the high temperature predicted curves. 

Such comparisons are reasonable as the only variables in the pre- 

dicted results are gas properties with bubble velocity taken from 

ambient conditions. Although the gas viscosity increases by an 

order of two from 20°C to 1 000°C, the gas density reduces by an 

order of four. 

In a freely bubbling shallow fluidized bed considerable 

interaction between bubbles at the surface along with lateral 

mixing of particles takes place. For this reason films were taken 

of a freely bubbling system and typically shown in Figure 5:3. 

The analysis of these films proved difficult and only a study of 

the local variations occurring at the surface were possible. It 

is highly unlikely that such local variations could be generalised 

to occur across the whole of the bed surface. However, such 

studies are interesting in that they show another extreme of 

surface disturbance particularly when two bubbles coalesce near the 

surface just before bubble eruption. As the shallow bed is con- 

sidered for the purpose of this study to be one in which bubble 

coalescence within the bed does not have sufficient time to take 

place, only the occurrence of bubble coalescence at the surface 

was considered, The important observations were that the initial 

ejection velocity V; is increased considerably by up to twice the 

measured bubble velocity, i.e. V; 4 = 2U,). This effect was also 

reported by Botterill, George and Basford!!! in a study of coales- 

cing three dimensional bubbles, As the occurrence of bubble 

coalescence at the surface reduces as the bed height is reduced, 

the study of such phenomena was not pursued but is reported as an
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observation which should receive further attention. As the bed 

heights used for purposes of redtative heat transfer were only up 

to 30 mm, it seems reasonable to assume that the initial analysis 

of single isolated bubbles may be applied to these beds. 

Again from the point of view of radiation transfer an impor- 

tant observation was the origin of the particles within the ejected 

cloud. It appeared that for a single isolated bubble, the wake 

fraction of the bubbles did not burst through the bed surface as 

pirel and Kehoe! has been suggested by Basov et a , but particles 

within the cloud originated at the bed surface. However in a 

freely bubbling bed where bubble coalescence near the bed surface 

took place the wake, through increased momentum due to thé accele- 

ration of the now larger bubble, did break the surface and spout 

to an appreciable height. Again this was an infrequent occurrence 

and to a first approximation was not considered. According to this 

observation it seems reasonable that at all times a temperature 

gradient exists at the bed surface, confirming the experiments of 

Chapter 3, and hence a purely isothermal assumption would over- 

estimate the resulting radiative flux levels. 

From the theoretical analysis the residence time of the 

projected cloud of particles is simply determined from the maximum 

time of cloud rise and fall. 

5.3.1 Extension to a Three-Dimensional Bed 

The studies have been concerned with an experimental study 

of a two-dimensional bed. Such beds are convenient for experimental 

study in that bubbles may be readily photographed from their
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nucleation stage through to their bursting at the bed surface and 

subsequent collapse. For the more realistic case of a three- 

dimensional bubbling bed, Rowe, in the section on experimental 

properties of bubbles in [31] expressed doubt as to the great 

value of two-dimensional ‘behaviour, Although this remains an area 

of uncertainty, it was assumed for the purpose of this study that 

the two-dimensional experimental verification of equation (5.2) 

applies to three-dimensional beds. 

5.4 Conclusions 

Using a simple analytical approach, the particle ejection 

heights and mean residence times may be predicted for single, 

isolated bursting bubbles. The analysis has been verified by 

experiment using a two-dimensional bed and it was assumed to 

represent the three-dimensional case. As beds of interest in this 

work are essentially shallow, the extra projected heights of 

particle clouds due to coalescence of bubbles at the bed surface 

are not considered. It appears that the majority of ejected 

particles constituting the particle cloud above the bed originate 

from the surface of the bed and hence it is reasonable to assume 

that large temperature gradients exist at all times within the 

cloud, It is expected that determination of the actual temperature 

gradient will be complicated by the lateral, unsteady mixing of 

particles within the cloud. 

At elevated bed temperatures, using bubble velocities ob- 

tained at ambient conditions, the predicted cloud trajectories did 

not show any large variation over those predicted at room temperature.
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However, in order to verify this fact it is desirable to determine 

bubble velocities in three-dimensional beds at elevated temperatures. 

5.5 Determination of Bubble Velocity in a Three-Dimensional 

Bed 

5.5.1 Introduction 

Bubble velocities within three-dimensional beds are difficult 

[60], [61] to study and the work of Rowe and Everett ie] have re- 

sorted to an elegant method using an x-ray technique. Less elegant 

[63] methods have been used by Werther -in which a miniature cap- 

acitance probe was immersed in beds of varying sizes. It was 

pointed out in [63] that the technique of photographing the 

bubbling surface of the bed and relating bubble eruption size to 

bubble velocity may lead to large errors, being. restricted, to 

studies at relatively low (U-U. 6) values. However, such a tech- 

[64] nique was used by Kassim in a study of the effects in deep 

beds of various types of distributor plate design. Unfortunately, 

at high bed temperature no other method appears forthcoming and 

hence experiments were conducted using shallow beds, i.e. up to 

70 mm height measured at ambient temperatures. 

5.5.2 Experimental Procedure for the Determination of Bubble 
  

Eruption Diameters 

Filming of the bed surface was carried out using a highly 

reflecting plate placed above the bed and inclined at an angle of 

45° to the bed surface. A schematic diagram of the experimental 

arrangement is shown in Figure 5.7. A Bolex Camera operated at
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64 frames per second was used with 75 mm lens. A previous study 

of the bubble eruption diameters occurring in shallow fluidized 

beds at ambient temperatures of heights less than 70 mm is reported 

in McGrath and streatfieldl®5], For comparison, initial experi- 

ments at ambient temperature used a square bed of dimensions 153 mm x 

153 mm x 200 mm high, constructed from 4 mm thick perspex sheet. 

For. a range of (U-U,,¢) values using 0.15 mm sand particles, films 

were taken and bubble eruption diameters obtained from a frame by 

frame analysis. Only one particle size was used, the assumption 

being made from the two-phase theory of Plerdiation 3! that the 

governing parameters are the physical and fluidization properties 

of solids and gas. 

The experiments were repeated at a bed temperature of 900°C 

cue a 143 mm diameter x 150 mm high mild steel reactor with 

0.354 mm sand particles. With combustion taking place within the 

bed the 'red glow' of emitted light did not give sufficient con- 

trast to clearly define individual bubbles. However, by shining 

an angled photoflood lamp on to the bed surface, the sand particles 

appeared a similar colour to the studies at ambient temperature. 

This technique made it possible to obtain bubble eruption diameters 

at a number of (U-U, -) values although at relatively high super- 

ficial gas velocities film analysis became impossible. 

5.5.3 Film Analysis and Discussion of Results 

The films were projected on to a screen for analysis, produ- 

cing a 4.4:1 enlargement. Bubble eruption diameters Doe 

measured across the horizontal diameter. An alternative, and 

were
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perhaps more accurate method, was that of [64] in which the maximum 

ini diam we: easured and D, = vD, : Fee and minimum eter were measured and D, be as Denn 

In this study the diameter D, of each bubble over the bed surface 
be 

was measured. In order to avoid measuring the same bubble at 

different stages of its rise and fall, only every fourth frame was 

analysed. The number of bubbles of a given size for each of over 

50 frames were plotted on a bubble size distribution diagram. A 

typical diagram is given in Figure 5.8 emphasizing the "bell-shaped! 

normal distribution curve. From such diagrams Teyeprobess tity 

curves were drawn to determine the mean bubble rape diameters 

at appropriate values of (U-U 6) « The probability co-ordinate was 

determined from a cumulative summation of all bubble eruption 

diameters. Such typical curves are reported in Figure 5.9 through 

ripe 5.12 for ambient bed temperatures and Figure 5.13 through 

Figure 5.16 for elevated bed temperatures. Mean bubble eruption 

diameters are then obtained from these curves corresponding to the 

50% probability line. 

It was observed in the previous studies of [64] and [65] of 

bubbles in two-dimensional beds that the bubble diameter was 

related to its eruption diameter by D, = + Dy where all diameters 
be 

are now mean values, With this relationship, the bubble velocity 

within a three-dimensional bed may be determined from the simple 

equation of 

U. = a + 0.711V¥gD Fi U £ ll¥g (5.5) 

derived from the two-phase theory of fluidization of [35]. From
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the results of mean BD, so obtained a plot of D, (mean) against 

Bie’ (U-U 2) for the range of experinents studied is described in 

Figure 5.17. Curve ® was determined from experiments at ambient 

temperatures whereas curve @ was obtained at elevated tempera- 

tures of 900°C +20°K using a least squares polynomial fit. 

Interestingly, the work of Kato and wenl65] for deep beds confirmed 

the relationship of 

= U Dd 1.4 Pp Dy vw H (5.6) 
mf 

This relationship compared with the experimental results observed 

in this study for shallow beds at ambient temperatures tended to 

underestimate D,- In fact, comparison was improved to a maximum 

difference of 5% by changing the constant in equation (5,6) to 2.8. 

In the reported study of [65] bubble eruption diameters at ambient 

temperatures were plotted against excess gas velocity (U-U,, ¢) for 

a number of bed heights. 

Comparison of the results of [65] with those of curve @ 

and equation (5.6) show considerable discrepancy. It was observed 

by [65] that appreciable bubbling occurred at minimum fluidizing 

velocities with reported eruption diameters of up to 50 mm. It is 

possible in such studies that due to distributor plate design local 

fluidization occurred at low superficial gas velocities rather than 

homogeneous fluidization. The possibility of local fluidization 

occurring in the present study was reduced by using a high pressure 

drop distributor plate. The occurrence of local fluidization in 

[65] was further supported by the reported curves of a number of



eeohie 

surface eruptions against excess gas velocity. For a shallow bed 

of height 13 mm, up to 45 surface eruptions were reported at mini- 

mum fluidizing conditions, rising to a maximum of 80 eruptions at 

(U-UL¢) = 120 mm/sec. Thereafter the number of eruptions fell 

linearly with further increase of excess gas velocity. However, 

as pointed out by [65] for particles less than 0.2 mm diameter the 

bubble velocity exceeds the superficial gas velocities and a large 

cloud occurs around such bubbles. Hence at the surface such bubbles 

disperse their cloud and give too high a figure for the measured 

eruption diameter. The method of eruption diameter depermtietion 

in [65] was to fluidize the bed with a 1 mm thick layer of fine 

powdered alumina outlining the bursting bubble which was subsequently 

measured with a ruler. At high excess gas velocities the gas flow 

was shut off for bubble measurement. It.is possible at such 

velocities, particularly in the deep beds, that considerable bubble 

coalescence occurred at the bed surface. 

With such large discrepancies no comparisons were possible, 

In the present study at elevated temperatures, no reasonable 

correlation of the form of equation (5.6) was observed. A convenient 

form of presentation was to obtain a polynomial plot, using a least 

squares curve fitting technique of DS against H¢(U-U, This 
¢) e 

curve is only suitable for use within the range of H)¢ and U-Up¢ 

values used in its determination, i.e. to values of Hye: U-Ung) 

of 10 x 10° mm*/s. However, from inspection the relationship 

appears to approach a maximum and may be reasonably extrapolated 

to values of Hig: (U-UL¢) Mf.20\x (107 mm/s; thereafter large errors 

are introduced.
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The asymptotic nature of curve © is reasonable as at elevated 

temperatures gas viscosity levels become appreciable and the seem- 

ingly linear relationship of curve @ at ambient temperature does 

not hold, Also the indicated finite size of bubble diameter when 

H_. = 0 is reasonable as; at the distributor plate, the bubble size 
me 

approaches the size of the distributor plate holes. As described 

in [64], equation (5.6) should be modified to 

u 5 
Dit sie Disa 4 pe Dien (5.7) 

b bd Pp Pp Ue ‘ 

where Dba is related to the size of distributor plate holes. 

Curve @ of Figure 5.17 should also be modified ina similar way. 

5.6 Determination of the Surface Bubble Residence. Time 
  

in Three-Dimensional Beds 

With the analysis derived in Section 5.2, the mean bubble 

residence times may be obtained with the boundary condition of 

initial ejection velocity v5 related to bubble velocity as 

aes
 " 1.25 U, (5.8) 

< " 1.25 [u-Upe) + 0.711% Pal (5.9) 

Values of mean D, are taken from the polynomial expression of 

D, = £(h U-Un¢) described in Figure 5,17 and may be applied with mf? 

Hyg (U-Une) not greater than 20 x 10° mm?/s, 

Figure 5.18 describes the predicted particle cloud trajectories
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of a freely bubbling bed of 0.354 mm silica sand particles operating 

ata (U-U_ value of 100 mm/s and a bed temperature of 1 000°C. 

The influence of bed height on the resulting trajectory profiles 

are as expected, i.e. with deeper beds DS increases, Vi therefore 

increases and hence Uns increases along with residence time ti. 

From the curves of Figure 5.18 the predicted particle cloud 

residence times were obtained and are reported in Figure 5.19 with 

residence time t, defined as the time for the cloud to rise and 

subsequently return to the bed surface. Hence for any solid 

steniat and fluidizing conditions, the particle cloud residence 

times may be predicted in a similar manner. 

The foregoing ely has ignored the residence time dis- 

tribution of individual particles, assuming to a first approximation 

that all particles reside for the same time. Such an extension of 

the work is not justified while the uncertainties introduced by the 

method of bubble velocity measurement remain. 

5.7 Conclusions 

Using an approximate technique a method of predicting mean 

residence times of surface erupted particle clouds has been estab- 

lished. Experimental mean bubble sizes are combined with the 

solutions of the equations of motion of surface ejected particle 

clouds, Being approximate in nature as the method is subject to 

experimental limitations, all that may be expected at this stage is 

a reasonable order of size of the mean cloud residence times. 

There are many areas in which further work or even a completely 

different approach are justified, particularly-in bubble velocity
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determinations The object of such a study is to enable an analy- 

tical solution of unsteady ‘adtarive heat transfer to proceed. As 

no previous studies are forthcoming, this chapter is regarded as fa 

_ first step which has of necessity been kept as simple as possible, 

An unsteady solution although limited to varying degrees by the 

above-mentioned considerations is nevertheless approached and 

reported in the next chapters. 
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TRANSIENT THERMAL RADIATION FROM HIGH TEMPERATURE 
  

FLUIDIZED SOLIDS 

6.1 Introduction 

Transient thermal radiation heat transfer in generalized 

media which absorb, emit and scatter energy has been a subject of 

considerable interest in recent years. Viskanta and Bathlal25] 

used the exact formulation to study the radiative heating and 

cooling of a plane layer of stagnant gas in which the scattering 

[66] mode was neglected, i.e. K, = Ko Nemchinov used the two flux 

approximation to study the transient cooling by radiation of a 

semi-infinite volume of gas. A number of other solutions, Onufsievlo"), 

69 
Adceenbin ed, along with Viskanta and Lai! ] examined the problem 

: . [24 
for a spherical mass of gas. Recently, Prasad and Hering! 4 used 

the exact formulation to study the transient heating of a plane 

layer of non-scattering, grey medium between parallel black plates. 

Particular interest in this work is in the radiative energy 

transfer from the freely bubbling surface of a fluidized bed of 

solids to a remote heat transfer surface for a number of different 

bed materials. In this configuration radiative transfer is the 

predominant mode of energy exchange and hence in the subsequent 

analysis the conduction and convection heat transfer modes are 

neglected, As in the steady state approach of Chapter 2 the time 

dependant problem studied here is essentially one of energy transfer 

from an optically thick medium (emulsion) in which the scattering 

of radiative energy may be significant. The exact formulation 

given in Appendix B is employed and a technique developed in
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Appendix C is used along with a finite difference approximation 

of the energy equation. 

6.2 sAnalysis 

A plane parallel layer of a constant voidage absorbing, 

emitting and scattering medium (emulsion) is confined between 

uniform temperature, gray, diffusely emitting and reflecting boun- 

daries shown in Figure Bl of Appendix B, From the analysis of 

Appendix B, the one dimensional energy equation may be written as 

dq! : 30 4 wot aa - (6.1) 

as defined in Appendix G, where the equation of radiative flux ay 

is given by equation (B.10) of Appendix B. The model is. of -the 

emulsion and boundaries initially at the same temperature (iso- 

thermal) or with some known initial temperature distribution 

imposed on the emulsion. At time zero the emulsion is subject to 

a step change of temperature at one boundary (designated 1) in 

Figure 1.1, the other boundary (designated 2) held at a constant 

temperature throughout. Hence, fluxes are emitted in the negative 

x direction with reference to Figure 1.1 and Figure Bl. Equation 

(6.1) is then subject to initial conditions of 

t' = 0, @(t,0) = ea (6.2) 

and boundary conditions of 

t = 0, 0(0,t') = @, t'>0 (6.3)
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Te oy SGC ears! 1, a> 0) (6.4) o? 

along with the radiative boundary conditions of 

T 
oO 

F, = e167 + 2(1-€1) |FeEa(t,) + [ta -ayecnen 
° 

e ; 
+ + Pett") eeteae' (6.5) 

and 

es ; 

Fo = €20 + 2(1-€2) Fis (T) +[ta-we cee 
fe} 

‘ ; 
+ zp D(t't')] Bete | (6.6) 

6.201 Numerical Method of Solution 

The energy equation, being a partial, non-linear, integro- 

differential equation, is not amenable to a closed form solution 

in its present form. A numerical technique is used which has been 

previously described for the steady state solution in Appendix D 

so Will not be repeated here. However, as the time dependant nature 

of the solution is now required, the extension of the numerical 

method to allow for this is described in Appendix G. Briefly, the 

solution is one of a finite difference approximation of the energy 

equation by computational means using the U.M.R.C.C. CDC7600/1906A 

installation. At each time interval a least squares polynomial 

curve fitting procedure is used to describe the temperature distri- 

bution. An independant check on this part of the program revealed 

agreement with its exact counterpart to the sixth significant figure
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or less. The computer program developed for this analysis is 

reported in Appendix H. For the steady state solutions of Chapter 

2, the same program was used but with the time dependant flux 

solution not included, i.e. simply the same as a solution at time 

zero. 

6.3. Discussion of Results 

An initial check of the computed results was made with the 

reported curves of the instantaneous time dependant radiative flux 

of [23]. Unfortunately, the reported analysis was only concerned 

with a zero scattering @, = 0) medium and as no other solutions 

for a? 0 are available to the author's knowledge, this single 

comparison will have to suffice. Figure 6.1 describes the comparison 

ae the present solution with that of [23] for an initially .iso- 

thermal emulsion, i.e. 6(1,0) = 1 a maximum difference of order 

1.4% was observed in the flux predictions. Further solutions for 

O< oo < 1 remained convergent and are assumed correct to a similar 

order of magnitude. 

Surface radiative flux levels and temperature distributions 

were obtained for a number of scattering albedo values typical of 

fluidized solid materials and described in Figure 6.2 and Figure 6.3 

for idealized boundary conditions. In all cases an optical thick- 

ness of Toe 10 is assumed as being representative of the depth of 

the emulsion over which the variation of temperature and flux may 

extend. In Figure 6.2 an important observation is the reduced 

cooling rate of the emulsion as the scattering albedo is increased 

from zero. This is reasonable as the albedo is a function of
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particle emissivity and with a reduced particle emissivity the 

emulsion cannot emit or re-absorb energy at the same rate as a 

black body. However for large times, solutions converge irrespec- 

tive of albedo value. This reduced cooling rate is reflected in 

the temperature distribution curves of Figure 6.3, Further solu- 

tions are reported in Figure 6.4 and Figure 6.5 showing the effects 

of varying the initial boundary temperature 6, and of the boundary 

emissivity €, on an initially isothermal emulsion 6(t,0) = 1. 

_As may be expected an increase in the free boundary temperature 8) 

reduces the initial overall radiative flux exchange. The emulsion 

then cools from this initial level but at a reduced rate. Similar 

effects are observed as the free boundary emissivity €1 is reduced 

from a value of unity. For low values of €1 energy in the vicinity 

of the boundary is reflected back to the. emulsion where it is re- 

absorbed thus reducing the cooling rate. For values of €, approach- 

ing 0.5 with the reduced cooling rate, the change with time of 

temperature distribution was exceedingly small and this set a limit 

on the accuracy of the numerical solution. In fact, the solution 

began to diverge for these low values of €,, the recommended range 

of applications being 0.6 < €, ¢ 1. The term appearing in the non- 

dimensional time, i.e. 9 ca - €)/K, oT,’ characterises the time 

to radiate the entire energy of the volume of emulsion at a tem- 

perature Ty. Solutions were obtained by this method up to non- 

dimensional times of 0.1 after which actual computing time became 

prohibitive. For completeness an approximate approach applicable 

for long time solutions, i.e. for t'>>1 was employed, the dashed 

lines of Figure 6.2 and Figure 6.3 drawn joining the two solutions.



Using the optically thick approximation, i.e. tT, + » described ° 

elsewhere [9] and [26], the energy equation becomes 

16 

ae ee re 

subject to boundary conditions of 

a " ° o 

1 1] 16 00 £4). 250 a+E- 72h (6.8) 

Ti etait st! S00 : (6.9) 

and an initial condition of 

t'=0, 6=1,:1T>0 <a fg 640) 

  

An analytical solution may be obtained from Carslaw and Jaeger! 2°) 

page 71, as 

as 3t 3 te | 

O(t,t') = erfg/ gr + exp 1 1 + Tor ae 

ue a ie - A] 

t a 3 fv 
erfclg/ = + 71 1 z (6.11) 

& 2 

where 

T(t,t!) = T, 

O(t,t') = (6.12) Th -N
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and 

€(0,t') (8; - 1) 
qy(0,t') = +i -4 (6.13) 

€ 1 

which may be readily solved, Equation (6.11) is only applicable 

for a long time solution as the optically thick approximation does 

not hold in the vicinity of any boundary (space or time), As 

predicted by equation (6.11) all solutions converge after a suf- 

ficient time lapse irrespective of scattering albedo or of initial 

boundary conditions. As qualified later, such long time solutions 

constitute what is essentially an academic exercise as only short 

time solutions are applicable to the freely bubbling surface. 

eae Comparison with Experimental. Observations. 

Experimental determination of the surface emitted radiative 

fluxes have already been described in Chapter 4. The results, due 

to the limitations of the radiation pyrometer, were essentially 

time average measurements. In order to compare predictions from 

the time solution with the experimental results it is necessary to 

consider the residence time and residence time distribution of the 

ejected particle clouds, A simplification appearing in the approach 

of this problem described in Chapter 5 is to assume a uniform 

residence time distribution of the ejected cloud. Hence on a time 

average basis, the emitted radiative fluxes may be described by 

the equation 

t 

(0,t_) 1 x eee a alae 4, (0, t)dt (6.14) 
mn ‘0
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where q,.(0,t) is the instantaneous radiative flux, The results 

of this approach are described in Figure 6.6 for the different bed 

materials used in this study, Figure 6,6a describes the time 

variation of instantaneous radiative flux with the uniform initial 

temperature distribution shown in the inset, and Figure 6,6b 

describes the time mean variation of the flux obtained by use of 

equation (6,12). Such curves were plotted only to a maximum non- 

dimensional time (t') of 0.1, From an initial consideration of 

the particulate cloud residence times such a range of (t') appeared 

to cover all possible cases, A striking feature of enaee curves 

is the small variation of radiative flux with non-dimensional 

time. These curves imply, depending on mean residence time values, 

that the time mean radiative fluxes emitted by the bed surface 

Ae essentially invariant with change of (U-U) ¢)- The curves of 

Figure 6.7 and Figure 6.8 substantiate these predictions, being 

essentially equivalent to the corresponding curves of Figure 4,5, 

Figure 4.7, Figure 4.9 and Figure 4.11 found from the steady state 

analysis, In order to obtain the curves of Figure 6.7 and 

Figure 6,8 appropriate particle cloud residence times were obtained 

from Figure 5.19 along with values of Ke reported in Figure 3,13 

through Figure 3,21, Hie in all cases being 25 mm (measured at 

ambient temperatures), 

Table 6,1 illustrates typical values of the appropriate 

parameters for non-dimensional time determination for the case 

of Silicon Carbide particles. 

As may be observed from Table 6,1, although particle size 

was not directly included in the analysis the effects appear in
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TABLE 6.1 

  

  

  

  

  

Silicon Carbide; p = 3 179 kg/m’; c. = 0,714 kJ/kg 

(a) U-U,, = 100 mm/s; Hj, = 25 mm (at 20°C) 

ay mm Ty c 

0.354 0.55 0.777 

K. 960 670 780 925 

ey 0.55 0.46 0,41 

th 0,09 0,09 0,09 

tr 0.00825 _ 0,00479 0.00511 

K 900 600 600 1 050 

ta 0,09 0,09 0.09 

th 0.0104 0,00578 0,00529 

(b) U-UL = 400 mm/s 

kK, 660 560 400 925 

Ep 0.71 0,59 0.51 

th 0.2 0.2 0,2 

Ut 0.0196 0.0117 0,00701 

Kk, 600 510 360 1 050 

th 0.2 0.2 Ov2 

a 0.0239 0.0144 0,00849      
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the non-dimensional time predictions through the value of extinc- 

tion coefficient K, and emulsion voidage €,. Experimentally, the 

effects of particle size appear in the value of minimum fluidizing 

velocity although from Figure 6,7 and Figure 6.8, no consistent 

characteristic was observed, An important variable affecting the 

value of i is bed voidage, Using the relationship given in 

Leva et atl?el of 

U a € 
inf mf ~ ar |—— (6.15) 

€ ; 
mf 

  

the bed voidage may be written in terms of the cubic equation, 

3 s e+e, -1 = 0 (6.16) 

where 

  

Now from the analysis of Chapter 3, equation (3.4) 

1 - 

nee OF (oe) 
Cy: 150 
mf 

with C = 1 440 as validated by the high temperature correlations 

of U,¢ determination reported in Figure 3(a,b,c). The appropriate 

values of € reported in Table 6.1 are assumed invariant for the 

temperature ranges of interest. In all cases values of t) are 

0.01 or less, thus the values of radiative flux predict an almost
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invariant change with time, The effects of the initial temperature 

distribution using appropriate temperature profiles from Figure 

3.23 through Figure 3.25 on the predicted radiative flux levels 

are described in Figure 6.9(a,b). No comparison is made with 

experimental results because as reported earlier in Chapter 4, 

considerable discrepancies were observed, This being the case, 

Figure 6.9(a,b) are presented for academic interest one The 

initial temperature distribution reduces the cooling rate of the 

emulsion as evidenced by Figure 6,10 and Figure 6.11 comexe with 

an equivalent emulsion subject to an initial uniform diseriuucion® 

Such an effect is similar to the results encountered from an 

increase in the scattering albedo Woe 

6.5 Conclusions and Suggestions for Further study 

Within the limitations of experimentally predicting particle 

cloud residence times, the essentially time dependant radiative 

fluxes emitted by an ejected isothermal emulsion are independant 

of excess gas velocity (U-U,¢). This invariance is also predicted 

experimentally although the response time of the measuring instru- 

ment (radiation pyrometer) may have limited these observations, 

The transient analysis considers radiative transfer from a 

single bursting isothermal bubble and ejected particle cloud, with 

no interaction between adjacent bubbles at or near the bed surface. 

In reality considerable interaction does occur, particularly at 

high (U-Uj¢) values, hence further studies are required on single 

bursting bubbles, However, even for considerably long residence 

times the change of radiative flux is not expected to be large.
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The initial temperature distribution was assumed uniform. However, 

results indicate that depending upon the boundaries present, a 

temperature distribution will always be imposed upon the ejected 

cloud. With a high emissivity, low temperature boundary, the 

ejected cloud residence times and surface interaction of bubbles 

are sufficient to impose an initial significant temperature 

distribution, At the other extreme a boundary of low emissivity 

or high emissivity and high temperature the initial temperature 

variation is not large. Hence further analysis must be considered 

with this boundary dependant temperature distribution more 

adequately described, 

An important observation is that when a heat transfer surface 

is brought into contact with the bed and energy exchange by con- 

ccc must be considered, radiative transfer plays an. increasingly 

significant role as the residence time of the emulsion packet 

increases, However, for short residence times conduction heat 

transfer will be the predominant mode, 

The model of transient radiative transfer developed in this 

chapter has certain shortcomings. Its verification by experimenta- 

tion is far from complete and further improvement must be left 

until a suitable radiometer or alternative measuring instrument 

is available, Further uncertainties remain in the determination 

of extinction coefficient values, The values of K, used in this 

transient model were obtained from a time averaged approximation, 

and further effort is required in determining more reliable values 

of kK. applicable in this transient model, The residence time of 

the ejected cloud of particles was obtained in’a somewhat idealised
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and simple way and requires further investigation, particularly 

for the case when surface interaction of bubbles occur. 

In ‘essence, the attempt of such a transient study has, in 

providing for further study, evolved a number of areas where 

further knowledge is desired even though the model has of 

: lea as simple as possible.     
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UNSTEADY COMBINED RADIATION AND CONDUCTION HEAT TRANSFER 

TO SURFACES IMMERSED IN A FLUIDIZED BED 

7.1 Introduction 

During the history of fluidized bed heat transfer considerable 

attention has been focused on the mechanism controlling heat energy 

exchange between the bed and either the walls of the reactor or 

some immersed surface, Various workers l1] and Baskakov and 

[83] immersed two surfaces of a high and low emissivity Goldobin 

into a hot bed to determine the radiative heat transfer component. 

Overall heat transfer coefficients were obtained to an immersed 

spherical, copper calorimeter by Karchenko and Markhorin [84], 

although the size of the probe of 60 mm diameter was too large to 

Ans the lumped capacity method of heat. transfer with Biot. 

numbers exceeding 0,2. Hence unaccounted for errors are expected 

in the reported values of heat transfer coefficient. As a contrast 

the work of Baskakov et ai) used a radiometer probe immersed in 

the bed to measure the radiative fluxes and presented the variation 

of effective emissivity of the bed with change of temperature of 

the radiometer quartz protection glass. Such curves showed the 

influence of the cooling of the first row of particles in contact 

with the glass by conduction and radiation, reflected in a lowering 

of the measured radiative fluxes, These results may be compared 

with those of [6] where no such allowance for particle cooling was 

made, and further confirmed by the observations of [7]. 

In all the above analysis, the combined modes of conduction 

and radiation heat transfer are present. To date no reasonable
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comparisons between existing theories and experiment are available, 

The most comprehensive nicoverseal solution, without at present 

any experimental data, was performed by [3]. Unfortunately in the 

analysis no values of wall temperature was reported and hence a 

comparison with the solution presented in this chapter is not 

forthcoming. 

At low bed temperatures where the predominant mode of heat 

transfer is by conduction a number of studies have been performed, 

a notable one of which is that of Kubie and Bucughecnies np 

found excellent agreement with controlled residence time data 

available in the literature. In essence the theoretical solutions 

presented in [82] were based on the packet theory first established 

in [8] which was modified to account for the local voidage and 

property variations in the vicinity of a flat surface. “An equation 

relating bed voidage and non-dimensional distance was reported as 

" eX) 1 - 3(1 - &) (x - $x?) for X <1 

and 

e(X) " €, for x>1 

where X = number of particle diameters. 

Although not strictly correct in that conduction and radia- 

tion must be solved simultaneously, the curves reported in Figure 

7.1 are taken from the analysis of Chapter 6 for a purely radiating 

system and from [82] for a purely conducting system, As the simul- 

taneous solution of both modes of heat transfer are expected to 

produce a mutual weakening of each component, the curves of



- 115 - 

Figure 7.1 would tend to over predict the correct results. A 

further assumption for the radiative curve of Figure 7.1 is that 

no property variations occur which would again tend to over predict. 

Also a constant temperature boundary condition was used in the 

present analysis, whereas in [82] a constant flux boundary condi- 

tion was considered, However, the interesting feature of such 

curves is the obvious predominance of conduction for short emulsion 

residence times, Radiation plays an increasingly significant role 

as the time history of the emulsion packet proceeds. This fact was 

] pointed out by Lick!?? in an asymptotic approach for short and 

long time solutions of the combined modes of heat transfer in a 

plane absorbing slab. Also in evidence is the dependance of 

radiative particle Nusselt number (h Dot kye) on particle size and 

bed temperature. These results imply that the radiative heat 

transfer coefficient is independant of particle size although an 

indirect dependance appears in the non-dimensional time through 

the extinction coefficient K,. Such a result contrasts with the 

pure conduction results where the heat transfer coefficient is 

strongly dependant on particle size and reported eleenhorel oo +348 

and [Be]; Hence with these different regimes of dependance a 

general representation of conductive and radiative Nusselt numbers 

is impractical and only solutions for specific conditions may be 

reported, 

In the absence of sufficient experimental data on radiation 

and conduction heat transfer pertaining to the case of a fluidized 

emulsion, a programme of experimentation was designed in which the 

bed was viewed through the wall of a quartz glass reactor with a
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radiation pyrometer. However, before such experiments are des- 

cribed a mathematical model of the system is first evolved and 

solutions compared with some existing data, 

7.2 A Generalized Approach to Unsteady Combined 

Radiation and Conduction Heat Transfer 

7.2.1 Introduction 

Simultaneous conductive and radiative transfer under 

transient conditions, although a complex phenomenon, has become 

a subject of considerable technical interest in recent roar 

Initial solutions were subject to simplifications and approximations 

to the non-linear, partial, integro-differential energy equation, 

The two flux approximation was used in [66] and a linearisation, 

conbated with an exponential Kernel approximation to the. radiative 

flux equation was used in [77] for short and long asymptotic time 

solutions, Heinisch and Viskantal78] used a similarity solution 

utilizing the optically thick approximation for radiative flux and 

Hazzah and Beckl79] used a rigorous differential method to predict 

energy transfer for the limiting cases of an optically thin and 

thick medium. Recently the studies in [30] and Doornink and 

[80] utilised the exact formulation of the radiative Hering 

transfer equation. [80] assumed a non-scattering medium contained 

between black parallel boundaries and utilized the function ap- 

proximation technique essentially used in this study and described 

in Appendix D, Scattering effects were included in the analysis 

described in [30] where the study of a similar plane layer problem 

also allowed for reflecting boundaries using for solution the
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method of idempotents discussed by [29]. In all the previous 

analyses a gray medium, homogeneous in nature and contained between 

plane parallel boundaries was assumed. In this study a model of 

similar geometry is assumed as being most relevant and of a simple 

configuration for the study of heat transfer to the walls of a 

fluidized bed reactor or to a probe immersed therein. 

7,2,2 Analysis 

The simultaneous pene of energy from a stationary 

emulsion may be described in terms of the geometry of Figure Bl 

and Figure 1,1, The assumptions according to the emulsion are 

again as described in the Eeeay state analysis of Chapter 2, The 

radiative flux equation is described in Appendix B, and for a 

fluidized packet of emulsion in accordance with the analysis of 

[82] for a variable property boundary layer, may be written in 

the energy equation as 

9q,. 

& [Koog] - aE = pone, oot (7.1) 

The physical model described by equation (7.1) requires that the 

radiative flux term as be written also in variable property form. 

Such a term would result in unnecessary complications in solutions 

at this stage and would not be consistent with the assumptions 

initially written into the mathematical model. To reduce the com- 

plexity of equation (7.1) in keeping with the non-variable property 

radiative flux term, a mathematical expedience described by Wicke 

and Fetting|81] may be utilised. The proposed model of [81] suggests
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that heat is transferred through a gas film separating the emulsion 

packet from the bed wall or immersed surface, The packet originates 

from deep within the bed, resides at the wall for a specific time 

and is then replaced by a fresh packet. In this analysis with such 

a gas film attached to the heat transfer surface assuming mean 

property values, equation (7.1) may be simplified to 

920 1) Pos toe 38 ae 
Si? - Io * (E (7.2) 

where in the two regimes value N, assumes a mean constant value, 

i.e, 

for the gas film: 

Key K z 
Ny = Nv = S88 ‘ : peeie) 

8 4oT, 

for the emulsion: 

K 
N, = N. = Kev Sy (7.4) 

e 4ot,? 

The term N, is referred to in the literature as the conduction- 

radiation parameter with Ni + © for pure conduction and N; + O for 

pure radiation, 

As described in [9] the parameter N, does not directly give 

the relative values of conduction to emission as the ratio of these 

values depends also upon both the temperature difference and tem- 

perature level in addition to the value of N;. Described in [80] 

is the relative importance of the term Ni/t, Radiative transfer
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does not significantly effect the temperature distribution for 

N/T” > 5.0 and conduction predominates, As N, [tae or N, decreases, 

greater interaction of radiative and conductive transfer occurs. 

For tjie 1, radiative transfer effects are dominant when N, < 0,005, 

Also pointed out in the work of [30] was the warning of interpreting 

t! as a measure of absolute time in comparing results for differing 

values of N,, e.g. for a fixed optical thickness tee 3 Grereaetn 

N, by 10? implies increasing thermal conductivity by a factor of 

107, However, absolute time is inversely proportional to thermal 

conductivity, hence for N, = 0,005 and t’ = 0,001, the corrdsponding 

comparison for N, = 0,5 should be at t' = 0.1. In this study the 

situation arose where non-dimensional time relating to the gas 

layer and the emulsion packet were not equivalent because of the 

difference in the corresponding values of N (gas -layer) ‘and Ni 

(emulsion packet), Howevey, the two non-dimensional times of 

Ko Kee 
ig eet Mai 7. 

4 (© C)g a 

and 

2 

Ket 
toe (7.6) 

Bo ee, 

may be related by equating through the absolute time t. Hence 

< 

K (2.6) out! 
ee eugene (7.7) 
(pC Jy, K2 kK 

P tg 2 

In the analysis a weighted mean value of (p Oe was taken as



(0), + (PC), 
Cc Bead ee P20, ‘ (p ge 5 (7.8) 

and 

(p Cee = .(6 oe Q-e«) (7.9) 

In finite difference form equation (7.7) becomes 

a 

kK (ep C,) 5 
Att, = Bebb Ope Bir (7.10) 

Cy sok (o Db te Xe 

It was convenient for computation of equation (7.2) to impose a 

value Ath, in the finite difference approximation and hence the 

corresponding value of At 4 was then determined, . The value of At »b 

(the time increment) was set using a fixed spacial step size in 

equation (7.2) and convergence obtained with At = 0.02 and att = 

0.0001. From [82] the voidage variation of the emulsion packet 

takes place over one particle diameter, However, as the major 

property variation occurs over the first 0,5 Ms the depth of the 

gas layer in this study is taken equal to 0,5 Dee With the assump- 

tion of an optically thin gas layer which is transparent and offers 

no resistance to radiation transport from the bulk of the emulsion 

packet and bed wall, the extinction coefficient in the gas layer, 

is K 
tg 

elas os CWith «t= 0.1 (7512)



The effective conductivity of the gas layer was taken as a mean 

between K_ and K, i.e. g b 

K Sip eee (A) 

vo o Nn 

The thermal conductivity within the emulsion packet was determined 

from the analysis of Kunii and smith [86] who derived a relationship 

for the effective conductivity of a porous medium in terms of the 

voidage and the solid and gas conductivities, Hence 

Kye BU - 6) 
phe. ee 

g + Ye 

aD 
where constant 8 = 1 and y = 4 for 0.476 < &, € 120, The constant 

gi is reported graphically by [86] as a function of KK The 

curve of Figure 7.2 of Inet Se against &, was derived for the 

particulate material used in this study. 

7.2.3 Initial and Boundary Conditions 

In accordance with the simple model of an isothermal packet 

of emulsion arriving at the plane boundary at zero time, and heat 

transfer taking place with incremental time, the initial condition 

may be written 

@(t,0) = Lat , © eo (7.13) 

with boundary conditions of 

O(O,t*) = Oy, =t' 3:0 (7.14)



- 122 - 

BEE att), 1.0, t'>0 (7.15) 

along with the radiative boundary conditions of 

Foo eo) + (1-€,) (F, - 4,(0)) (7.17) 

and 

eee €20," + (= |) CR qh (,)) (7.18) 

As the gas layer is defined as an optically thin medium a simpli- 

fication to equation (7.2) results in a modified energy equation 

for the optically thin limit of 

oO a26 Q-Fo) 
En 

tg 

4 i Ly +B, - 20"(r 8101. = 

  

og 

(7.19) 

For non-black boundaries eS and Hoe the wall flux and emulsion 

flux respectively may be found from the equations relating incident, 

emitted and reflected radiative energy, hence 

4 
e0 ' 4+ Q-e) Vee 
an 

Ey itis es Cie ey (7220) 
Ww e 

and 

qi.-+ (l-e.)e,0," 
BS RO ee es (nay 

e eG =e Seid 

with Gee the non-dimensional radiation from the emulsion packet and 

eS the effective emissivity of the surface of the emulsion packet
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designated = = Wea’ As qe changes with time of exposure of the 

packet, the value of e 6 is also time dependant, Using the optically 

thin limit for the energy equation, (7.19) simplifies the starting 

solution at each time interval of the finite difference approxi- 

mation of equation (7.2), If equation (7.2) had not been modified 

to account for the optically thin gas layer a difficulty arises in 

determining with sufficient confidence the gradient dqi/ar at 

Te ee 

Within the emulsion packet the energy equation (7.2) is 

applied across the field at each time interval in eplicie finite 

difference form. A complete analysis of the finite difference 

equations used to solve equation (7.2) and equation (7.19) appear 

in Appendix I along with the computer programme written for this 

purpose. The time solution of the radiative flux eautiGn was 

based upon the method used for the transient, pure radiative model 

of Chapter 6 with appropriate modifications to include the conduc- 

tive heat transfer mode, 

7.2.4 A Qualification for the Use of a Mean Property Gas Boundary 

Layer 

An initial study of the effects upon the predicted results 

of varying the effective properties of the gas layer between a gas 

value, e.g. Kee = KG and a mean value, e.g. 

(Ku + kK) 
K Sd 
ge 2 

produced an insignificant change in the radiative flux distribution



aa . 

with time but reduced the conductive flux level by a factor of 

almost 3, As the conductive values predicted, using a mean property 

gas layer, compared favourably with the results of [82], such a 

boundary layer approximation was used throughout, 

7.3__Discussion of Predicted Results 

In order to determine appropriate values of K, for the emul- 

sion packet in the vicinity of a flat surface, the simple analysis 

reported in Appendix E(b) was used in accordance with he boundary 

property variations of [82], Curves of these values ee plotted 

in Figure 7.3 for the particulate material studied. Keb in the 

emulsion was then taken from the invariant portion of the curves 

from » = 1 onwards, 

The variation of bed voidage &, with U-ULe was derived from 

the equation 

  

3, 2 ee a + 5 -1l = 0 

where 

Ql -€ 6) e 
a = nf Je US Une 

et Se 
mf 

and 

7 2 
1- fue CH, f 

—| = with C = 1 440 
Eng 150 

discussed earlier in Chapter 3 and Chapter 6. Values of LA varying 
b
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with UoUre were then Got ermnee and reported in Figure 7.4 through 

Figure 7.6. 

Throughout the analysis an emulsion optical thickness of 

nS = 10 is assumed along with a black boundary condition at T = te 

simulating the flux from deep within the bed, i.e. F, = F, =l. 

The instantaneous radiative and conductive heat transfer coeffi- 

cients are defined as 

  

q,,(0,t') : 
bce) a = ao (7.21) 

Cmaew . 

and 

qt") © 
he(t') = Sry 

Ww 

with 

06 
go(0,6")/ = =k fla ge OT ao 

Using a uniform residence time distribution function p(t') = 1 of 

emulsion packets at the wall, time average heat trasnfer coef- 

ficients are defined as 

es; 
n 

h(t) = af h(t y(et at! (7.23) 
0 

and 

, m 
eat) = er no (eycetyae? (7.24) 

0 

In order to derive suitable values of the absolute emulsion packet
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mean residence times, tis the expression of Gelperin and Einstein 

reported in [31] was used. With 

  

2 
Ho. (Hise) 2 

t= , Hoe | (7.25) 
0. 711H¢ 15g He ste 

Using the relations 

l-€ 7] 
ee Uae [te one a eee (7.26) 

b U ane 
mf 

Heveaiiee i =} (7.27) 
1L- 5 : 

equation (7.25) may be transformed to 

2 
uU-U 1-€ 

or = me | (7.28) 

10462.365 |] - Eme 

with (U-U) ¢) in mm/s. 

An assumption in the analysis is that heat is transferred 

from the inner surface of the gas bubbles attached to the surface 

by radiation only. Hence to find the view factor between an 

assumed hemispherical bubble and the wall consider radiation 

between a gray heat source (inner bubble surface) and a gray heat 

sink (wall) completely enclosed in a radiating enclosure (surrounding 

emulsion). Then 

  

Me? ele tae i: Rie om |e rio-- (7.29)



  
  

with 

mb, ? DAs 
A, = bees AL b 

2 4 

e = o} 2 =}, The and By 1.0, then Faw be Then 

a See Lp? 3 (7.30) 
F € € 
bw e Ww 

Hence 

nee es hence l = flat Be (end x Fyfe C7561) 

and consequently 

Keg(ty) = bp [1-£,] : 032) 

with 

Vola ' ' h,@) h(t") + hoy) (7.33) 

where 

(7.34) 

  

7.3.1 Comparison of Predicted with Reported Heat Transfer Data to 

an Immersed Probe 

Unfortunately, very little experimental data exists in the 

literature which may be suitably compared with the present analysis, 

The work of [83], however, does provide for an initial and suitable
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comparison. Using the reported physical properties for fireclay 

given in [83] of probe surface emissivity e- 0.8, particle 

emissivity & = 0.75 and for two particle sizes namely 0.35 mm and 

0.63 mm, theoretically predicted curves of radiative and total 

heat transfer coefficient are reported in Figure 7.7(a,b) and 

compared with the experimental data from [83]. A list of 

appropriate values used in the analysis are given below in 

  

  

Table 7.1. 

TABLE 741 

(& = (0375 Ty = 1 123 K) 

Fireclay ( P ) 
(w = 0.4 € i= 0.8 ) 

° Ww 

Units 

Ds 0.35 0.63 mm 

e, 0.72 0,55 - 

Kye 0.0002 0.00027 kW/m K 

oy, 2600 2600 kg/m? 

Cc 151724 1.1724 kJ/kg K 

K 114.3 95.7 mn? 
tg 

# 1 Kip 1500 1400 m 

Me 0.0504 0.1747 - 

Ny 0.934 Livy - 
1 

f5 0,589 0.34 -            
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The probes used in [83] were spherical, one of a high and one of 

a low emissivity. The analysis presented here considers transfer 

between plane surfaces and may account for a certain level of 

error. The predicted radiative heat transfer coefficients of 

Figure 7.7a compare favourably with the data from [83], particular- 

ly for a particle size of 0.35 mm diameter, A further improvement 

between the results is observed if the contribution to radiative 

transfer from the inner surface of the bubble is neglected. 

However, such neglection is unreasonable and would lead to an 

even poorer comparison for the total heat transfer coefficient of 

Figure 7.7b than is already observed, The trend observed experi- 

mentally for total heat transfer to increase with reduced particle 

size is supported by the predicted results due to increased 

coneetaneaen from conduction with smaller particles, 

With the varying opinions voiced in the literature on the 

significance of radiative transfer in fluidized beds it is 

interesting to note that in the predicted results of this study 

at a bed temperature of 1 123 K the percentage of radiative to 

total (conduction plus radiation) heat transfer coefficient varied 

from 12.7% at a probe wall temperature of 200°C to 28.3% at a wall 

temperature of 800°C, The experimental data from [83] gave 4.5% 

and 20% respectively. Hence, radiation appears to be a significant 

contributor to the total heat transfer even with a comparatively 

low temperature bed of 1 123 K (850°C). 

It was reported in [3] and [7] that cooling within the 

emulsion extended up to 1,5 Dy after a suitable residence time. 

From the results of this study cooling was observed to extend up
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tov 4 Dy for 0,35 mm particles at a probe wall temperature of 

200°C after a residence time of 0,138 seconds, 

7.3.2 Comparison of the Instantaneous Nusselt-Fourier Relationship 
  

for a Coupled and Uncoupled Solution of Conduction and 
  

Radiation Heat Transfer to a Plane Surface 

Reported in Figure 7,1 are the instantaneous conductive and 

radiative Nusselt number (h Dia) variation with instantaneous 

g Fourier number 

Kye t 

ee - €,)D 2 

The non-dimensional time,referring to the pure radiation and com- 

bined conduction and radiation cases, were transformed for conven- 

ience into equivalent Fourier numbers, With 

  

belles t 
° 2 3 DS Ky oO Ty 

for pure radiation and 

Rig) ae 
° vo ye 

Kae) 
tb p 

for the combined mode, As previously stated these curves were 

obtained by uncoupling the conductive and radiative components of 

the energy equation and solving separately, Figure 7.8 in contrast 

to Figure 7.1 describes the results obtained from a simultaneous 

solution of the coupled radiation and conduction energy equation 

and compared with the curves taken from Figure’7.1. Unfortunately,
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computational time became excessive and only coupled solutions to 

a value of :. = 1.0 were predicted. The interesting feature of 

these curves is the small but noticeable reduction in the radiative 

Nusselt numbers for the combined solution, emphasizing the mutual 

weakening of each component when solved simultaneously. These 

observations are further qualified by the temperature profiles of 

Figure 7.12 which show considerably more cooling of the emulsion 

layer adjacent to the boundary when conduction is present compared 

with the case when conduction is neglected, Also in evidence are 

the depths of penetration of the cooling curves, in both cases 

exceeding the value of 1.5 Be proposed by [3] and [7]. 

Referring to Figure 7.8 the conductive Nusselt number 

appears to underestimate at early times the curve interpolated 

cron the predictions of [82] and overestimate for longer times. 

However, such a comparison is not strictly valid as the analysis 

of [82] considered a constant flux boundary condition whereas this 

study considers a constant temperature boundary condition, Also 

the curves obtained from [82] were interpolated for the materials 

used in this study, Similar curves to Figure 7.8 may be drawn 

for other materials and different boundary conditions, A few 

such curves are described in Figure 7.9 and Figure 7,10 for sand 

particles and varying boundary conditions, As expected, increasing 

the wall temperature and decreasing the wall emissivity signifi- 

cantly change the value of radiative Nusselt number although no 

change in the conductive Nusselt number was observed. Figure 7.11 

for silicon carbide particles shows a marked fall in both conduc- 

tive and radiative Nusselt numbers compared with sand particles,
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This may be attributed to the fact that silicon carbide has a 

higher thermal conductivity enen sand and becomes the influencing 

term in the Nusselt number (h Dobe) even though the heat transfer 

coefficients (both radiative and conductive) have been signifi- 

cantly increased. 

Such curves of instantaneous Nusselt-Fourier number 

variations are at this stage used only to predict and understand 

the important trends of combined conduction and radiative heat 

transfer to a plane boundary, In the predicted case of heat 

transfer to a surface immersed in a fluidized bed, the emulsion 

residence time, residence time distribution and bubble to wall 

heat transfer must be considered, Hence for other materials and 

boundary (wall) conditions the predicted results may be summarised 

as follows: 

(a) For bed materials of high particle emissivity, i.e. w,*0, 

the contribution of radiation to the total heat transfer 

is significant in fluidized beds operating at normal 

temperatures, i.e. 800°C - 1 100°C when the irradiated 

surface has an emissivity approaching unit. As uw 71 

the emitted flux levels are reduced accordingly. 

(b) For low wall emissivities the contribution of radiation 

decreases significantly, i.e. by an order of 50% for a 

wall emissivity of 0.5. 

(c) The radiative heat transfer coefficient is independent of 

particle size although an increase of particle size is 

reflected in an increase in the radiative Nusselt number 

through the term (hye)? multiplying the heat transfer



- 133 - 

coefficient h. The converse is true for conduction with 

the heat transfer coefficient dependant and Nusselt number 

independant of particle size. 

(d) Conduction is independant of temperature level and only 

dependant on temperature gradient. On the other hand, 

radiation depends solely on the relative temperature levels 

between the fluidized bed and containing walls or immersed 

surface, 

(e) Within the normal range of emulsion packet residence times 

occurring in fluidized beds, the. conductive mode of heat 

transfer is predominant over the initial period of contact 

with radiation becoming more prominant as time proceeds. 

Furthermore, the simultaneous solution of combined con- 

duction and radiation provides an insignificant weakening 

of the radiative component compared with the solution of 

the uncoupled energy equation, This reduces the complexity 

of solving the energy equation and simplifies the 

predictions of radiative transfer. 

7.4 Experimental Determination of Heat Transfer to the 

Wall of a Quartz Glass Reactor 

To augment the previously reported results of heat transfer 

to probes immersed in a fluidized bed where both conduction and 

radiation are important, an experimental programme was designed in 

which the radiation pyrometer described in Chapter 4 was positioned 

in the horizontal plane viewing the bed through the glass wall of 

the fluidized bed reactor, A schematic diagram of the experimental
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configuration is described in Figure 7,13, The pyrometer exten- 

sion tube was covered theorasidy, with aluminium foil to reduce 

energy exchange with the bed and also directed cooling air to the 

glass wall, the flow of which could be varied to maintain a con- 

stant glass wall temperature, The temperature of the glass wall 

was constantly monitored by two Cr,Al thermocouples embedded into 

two small holes bored into the glass wall, These thermocouples 

were strategically positioned above and.below the pyrometer viewing 

area of 0,25 in diameter. To reduce heat losses from the bed the 

whole reactor was heavily lagged. Also.to reduce radiative 

transfer prior to the measuring section through the glass wall 

to the insulation, a strip of aluminium foil was placed just below 

the pyrometer viewing area, This technique enhanced the probability 

of an isothermal packet being brought into the viewing area,.an 

assumption upon which the analysis is based, rather than one with 

an imposed thermal gradient. In all experiments bed heights of 

70 mm were used. 

7.4.1 Experimental Procedure 

Unfortunately it was not possible with the present system to 

maintain low wall temperatures, i.e. of order 100°C - 200°C, 

Hence, as an attenuation of the fluxes may be expected at high 

glass wall temperatures along with a contribution from the glass 

itself an initial study of the overall attenuation effects of the 

quartz glass was performed, This was achieved by viewing the bed 

free surface alternately through a sample of the quartz glass and 

then with the glass sample removed. The attenuation was estimated



at a number of glass temperatures and found to reduce the true 

radiative flux by 14% +3% over a temperature range of 600°C to 

1 000°C, 

Beds of silica sand, magnesia, alumina and silicon carbide 

particles with three different particle sizes of geometric means 

0.354 mm, 0.55 mm and 0.777 mm were used, Initially the bed tem- 

perature was set at around 1 000°C, With the wall temperature then 

controlled to a fixed value by the air flow over the outer surface 

_ of the glass wall, pyrometer output was recorded for increasing 

values of (U-U,, 5) + Low values of (U-U;¢) < 100 mm/s ee difficult 

to obtain as the bed tended to become poorly fluidized and com- 

bustion of the propane/air mixture became unstable. However, with 

care and speed reasonably repeatable results were obtained by 

quickly lowering the superficial air velocity to some fixed level 

and recording the pyrometer output before combustion became un- 

stable and the bed temperature began to fall. The air velocity 

was then rapidly increased to establish stable conditions and a 

steady bed temperature. 

7.4.2 Discussion of Results 

As in this study a radiatively transparent wall was used, the 

boundary conditions in the analysis previously described in this 

chapter had to be modified, For the purpose of conduction heat 

transfer determination the wall temperature was taken as measured 

experimentally. 

However, the radiative boundary condition simulating transfer 

to the radiation pyrometer was obtained by taking the temperature
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and emissivity as ambient and unity respectively, e.g. Fi = 

0.00238 and with F2 = 1 at Ty = 1 000°C, The results of these 

experiments along with the theoretically predicted values are 

described in Figure 7.14 through Figure 7,16 are typical time 

average radiative flux curves from which the predicted curves of 

Figure 7.17 through Figure 7.20 were obtained for a range of 

(U-U, 6) values, 

For the case of silica sand and silicon carbide particles, 

comparison of experiment with the predicted results are reasonable 

although for the case of alumina and magnesia a significant devia- 

tion may be observed, The analysis predicts a definite dependancy 

of emitted radiative flux on particle size with i increasing for 

a decrease in particle size. As pointed out earlier, the opposite 

is true for conduction heat transfer. However, . experimentally 

such trends were difficult to observe. ‘ 

The general shape of the predicted curves were obtained 

experimentally with lower emitted fluxes at high emulsion packet 

residence times, i.e. low values of (U-U, ¢)- The fluxes increase 

rapidly at first as (U-U. 6) was steadily increased with a levelling 

out towards a maximum value. The fraction of bubbles present 

within the bed from the previously described analysis of a 

predicts a steady increase as (U-U, -) and bed voidage increases. 

If this is the case then at increasingly shorter packet residence 

times the emitted flux should tend to decrease due to the pre- 

dominance of radiation from the inner bubble surface over that 

from the emulsion, However, in reality this is not the case as 

shown in [36] the bubble fraction f, attains a maximum at an
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optimum value of (U-U,,¢) after which it decreases, Hence, with 

this mechanism the emitted radiative fluxes should continue to 

increase as the proportion emitted by the bubble gives way to that 

emitted from the emulsion packet. Such effects were not studied 

experimentally and are only analytically predicted observations. 

At very high values of (U-U 6) slugging of the bed would tend to 

occur along with a reduced bubble fraction and a different 

mechanism of particle motion takes place. In this case a reduced 

particle residence eine at the wall may again become the dominant 

feature, 

Without the advantage of controlled residence time and bubble 

fraction experiments, the predicted solutions are limited by the 

highly idealised equations which are used to determine t and fo. 

From the pyrometer output trace a peak much greater than the 

general levels was observed at infrequent periods irrespective . 

of (U-U, 6) values, It was apparent that such peaks were due to 

passing bubbles which had a 'hotter glow' than the surrounding 

emulsion suggesting that gas combustion was taking place at the 

bubble boundary thereby raising the particles in its near vicinity 

to levels above the general bed level, For this reason the 

applicability of transfer to the wall of the equation used to 

predict fy becomes questionable, Its use may in fact be reason- 

able away from the wall or at a surface immersed within the bed, 

but not necessarily at the bed.wall. Such observations are sup- 

ported by the work of Donsi et ul 87) who reported that solids 

flow tends to be vertically downwards at the bed wall and upwards 

in the core of the bed, and that a limitation on solids exchange



- 138 - 

normal to the wall is related to a continuous curtain of particles 

confining the bubble on the wall side. Such a curtain of particles 

would shield the effects of direct bubble to wall radiative 

transfer. 

7.5 Conclusions and Suggestions for Further Study 

The general analysis of combined conduction and radiative 

heat transfer from an optically dense emulsion has been applied 

to the case of a surface immersed within the bed compared with 

the data obtained by other workers, The results are reasonable 

as the size of probe used by some workers was too large to give 

sufficiently small Biot numbers and was spherical. with the analysis 

developed in this study strictly applicable only to plane surfaces. 

; A purely analytical approach was undertaken initially to 

predict the instantaneous values of conductive and radiative 

Nusselt numbers comparing the results obtained from the coupled 

energy equation with the uncoupled solutions. Insignificant 

mutual weakening of either mode was observed for the coupled 

solution, 

The work has been extended experimentally to measure the 

radiative fluxes in contact with the wall of a glass reactor, In 

many ways this is similar to the studies of [6] where a radiometer 

probe was immersed into a bed and the fluxes measured from the 

particles in contact with quartz protecting glass. The advantage 

of this study is the direct allowance given in the analysis to the 

conductive transfer between glass and contacting particles, 

although a disadvantage was the inability of the system to maintain 

a sufficiently low glass wall temperature. In the analysis
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of the previous study of [6] this was not carried out. 

The experimental results, although far from comparing.:satis- 

factorily with theory in some cases, show similar distinct trends, 

Unfortunately, the analysis is still subject to areas of large 

uncertainty, particularly the values of residence time of emulsion 

packets at the wall and of bubble fraction determination. For 

both these unknowns standard expressions were used to give repre- 

sentative results, However, further studies are desirable on 

single bubbles or bubble chains with the residence time and bubble 

fraction controlled, in contrast to the freely bubbling bed studied 

here. For this purpose and to facilitate a transient radiative 

study, a radiometer with a much shorter response time is required 

than the one used in the present study, As particle motion at the 

bed wall and at the bed axis tends to be different, nes particles 

move downward at the wall and upward at the centre of the bed, 

then heat transfer results measured experimentally or postulated 

analytically may be significantly different for the two regions, 

Further effort is required in this direction with a radiometer 

probe, utilizing a water-cooled quartz protecting glass placed at 

both positions. 

The theoretical analysis retains a physically unjustified 

approximation; that of a gas film between the first row of 

particles and the wall or immersed surface. Such an approximation 

is used at this stage as a mathematical expedience, It was shown 

in [82] that a physically justifiable variable property boundary 

layer could be used to good effect for the case of conduction 

heat transfer only, Further work is now necessary to solve the
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energy equation including the radiative term utilizing such a 

variable property boundary layer. 
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PARTICLE CLOUD TRAJECTORIES PREDICTED 
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TIME VARIATION OF RADIATIVE FLUX | | 
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THERMAL 

POROUS 

CONDUCTIVITY OF A 

MEDIUM — from [86] 

  

  

    

   
   

   

silicon carbide 

magnesia 

alumina 

silica sand     

  
  

04 0.6 0.8 10 

FIG 7.2
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APPENDIX A 

THE EFFECTIVE EMISSIVITY OF A FLUIDIZED BED 

From gaprodsky "1 the fluidized bed may be approximated by a 

dusty gas stream, requiring a solution of the classical energy at- 

tenuation equation 

wo okeT ; (A.1) 

Tenet ‘Di Beek Xo 
=) ipe' 8 or ih sapenes o nth. 

Now ee 2 

Hence from Kirchoff's law 

Gueigere Bp den Pe ei ls = eKax 

The constant K, (absorption coefficient of gas layer) was determined 

in [2] as 

K = (A.2) 

Hence for a typical fluidized bed with values of Sars 0.65 and 

a = 1.5 mm, then 

-5 
€, = 1- 85x 10 =1
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APPENDIX B 

THE EQUATION OF RADIATIVE TRANSFER 

Referring to Figure B.1 at the end of this Appendix, the 

equation of radiative transfer may be written for the one-dimensional 

case from [17] as: 

K. 
Ch es, Ss de 2 Cosé ea K T(x, 6) + a fe TRAST + Ko v I(x) 

(B.1) 

where 6' and 6 refer to the incident and scattered directions res- 

pectively using the transforms 

x ‘ 

t “i K,Qddx, Tt) ay, K, @)dx 

with Kk. invariant with x 

K, K 
Maer ieKe” Bonne uw = Cosé 

Equation (B.1) becomes 

W 
di _ ° Mage = -l + 4 D(t) + (1 - 4), (B.2) 

where 

D(t) = J. 1(1,0*)P (6, 01) 40 
at 

For the one-dimensional case equation (B.2) may be written as two
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simultaneous equations for the positive and negative Tt and yu 

direction as 

+ 

Se ce Cl I 0 D(t) B.3 Mae = G-a JL + 2 dC (B.3) 

and 

dl Ser % us + Teas (Ceo 1) + a D(t) (B.4) 

with boundary conditions of 

(tu) Aa Oui uma ema 0 1 " 

v5 

" 1 I (tu) TAC ee 

using an integrating factor et then equations (B.3) and (B.4) 

becomes 

+ + tht C gee -(t-t)Ai dt! 
ota) = Powe + f (aut) + gy OC Ie & 

° 

(B.5) 

and 
a w ' ' 

Tew) = W(rureo OM - f TC -ug)Ipee) + Ao D(rtyJe TMH ae 
€ 

(B.6) 

where t' is used as a dummy argument to distinguish from t. The 

Radiative Flux may be defined as 

1 =) 
a(t) = an f Idi - an f Iudu (B.7) 

0 ° 

Then substitution of (B.5), (B.6) into (B.7)
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1 1 

q(t) = an fr owe yan le Ce ane “oO Mieu 
Tr hy ° 

ie > 

+ anf 10~9,), 0) + qe D(t')]E2 (t-t")at! 

Tt wW) 

zs auf °C (-w) 1, (0") * = D(t') JE, (t'-t) dt" (B.8) 

Tt 

and similarly 

Ves Bind 
D(t) = 2nfl (t,Wdu- anf I (t, dy 

° 

Hence 

et) e =(t,-7) 
D(t) = 2nft(O,wWe “'du+ anf (tgHe to du 

oO 

no % : 
+ anf [(-w 1, (0) + ge OCT) ([t-t' de". (8.9) 

where E,@ are exponential integrals. 

Non-dimensionalizing with 

a. 
= D(t) 

q,'@ op D'(t) = 
oT, om," 

y 

piu = 0," a2 mat 
Ts i rat . 

b b 

+ F es F2 
I acne = (O,n) 7? I(t) u) = 

1 

anf (Ope Mar = 2FiEs (1) 

1 
2m 1 (ty, uye 0 May = 2FpE3(t,-)
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1 

anf Ou)e May = 2£2(t) 
Oo 

it 

anf V(r, we To May = 2F2E2(t,-1) 
0 

l(t) 
7% 

a 

e*(t) =   

then equations (B.8) and (B.9) may be written 

2FiEs(t) - 2F2E,(1,-1) CRUG Es 

i: w 

ee i eT P(e") Ea (t-t')at! 

T w 

: 2 fPLa-0.)0"(r") + Pp (e')]E_(t!-t)dt! —(B.10) 

and ‘ 

D'(t) “= 2FE2(t) + 2F2E2(t,-t) 

a W 

+ 2 f P1a-ajerer + Pore )}e(t-t'[Jae" (8.12) 

Equations (B.10) and (B.11) are known as the ‘radiative flux 

equations’. 

In equation (B.10) the first two terms on the right-hand side 

of the equation are the contributions to the radiative flux qt) 

from the two boundaries. The third and fourth terms are the con- 

tributions from the absorbing, emitting and scattering medium. 

For plane parallel boundaries appropriate radiative boundary 

conditions become from [26] 

Fy = ©, #.G-e,) (Fh, ~ a2 (0)) (B.12)
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Fe = ex0a' + (1 - ea) (Fy + a,Ct,)) ‘ (B.13) 

resi atte 0 

Fy = 66" + 200 - &,) AFB, (eQ) 
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APPENDIX C 

THE TWO FLUX APPROXIMATION OF THE EQUATION OF RADIATIVE 

TRANSFER APPLIED TO AN ISOTHERMAL MEDIUM 

From Appendix B the equation of radiative transfer in non- 

dimensional form is 

%o 
wae = -l+ J wcoryan + (l-w JI CC.2) 

dt 4m at ob i 

and may be transformed by assuming that radiation is scattered in 

the direction of the incident beam or at 180° to this direction. 

Hence from [10] 

> w 5 

eu ' = i 5 F ze fee Jan wo lft + bil] Teter (Ores 

For isotropic scattering P(6') = 1 and 

1 0 

pn at f Pena 
-1 

Hence equation (C.1) becomes 

aI* + 2 
teens (fw, - 1)I nt wobl + (1 - wt, LCS); 

and 

dI7 ‘ a 
Weg se ete eer ops eI, (c.4) 

The solution of (C.3) and (C.4) from [20] is:
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I(r) = ACL = me™ + Bea + me + 1, (C.5a) 

I(t) = AG + me" + Ba - me ™ + ty (C.5b) 

for f = b = 4, where 

  
-B( +m) - I, 

e G-m . tee)
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By assuming that 1* and I” are the total one dimensional 

hemispherical fluxes across the reference plane rather than inten- 

sities, then » = 1. According to [10] the optical depth for any 

_ one dimensional slab may be modified using t = 2t. 
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APPENDIX D 

A SOLUTION OF THE RADIATIVE FLUX EQUATION FOR STEADY 

STATE HEAT TRANSFER 

The steady state energy equation may be written, for pure 

radiation (neglecting conduction and convection), as 

dq.,. 

mar. & £0), #9 

to remain consistent with the first differential of equation (B,10) 

when an arbitrary temperature distribution is imposed. The Radiative 

Flux equations (B.10) and (B.11) of Appendix B are: 

gy'(T) = 2F,E,(t) - 2F,E,(t, - 7) 

Tv Ws 

+ 2f [a -4)0% (tr) + pe DIE) ]E, (T= THAT! 
oO 

5 Oo 

- 2 fa -ugye* ee") + PE DI(t') JE2(t! - t)dt" (0.1) 

and 

D'(t) = 2F,E,(t) + 2F,E, (1) - T) 

to ' Yo ' 3 ' ' * 7 [G1 -w.Jo"(r') + ae DCH) ]E, ([t-t"])at* (0.2) 

A solution of equations (D.1) and (D.2) may be obtained by firstly 

considering equation (D.2). Approximating 

n 

e*(t') = eee (D.3) 
S
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and 
n : 

D'(t') = Zane (D.4) 
i= 

With the coefficients C;, i=l....n, initially known then substitu- 

tion of equations (D.3) and (D.4) into equation (D.2) enables the 

integrals to be solved analytically term by term and the unknown 

coefficients dj, i=l....n, to be obtained by satisfying patetr en 

(De2) at: fn! locations. 

This may be achieved by recasting the modified form of 

equation (D.2) as a matrix equation. Then equation (D.2) becomes 

(Ww) + [x] + f¥] + [2] . [a] ae (Des) fv] . [el = 

Hence 

tu] . [4] = [PJ (D.6) 

where 

fu] = [Vv] - [2] 

and 

[Pl = 1M) ee ed 

with [Vv] = | 1, 1) un}, F re 1,1) 

Be As ehh eee, tee rate!) 

“sae Pie hep a bs 7 (-1) 
n n n n



tw) = | 2F,E,(y) 

2F Ea (t2) 

(2 Ea (t,) 

 



[a4] = [a | 

4, 

d 
n 

where I., i=l....n 
i 

and Jus Det eset 

are obtained from a solution of the integrals in equation (D.2). 

It remains to solve equation (D.6) for the unknowns q;, ielso..n. 

This is achieved by transforming [U] into an upper and lower 

matrix, Hence 

(Ure ele ele] 

becomes 

tuy* . (uyY . (4) = [PI 

or 

tu) . [b) 0 [P] (D.7) 

and 

quy¥ . fa] = [] (0.8) 

Hence [b] is solved from (D.7), substituted in (D.8) and solved for 

[d]. 

With a solution for D'(T) on substituting in equation (D.1), 

ay(t) may then be determined.
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APPENDIX E 

(a) Determination of Extinction Coefficient from Bed 

Pressure Drop Distribution 

Consider a unit volume of a gas/solid emulsion. 

Me a = p bulk mass/unit volume (8.2) 

Seg sveee stb: particles/unit volume (B52) 

Vp?p : 

Across volume AV the pressure difference 

gV_p NAV 
vere s AP = ~— . (E.3) 

with AV = AAx; then 

me eyo (E.4) 

and 

ap dP Meno o BE sae = VSP ANE (E.5) 

For a distribution of particles/unit volume N(x), equation (5) may 

be written 

ie 1 dP (x) s 
Ny) = =e + (E.6) 

V d g p’p x 

with 

T 3 V. = 
p * o
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N@) = —2 2H. (E.7) 
3 x 

mD, “pg 
PP 

Extinction cross-section 

nm 2 

0 

*
L
=
 

He a2 (1 = ea! 

Hence optical depth t(x) is defined 

x 

T(x) = J kg Ncoax (E.8) 

1G) 22 eae. + 2 ne af & coax (E.9) 
arp: Pod ox 

As P(x) is obtained experimentally. A least squares polynomial 

fit may be used to obtain the form of 

n 

P(x) = in ne (E.10) 
i=l 

Then t(x) = £00 may be found. A value of kK, G0 may then be 

obtained from the relationship. 

dt (x) 

dx 
  Kk, 00 = K NG) = (.11) 

(b) Determination of Extinction Coefficient at a Plane 

Surface 

From (a) it was established that 

  NGjeee (E.12)
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where ‘ 

PX) = ppl - e090) (E.13) 

Hence 

ex GQ-6,@) 60 - 4,0) : 
N(x) = = — a4) = 

NG) =) ae ae (B.14) 

  

eye) Eup ee 1 (E.20)
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APPENDIX F 

OPERATION OF A RADIATION PYROMETER (RADIOMETER) SYSTEM 
  

L d. d; 

    

For a thin lens f = focal length. 

1 1 1 f spa nea . : 2 a(R i) dean = 

The focal length depends upon lens material and its curvature, 

Target area which fills the detector Ay is 

A, = A (F.2) 

From (F.1) and (F.2): 

Dg fe ok aoe (F.3) 
t d Pa 

and for 4, Save 

AL = a (F.4)



- 168 - 

For a detector diameter = Ly then 

Ty pecan Larse (F.5) 

When the target dimensions are equal to or greater than the size 

in equation (F.4) or (F.5), the target is resolved, therefore 

requirement for target resolution is: 

L, 2 lg (F.6) d 
° 

oft 

Irradiance of the Detector 

The irradiance G, received at the radiometer. lens decreases 

with the square of the distance to the target. Hence total radia- 

tion received is 

AA ee : 
SoG) ee ee N\dA  -watts/steradian (F.7) L°L 

1 

_— ak aye oe (F.8) 

with i " wavelength 

" 

* 

Mi 
and the radiation incident on the detector is 

target emissivity 

target radiance 

2 GALT A,t,D & do 
Gy See 3 pe N\dA watts/steradian -m? 

d 47 Aq 
Ar (F.9)
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where T, is the transmission of the optical lens. The signal 

  

voltage from the detector is proportional to Ga. For a resolved 

target 

eres 
2 22 dy Ag f 

therefore irradiance at the detector is 

ere. 2 i 
fa N,dd watts/steradian -m? (F.10) 

4¢? : 
1 

and 

,D?e,m No 
Gy = aaa N,d\ watts/steradian Sant = (Fe) 

4£? 
di 

Although signal strength V (mv) tends to decrease.with the square 

of target distance, the area of the resolved target increases with 

square of target distance, resulting in an invariance of the signal 

with distance and size, Hence 

Kt DPewm Ae 
ve i NdA (in volts) (F.12) 

4£? 

Constant K includes the responsivity (volts/watt) of the detector 

and the gain of amplifier, Hence 

Vo = K.G (F.13) 

and K may be found for black body calibration at relevant temperatures, 

For a wide spectral range 

roo Ka 
Ne { Ny dd (F.14)



    

KtD*e om : 
Snr") (F.15) 

  

St cae 

  

af? 

From calibration with recorded temperature ce 
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APPENDIX G 

A SOLUTION OF THE RADIATIVE FLUX EQUATION FOR UNSTEADY 

HEAT TRANSFER 

The unsteady energy equation for an emulsion (packet) of 

fluidized particles in contact with a plane surface is: 

- oT 9q. 
A Oa)? i 

Pp % 5t  mNROX (6-3) 

where pC =p C (1-€,) and may be non-dimensionalised to pC) = Pp pl b) y 

9a! 
26 Gr 
Sellen cae (G.2) 

where 

3 
aes Ke oT, t 

. C G-e 
Ppp) 

subject to boundary conditions of 

t=0, 0(0,t') = &, > 0 (G3) 

Ties 8(t,,t") Sly t'20 (G.4) 

and initial conditions of 

a = 1 £1 2505, @(1,0) = ie 720 (G.5) 

A solution of equation (G.2) may be obtained using the analysis 

described in Appendix D. In this case the polynomial approxima- 

tions become:
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nh 

ert) = c(t! (G.6) 
j=l * 

and 

a ‘ 

D(t,t') = D801) (G.7) 
1 b 0 

Referring to Appendix D, the matrix equation was solved for qs 

i=1l....n and a solution for an(t.t') obtained initially at t' = 0 

subject to appropriate boundary conditions. Equation (G.2) may then 

be written in finite difference form,. i.e. 

pri P r P: 
cE ic | aie fs n+l ~ ay n i i (G.8) 

At! 2AT 

  

where n refers to the nodal spacial position and p refers to the 

nodal position of instantaneous time, A temperature profile may 

then be predicted for the next time increment from equation (G.8). 

At any instant of time the coefficients C,(t,t") are obtained by a 

least squares method. 

The matrix equation is then resolved, the flux equation 

determined and the procedure repeated for a new time increment. 

In order to start the solution at the boundary n = 1, for each new 

time increment, the approximation qe A was used and 
n-1 rn 

equation (G.8) becomes at t= 0, i.e, n= 1 

gel. 5? Sere 
1 toe = [Sea ek (G.9) 

At At
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APPENDIX H 
A COMPUTER PROGRAM TO SOLVE THE STEADY STATE & 

TRANSIENT RADIATIVE. FLUX EQUATION 

The following program solves the simultaneous equations (B.10) 

and (B.11) of Appendix B, initially for the steady state approxima~ 

tion. An extension is included to solve the transient energy 

equation (G.1) and, in finite difference form, equation: (G.8) 

described in Appendix G. Simply the steady state solution of 

equations (B.10) and (B.11) with a described temperature distribu- 

tion is given by the initial solution at time zero. 

The important Neebles encountered in the program are 

described below. 

(a) Input Variables 

FL1 = 6,", the wall temperature to bed temperature ratio 

raised to the fourth power at boundary 1. 

FL2 = 62", the wall temperature to bed temperature ratio 

raised to the fourth power at boundary 2. In this analysis 

@2" = 1. 

WO is the scattering albedo 

EW is the emissivity of boundary 1 

EW2 is the emissivity of boundary 2 

C(I), I = 1....m are the coefficients of the (m-1) degree 

polynomial describing the initial fourth power temperature distri- 

bution, i.e. 

m 

e*(t) = 2 ey 
fe



Se Au 

(b) Output Variables 

D(1), I = 1....m are the coefficients of the (m-1) degree 

polynomial describing the incident radiative flux, i.e. 

mn 

Dt = 2414) 
isl 

Q(1),.1 = 1....n are the radiative flux levels at the corresponding 

spacial position across the field. Y1(1I,J), I= 1....n, J=m 

are the values of temperature across the field at position (I) and 

time (J). ML is a counter. 

(c) Important Variables in the Main Body of the Program 

Z(1), I = 1....n designates spacial position across the field. 

S13AAF is a NAG subroutine used to determine the first 

exponential integral, i.e. Ei (x) 

DELX is the spacial step size 

DELT is the temporal step size 

LESQUT is a least squares curve fitting subroutine 

DEES is a subroutine to determine the coefficients 

DOD) t= Iam 

GAUSS is a subroutine called from subroutine LESQUT.



22 

53 

se 

56 

39 

55 

57 

PROGKAM LEWNCINPUT,UNTPUT, TAPETSINPUT, TAPE 2S0UTPUTD 

DEMENSTON P6646) ¢S108) 0U5 6646) C610) . 

DENENSIUN 46606) ,U5 6046) 16 (646) 

DIMENSLON QCCHUS) -UT C505) 

DIMENSTON DCR) 6 Q.0905) ¥LC905 1 5) eV 6905) X6100505) VECSUS) 

DIMENSION 2(505) 4220505) R (505) pACB eB) DD CS) 20050516) 4S (50506) 

COMMUN Y1 

Level 2-41 
KEAL JVed2sd3rd40d5 

READ (1 FLT FL2eWOr FW Ewe 

READ(1+#) (CCL) 14109) 

WKITE C2 +22) FLISFLZcWOs EW, Ewe 

FORMAT(5E12,4) 

DELK=0.02 

DELT=O,0001 

NK=1 
BLTSRLT 

BL2SFL2 
n=501 

ML=0 
NNENF1 

7(1)50,0 
NO 55 KS2aNN 

ZOEK) EZ OKT) 40,02 

DO 3 K1.NN 
K(1,K)=1.0 
KC2,K) S20K) 

vO3 J=3410 

KC eK EKC IAT eK) RZCK) 

pO 56 151.NN 
PELDSCEADE(CE2 MZCIDINCCORI ATC ATCTIIOCC CA MZCLI AZT ALCL) 

ae(C C5) # C201) *#6)) 

CONTINUE 

FLUSKLT 

FL2sbLe 
pOSS 1#5.5 

Lene 
CALL LESQUT Ce 1Oabhe Xr Vo Cr VE eRe RR) 

CONTINUE 
00 57 181,NN 
YELP ECCADHCCC2VOZELIIFCOCSIAZCD)AZ

CLII#CC(GIHZCL) HZCT I #ZCT)) 

qe (CCS) HCZC EI N4)D 

BD=2(N) 

ELTABSTSAAF (UD SIT FALL) 

E2AE(1, O/EXPCZON)) 29 CZ0N) FETA) 

£3AE(120/2.0) #¢ (1, 0/EXPCZ(N)) 2 © (20ND EGA) ) 

EGAE(1,0/5.0) #001 OSEXPCZON)) 2m CZ ON) ESA) ) 

ESAS(1 0/4 ,0) #001 OF EXP CZON)) 2 @(ZCND MEGA) ) 

£OAz(1,0/5,0) #C C1 OS EXP CZOND) Do CZCN) #ESAD) 

EZAw(1 0/620) #661 O/EXPCZOND I © (20ND MEGA) D 

H1EC(1) #0, SRE SAD 

dis (O.5"ESA) 

H2=C (62) 4(0, S335-E4ARCZON) HE SAD) 

J (0,333 EG Ar (ZN) HE SAD) 

HSSC(3)H CU 5= (2, VHESAI = (2, 0NZ(N) MEGA @(ZCN) HZONDHESA)) 

J3s (5 - (2 0HESADAC2.082(N)-MEGA) =O ZON) BZN) MESA) ) 

hgeC (4) #012966, UEOA) = (6.082 (ND ESA) © (3, 0820N) #Z(N) SEGA) 

   



56 

59 

60 

61 

  

1 CC ZEN) HHS) HE SAD) 
Jae (1, 2- CO, 0AEOAD = 66 OHZON) FESAI=CS.0*ZCN) HZOND HEGAD 

1-CCZ(N) HHS) HE SAD) 
W520 (5) 8 (4, UR (26, 0HE ZAM (26 .08Z0N) HEOAD C12 .0820N) #Z20N) MESA) 

226608 (20ND HHS) MEGA ACO ZEON) HG) RE SAD) 

J55 (AUK (26, 0HEZTA) = (24.042 (N) HEOA)=(12,082(N) #Z0N) FESAD 

VC 08CZON) HHS) HE GAD RCOZON) HH) HE SAD) 

W1=C(1) 8 (0,57 ESA) 

vie CO.5"b SA) 

W2=CC2) HCC ZONI HU, 5) SU, SSSTEMAD 

COLON FO, 5) 20, SSSR GAD 

65) # C02 (ND AZ ON) #055) = (2.082 (N) 10,533) 40.9702. 08ESA)) 

COZ ON) #ZON) 0.5) 6200872 0N) #0, $33)40,9902,08ESA)) 

WeeCth) eCCCLCND ## 540.5) C3,UKZ(N) ALN) #0, 533)4(6,0020N) #0625) 

1-66.00, 22406, 0 F 6A) 

vas COCL OW) #3) HU 5D CS URZ OND HZON) #0, 5552406. 082 ON) AD. 25) 

4-(6.080,2)+ (6.08 F6AD) 

U526(5) #C COLON) HAG) HO, 5) HCH, OHCZCN) H#S) HO, 35332 0C12 OFZONIHZIN 

1) #0.25)— 024.082 0N) #062) 44,090 26, 087A) D "7 

vo= COCLON) #4) #0, 5) = C4, ONCZON) HS) MO, 3333 F012 OHZCNDHZIN 

4.2599 0626,0820N) 20.2) 44.09 624, 08E7A)) 

ELI SCEWHUL 14 (2.0801 Ur EW) aC (BLZHEMZSESAI FC (1. O-WO) a CHI SH2 OHIO NE 

195) )))4 64,0861 Om EWI ECT UREW2) # C1. 0-WO) FE SAR CUT TH ANS OH G45) ) 

FLIZELI/ (150-04 .0801 OMEN) # (1, OE W2) ESAMESAD) 

FL DECAL ZF U2) 402.0901, 0°EW2) MBL THEWHE SAD 4 (2.08061. 0-EW2) 401. 0-W0) 

pe Cwieu2ow54ueewS))4(4.04(1.
0-EW2) #01. 07EW) #01, 0-40) SE SAG (HI EHAS 

2d3+H44H5)) 
FL 2SFL2/ (1.04 (4.0861, 0M EW) #01 OE W2) xFSABESADD 

KZE(1, 09 04.0801 0 FW) #01, OM EW2) WE SAME SAD) 

DO 58 15145 

US CT 1) 5 C1 URE W) HW, KITA KZ 

U3 12) 861, 0K EW) FHOHD, SH I2/KZ 

USC, 3) SCT. 0-FW) WORD, SHS SSK 

U3 0114) 801 OF EW) HWOHD, SHIGIKZ 

0315) 501, OF EW) KWORO. SH ISAKZ 

CONTINUE 

pO 59 15145 
U6 (Le) BF SARCT OTE) # C1 UF EWS) HWORV IL KZ 

UGC 2) EE SARL, OM EW) C1, OME WZ) HWORVZIXE 

UG Che 5) BE SARCL.OSEND HOT, OME W2) HWURVS/XZ 

U4 CEG) BE SARCTOFEW)
 #01, OM FW2) MWOMV GLX 

UG CLS) EE SARC1, OF EW) #01, 0% EW2) HWURV SI KE 

CONTINUE 
DO 60 151,5 
US CD01) 801 OR EW2) 801 UP EW) HWORESARIT/XZ 

U5 C112) 5 (1, UREN 2) #01 OM EW) HWOME SARI OI KE 

U5 (163) 501, UH EW2) * 01 0 EW) HWOME SARIS/XZ 

U5 (114) 501, UMEW2) #01, US EW) #WOME SAMIG/ XZ 

U5 (1,5) C1 OF EW2) #01 US EW) HWORP SARI SSK 

CONTINUE 
00 61 15105 

U6 CE11) F058 C1 UP EWS) HWUHVILKZ 

0601.2) 50,5861, UR EW2) HWO RV 2S KZ : 

U6 (1,3) 50,5861, O-EW2) RWORV SIX? 

U6 C164) 20,981 UM ENZ) HWORVG/ KZ 

U6 C115) 50,541 OF EW2) HHUEV SAK 
CONTINUE 
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GosZOn)-2 01) 
PECZC1),E0,0.0) Go TO 560 

BEFZ(1) 
FIASSTSAAR (BE, TFALL) 
E2AwC1.U/EXPCZOE)) = (201) #ETAD 
GO TO 561 

5600 F2A81.0 
561 CONTINUE 

TF(GU,tEu.0,0) GU TO 562 

HIHSSTSAAR (GG, TFAIL) 

2b9(1.0/EXP (GG) )=(GG*E11) 
GO To 563 

562 F2Re1,0 
563 CONTINUE 

GS ESAS(1 0/2, 0) 40 C1 OF EXPCZCT) II CZCL) KE 2A) 
62 F3R5(1,0/2.0) 8001, OF EXP (GG) )=(GG*E2B)) 

EGAZC1 US 35.0)8 CCT OS EXPCZCT) IR CZ CL) HE SAD) 
E4BE(1,0/5.0) #001 US EXP (GG) )=(GG*E5B)) 

£5Am(1,0/4.0) 8001 OS EXPCZCT)) Ie C2 CL) EGA) 
F582(1,0/4.0) #001, 0/ EXP (GG) )~(GG*EGB)) é 

FOAE(1,0/5.0) 40 (1 OCEXPCZ(1)) 9 C201) ES ADD 
FoRE(1,0/5.0) #C01 O07 EXP COG) = (GG*ESB)) 
£7AB(1,0/6.0) 4001 OC EXPOZC1)) #201) #F OAD) 
F7B=(1,0/0.0) (01 O/FXP(GG))=(GG*E6B)) 
S$ (101) 20002 .0eE 2ATEZB) #02.08(4,0-WO) 2 #C( 1) 402, 08FLIMFZAY 

1(2.0*FL2*E28) 
SCP 205 CCC (2, UHL CTD) FESA=(ZON) HEZB) ESB) *(2,0861,U-WO))I*C(2)) 

SCL BSC CCC2,U8Z CL) R201) +16 355002. 08 EGA) = CZON) HZON) HE2B) vc 

= (2,0*20N) #E SB) = (2. UHE4B) #(2,0801,05W0)))#C(3)) 

SCP ECCCC2 UZ CLIT OL) #2019) 404.0471) 406,08 ESA) 9 (6.04ESB) 96 

4ZON)*ZON) HZCN)IHEZBI 9 CS, 0%Z0N) *Z0N) FESBI~(O,0*Z0N) EGB)D 

2*(2,04(1,.0-W0))) #004) 
SC1e SDB CCCC2 OHO ZCL) AEG) FCB UHZ CLI HZ (149, 69626 .08EOAI = (4,08 

V(ZON) HHS) HESB) @COZON) RHQ) FEZ A C12.082 (NI HZOND MEGBI A (24,08 | 

22(N) #E5B) = (24.08E6B))*(2,08(1,0°W0)2)*C(5)) 
UCT61)® (2. 0-F2A-6 2B) #W0/2,0 
UCTe 2) 8 (C2, 08201) FF Ae CZ0N) HEU) ESB) wWO/2,0 
UCT se B= CC2.082 C1) #201) 1.353902. 08 EGA) = (20ND *Z0N) HEZB) 

1-(2,042(N) wE3K)=(2,0"E4B)) *WO/2,0 
UCL Oe COZ ORZ CLI AZOLE HZ CLI I 4 CG O8Z01 2406, 08 FSAI = (6,08 ESB) HC 

120N) #Z0N) #Z(N) #E28) 905, 08Z0N) #7 0N) XE 5B) 9 (6,0¥2(N) *EGB)) #WO/2,0 

UCT SDE CC2.08 C201) #6) FCB. OHZ CTI #ZCL) 49.67 026,08 BOA) 9 (4.08 

4(20N) #83) ESR) @CCZON) #84) HEZH) 612,082 0N) *Z0N) HE4BI (26,08 

2Z0N)*ESB) =(246,U"E6B)) *WO/2,0 
40 CONTINUE 

2¢1)=0,0 
DO 966 Le2,NN 

966 201) 520L-1) 40,02 
00 90 131.5 
po 90 S52 

P(1¢1) 21.0 
90 P(1,J) 20.0 

pO 91 152.5 
pO 91 522.5 
LLE(125*1) 9124 
YwsZ(11) 

 



91 

9? 

94 

95 

Gh 

Ke 

565 
566 

507 
568 

VYYEYWHR(J@1) 
PCT ed EYVY 
00 9A beeas 

pO 92 Je145 
UCT, J EUCCE12541)9124) 0d) 
bv 94 18145 

pO 94 5331.5 
ACL JSP Cbs d)PUCL I) TUS CL DIUM CL edd “US CT ed) UCT sd) 

00 95 152.5 
DU 95 J#145 
SCL sd DESCCCV29*1I 9124) 0d) 
vO 9K 5 
SICLIES CL DFS CL 2245 Cb SHS CL GIFS C05) 

CALL DEES(S1,A,00) 
pu 2 151.5 
DCT=NOCT) 

FLVER LI 4 CD01) #030401) )4 CD62) U3 0142) 4 (003) U3 C14 Sd) HCD C4) ® 

130104) )+ (005) 436105) 2 HCD C1) HUGC1 61d) HCD CAI HUGLT 2) CDC SI BUG 

26443) 4 CD64) #U4 614d 4 CD05) HUG (105) 

FL2SFL 240001) U5 (141) #CD0 2) KU5 (102) + CDC 3) MUS CTS) IE CDC AI E 

1U5 (164) ) #0065) #U5 (165) # CD61) HU6 611d) CD C2) #060102) + (003) #6 

264432) 46D 0G) #6 (14.6) ) +6009) 8U60109)) 
00 133 1S1,N 
GGS2Z(N)e2(1) 
1F(2(1),£8,0,0)G0 TO 565 

BREZ(I) 
FIASST3AAF(BFeTFAIL) 

F2ABC1T.O/EXP(Z(1) 22 eC Z01) HETAD 
GU TU 566 

E2A81,0 
CUNTINUE 

1F(GG,EQ,0.0) Gu TO 56? 

FIBSST3AAF(GGrIFAIL) 

F208(1.0/EXP(GG))=(GO*E1H) 
GO TU 568 
£2831,0 
CONTINUE 
F3A5(1,0/2, 0) *C C1, UFEXPCZC1)) Ie C2CT) HE QAI) 

£3B2(1,0/2,0)*((1, O/EXP(GG))-(GG*E2G)) 

FUASC1,U/5, 0) 4004 OSEXPCZCT) IR CZCLI HE SADD 

F4B8(1,0/5,0) #001, 0/FXP (GG) )~(GG*E3B)) 

E5A5(1,0/4,0) 8061, 0/EXPCQCT) 2 @ C201) FEMA)? 

£588(1,0/4,0)#((1,0/F XP (GG) )~(GG*E4B)) 

E6A8(1,0/5,0) *((1, O/FXPCZC1)) = (201) #ESAD) 

E£6B8(1,0/5,0) #((1,0/F XP (GL) )-(GG*E5B) ) 

E7AB(1,U/6,0) *( (1, O/FXPCZ(1) 2 = (ZCL) #EGAD) 

£785(1,0/6,0)#((1, 0/FXP(GG))-(GG*E6R)) 

F12C(1) 8 (ESB-ESA) 
612061) #(ESB-ESA) 

F25C(2) 4 (CE bAW0, 666402 0(N) HE SB) TE 4B) 

622002) * (EGA 0. 6664(2(N) HE 3B) HE 4H) 

F35C(3) #6 ( 2, 0NESB) 462, 082(N) HEGBD+(Z(N) #Z(N) HESB)@(2,08ESAD 

4701, 3335e7201))) 

G3mD(3) WC ( 2, 0HESB) 462, 0¥Z(N) MEGB) +0 Z(N) #ZON) MESB) "(2.08 ESAD 

1-(1.$538201))) 
FOC (6G) A ( (6, 08F OK) +66, 082(N) KESB) 4(5,0820N) #20N) MEGB) + CCZON) 

Dead KESH) + (OLUMEGA) He. Ge (2.08201) #201))) 

 



133 

5 

70 

4 

400 

608 

501 

110 

74 

8041 

66 

20 

GH=EDC4) aC CO ero) FCO, 02 ON) HE5B) C3. 0RZON) w20N) HEGB) OCC ZON) 

Tew SESH TCOLUME OAH 2 be (2,UK20T) #201))) 
FS=C(S) HC CAG. 08E ZBI 4 ( 24,042 (N) *FOB) 4 (12, 042(N) *Z0N) WESB) + 

TCKLOMC ZEON) HHS HEKBI ECC ZION) HG) HE SHI (24,04E7AD 9 (9.68261) 2"9( 2.06 
2e(Z2(T)*"5))) 

GSSD(S)8C C26, UKEZH IHC 24, 0K20N) *FOK) +012, 0%20N) *20N) HESB)Y 
VOGLO0*CZ(N) HHS REGR) HCC ZON) HK) ME SBI = (246, 0*E7A=(9, 60261) 9962.66 
2e(2¢1)""5))) 

QCTIFCA,O*FLIMESA) HS (2,0MFL24F 5H) +(2.08(1,0-WO) HC FIFF24F 3+ FA OFS) 
V4 C(W072 0) 4 061462405464465)) 

QONN) SQ (NN=2) 
MMS2 

DO 75 1S1.NN 
DO 75 J=MM,MM 
YICTede1)SSQRT(SORTCYCT))) 
pO 70 TE2,N 
DO 70 JaMmM,MM 
¥UCV Sd RYT (1 de1 0 0002)-001) A DELT/DELX) 

YUCLAIDSYVC TdT) = CCDELT/DELX) #(QC141)-Q(1"1))/2,0) 

YT CNN, MM) =1,0 
DO?71 J=MM,MM 
00 71 181,NN 
YOCDD FY1CT ed) a a4 

TFCML,EQ,0)GOTO 400 

NXSNX41 
TFCNX,EQ,10)640 TO 400 
GOTO 801 
CONTINUE 

NX=0 
WRITE(2,4) (O(1),18145) 

FORMAT(5E12,4) 

WRITE(2,608)(C(1),151,5) 
FORMAT(5F12,4) 

WRITEC2,5002ML 
FORMAT(I5) 

WRITE (2,110) (Q())¢181eN,90) 
FORMAT(HE12,4) 

WRITEC2] 66) CCY1 (1a ds) ed eMM LMM) 1810N, 50) 
FURMAT((4E20.8)) %, 
CONTINUE 
DU Bo 11,NN 
¥101-1)8Y101,2) 
1F(ML.EQ.1005)G0TO 20 

MLSML41 
GUTO 39 

STOP 
END



10 
20 

30 

40 

ee 

SUBROUTINE GAUSS (MsAA, UB.) 

DIMENSTUN AC2U) AAC20) BCL0e2U) pHH CAO aM) KOM) 

DU 5 Js1am 
KOS) 50 
A(JS)=AAC J) 

Du 5 Keim 
BCS eK) SBR CI eK) 
1F(M.EG,1)G0TO 20 

MY=M=1 

pO 10 LS1,MY 

LLSMtinl 

MX=MnL 

DU 10 S51 eMXx 

KBSB Ode LL /BCLE LL) 

ACJSIEACI)-ACL LD HRB 

bo 10 KS1eNxX 

BCS KI SBC IK) SBC LEK) ARE 

DO 40 Ka1EM 

Xb=0 

PO 30 ge1sK 
KB=XB+X (J) #H (Kid) 

KCK) =CACK) XB ABC KEK) 

RETURN 

END



rast J Mae 

SUBROUTINE LESQUT (Ms MF aN sXe Ve Co VE s Ro RR) - 

DIMENSTON AC2U) HC2U +20)  XOME AND © YON) 2 CONF) @VECND RON) 

DATA M1/20/ 

TE CM.GT,M1)GUT015 

M1=M 
nO S J51eMF 
A(J)=0 

DO 5 K=1.ME 
5 BCSeK)=0 

DO 10 Ts1.N 
DO 10 Je1,MF 

ACS SACI) +X Cdr 1) WV CT) 

pO 10 Ks1,MF 

10 BCS KIERO I KI EXOD LD AX CKO) 

15 CALL GAUSS(M,A,B,0) 

RReO0 

bO 30 1e1aN 

ye cr) =0 
DO 20 J=1eM 

20 VECLI=VYECID +C( J) *K ded) 

ROD) SYCD) “YECI) 

30 RRERRtRCL)*RO1) 
RETURN 

END



100 

101 

104 

ans 

106 

107 

SURROUTINE DFFSCS1,A,DD) 
DIMENSIUN YY(8) ¢ DOCH) LC Beh) eU1 CK 18) S105) ACK eB 

oO 100 121.5 
po 100 J=1,5 

LC1ed) 50 

NO 104 $21.5 

pO 11 3145 

U1(1T +d) 50,0 
L(161)517.0 
b(252)71.0 

LO3,35)81.0 

b4664051,0 

£65,5)5171.0 

00 103 15141 
pu 103 351.5 
UlCL J SACI Ad) 

£62.1)8A(2,1)/01(141) 
NO 106 1e2,2 

DO 104 J=2,5 
UITCT SD BACT dD CL 0261) #01 (Tt dd) 

£(¢321)A05,1)/010101) 
LCS 2I SCALE AIH CL ES DI MUTCD 2d IU C202) 

dO 105 123,35 
pO 105 J=3,5 

UVC DIEACL SIM CLCBATDMUTCT Zod) - CLES 2 HUN CT 94d) 

£0661) 5A06,1)/010101) 

Ln 2) BEAL 2) 2 Che RUT 14 2999209 (242) 

EC BISCACK ESI OCLGMETIAUT CT SID CL C442) U1 026502001050 5d 

0 106 124.4 

DO 106 J24,5 ; 

UCD DD BACT ed) ACL Coe THU (1250S CLG 22801 21d) (LG4e 3) eut 

a(tet.d)) 
605,17) =A05,1)9/010141) 

L520 5CAC5e 2D CL CD41) HUT (162) /U1 (202) 

LOS SPECACSe BVH CL C501) 8U1 010 5) HCL C56 2) 1 2 3) 10038 dD 

LOS AAD ECACS eh CL C501) HUT (114) OC C502) MUTCD CEOS BDAY 

10635,46))) 7010444) 

bO 107 155,5 

bo 107 J5545 
UVCD eS EACE sD) CL CS eT) HUT CES IIE CL Ce SAUD CES ddI CL C5 3) 

VUTCT 20d) ICL OS eb) MUTCD etd) 
y¥(1)®S1(1) 
V¥(2)5S102)-C1 02.1) *#VV(1)) 

VV¥C3ESTC SCL OSs HV (1) DCL O38, 20H VY (2)) 

VY CODEST CGD CL CAAT) AVY CT) ACL CG 2 HVV C2) HCL Ae SD HYV 3D) 

VV(5)ESACSIRCL CS ADI MVY CAD IACL OS 22 HV C2) CLCS eS HVV (SQ ACL 

15,6) *YV(4)) 
0D(5)=¥¥(5)/U1(545) 
DOCG)ECYY (4) = (0106645) #90 05)))/U1 0404) 

DD (3) BC¥Y (5) "(010 545) 800065) "(U1 06344) 400 (4)))/U1 05,3) 

DD C2) 5 CVV C2) = 6016265) #9065) = (U1 0264) #0064) 2- (U1 0263) #D003))) 

1/u1(2.2) 

NOMAD SEVVCI = CUNT Se OD Cor aC 1 1G) SUD CGI) CUA es) 20D 637) 

4- (0101462) "0002022 /0U10101) 

RETURN 

END 

 



FINISH 
coe 
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APPENDIX I 

UNSTEADY COMBINED CONDUCTION AND RADIATION HEAT TRANSFER 

The energy equation for a one-dimensional plane layer of an 

absorbing, emitting and scattering medium in which conduction heat 

transfer is included may be simply described by Figure B.1 and 

written 

& dq_ (x) eh ‘ 
Siete oT Dae BU Rang eye! (1.1) 

bed Ox] ox po ob 2 

The solution of equation (1.1) is complicated by the term q,(x) 

adding another degree of freedom to the integro-differential 

equation of radiative flux. Hence this study considers the equation 

(1.1) with constant properties. Equation (1.1) ‘becomes’ 

3. Ae eke nnn 
Spiapiaro : (0G) 3 (1.2) 

using the transform dt = K dx and the non-dimensional groups 

K, K, 
@ = e N= + 

b 4oT,, 

2 ae KK, t 

Cp 

and for an emulsion C = C. (1-€,) equation (1.2) becomes OC) Pap bt (1.2) 

902 aq, a6 eS ewe oe (1.3)
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For two adjacent regions x and y then we have 

      
atej = 1 28z) = 28 

ly ry ot at" | 

and 

eC ee Sl ele 08 
arly  aNiy oly Belly 

      

(1.4) 

(1.5) 

which may be solved simultaneously for an equivalent absolute time 

t, through the relationship 

2 ' 

Piet 5 tx Ax (o Dyty 2 e 
e 2 

px K ty*by 

In finite difference form equations (1.4) and (1.5) become 

pti P. 
Co Gate = One 

At! xy At? 

: 2At 

subject to initial and boundary conditions 

t' = 0, ar 0) eae} t 
O(t) 

t =0, 6(0,t') = 6, t! 

Eeeoaco? (t>,t') = 1, ce 

P - 20, + 64) 

P 
1 4, n+l _ 4. n- 

AN ln eee aera 

OY 

[uy 

(1.6) 

@.7) 

(1.8) 

(1.9) 

(1.10)



= liv = 

The method of solution is essentially as described in Appendix G 

and Appendix D. For an optically thin medium the first derivative 

of equation (B.10) of Appendix B with respect to T, becomes with 

T Stas 
° 

aq! 
= = = 20-0) (FL + Fe - 20*(t,t')] (id) 

where F, and F2 are the non-dimensional boundary fluxes, i.e. 

Fy = Fy and Fp = Ee (at the emulsion boundary). Hence equation 

(1.3) becomes with equation (1.11) 

2 (1-4) anos ° : . _ 28 . 
on a (FL + F, - 20°(t,t') = 55 (ig) 

and for the gas layer 

S 4 = 6% oS me Ly 6*(0,t') on 

and 

Ch Gee? = Cae (the surface temperature of the emulsion) 

and (1.12) in finite difference form becomes with n = 1 (at the 

emulsion boundary adjacent to the gas layer) 

v CPP = GP) C2 2h +8 OP 8) yg, - 208)? 
Att mM,   

2 

ts (1.13) 

with the conductive flux 

ie 30 
qa, = -4Na orl 

A



Bites re 

and in finite difference form 

ow yP| 
ie Sil “ao (1.14) 

gob 
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APPENDIX J 

A COMPUTER PROGRAM TO SOLVE THE TRANSIENT COMBINED 

CONDUCTION AND RADIATION ENERGY EQUATION 

The important variables are as described in Appendix H along 

with the following additions. 

(a) Input Variables (SI units where appropriate) 

RHOP is the density of the particulate material 

cP 

RHOG 

CPG 

XB 

KG 

EB 

DP 

KT 

KB 

TB 

TW 

BB 

is 

is 

is 

is 

is 

is 

is 

is 

aS 

is 

is 

is 

the 

the 

the 

the 

specific heat capacity of the particulate material 

density of the fluidizing gas 

specific heat capacity of the fluidizing gas 

depth of the boundary gas film layer in particle 

diameters 

the 

the 

the 

the 

the 

the 

the 

thermal conductivity of the fluidizing gas 

bed voidage 

particle diameter 

extinction coefficient of the emulsion 

effective thermal conductivity of the emulsion 

bed temperature 

non-dimensional wall temperature 

an averaging constant, i.e. taken as 2.0 

(b) Output Variables 

ie get) 1 

qr(1) I 

HR 

" 

  

«..n is the conductive flux across the field 

..n is the sum of the conductive and radiative 

fluxes across the field 

the radiative heat transfer coefficient



HC Weis 

HT = 

PERC = 

COND is 

RAD is 

FLUXT = 

NID is 

Ne is 

KTG is 

- 180 - 

the conductive heat transfer coefficient 

HR + HC 

HR/HT 

the conductive flux kW/m? 

the radiative flux kW/m? 

(COND + RAD) kW/m? 

the conduction/radiation number associated with the 

emulsion 

the conduction/radiation number association with 

the gas layer 

the extinction coefficient of the gas layer 

DELT1 is the non-dimensional time associated with N2



== 

PROGKAM LEWNCINPUT, OUTPUT, TAPETSENPUT -TAPE2SO0UTPUT) 
DIMENSTON P(646)65106)1U5$0616).40(10) 
DIMENSION 1406646) ,05(6,6),U6(6,6) 
DIMENSION QC(505),QT(505) 

DIMENSTON 2068) 4Q0505) 4109052 3),¥0505) 4X(10,505),VE(505) 
DIMENSION 2(6505),22(505),K (505) ,A(08+8) - DOCK) -U0505.6)6S0505,6) 
COMMON Y1 
LEVEL 2,Y1 

REAL N2 
REAL N1,KT,KB 

REAL KG,KS 
REAL KTG 
REAL SVs deed 5edbedS 
READC Ts *) FLT FLeeWOrtWe bE Wes RHOP,CP,RHUG 
READ( 1, *#)CPG,XB,KG,EU,DP, KT, KB, TB, TW 
READ(1,#) (CCT), 15125) ,K8 

WRITE C2, 320) FL1,FL2,W0,EWsEW2 + RHOP, CP, RHOG, BB 
320 FORMAT(9F12,4) 

WRITE C2, 525)C PG, XB, KG, FB, DP AKT, KU, TBs TW 
$25 FORMAT(YE12,4) 

SIGMA=56.7E=12 
NISCKTHKBI/ (G4. 08S TGMA®(THE*S) ) 
DELXF0,02 

KTGSDELX/ (DP exXB) 

KG=(KG+KH) /BE 
N25(KTGHKG)/ (4, 0*STGMAX(TB**3) ) 
DELT=C COCRHOG*CPG) + (RHOP*CPH(1,0-E6)))/BB) *KTWKTeKB)/ 

TCRHOP*CP*(1,0%EB) HKGHKTG#KTG) 
DELTISU0,0001/0ELT 

DELT=0.0001 

WRITEC2, 702. DELT1,DELTsKTGsN1sN2 

702 FORMAT(5E12,4) 
TFCDELT1,6T,0,002)60T020 

CONTINUE 

NX=1 
BLIEFL1 

AL25FL2 
N=501 

MLs0 
NNEN+1 
201) 70.0 
DO 53 Ke2,NN 

53 ZCKI=2(K-“1) 40.02 
OO 3 Ke1,NN 
MCV K) E100 
KC2 eK) 20K) 
DOS J=3,10 

3 KOA KI EXC SHAT KD HZ CK) 

DO 56 1=1,NN 

SO VCDIEC(CAIECCC2HZCTI ICCC SIAZCT) HZCTDIHCCCAd HACE HZC PI HZCT)) 
ae (C OS) aC ZOE) mah) ) 

39 CONTINUE 
FLVEBL1 

FL2aRL2 . 
nu55 155,5 

LeNe1 ' 
CALL LESQUT (C1,10ebsXe Ve Ce VE Rs RR) 

4 ee eek ek 

et



5 

57 

5& 

CONTINUE 

pu $7 121.NN 
VOPIECEAD HCCC2IMZELIIFCE CS) HZCLIMZCLIIFCCCH) HZCTIHZELI ZED) 

ae(OCS)e(201) **4)) 
BD=20N) 
E1ABSI3AAr (BD, IFAIL) 

E2A8(1,0/EXPCZ2(N)) = CZ0N) ETA) 

£3A5(01,0/2.0) 8001, U/EXPCZ(N) 2 I= (ZN) HEZAD) 

£4A3(1,0/3.0) (01, 0/EXPCZON)) 2 = (ZEN) HE SAD) 

€5A2(1,0/4.0) 4001 OFEXPCZOND DI 7 C2 CN) EGA) 

£6A5(1,0/5.0) #0 C1, O/EXPCZON)) )@ CZON) HESADD 

E7A=(1.0/6.0) #661, 0/EXP(ZON)))@ (ZN) #EOAD ) 

H1=C(1) "C0. 5-b3A) 
Jie (CO, 5-F3A) 
H25C (2) "C0, 35S EGAR(Z0N) HESAD) 

J2e (0, 335-E4A=(Z20N) ESA) 

H3EC(3)#(0.5-(2,0KFSAI=(2,08Z(N) MEGA = (ZCN) HZCN) SESA)) 

Jae (0.5=(2,08E5A)=(2.08Z20N) EGA) CZON) #Z(N) ESA) 

HOEC(G)8( 1.2" (6,04F6A) 9 (6,082 (ND HESAD HC SORZ(N) HZ ON) FEGAD 

qo CCZ0N) ##3) #E SAD) 

d4z (1, 2=(6,0*E6A)=(6,08Z2(N) KESAD C5, 0#Z(ND#Z(N) SEGA) 

4-CCZ0N) #85) WE SAD) 
HSH (5) #64, 0R (26. 0HEZA) = (2G .0KZ(N) EGA) = (12,082 (NI #ZCN) HESAD 

4966, 08 (Z0N) HHS) HEGAD = COLON) #4) MESADD 

J5= (40-624 OREZAS = (24.082 (N) HEOA) = (12,0820N) #Z CN) HESAD 

19 (6.08 (Z0N) #83) MEGAD ACC ZON) HHA) HESADD 5 

W1=C (1) 0 (0. 5-E5A) 

vie (0, 5-ESA) 

W2=C (2) ¥C(20N) #0, 5) 90, 3554E4A) : 

V2s CCZ0N) #0, 5) 90, S554 HAD . nai ; 

W3ECC3) HC CZON) HZCN) #0, 52—(2,0820N) 40,333) 40, 5-02, 08E5A)) 

Vas COZON) #ZON) #0, 5290 2.0820N) #0, 333) 40,5202, 08 ESA) 

WhEC CG) # CCC ZEN) HHS) 0,5) 903, 08Z0N) #ZCN) #0, 5539 406,0820N) 40.25) 

1-(6,080,2) +06, UHEOA)) 
vas COCZON) #83) 40,529 05.082 (ND *Z(N) 80,353) 406.082 (N) #0625) 

1-(6,0*0,2)4(6,0F6A)) 
W5EC(5) #CCCZON) #84) 0,5) = (4,0%(Z(N) #3) #0, 333304012, 0820 HZON 

4) #0.25)90 26.082 (N) U2) 44.0024, 08 ETA) 

v5s COCZON) #6) 00,522 04, 08 (20N) #835) #0, 355524012, 0820N) HZON 

1) #0.25)9(24.082(N) HU.2)4+4.0" 024, 0"ETA)) 

FL1=(EWOBL1)#(2,0001.0-EW) #C (BL 2REW2 ESA) +0 (1, 0- WO) #CHIFH2HH SHG 

14N5)))6(4, 0861 O-FW) ECT OEW2) HC1.0-HO) FESAMCWTFW2 4H SOW FHS)? 

FLTEELA/ (1, 0-04, 0801 UM EW) #01, 09 EW2) *ESAMESA)) 

FLZE(BL2HEW2) +( 2.0801 OP EW2) #BLISEWHE SA) 4(2.08(1,0-EW2) # (10-00) 

Ta(W14W24W54W4 WS) 404, 08( 1,0 EW2) #01, 0-EW) # (1, 0-W0) HESANCHIFH2S 

2H3+H4+HS)) 
FLOEFL2/ (1, 0-(4.08(1,0-EW) (1, Ve EW2) KESAMESA)) 

X28 (1.09(4.08(1,07EW) #(1,0%EW2) HE SAMESA)D) 

nO 58 131.5 
U3(111) 801, 0° EW) WORD, SHIT/XZ 

U3C1 +2) 801, 0-EW) eWORD, Sed 2/KZ 

U3 C113) 5(1, OF EW) #WORO, SHI S/XZ 

U3(124) 901, 0- FW) WORD, SHI4/KZ 
U3¢1,52901, 07 FW) ewOW0, SHU S/KZ 

CONTINUE 
po 59 181.5 
UG C11) BE SAH(1, UPEW) #01, 0M EW2) HWORVISKZ



UG CTs 2) 5b SAR(1.O-EW) 8 (1. 0-E WE) HWURV2/ XZ ~ 
USCL 3) SF SAnC1, UM EW) 01, OF EW!) eWOWVS/XZ 

U6 CL eG)5ES5A8 (1, 0-EW) C1, OE W2) HWORVGSK2 
UG(1,5) BE SAWCT, OM EW) # C1 0M E We) HWORVS/XZ 

59 CONTINUE 
dO 60 J81,-5 
U5 CE 61) 801 OF EW2) #01, OE Wd RWORF SAR IT/XZ 
U5(142)561, 0-EW2) 461, 07EW) HWOMESAMI2/X2 
U5(163) 501, 0-EW2) 401, 0° EW) WOME SARI S/XZ 
U5 61,4) 501, 08 EW2) #01, OP EW) BWOMF SA RIG/XZ 

050145) 501, 0-EW2) #01, 0° EW) WOME SARIS/XZ 
6U CONTINUE 

DO 61 151.5 
U6C61,12 80.5801, 0-EW2) HWORVI/XS 
U6(162)=0.5801, 0-62) #WORV2/KZ 
U6(1632 80,5811. 0-EW2) eWORVS/XZ 
UOC1 14) 50.5401, 0 EW2) HWORV4IKZ 
U6CT 15250 .58(1, 0 EW2) HWOHVO/XZ 

67 CONTINUE 

- DO4O 181,N 
GGeZ(N)eZ2(1) 

1F(2(1),£2,0,0) GO TO 560 
besZ(1) 

E1ASSTSAAF (BEST FAIL) 

€2A5(1,0/EXP C241) C201) HE TAD 

GO TO 561 
560 £2a31,0 
561 CONTINUE 

1F(GG.FQ.0,0) GO TO 502 
E1BSS13AAF(GG,IFAIL) 

£288(1,0/6XP (GG) )-(GG*E1b) 

GO TO 563 
562 €2831,0 
563 CONTINUE 
43 E3AE(1,0/2.0) 8 C01 OS EXP C201) C2 C1) HE 2A) 

62 E3B8(4,0/2.0)*((1.0/ EXP (GG) )=(GG*E2B)) 

E4A5(1,0/3.0) 8001 OF EXPCZCL)IIMCZ CT) HES ADD 

£4B5(1,0/5,0)"((1,0/F XP (GG) )~(GG*E5B)) 

£5A5(1.0/46.0) 8001 OF EXPCZC1) 229 (201) *EGA)) 

£$BE(1,0/4,0) 8661, 0/EXP(GG))=(GG*E4B)) 
EOAB(1.0/5.0) 8001 OLEXPCZ61)) Ie CZ C1) ESA) 

€6Ba(1,0/5.0) 8601, 0/FXP(GG))~(GG*E5B)) 
E7AB(1,0U/6,0) (41 OJ EXP(Z(1)) De (201) *EOA)) 

€783(1,0/6.0)4((1,0/EXP(GG))-(GG*E6B)) 
S$ (101) 30062, 0° E2AE2B) #(2.08(1,0°W0)))*C(1)) +62, O8FLIMEZADF 

1(2.08FL2*E26) 
SCE 6 22500002. 082 C1) FE SA CZ0N) *E2B) MESH) *C2.08(1.09W0))) #0020) 
SCre 320 CCC 2.08201) 4207) 41.5535" ( 2,08 EGA (Z0N) WZ 0N) HEZB) 

4-02.08 Z20N) ESB) 90 2,0E 4B) *02,0"(1.0-W0)))*C(3)) 
SOU 04230000 2.08201) #201) #20122 404.04201)) 406. 08ESAI (6, U8ESB) 96 

120N)*20N) *2(N) #E2B)9(3,0"2(N) #2(0N) *E38)=(6,082(N) *§4B)) 

24(2.04(1.0-WO)))*C(4)) 
SODAS SCCCC2.08 (201) #86) + CB U8ZCT) #2019 49.67 024.08 BOA (4.08 

VC ZON) #435) HESB) HCC ZON) #4) HEZBI = (12.082 0N) *Z20N) ESB (24.08 

2Z2(N)*E5B) = (24.08E6B))#(2.08(1.0-W0)))*C(5)) 
UCTe1d® C2.,07E2A- E28) *WO/2.0 
UCT42)3 6( 2.08201) FE3A=(Z0N) E28) -E 3B) #WO/2.0



=a 

Ube SE CO2.0H2 C1) #2 C1) 416333902. 08 FGA = C ZEN) #Z0N) HE2B) 

1-02, 0820N) #E SH) (2, U8F4B)) *HOs2,0 i 

Ube Be CC260"2 C1) 8720) #201) ) 4 0G0872 01) 406.08 FSA) = (6.08 ESB) = 6 

1ZON) #20N) AZ(N) HEZB) @ (5. UKZ (ND *ZCN) HESH) 9 (O,0*Z20N)*E4B)) #WO/2,0 

UCTS) Ee COZLOK(Z CL) HHH) 4 CBLONZ CLI AZCTI I +9 67026. U8 EBAY = (4.08 

1VCZON) **S) HE SB) He CCZON) HB) HE ZH) (12,082 (ND HZ(N) HEGBI MR (24,08 

22(nd*—5B) -€24,0*66B)) wwO/2.0 
40 CONTINUE 

2(1)50,0 

DO 966 LF2,NN 
966 ZOLIEZCLH1) 40.02 

DOU 90 18145 
DO Of Je2.5 
PCEe1)=1.0 

90 PO1.d) 50.0 

D091 1#2,5 
pO 91 J82,5 
11=(12981)"124 
YweZ(1t) 
YYVRVWew(de1) 

91 PCTAJEYYY 

DO 92 Ie2.5 
pO 92 351.5 

92 UCL sd FUCC (12941) 9124) 0d) 
DO 94 151.5 ci 

DO 94 JR105 7 

96 ACLs SEP CL ed UCT SITUS CL ed) “UG CTI) US CL edd 7U6(T sd) 

pO 95 18205 
DO 95 J5165 

95 SCL JIESCO (VAST 124) 0d) 
00 9% 181.5 

QR SUCDIESCT DFS Che 2deS (be SIS Che hd 4S 0105) 

CALL DEES(S1,As00) 
DO Be 18165 

82 O01) =00(1) 
FLASFL14 (061) HUS C1 1d 2+ CPC 2) HUS (112d) FC DC3) MUSE SII HCDCAI® 

1U3 6144) 40D 65) HU3 (165) 40D 61) HUG 6101) d+ CD C2) HUG 0142024 (D035) 0U 

26163) 0 D064) 8G 01 4) (005) HUG 01 75)) 
FL2SFL2¢(D61) #U5 (6109) #00062) U5 (162) (D063) MUS (C1 SDD HCD CAD 

VU5 6464) 0005) 8U5 045) (D061) MUG 610102 4 CD 02) HUB 01429940005) HUG 

26143) 00064) 4606164) 2 40005) 4U6(145)) 

vO 143 181.N 
GGSZ(N) 9201) 
TF(Z(1),EQ,0.0)G0 TO 565 
BF=Z(1) 
EVASS13AAF (BEA IFALL) 
E2AS(1.O/ EXP C201) 9 C201) META) 

GQ TO 566 
565 €2A31.0 

566 CONTINUE 
1F(GG,€Q.0.0) GO TO 567 
E1BS13AAF (GG, IFAIL) 
£28261, U/EXP(GG))-(GG*E18) 
G0 TO 564 

567 €2831.0 

568 CONTINUE 
ESA5(1,0/2,0) 4061, 0/EXPCZC1)) 9201) #E2ADD



133 

75 

Fu 

306 

310 

-e- 

ESR5(1.0/2.0) # (C1. OF EXP COG) =(GG*E2B)) i 

EGABC1L0/5.0) 8 COT OSEXP C201) 9 C201) 8 E SAD) 

£GREC1.0/3,0) 8061, 0/E XP (GG) )~COG*ESB)) 

ESAB(1,0/4. 0) 8 (C1, OSEXPCZCL)) 9 CLOT) EGA) 

FSRE(1,0/4,0) "001, 0/7 EXP (GG) )~(GG*E4B)) 

E6AE(1, 0/5, 0) 4( 01, U/FXPCZCT) = C201) ESA) 

£6B2(1,0/5,0) "(01 OS EXP (GG) )=(GG*ESB)) 

E7AE(1,0/6, 0) €( (1, O/EXPCZC1)) )@ (201) #E6A)) 

E7RE(1,U/6.0) #601, O/EXP (GG) )~(GG¥E6B)) 

FISC(1) w(ESBRE SA) 

G1=0(1) #(CE3BRF SA) 

F2=C(2) # (CE GA-0,6664(7(N) HE 5H) FE 4B) 

G2=D(2) *CE4A=0.6664(70N) *F SB) +F 4B) 
£35C(3) m6 (2, 08658) +62. 0420N) W ESB) FC Z0N) #LZ0N) ESB) = (2,08ESA) 

4701, 53535e201))) 

G3ED(3) #062, 08E5B2 402. 08Z0N) #E4B) #02 0N) HZCON) ESB) (2.08 ESA) 

4-01, 5353"201)0)) 

FOEC(4) 4066, 04EOB) CO, 0MZ0N) ESB) +03, U820N) #Z20N) HEGB) CC ZON) 

end) «ESB 4 (6, UKEOA) 2.49 (2.04201) #201))) 

643004) #06. 08E6B) +06, 0820N) #ESB) 405. 0%20N) 4Z0N) FEGBI FCC ZEN) 

Vand) HE SB) + (6 UREOAIH2.49(2.08201)"201))) : 

£55065) #6026 08E7ZBI 624.042 (N) HEOB) +612, 0820N) *Z0N) ESB) 

106.08 CZON) HS) HEGB) HCCZOND HG) ESB) AC 2K. UEZAI MCI O*20T)I 902666 

2e(2(1)#3))) t 
652065) 80 (26. 0#E7B) 4024 .082(N) FOB) 4+(12,0820N) #Z20N) ESB) + 

104. ORC ZON) #83) MEGB) HCC ZEN) HG) MESB) © (26, 08F7AD 9 (9.68201) 96266 

2* (21) *#5))) 4 
OCT) =(2,0#FLIMESA) (2, 0HFLZE SB) F(2,08(1.0°WO) CF IFF2+FStRGHES)) 

4#((WO/2,0) *(G1462463464465)) 

QCNN) =Q(NN=2) 

MMs2 
bO 75 1s1.NN 

dU 75 JsMM,MIM 
VVC Up deT)=SQRTCSQRTCYC1))) 

DO 70 1a2,N 
DU 70 JeMM,MM 
Ewe s-G(1) 

£15 (BL160 01 UPEW) #9001922 101,086 01 UM EW) #01, UM EWE) DD 

2560-61) 4011, 07 EWE) #BL122/01.07001, 0 EW) *(1.0-EWE))) 

YUC1 dD RYT ded) + CCDELTA/(CDELXHDELK)) #CY1(2ed- 1) 9 (2 .08Y1C4ede10) 

VAT W) HC COELTURCL.OPWOI/C2.08N2)) HC FIFF2@(2.0"V1(Vede10))) 

YUCL ed MYT (Le ded + CCDELT/COELX#DELKD I MCYDCT #1 eset d= C2 .08VI (Lede 

VV CD et dnt) AC COFLT/ (4 O8N1H2OMDELK) (QC T#1)-QCT94))) 

Y1(NN MM) =1,0 
DO 306 J=MM.MM 
DO 306 182.N 

QC 612564. 08N2) CT WHY 1 C1 ed 1) /DELK 

ACCP ECHOMNTIHCYAGT Dede dd mVI CTH ddd VL CDELKHS OD 

00 310 IF1.N 

QT(125QCT) +QC C1) 
HR=Q(1) #SIGMA®(TRHHG) / CC TWATB) HTB) 

HC=QC(1) #SIGMA#(TB4#4)/((TWHTH) @TBD 

HTSHC+HR 

PERCSHR/HT ‘ 

COND=QC(1) *SIGMA*(TB**4) 

RADSQ(1) #SIGMA*(TB##4) 
FLUXTSCOND+RAD



7 

KOU 

608 

501 

410 

304 

311 

609 

74 

801 

BO 

0071 J=mMM,MM 
pO 77 Ts1)NN 
VOU SVACE deh 
1F(mMtL,£.0)G0TO U0 
NXENXt1 

1TFONX,EQ.170)G0 TU 800 

GOTO 801 
CONTINUE 
NxX20 

WRITE( 204) (DCT) 61109) 

FORMAT (5F12.4) 
WRITE (2,60H) (CCE), 18105) 

FORMAT(5E12,4) 
WRITE(2,501)ML 

FORMAT(I5) 

WRITE (24110) (QCT) ebRT ENG DO) 

FORMAT (BE12,4) 

WRITE (2,309) (QC (1) ¢1#1.N,90) 

FORMAT ((HE12.4)) 

WRITE (2311) (QTCE) 131 0Ns 50) 

FORMAT((HE12.4)) 

WRITE (2,609) HR yHC HT + PERC (COND, RADs FLUXT 

FORMAT(7E12.4) 

WHT TE (216) COVT CL ed) ed MM MED PET ENG 50) 

FORMAT ((4E20.8)) 

CONTINUE 

00 B86 131,NN 

¥1(1.7) 8¥10442) 

LFCML,EQ.1005)G0TU 20 

MLSML41 

GuTO 39 

STOP 
END



10 
20 

30 
40 

en ee ee 

SUBROUTINE GAUSS(M,AA,HB.X) ; 

DIMENSION AC20) AACZ20) 6 C20 420) BBC 207M) XCM) 

p0 5 Je1aM 
K(s) 50 
ACJ) SAACJ) 
vO 5S K=1.™ 

BCs eK) sBB(I,K) 
1F(M,6Q,1)GOTO 20 
MYSM~1 
nO 10 LatTsMY 
LL=M+1eL 

MX=Mal 

pO 10 J51.MxX 
RB=BC ye LLI/BCLL LL? 

ACS) EACII“ACLL) #RB 

pO 10 Ke1,MK 
BCS KI EKCS, K)=BCLL K) #RB 
pO 4U KR1,M 
XBsU 

00 30 Juiek 
XBSXB+X (J) HBC Kd) 

KCK) 5 CACK) ©XB)/B CK eK) 
RETURN 
END



SURROUTINE LESQUT (MME GN GX Ys C, VER, RR) DIMENSION AC2U) 40 (20120) 4X CME GN) A YON) COME) FVECND € RCN) DATA M1/20/ 
TFOM.GT,M1)G0TO15 
M1=M 
OU 5 J31.MF 
ACJ) 50 
DO 5 K=1,MF 

5 8(J,K) 30 
00 10 Tei,Nn 
bO 10 Ja1,MmeF 
ACJIEACII EXC eT) WY CT) 
DO 10 kKatyMe 

10 BOS KISBCI KI EX CLT) OX( KY TD 15 CALL GAUSS(M,A,B,C) 
RREU 
DO 30 Taian 
YE(1)=0 
dO 20 Jatym 

20 YVECTISYE(I) #C(d) eX (eT) 
RCI)SY¥CT)-vEC(T) 

30 RRERRFRCL) &RCT) 
RETURN 
END



SUBROUTINE DEES (S1,A,DD) - 
DIMENSION YY (8) DOCB) eh C68) (U1 0568) S108) ACK) 
60 100 151.5 
dO 100 J=1,5 

100 CTs e0.0 
dO 101 121,5 

pO 101 J=1,5 
107 U1CT. Jd 80.0 

£(1+1)81.0 
b(2,2)81,0 
L(3.3)51.0 
b44,4)51,0 
465.5) 84.50 

Du 103 J=1,1 

OU 103 J=1,5 

103 UICT JI EACT,I) 

£0261)5A02,1)/U1(141) 
DO 404 12,2 

DU 104 J=2,5 
104 VICE JIBACT II- CL (C261) HUT (Tet) 

L(03.1)5A0$,1)/U10141) 
LCSe 2B CAC Se 2d (L651) HUT (102d) U1 202) 
DO 105 [53,3 
DO 105 J#5,5 

105 ULTCT J IEACT Sd = CL C361) U1 CD20 d) (L035 62) U1 C14 0)) 
£6461)3A04,1)/01(141) 
LOK 6 2dE (ACK 62) 9 (4 0G01) 401 (402)) 9/01 (202) 
LOM SIECACK GSD CL C401 HUT 0103) OL G0 2) U1 (273909101039 3) 
DO 106 154,46 
DO 106 J54,5 ; : i 

106 UVCT IIEACT SI CL GGT) HUT (195d) = (L0G 2) 401 D2, dd OL OO, 3) 04 
ACT = 40d) ) 

£055195A(5,1)/0101,1) 
LOS 620 5(CA05 0209080501) U1 0102) 99/U1 0202) 
LCS eB ECAC5 6 3) CL (541) 804 (103) CL 562) 801025 39d) /9 (393) 
LOS eGVSCACS AV CL C5 eT RUT C104) CLS 42) U1 (246) C4657 3) HUY 

10344)))/0U104,4) 
00 107 435,5 
DO 107 J35,5 

107 UVCTGIIBACT SD C1 C5412 804 (Led) ICES 62) 801 (Feed) ROL 503) 
WUTC T2065) 000506) 401 (194 0d)) 
Y¥(1)81(1), 
Y¥(2) 88102) =(1 0201) #YV(1)) 
VV C3)=S1C3) = CLC 311) WV (1) 2040322) #YV(2)) 
VV CODESTCGI CLOGS TI AVV CT) = CL Cay 2) WY C2) = CL 6G) 3) #VVC3)) 
YYCSIESTCSI~CLCS eA HVV CAD RCL OS e 2) HYY C2)“ CLUS ASI HVY CSI OGL 

15,4) *V¥(4)) 2 
DD(S)=v¥(5)/U1(5,5) 
ODC4IECYY (4) = (U1 6445) *DD(5)))/1 0604) 
DDS) SC VY C3) = (U1 ($45) 400 (5))=(U103 44) #DD64)) 9/01 (3,3) 
BO C2d ECVV C2) = (U1 0265) #DD(5))= (U1 6244) #0064) )=(U4 (243) #D0(3))) 

1/U1(2,2) 
DDCTI=ECVY CTY = (U1 (145) *DD(5))=(U1 (144) #DD(4))=(U1 (143) HDD 3)) 

1= (U1 (462) 4DD(2)))/U104 41) . : 
RETUKN 

END



  

FINISH 
aie 

    
i


