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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 bg described by the exact formulation for

one dimensional, steady-state radiative transfer. From tﬁa analysis
the dependancy of the emitted radiative flux levels upoﬁ the emis-
sivity of the bed material‘emerged. Such observations were
verified experimentally.

Following a study of the hydrodynamic behaviour of the bed
sﬁrface, 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



sufficiently low particle or transfer surface emissivities are e

encountered.
Thrﬂuzhout the work a number of problems have been high-
lighted where further effort is required.
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NOMENCLATURE

A Surface area

Bi Biot number

C Velocity of light
-CP Specific heat capacity

CD Drag coefficient

D(1) Non—dimgnsional function defined by equation (B.1l)
D Diameter

d Object distance measured from radiation fyrometer

En(x) Exponential integral defined by equation (2.1)
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F1,2 Non-dimensional boundary flux
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G Irradiation

g Acceleration due to gravity

h Height of rise of ejected particle cloud, heat

transfer coefficient

H Bed height

He 'H'-function defined in [12]

I Intensity of radiation

K Coefficient, thermal conductivity

L Thickness measured from bed surface, interparticle
distance

m' Defined by equation (1.3)

N (x) Particle concentration distribution



n Number of particles

Ny Steradiancy

Nu Nusselt number

Ni Conduction - Radiation number

P(6) Phase function

P Pressure

ppm Parts per million

Q Heat flow rate
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Re Reynolds number
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t Absolute time

X! Non-dimensional time
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X Any position within the bed measured from the bed
surface
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AP Pressure difference
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Emissivity, voidage

Angle, non-dimensional temperature
Wavelength

Cos O, viscosity

Density, reflectivity

Stefan Boltzmann constant
Optical depth, transmissivity
Optical thickness

Azimuthal Angle

Sphericity

Angle

Defined by equation (1.2)
Solid angle

Scattering albedo
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Refractive index

Subscripts

Boundary 1
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Bed, black body
Conduction
Directional, detector
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h Hemispherical

i Isothermal, instantaneous
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T Radiation
s Sample, scattering
T Thermocouple
t Target, total
W Wall
X Region
y Region
Superscripts
(') Refers to a non-dimensional quantity or dummy

variable of integration
u Upper triangular matrix
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AN INTRODUCTION TO THERMAL RADIATION WITHIN BEDS OF

HIGH TEMPERATURE FLUIDIZED SOLIDS

Yl 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 éppears
a wealth of information concerning the two modes of heat transfer
in fluidized beds, namély 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 cqmbustion 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
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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 esséntially
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 Zabrodsky[zl 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 Sastri[3] in a
mathematical study of radiétion 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
éignificantly (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[Z] who recognised the fact that a parti-

culate bed may have an effective emissivity of a somewhat different



L Teaity,

value from the emissivity of the actual particle material. The
term 'effective'is used to distiﬁguish 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
particulate boundaries. In the analysis, Zabrodsky[z] approximated
the emulsion of fluidized solids by a dusty gas cloud. Usiﬁg

the equation of energy attenuation (Beer's Law)

v T : (3:1)

an expression for the effective emissivity was derived for the
system. A complete description of this analysis appears in
Aﬁpendix A. It was subsequently shown in [2] for a typigal,
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 Syremyatnikov[4]
considered the problem of effective emissivity from an idealized

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

surface. A term

oo [—-1—]2 (1.2)
m

where m' = (1 -Eb)_la : (1.3)
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b

the surface overshadowed by the first row of particles, For n

and € _is the bed voidage was evolved as being the fraction of

rows of particles the effective emissivity was derived as
n
£ = i: € wK fOI‘ K = l.ennnn (1¢4)

and.ep = particle material emissivity, It was concluded that €e
may differ significantly from unity depending largely upon the
value of € .

: P :

In a discussion of [4] by Zabrodsky[sl it was shown that
the term Y = (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 Dp[l “« £ )'5 (1.5)

b
and

_ 7D % 2
o= 45 = 1.2[_1_‘] (1.6)

m

Later experimental work by Pikashov et al[ﬁl 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-
mental analysis by Ilchenko et al[7], 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 sfstems 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[zl earlier hypothesis of a dust
cloud it is obvious froﬁ 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 radiative transfer, introduces other factors
into the analysis.

The equation of radiative transfer in non-dimensibnal}form
may be written as

w
“g’i‘ = -I(0) + g [1(7,0")P(6, 642 + (1-w )T (1) (1.7)

4

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 Imfortant

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 Ef radiative transfer. It is convenient
here to consider the packet model of heat transfer described by
figure 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 Fairbanksls] 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
enefgy. 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 Howell[g], depending upon the ratio of the
particle size to the radiative wavelength of the incident beam,
ﬂDp/l. The ratio of the sﬁattering 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 | ~poss-sectron| CONPITIONS | ooatrERING | CROSS-SECTION
mz
Particles b A>>D_ single| Rayleigh |Proportional to
of P S G
B akoton 2 scattering /A
DP
X=Dp Mie Varies widely
A <<D Fraunhofer N
P and Fresnel ~2 [T D }
di £fraction 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 mD_>>\ always applies and hence

P
the absorption coefficient (K,) is simply defined in this study

as
T e S ' (1.8)

from Hottel and Sarofim[lol where Ep is the particle material
émissivity 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
NTD_?p .

Ky, ¥ 2[—L4 :l (1.9)
where Py 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 7D_>>\ 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(6) is the intensity distribution, as a function of
circumferential angle 6, of scattered energy, A number of dif-
ferent functions of P(6) are described in [9] for various shapes
and sizes of particles. In the case of fluidized particles with
ﬂDP>>A the phase function of energy scattered over 4m sterédians

is, for diffusely reflecting particles
P(O = = (Sin@ - 6COSO) | (1.10)

The inclusion of such a phase function to account for anisotropic
energy scattering, produces unnecessary complications in a solu-
gion of the radiative transfer equation. For this reaéon,_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,t0 30% at T, = 2.0.

However, the assumption of isotropic scattering is often
valid in an optically thick medium, the difference in flux levels

reducing as Ty ™ e

(iv) Scattering albedo

The scattering albedo describes the amount of energy

scattered to the total energy attenuated, i.e. W, = Ks/Kt.
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Some workers, Chandresekhar[lz] and Kourganoff[13] use the value

of

Ka
- = (1 -uw)
Kt g *

“ the degree of darkening, in an astrophysical context.

(v) Optical thickness, L5

An important diﬁensionless parameter in any radiation
absorbing, emitting and scattering medium is the opticél thickness
of the medium, In this présent study a fundamental assumption is
that all radiation is gray and independent of wavelength distri-
bution. Another assumption is that all radiative properties of
ihe fluidized emulsion are independent of temperature’yariation.
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 L KtL. 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 1 _>>1, 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 1 = Ktx 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 S oT*(x) with the assumption

Ep = 1 or, in nondimensional form,

qQL = 8*() O LY

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

body (mo = 0) emulsion, as

T
q; (t) = 2FEs3(1) - 2F2£5(T0-1),+ ZJFBH(T')EQ(%rT'ldT'
0

TO
- 2Jr 8" (t")E2 (t'-T)dT1" (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 & T, * 0. Hence equation (1.12) becomes

n

q;_ 2F1E3 (O) - 2F253 (0)

and

al F; - P, (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

1 oy - =
qr- = Fi - Fi~l fOI‘ 1 = 1. saes N (1'14)

for_the ith and (i-1)th layers of the emulsion, or
af a6 g " 3,18)

However, when considering the physics of the emulsion, equation
(1.15) neglects the contribution to the flux at the ith and
(i-1)th layer of fluxes emitted by remote layers and passing
tﬁrough the intermediate interstices even thqugh.thermai,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 Ep gl IS

Tn the werk of HEVL aed Withelmii?]

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, Ep, the bed was
considered to be made up of eiéher 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 df
radiative energy. In addition, the effects of the reflectivity
and absorbtivity of thé surfaces were included. The resﬁlting
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

o(T B

! =
QL o (1.16)

% ‘fé r N+1
avo 1 - p = T e i uN+1 E;

simplifies to that of radiative transfer between two infinite
parallel plates of temperatures T0 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
and Cess[26] it was shown that the radiative flux equation of

Appendix B may be simplified in the case of T0>>1 of

4 de" _ (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 aséumption
breaks down in the vicinity of a boundary for reasons giﬁen in

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

(iii) The Zone Method
¥ ._[10] : =N
Developed by Hottel and Sarofim™ °, this method ceonsists
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,

gy ConcludinE: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 SPﬁlicatiap of the radiative transfer equation it

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

gas-solid emulsion with-
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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

a1[14], chemistry, Chu and Churchill[lsl and nuclear energy,

(16]

Davison . One of the most thorough and clear presentations
is given by Viskanta[l?] who emphasized the heat transfef point

of view. The work in [17] is particularly relevant to.the present
study of fluidized solid ?édiative 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

3, Fluid and solid in dynamic equilibrium -
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6. Constant absorption and scattering coefficients
T 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
‘study 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 Vo 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
viewj 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 systeﬁ 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[zol 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 Carpenter[ZI]
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 &ifferential 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 App?ndix 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 - 1'|) appearing in the energy equation is
singular at the origin. This problem is overcome by approxima-
iing the temperature distribution GF(I),and_the.scattéxing_
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 Bathlatzs}

[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 hogndary 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; = §' = 0, or at
atmospﬁeric temperature with 6;' of order 0,002 for a bed témpera--

ture at 1 000°C., This boundary condition is obviously idealized
and suggests a temperatﬁre discontinuity at the free surfﬁce of
the emulsion, In reality, conduction and convection heét 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

méthematical expedience, A similar problem was observed by.

Deissler[zsl 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

PR s
from [25] and [26]. Appropriate boundary conditions were evaluated
to account for the apparent discontinuity when conduction was
ébsent 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 Appendix 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 = 62 = 1, With the expo-
nential integral Es (1) = 0.0000038302 for T = 10, the effects of
such. an assumption are sensed only in the immediate vicinify of
this boundary.

With reference to Figure B.1 and Figure 1.1, solutibns 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 EnLT) encounfered.in the

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

briefly as
for positive real arguments
1
-2 -7
E (1) = fu" M 4 (2.1)
0
orT
1
B
E, (1) =/u"u M (2.2)
and g
1
e L n -T/H
B (1) = Tfu dce”™™M) (2.3)

o}

integrating by parts the recurrence relation is obtained as

nE () = €' -tE (1) ndl - (2.4)
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and
§ En(T)dT = ~En+1(1) n>1 (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 éf Ei(t) obtained from a computer algorithm, all higher
cases of En(T) may be obtained,

The solutions of Appendix D were tested for convergeﬁce
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
réquired 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 €e 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
cﬁvities. 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, fhe slab of emuision
is considered to be optically thick and an optical thickness of
(IR 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 Ee(hemispherical)

with o % 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 i-lEJ
functions which are tabulated in [12] for a range of w, and ©
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 plbtted
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
é.l%. 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 Wy
on the emulsion effective emissivity. This is in contrast with
the findings in [2] who concluded that e 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 equatibn of radiativé 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 Qith the results of other authors and show the depenéence of
€, UpOn the type of pa?ticle material used. The limitation of
the Zabrodsky model [2] originates in the neglect of the‘effects
of energy scattering and energy emission of a particulﬁte emulsion.
The consequence is an overéhadowing 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 Perlmutter[Z?]. 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

[28] and Love[zg]

by Hsia used in a study of steady-state radiative
transfer with an-isotropic scattering, The work by Weston and
Hauth[so] 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 bé 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 mﬁre realistic situation of transient radiative tranéfer. In
theory, the analysis may also be extended to include conduction
heat transfer for thelcase 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

A0 | 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 parametérs 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, Umf' It is a basic parameter

used in mathematical models of fluidization and used extensively

[31]

in the two phase theory of fluidization of Davidson and Harrison .

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

.2
classical Ergun equation, Ergun[32] of

DU | 150Q2-e_.) [D U _p D¥p (p.-p.)8
L [nga] ¢ —n [P:lfa -REPE_- (5
@semf Qs E:mf B

resulting in the solution of a quadratic for Umf' Equation (3.1)

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

2n 2 3
0. R e by B (3.2)

The two parameters, sphericity 05 and voidage at minimum fluidizing

velocity E g 2T® not well tabulated for a comprehensive range of

£
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particle types. To overcome this problem, a paper by Broughton[34]
described a technique in a study of high temperature effects on
Umf which resulted in rewriting of equation (3.2) in the form
i
i (pp-pg)g D, P
Vet i T (3.3)
g mf
where
LAY € ) 2 :
f(smf) = . mf’ = C @s (3.4)
“nf
- hence
Upg = (pp ggg D (3.5)
Ye

[34] cited values of C used by other workers ranging from 1 233,
ﬁavidscn and Harrison[ss] to 1 650, Kunii and Levenspié][zﬁ] 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 Kunii[37]
resulting in errors of up to 100% compared with experimental values
of U

mf*

3.2,1. Experimental determination of U g8t 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 bed‘reactor 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
wopld.normally occur in a fluidized bed just above a relafively
cool distributor plate. Hence, the gas velocity remains constant
throughout the total héight of bed, an important criterion for
Up,¢ Mmeasurements, 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 ﬁm were used, If shallow beds are used
in U ¢ 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 mancometer 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 U . was determined in the normal way.

mf

3.2.2, Discussion of results

For the materials used in these experiments, the curves of

U . against bed temperatures are shown in Figure 3.3 (a, b & c)s

mf
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 U, with those obtained using both equation (3.1) and equation

£

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

from
W
b .
€ = ] - — . : . ’ o (3.6)
mf Abppﬂmf
where Hmf 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 Umf was reached. Over the range of
bed temperatures used the value of Hmf 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 Eng OVeT the bed temperature range was taken. Values of

[33] who

sphericity Qs 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 € f and



TABLE 33,

1

MATERIAL: SILICA SAND; TEMPERATURE: 300 K; pp: 2 630 kg/m’
@5 €nf mem C Remf
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: SI1LICON CARBIDE; TEMPERATURE: 300 K; P 3179 kg/m’
o8 EE mem . Re.
0.75 0.47. 0,354 1361,3 2,63
0,72 0.455 0.55 1674.1 7:5)
.S 0.45 0.777 1609,5 18,89
MATERIAL: ALUMINA; TEMPERATURE: 300 K; Py 3 850 kg/m’
Qs €f DP_mm C Remf
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 25,1
MATERIAL: MAGNESIA; TEMPERATURE: 300 K; Pp 3 820 kg/m’®
0] s €nf Upmm C Rem £
0.71 0.49 0.354 1289.9 3.45
0.71 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 énd particle Reynolds number for each
case. A wide range of values for C were obtained emphasizing the
effect of particle sphericity and hence € . on the resulting U ¢
levels. Comparison of the sphericity and €nf results obtained here
with the curves of Brown et a1[41] shown in Figure 3.4 shows that all
pointé 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 Umf )
temperature curves of Figure 3.3 (a, b and c) are reasonable in
most cases showing least deviation for Umf calculated from equation
t3.5). The discrepancy with values calculated from eqﬁatign £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, Re . 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, U g was measured for bed tem-
peratures up to 600°C. The correlations with equation (3.1) and
equati&n (3.5) with a predetermined value for constant C iﬁ each
case were reasonable, The greatest discrepancy occurfed'at ambient
temperature but rapidly.diminished as the bed temperature was
increased. As stated in [34] the use of C = 1 440 in eqﬁation
(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 EP 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 oxideé, 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 measuremeﬁts 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 direet 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
develoﬁed a small meniscus and with the lower density particles
protruding from the silver the appearance of the surface was far
from ideal. However, sﬁbsequent grinding of the surface éompletely
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 beiﬁg flat, The size of each sample, as
described by Figure 3.5 was chosen as % in diameter x % in deep

fér the field of view of the radiation pyrometer.subtendgd 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[72], coats
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of powdered refractories of known thickness were applied to metal
strips. The surface temperaturé 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], solid cylindrical test samples were heated on the

Pattison
outer surface by a propane/oxygen flame and measurements of
material emissivity obtéined 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 from a radiation pyr&meter 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, Pirani[74]

, 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. Michaud[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 furmace 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 erfor 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 silvef with no
other material present was like-wise studied.

From the conservation of energy, particle emissivity ep

may be simply obtained from the equation

(3.7a)

qo,particleAp E qo,silverAs qi,detectorAtarget

From a consideration of the system, neglecting radiative exchange

with the pyrometer extension tube, then generally

N

i b
= [ij - (1 'Ek)Fk-j]qo,j = Ek(JTk (3.7b)

with
5 > 1 - when k = j
kj O - when k # j

where 9 ; is the radiosity of surface j
»

dj | j is the irradiation of surface i
»
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=T e.Er & € or" {(B.7c
%,p p’ p-dlo,d p P )
Queais (> €0F 40, g ESUTP‘* (3.7d)
and with

qo,d = UTd" => negligible

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

(3.7a)
y A A
e measured target = o silver (3.8)
P 4 P silver X : . .
T : particle particle
sample

The number of particles within the 0,25 inch diameter field of
view of the pyrometer were counted with the ﬁid-of a miéroséope.
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 €p predicted
from the overall energy balance, gave values greater than unity,
particularly when Ap/At was small, Such an energy balance predicts
an inverse relationship between EP and the ratio ApfAt. In order
to investigate the validity of this relationship the initial experi-

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

of a sample of pure silver defined as

Tl‘
= -4 pyrometer
silver i
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

Ap/At. This procedure was repeated for increasing values of AP/At.

3.3.3 Discussion of Results

Typical experimental values of Eg against sample tem-

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

AE/At value along with the curve of ¢ for silver alone. As

silver

expected for non metallic solids, the value of € decreased

sample
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
ample was observed for all the materials studied, Hence

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

out
of Es

peratures to the levels encountered in fluidization, i.e. up to
1 100°C.

The effects on & of varying the ratio Ap/At are shown

ample
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in Figure 3.6b. The curves were drawn, simply by inspection,
through the results of €sample énd extrapolated to a value of AP/
Ay = unity.

Hence the method of Ep
determination was to take Ep = esample at the extrapolated point
of AP/At = 1, when the sample is totally covered by particulate
materiél. An explanation of this non-linearity effect lies in the
effects of the scattering of radiative energy by the essentially
particulate surface. Tﬁe 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 particle.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 Ep. 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 Ep and corresponding values of W,

along with Eei determined from Figure 2.3 are tabulated below in

Table 3.4.
TABLE 3.4
Silica Sand Alumina Magnesia Silicon
Carbide
Wy 0.529 0.773 0.601 - 0.374
€ . 0.87 2 0.7 0.84 0.93
el

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 AP/At. The value of Ep was then determined
by extrapolation to AP/At = 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 €5 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 fo one
another, and furthermore that at no time is the surface disturbed

by the passage of bubblésl then it is possible to derive an equation
Iof particle concentration which will be a time mean valﬁe. 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 Kt'

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.

35.4.1 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. As 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 héights.

In reality the pitot tube remained fixed while the bed was traversed
vertically. The pressﬁre 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. lence a
'Kistler' differential pressure transducer, type 7251, capable of
resolution to 4 Pascals was used. The output from the transducer
ﬁas 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
prgssﬁre drop curves were extrapolated to zero at an 'obsérved'
mean bed height, i.e. the height of the bed taken when the pressure
probe became visible. This extrapolated distance was inlmost cases
of order 3 mm to 4 mm and constituted a small proportioﬁ 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
éxperimental 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/Wb # 1, even at high values of U-Umf.
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 D, 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. Extensioﬁ 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 w55'3ma11er
than some critical height, ‘é.g. for Dp = 0.55 mm, U/U__ = 3,

€, = 0.52 and from [46] Hc = 79 mm,

Hence even though the bed is well fluidized with 1 < U/Umf < 5
fﬁr 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 Ke v 10/nl}p are small. The curves of K.
against change of excess gas velocity (U—Umf) are most appropriate

to this work and are shown in Figure 3.13 through Figure 3.21,



= A8 =

The curves were obtained from a least squares polynomial fit of
the experimental points. No atﬁempt was made to correlate the
effect of bed temperature variation as only three values were
studied. Values of Kt required at intermediate bed temperature
levels were obtained by simple interpolation. As may be expected
increasing bed temperatures and increasing gas velocities produce
increméntal bed expansions resulting in lower particle conéentra-
tions and hence lower values of K.

These experimentél values of K. for a fluidized emulsion
have not, to the author's knowledge, been determined préviously.
However, studies on radiatiﬁely 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

[39]

(o)

ia of a comparative level. Also from the analysis of Yokoburi
levels of K. occurring in a particle seeded gas for carbon particles
of size typically Dp = 0.77 mm gives Ky = 1 500 m !. These results
compare favourably with values for K. 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 !

,[40]

from Williams et a . This was a study of the wavelength

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

! at atmospheric

seeded COz2, a value of K, of approximately 10 m
pressure and 700 K was reported in [26]. In addition, [40] gave

an approximate value for Ka 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/ma, which emphasizes how the radia-

tive preperties 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 sucﬁ an
analysis the importan; radiative parameter of extinction coef-
ficient follows. The levels of Kt reported are comparaﬁle to
those of similar systems in semi-transparent materialé and particle
seeded gases reported in ﬁhe 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
'and CO,.

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.

b, = 0.5 m op = 0.2715 kg/m®

k, = 1.87 W/mK _' Mg = 4.86 x 107° Ns/m
Py = 3179 kg/m® ke = 8.35x 107% W/m K
c, = 0.714 ki/kg K T = 300K

i 0.92 Cpe = 1.188 kJ/kg K

ol % 825 %

Using the Rantz-Marshall correlation for low Reynolds numbers:

K
h = 2.E = 0,303 ki/s® K (3.9)
£ Dp
il 2 2 = 2
B, = 0e (T0 ¢ TO)(T, T)) = 0.1558 kW/m® K (3.10)
(h_ + h)D
Bi = -E-ZE-E-E- = 0.068 (3.11)
p
and
TL) = 1 -|:hr i “c]it
= e G D 312
A 08 o Loeld)

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
I_(QT.£5_) = 0.904 (3.13)
0

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 he#t transfer and the
radiative term should be included in the overall heat balance
equation. A paper by Juveland et a2[44] 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
3 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,réte of particles and all that may be hoped for is a_fime
mean estimation of the gradients. One method of observation would

be to view the bed in tﬁe horizontal plane with a narrow éngle
.radiation pyrometer and traverse the instrument through the total
height of bed. However, two major difficulties arise; that of
the unknown effective,emissivity 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 view 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 thermécouple 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 T,.

Vertical traverses of the probe, both up and down, were
achieved by actually traversing the bed, supported on a 'Griffin
Labjaék' maintaining the probe in a fixed position. A raﬁge of
bed temperatures, excess gas velocities (U-Umf), particle materials
and particle sizes were used in the experiments to determine as
far as possible the effects on the resulting temperatufe profiles
of as many variables as précticable. The bed was traversed rela-
tive to the fixed probe wéll 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

a k_ I
hcAT(Tg 'TTJ = hrAT(TT"Tw) + UATEmT(TT Y e
+ conduction losses (3.14)

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

T,
the open end of the probe, is small and may be neglected. Then
equation (3.14) becomes:

h
Tg = T+ hf (Tp - Tyy) + C (3.15)
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From the Rantz-Marshall correlation for low Reynolds number flow:

2K
h, = i (3.16)

Assuming concentric cylinders:
2 2
G(TT + Tw)(ﬁ, + Tw)

R

(3.17)
A= €

9 W -w
which underestimates the exact value of h by less than 3%

0.8 for an oxidised thermocouple head

with ar

€, *® 0.5 for alumina

In equation (3.15) the conauction losses in the thermocouple

wires may be neglected. Assuming the wires to be fins protruding
3 mn 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 O.

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 precige air and gas flow rates to achieve
the same bed temﬁerature 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 thé bed
temperatures considered. However, it was observed tha£ 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 0 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 curvaturé 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-
proxiﬁations of Figure 3.23 through Figure 3.25 support this
observation.

A further observaiion was that particles of a high émissivity,
i.e., silicon carbide, tended to show a pronounced tempefature
gradient whereas for partiéles 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
ﬁeat 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 gurface 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
-the 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 instrumeﬁt. 1t

has the major advantage over studies of heat transfer to immersed
surfaces within the béd in that no disturbance to particie motion

is imposed. The analysis of Chapter 2 may, in principie, be applied
to a study of radiative heat transfer to a surface within the bed.
In previous chapters esseﬁtially 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 NOx 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.% 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 re5pon§e 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
ia‘a.c. A full description of such instruments.appearﬁ 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 um to
11 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
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of view varied with distance from the target, i.e. from 1.4 ins
diameter at zero pyrometer to t#rget 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 area of 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 putput. The
output is normally non-linear but a linearising circuit was used
to simplify calibration. An emissivity control via an opération
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 emigsivity is known, which is not -the case
in a fluidized bed. On the contrary, it is this 'effective emis-
éivity' 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 €, = Tkpyrometer/T“target with Tiaroet = Thed
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 pyrometér was Operatea 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 waé 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 ?igu;e 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 Cr AL 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 éutput
signal with and without the top ceramic plate in position. Typical
U.V. recorder traces afe shown in Figure 4.2 showing cleérly, 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 reaétor, a number of experiments were
carried out for variable fluidizing conditions and different
ﬁarticle 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 residlence 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
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out to determine the effect on emitted flux levels of a variation
in bed height. As the object Qas to study shallow beds, the flux
levels were measured for a number of heights up to 50 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
deviafion did not present significant variations in mean fempera-

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

£
ambient temperature) was used throughout.
Using the experimental conditions previously described,

results of surface temperatures {0 ) were determined for

pyrometer
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 € = T"pyrometer
T“bed’ results for the variable material and fluidizing parameters
are given in Figure 4.4 through Figure 4.11. The theoretical curves
for eeiand £ 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 €ei 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 €on WOT® 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 forlan 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'Umf) 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—Umf),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
p;rticle 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—Umf) 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—Umf) " 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 €q ﬂith
change of excess gas velocity (U-U_¢).

For the case of sand and alumina particles the experimental
pbints of Figure 4.4 through Figure 4.7 for high U-U ¢ 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'agreemént 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
qr(o)a(f(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 prediétions 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 €e which are
strictly fluctuating may be significantly damped because of this
time lag between physical occurrence and subsequent measurement.
Ideally, a fast respousé 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
tﬁat considerable surface eruption interaction takes pigce 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—Umf values. From
such results particle emissivity may then be predicted for
comparison with Table 3.4. Such mean values of Eyq 86 reported

in Table 4.1.
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TABLE 4.1
Silica Sand Silicon Alumina Magnesia
Carbide gn
€. . 0.82 0.92 0.67 0.76
ei
EP 0.54 0.76 Qe 0.43

Experimentally, it was further observed that the effective
emissivity changed sigﬁificantly as the bed temperature was lowered.
At bed temperatures less than 850°C the value of € began to
increase from the values observed at higher bed temperatures.

For relatively high yalueg of (U-Umf) 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—Umf) = 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,
[S], 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
radiating through a glﬁss 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 Ep and values of €o then predicted from Figure 2.3. A compari-
son between € from this study and ee[sl from [5] are extremely
close, shown by the percentage difference colump of Table 4.2,
Hence with an accurate knowledge of particlé 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 Baskakov[48] in an attempt to determine the tempera-
ture of the gas wifhin 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 1 160°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 resuits of
this study with those of Sz?kely and Fisher[71] 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 positioﬁed 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
e T 2074 _ TH
Qr Fom Dp (Ts Tp) (4.1)

was reported, with

Ts

heater temperature

T
P

Included in F is the emissivity of the particulate material

particle temperature

along with the view factor between a triangular array of particles

and a plane surface. In all cases the predicted values of radiative
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flux underestimated the experimgntal values of Qr 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 reportéd in
[71], values of Qr were predicted using the analysis of Appendix B
] and C; the calculated values are reported in Table 4.3 aiong with
the predicted and experimental results from [71]. In tﬁis analysis
with the bed heated through.the transparent walls by an externally
radiating source, the boundary conditions from [71] were Of = 9,222

with Ty = 650 K and Tb 1373 e

TABLE 4.3
Silicon Porous
Carbide | Alumina | I¥om Shot
Ep 0.94 0.9 0.6
Predicted Q. watts 95 90 V110 2 From [71]
Experimental Qr watts 160 V140 135
W, 0.12 0.18 0.58 Sk PR
Predicted Q, watts 124.7 109. 4 65.2 [ Study
where Qr = qr1TDL
D = 0,061l m
L = 0.067 m
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From Table 4.3 a significaqt 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 Ep is much larggr than
0.6. Interestingly with Ep = unigy)theory predicts Q. =.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 Emissivities -

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

P l':ed(e’ To’ wo)

In the analysis of Appendix B the radiative flux, and hence
effective emissivity, is assumed to be invariant with respect to
angle ©, where O is measured from the normal to the emulsion surface
shown in Figure 4.1. Through subsequent integration, the effective
emissivity becomes

£ = B = E
e e[To’ wo) 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 O, 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
,nérrow field of view was used, an experimental programme'ﬁas carried
out.

The radiation pyromepér supported on a simple traversing
mechanism was moved along a hemispherical path above the bed.

U;ing a 143 mm diameter x 50 mm high mild steel reactor, the pyro-
meter viewed the bed surface to within 10° of the horiéontal 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 Bobco[so].
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However, in the interest of simplicity and to a first approxima-
tion, an analysié 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 Eéd

invariant with angle O.

4.4 Further Studies of a Bed Composed of a Binary Mixture

The previous experiments were idealized in that pafticles
qf a very narrow size range were used. Industrial applications
of fluidized bed heat exchangers normally use particulate 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,

[51] and of Gibilaro and Rowe[SZ]

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°é_this also
Became fluidized. The two segregated regions then becapé 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'Umf) values. The value€s of minimum
fluidizing velocity for the mixture were derived from the correla-

a. 2

i = L i i
tion of [51] as U _(Ume/Umfs) Umfs' with subscript L and

mf mix
S referring to Large and small particles respectively. The term
a; is the fraction of large particles present, i.e. aj + a, = L.
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—Umf)
values, i.e. a sharp increase in effective emissivity with a final
levelling off. However, as the percentage fines content waﬁ
increased, different results were observed at low (U—Umf) values.
With more fines added a sufficient volume of small particlés
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—Umf) 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
(U—Umf) 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 exchangiﬁg.radiative
energy with the bed. The solution of the radiative transfer equa-
tion has by nature transfofmed the problem of radiation from a
volume emitter to one of transfer from an effective surface, i.e.
with a corresponding value qf 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 assumptiﬁn of
invariance in this study is not expected to be a major source of
~ error.

Further studies on beds radiating to atmosphere sﬁowed 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 tempefature
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 v 22 15
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 fundameﬁtal
problem areas still remain, this line of approach was not continued,
Theoretically, the study has established that radiafive
flux determination from a volume emitter may be recast és 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 gxperimentdlly_pnly
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 fhe 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 simiiar 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 bubblé,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 neit bubble
plus ejected packet, the subsequently exposed surface w&uld cool
by radiation. A temperaturé 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,consideiable 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] andlfrom
the observations of shallow bed pressure drops reportéd 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 oyerall bed height approaches 10 Dp'
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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particle ejection and entrainment by Zenz and Well[ ] and later

[56]. In particular, the work of [56] pos-

by Do, Grace and Clift
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 Vi related to, but not necessarily the
. same as, the velocity of the bubble causing the partiﬁle
ejection
[2] The subsequent pafticle motion is determined by a balance

between gravity and drag forces, with

: 0.42 i
o 2% 0.687 . (5.1)
c, R (1 + 0.15 Re } » |:1+4.25 X 10" R,

[i] 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.

i Gy BRIV VL B ten e
PB %
where V. = dh/dt is positive in the upwards direction, and
V.= V-U, and
;b

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 = Vi and h = 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

» : ' (5.3)

A computer program using a Kutta-Merson numerical integrafion
procedure was written to solve equation (5.2) and checked with the
reported results of [56] using their initial boundary an& flow
conditions. The predicted particle trajectory curves 45 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
initial 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 Vi, with

UV

h
max _ o - S S i—l 1
0. o rde - ¢ log (1 #4)] (5.4)

where V = Vi/(Vt - U)

Vt = terminal settling velocity,
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5.2.2 Experimental Study

In the work of [56] an exﬁerimental 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 particlés of three sizes, i.e. 0.354 mm,
0.55 mm and 0.777 mm (geometric means) were used. The depth of
ﬁﬁrticles within the bed was maintained at 65 mm, 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 [S6] 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 Umf for the particles

used, the incoming air bubbled through a humidifier to minimise any
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electrostatic effects.

With a solenbid 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 fér a
number of experiments using an electrically driven 'Hycam' high
Ispéed camera operated at 200 frames per second. A pulse mﬁrker
appeared on the film every 10 seconds as a check of framé 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 disturbdnce was sensed at the bed surface shown in
Figure 5.2a. Figure 5.2b and Figure 5.2c¢c show clearly the rising
bubble with its well defined wake. During examination of this
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. Cleariy'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
the-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[57].

Predicted and observed particle cloud trajectories are des-
cribed in Figure 5.4 through Figure 5.6 with V; = 1.25 Uy 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 reasonablé 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 consideréble
interaction between bubbles at the surface along with lateral
mixing of particles tﬁkes place. For this reason films were taken
of a freely bubbling system and typically shown in Figﬁre 5.9,

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
io occur across the whole of the bed surface. Howevef, 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; = 2U,. This effect was also

]

reported by Botterill, George and Basford[s7 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



- 89 -

observation which should receive further attention. As the bed
heights used for purposes of radiative 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 ﬁake
fraction of the bubbles did not burst through the bed surface as

1[58] and Kehoelsg]

_has been suggested by Basov et a , but pﬁrticles
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
ta an appreciable height. Again this was an_infrequent'pccurrence
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 mofe realistic case of a three-
dimensional bubbling bed, Rowe, in the section on expérimental
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 analytiéal approach, the particle ejection
heights and mean residence times may be predicted for single,
isolated bursting bubbles. The analysis has been verified by
eiperiment 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],[62] .16 re-

to study and the work of Rowe and Everett
sorted to an elegant method using an x-ray technique. Léss elegant
methods have been used by Werther[63]-in which a miniafure 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
Eubble velocity may lead to large errors, bging_restriqted_to
studies at relatively low (U—Umf) 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



64 frames per second was used with 75 mm lens. A previous study

of the bubble eruption diametefs occurring in shallow fluidized
beds at ambient temperatures of heights less than 70 mm is reported
in McGrath and streatfieldl9%], 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 asﬁumption
being made from the two-phase theory of fluidization[ssl 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
ﬁsing a 143 mm diameter x 150 mm high mild steel reactﬁr 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-Umf) 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 D, were

be

measured across the horizontal diameter. An alternative, and
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perhaps more accurate method, was that of [64] in which the maximum

and minimum diameter were measured and D, = vD D Sk
be be max be min

In this study the diameter Dbe of each bubble over the bed surface
was measured. In order to avoid measuring the same bubble at
different stages of its rise and fall, only every fourth frame was
-analyged. The number of bubbles of a given size for each of over
50 frames were plotted on a bubble size distribution diagfam. A
typical diagram is given in Figure 5.8 emphasizing the 'bell-shaped'
normal distribution curve. From such diagrams log—probaﬁility
curves were drawn to determine the mean bubble eruptioﬂ diameters
at appropriate values of (ﬁ-Umf). 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
%igure 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 = %'Db, 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 = U-U_+0.711/gD; (5.5)

derived from the two-phase theory of fluidization of [35]. From
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the results of mean DlJ so obtained a plot of Db(mean) against

Hmf.[U-Umf) for the range of exﬁeriments 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 Wenlés] for deep beds confirmed

the relationship of

= U
Db = 1.4 pp DPU__

H (5.6)
mf

This relationship compared with the experimental results observed
in this study for shallow béds at ambient temperatures tended to
underestimate Db. 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-Umf) 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
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surface eruptions against excess gas velocity. For a shallow bed
of height 13 mm, ﬁp to 45 surface eruptions were reported at mini-
mum fluidizing conditions, rising to a maximum of 80 eruptions at
(U—Umf] = 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 andla large
cloud occurs around such bubbles. Hence at the surface such bubbles
disperse their cloud and give too high a figure for the méasured
eruption diameter. The method of eruption diameter detefmination

in [65] was to fluidize thelbed 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
w;s 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

This

squares curve fitting technique of D_ against Hmf(U—Um

f)'

curve is only suitable for use within the range of H ¢ and U-U ¢

b

values used in its determination, i.e. to values of Hmf.(U-Umf)

of 10 x 10° mm*/s. However, from inspection the relationship
appears to approach a maximum and may be reasonably extrapolated

to values of Hmf.(U-Umf) of 20 x 10° mmzfs; thereafter large errors

are introduced.
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The asymptotic nature of curve (:) is reasonable as at elevated
temperatures gas fiscosity 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

mf

approaches the size of the distributor plate holes. As described

in [64], equation (5.6) should be modified to

Pl T ACTR D = (5.7)

b bd P pPU¢

where D, . is related to the size of distributor plate holes.

bd

Curve @ of Figure 5.17 should also be modified in-a similar way.

5.6 Determination of the Surface.Bubble.Residéncg 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 Vi related to bubble velocity as

=
n

1,25 U (5.8)

=
n

1.25 [(U"Umf) + 0.711/g Dp] (5.9)

Values of mean Dy are taken from the polynomial expression of

Dy = f(h U-U,¢) described in Figure 5.17 and may be applied with

mf?

Hmf(U—Umf) 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
at a (U-Umf) value of 100 mm/s ﬁnd 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 Db increases, Vi therefore
increases and hence hmax.increases along with residence time tr.
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 fhe bed surface. Hence for any solid
Imaterial and fluidizing conditions, the particle cloud residence
times may be predicted in a similar manner,

The foregoing analysis has ignored the residence time dis-
tribution of individual particles, assuming to a first approximation
tﬁat all particles reside for the same time. Such an egtension 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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deternination. The object of such a study is to enable an analy-
tical solution of unsteady rwdmtwe ‘heat transfer to proceed. As
no previous studies are forthcoming, ‘this chapter is regarded as ;
 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

; 1
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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 Bathlé[zsl
used the exact formulation to study the radiative heating and
: cooling of a plane layer of stagnant gas in which the scaitering

[66]

mode was neglected, i.e. K_ = Ka. Nemchinov used the two flux

t

approximation to study the transient cooling by radiation of a

semi-infinite volume of gas. A number of other solutions, Onufriev[67],

[68] [69]

Adriankin , along with Viskanta and Lall examined the problem

fﬁr a spherical mass of gas. Recently, Prasad and Hering[gﬁl 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 Analysis

A plane parallel layer of a constant voidage absorbing,
émitting 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
_Apﬁendix B, the one dimensional energy equation may be wriften as

9g! :
90 q
i gl .1

as defined in Appendix G, where the equation of radiative flux q;
is given by equation (B.10) of Appendix B. The model ié.of-the
enulsion 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

£ = 0, B{1,07 & [19(1):' (6.2)

and boundary conditions of

T & 0y BO,E) - =8, t' >0 ' (6.3)
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o Ecsin g (6.4)

~+
o
0

along with the radiative boundary conditions of

T
(¢]
Fi = €6f +2(1=-a) F2E3 (1) */[(1“030)9“(%“)
0
& ,
+ -IO-D(T','I:')] Ez('t')d‘r'} (6.5)
and
L ‘
F2 = €20 + 2(1-¢€2) F;Eg('ro)wf[(l-wo)ﬁ"(T,t')
(6]
W, . _
ey D¢z et} ] Ealr =T ')dr! : (6.6)

6.2.1 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

ZEeTo.

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 (wo = 0) medium and as no other solutions
for @5 2 0 are available to the author's knowledge, this single
comparison will have to suffice. Figure 6.1 describes the comparison
af the present solution with that of [23] for an initiélly,iso—
thermal emulsion, i.e. 6(7,0) = 1 a maximum difference of order

1.4% was observed in the flux predictions. Further solutions for

0 < 0, < 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 (TR 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



- 3L =

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_ﬁoundary
emissivity €, on an initially isothermal emulsion 6(t,0) = 1.

‘ As may be expected an increase in the free boundary tempefature 6,
reduces the initial overall radiative flux exchange. Tﬁe 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 Te-
absorbed thus reducing the cooling rate. For values of g, 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. p Cy(1 - €,)/K, 0 T,,®, characterises the time
to radiate the entire energy of the volume of emulsion at a tem-
perature Tb' 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. T, * @ described

(0]

elsewhere [9] and [26], the energy equation becomes

16
ot! = TR —'E' (6.7)

subject to boundary conditions of

~
1
o
-
<
]

1 1] 16 36 1> 0
6, + l;; 2 é] X o " (6.8)

1

T S Rl T ) 00 - s (608
and an initial condition of

t' =0, 6=1,"T>0 o Ry 1 2 T (6:10)

[70]

An analytical solution may be obtained from Carslaw and Jaeger

page 71, as

- 3 31 3 : b }
0 (t,t') = erf 5/ T + exp [1 1] o '1-6'[1 ]Jz
16|— - = J

£, 2

€1 2

£ /3 3 v el
erfc F/;' + z‘[l 1i| T (6, 11)

where

T[T,t') - Tl

6(t,t') = T, (6.12)
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and

6(0,t") (3: - 1)
qp(0,t') = ;1-[1 '%‘J (6.13)
E

B |

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), IAs
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 timé solutions
constitute what is essentiaily an academic exercise as only short

time solutions are applicable to the freely bubbling surface.

6.4 Comparison with Expprimental,Obseruationi

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

L
,e) " " :
i q,.(0,t)dt (6.14)
m (8]
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where qr(O,t) is the instantanepus 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 maximﬁm non-
dimensional time (t') of 0.1, From an initial consideration of
the particulate cloud residence times such a range of (t’j appeared
to cover all possible cases. A striking feature of theée curves
is the small variation of ?adiative 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
;re essentially invariant with change of (U-Umf}. The‘curues 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 timeslwere obtained
from Figure 5.19 along with values of K¢ reported in Figure 3.13
through Figure 3.21, ”mf 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/ma; b = 0,714 kJ/kg
(a) U—Umf = 100 mm/s; HInf = 25 mm (at 20°C)
UP mm Tb G
0.354 QS5 0,777

Kt 960 670 780 925
€ 0.55 0.46 0.41
tm 0.09 0.09 0.09
té 0.00825 0.00479 0.00511
K, 900 - 600 600 1 050
tm 0,09 0.09 0.09
té 0.0104 0.00578 0.00529

(b) U-~Umf = 400 mm/s
Kt 660 560 400 925
€p Q.71 0.59 B 51
t 0.2 9 5 0.2
L 0.0196 0.0117 0.00701
Kt 600 510 360 1 050
t 0.2 0,2 0.2
m
4 0.0239 0.0144 0.00849
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the non-dimensional time predictions through the value of extinc-
tion coefficient K, and emulsiSH 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 tﬁ is bed voidage. Using the relationship given in

Leva et al[?ﬁ] of
1-¢ _ u e[t - emg] R
3 3 U 3 : g
b Enf |

the bed voidage may be written in terms of the cubic equation.

3 —
e o+g -1 = 0 (6.16)

where

Now from the analysis of Chapter 3, equation (3.4)

l - €

2
mf o cCo (6.17)
g 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 usiﬁg 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,
'consiQerable discrepancies.were observed, This being the case,
Figure 6.9(a,b) are presented for academic interest only. The
initial temperature distribution reduces the cooling rate of the
emulsion as evidenced by Figure 6,10 and Figure 6.11 comﬁared with
an equivalent emulsion subject to an initial uniform distribution.
Such an effect is similar ﬁo the results encountered from an

increase in the scattering albedo w .
o

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 ejecied 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-U,¢) 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 emiséivity
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 mofe
adequately described. .

An important observation is that when a heat transfer surface
is brought into contact with the bed and energy exchange by con-
dﬁction 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 K, 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

1owledge is desired even though the model has of



P
L
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UNSTEADY COMBINED RADIATION AND CONDUCTION HEAT TRANSFER

TO SURFACES IMMERSED IN A FLUIDIZED BED

Fiaid 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 reactér or
some immersed surface. Various workers[l] and Baskakov and
Goldobinl®3] immersed two surfaces of a high and low emiséivity
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
afply 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

[85]

the work of Baskakov et al 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 theoretiéal 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 beén performed,

[82]

a notable one of which is that of Kubie and Broughton who
found excellent agreement with controlled residence timé 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

n

€(X) 1-3(1-¢g) (x - §x%) for x < 1
and

£ torx >l

1}

e(X)

where X = number of particle diameters.

Although not strictly cdrrect 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



Figure 7.1 would tend to over predict the correct results. A
further assumptioh 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 shortlemulsion
residence times, Radia;ion plays an increasingly sigﬁificant role
~as the time history of the emulsion packet proceeds., This fact was

]

pointed out by Lick[T? in an asymptotic approach for sﬁort and
long time solutions of the_éombined modes of heat transfer in a
plane absorbing slab. Also in evidence is the dependance of
radiative particle Nusselt number (h Dp/Kbe) 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'l{t° Such a result contrasts with the
pure conduction results where the heat transfer coefficient is

strongly dependant on particle size and reported elsewhere[ssl’[84]

and [85]. 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. lowever, 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

Simul taneous condgctive and radiative transfer under
_transient conditions, although a complex phenomenon, has bécome
a subject of considerable technical interest in recent yéars.
Initial solutions were subjgct to simplifications and approximations
to the non-linear, partial, integro-differential energy equation.
The two flux approximation was used in [66] and a linearisation,
cémbined 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, homOgeneaus 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.

T2l Analxsis

The simultaneous éransport 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 s?eady state analysis of Chapter 2. The
radiative flux equation is described in Appendix B, and for a
fiuidized packet of emulsion in accordance with the analysis of
[82] for a variable property boundary layer, may be written in

the energy equation as

aq
%[K(x)% S p(x)cpcx)-g{- (7. 1)

The physical model described by equation (7.1) requires that the
radiative flux term q, 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
[81]

and Fetting 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 immérsed 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

326 1.8y o 58 e
= - Wt T - (7.2)

where in the two regimes value N, assumes a mean constant value,
i.e.

for the gas film:

Kt K :
N]. = Nl = J__;E ¥ . < ! (7.3)
& 40T’ :
for the emulsion:
K
W P (7.)
e 40-Tb3

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 N1XT02.- Radiative transfer



- 119 -

does not significantly effect the temperature distribution for
N1/102 > 5,0 and conduction predominates. As Nl/TO2 or N, decreases,
greater interaction of radiative and conductive transfer occurs,

Foy 142 .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 Ty ¥ 1 incréasing
N, by 10% implies increasing thermal conductivity by a factor of
102. However, absolute time is inversely proportional to fhermal
conductivity, hence for N, = 0,005 and t' = 0.001, the cofresponding
comparison for N; = 0.5 shou}a 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_Nl

(emulsion packet). Howevey, the two non-dimensional times of

ti = .—E—-—g—.—t (7'5)

and

2
Ktb Kb : (7.6)

t' ———
b (p C
p)b

may be related by equating through the absolute time t. Hence

2
K G 5
! = tb (p P)g £ (7 7)
Bl hdpsiagt iy '
tg g

In the analysis a weighted mean value of (p Cp)é was taken as
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(PC ), + (pC)
C ¥ pg p’b .8
(b €, 2 (7.8)

and
(eI = (LY -6 (7.9)

In finite difference form equation (7.7) becomes

z
Lo agite Bl Gty LR AT . (7.10)
(o €y, kS K

tg g

It was convenient for pompugation of equation (7.2) to impose a
value &t'lJ in the finite difference approximation and hence the
co}responding value of &tg was then determined. .The value of ath
(the time increment) was set using a fixed spacial step size in
equation (7.2) and convergence obtained with At = 0.02 and at‘) =
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 Dp the depth of the
gas layer in this study is taken equal to 0.5 Dp. 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,

K 3
tg 15

0 2
th = reene with Ts 0.1 (Z11)



The effective conductivity of the gas layer was taken as a mean

between K and K , i.e.
g b

K & e U (7.12)

{1y=]
M
(48]

The thermal conductivity within the emulsion packet was determined

[86] yho derived a relationship

from .the analysis of Kunii and Smith
for the effective conductivity of a porous medium in terms of the

voidage and the solid and gas conductivities., Hence

Ko B(L - &)
[, prlRaliE - Sl g SN
g @1+ng

&7, 2D

where constant 8 = 1 and Yy = § for 0.476 < Eb € 1.0.  The constant

@1 is reported graphically by [86] as a function -of Kp/ké. The
curve of Figure 7.2 of KbexKg 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

6(t,0) = {éﬁ)} , T>0 (7.13)

with boundary conditions of

6(0,t') = 6, t'>0 ' (7.14)
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and

6(t ,t") = 1,0, ¢ >0 (7.15)

along with the radiative boundary conditions of

T}
n

CWLJ*+ (1-¢) (F, - q.(0)) (7.17)
and_.

Fa

1

€20, + (1 - €2) (F, + q.(1)) (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

2 (1-w)
9...3. e S [F.+F_ - 28"t ,t")] = L
aT s 2N, w e Spg . bl
og g g og

(7.19)

For non-black boundaries Fw and Fe' the wall flux and emulsion
flux respectively may be found from the equations relating incident,

emitted and reflected radiative energy, hence

y
ewaw + (1 -gw) q;e

f'w T T eyl e
and
dre * (1 'Ee)Ewem\:+
= T
O R Ly

with q;e the non-dimensional radiation from the emulsion packet and

€, the effective emissivity of the surface of the emulsion packet



designated Ee - q;e. As q;e changes with time of exposure of the
packet, the value of B 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

io account for the optically thin gas layer a difficulty arises in
determining with sufficient confidence the gradient 8q;/aT at
T = Tog' \ ' |

Within the emulsion packet the energy equation (7.2) is
applied across the field at each time interval in expliéit finite
difference form. A complete analysis of the finite difference
equations used to solve equation (7.2) and equation (?.19) appear
in Appendix I along with the computer programme written for this
purpose. The time solution of the radiative flux equaéion-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

Laxer

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. ng = Kg and a mean value, e.g.
(K_+ Kb)
K :__.g...—._-_
ge 2

produced an insignificant change in the radiative flux distribution
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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.

I?.3 Discussion of Predicted Results

In order to determine appropriate values of K. for fhe emul-
sion packet in the vic;nity of a flat surface, the simple analysis
reported in Appendix E(b) was used in accordance with thé boundary
property variations of [82]. Curves of these values aré plotted

in Figure 7.3 for the particulate material studied. K . in the

tb
emulsion was then taken from the invariant portion of the curves
from Dp = 1 onwards.

The variation of bed voidage €  with U'Umf was derived from

the equation

3 —
€bﬂ‘.+ Eb-— L. i)
where
(L-€ o) 2
a = ITlf l - U Umf
e 3 e
mf
and
b5 2
1 - Emf cgs |
r——— D — with C = 1 440
Enf 150

discussed earlier in Chapter 3 and Chapter 6. Values of Ktb varying



with U-Um were then determined and reported in Figure 7.4 through

£
Figure 7.6.

Throughout the analysis an emulsion optical thickness of

TO = 10 is assumed along with a black boundary condition at T = T
0

simulating the flux from deep within the bed, i.e. F, = Fb = 1.

The instantaneous radiative and conductive heat transfer coeffi-

cients are defined as

q,.(0,t")
hp(t') T R
w

(7.21)
b

and

q.(0,t")
hc(t') Sl b s
b W

with

06

q.(0,t') =<K
c ge'é?T=o

Using a uniform residence time distribution function y(t') = 1 of
emulsion packets at the wall, time average heat trasnfer coef-

ficients are defined as

t'
m
h_ (el = ?1.3/ h_ (t')y(t!)dt! (7.23)
0
and
- m
hcm(tr::) = ?1:; hc(t')¢(t')dt' (7.24)
(0]

In order to derive suitable values of the absolute emulsion packet
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mean residence times, to the expression of Gelperin and Einstein
reported in [31] was used, With

2
=2 i T 2

t = —-‘rl'-f-—2 4T - [ Hoe | (7.25)
0.711Hg 1.5 g ut'.'_-umfj

'Using the relations

1 =g '
b 1 - €
- S mf [ mtl (7.26)
= U AN
b L “mf
1l -¢
He PEH g I:-—-———-—m{| _ had
1 - € ,
equation (7.25) may be transformed to
2
= 1-E
t = u U'mf b-| (7.28)

10462.365 |1 - ¢ |

with (U-Umf) 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

LA TR +1[1_]+1[_L__1'J e
Abew b bw I; e K;.Ew L



AR 5

with
D, * A D F
Ab = by, Aw & b
2 4
N = » . = 1 The
and lwb 1.0, then rbw 4. I'hen
o1
— = L * —;-)- - 1 (7. ot)
F 15 E :
bw e w
Hence
1 = 1 1 AI—’ t L
hre(tmg = hrm(tm)[l-fo] + hrm(tm) I;'rbwfo (75819
and consequently
hce(tﬁJ = hcm(tﬁ)[l"fol - : »67.32)
with
1 = 1 1
ht(tm) hr(tm) + hc(tm) (7.33)
where
1 - €b
fo = 1 = (7.34)
1=-E€
m

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



comparison. Using the reported physical properties for fireclay

given in [83] of probe surface emissivity €. 0.8, particle

emissivity

£
p

= 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

= 0,75 s 1223 K)
Fireclay ( P )
= 0.4 = 0.8 )
Units
Dp 0.35 0.63 nm
e, 0.72 0.55 =
K o 0.0002 0.00027 kiW/m K
P 2600 2600 kg/m?
cp 1.1724 1.1724 kJ/kg K
K 114.3 95.7 m ?
tg
, =1
Kep 1500 1400 m
ng 0.0504 0.1747 .
N 4 0.934 1,177 &
1
£, 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-
iy 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.
_Hdwever, such neglection is unreasonable and would lead td 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
céntribution 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 Dp after a suitable residence time.

From the results of this study cooling was obsérved to extend up
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to v 4 Up 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 DPXKbe) variation with instantaneous

Fourier number

Kbe t

C.(1=-€.)D*
°pp b)P

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

Kpe *'

2 K. ort
P =

;T -

for pure radiation and

By
@ K2 D2
th 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 FO -~ 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 emﬁlsion
layer adjacent to the bpundary when conduction is present compared
_ with the case when conduction is neglected, Also in evidénce are
the depths of penetration of the cooling curves, in botﬁ cases
exceeding the value of 1.5 Dp proposed by [3] and [7].

Referring to Figure 7.8 the conductive Nusselt number
appears to underestimate at early times the curve interpolated
f&om the predictions of [82] and overestimate for longér 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.



This may be attributed to the fact that silicon carbide has a
higher thermal conductivity thaﬁ sand and becomes the influencing
term in the Nusselt number (h Dp/Kbe) 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 undefstand
the important trends of combined condu¢tion and radiative heat
transfer to a plane bouﬁdary. In the predicted case of heat
transfer to a surface immersed in a fluidized bed, the émulsion
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
a; follows:

(a) For bed materials of high particle emissivity, i.e. w o0,

o
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 w,+1
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 (Up/Kbe), multiplying the heat transfer
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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 imﬁersed
surface.

(e) Within the normal range of emulsion packet residence times
occurring in fluidized beds, the conductive mode of heat
transfer is predominaﬁt 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 internally 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 thermocouﬁles
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 dteal,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.l4% +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 temperafure then
controlled to a fixed value by the air flow over the outer surface
~ of the glass wall, pyrometer output was recorded for incréasing
values of (U-Umf). Low values of [U-Umf) < 100 mm/s weée 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, €.g. F1 =
0.00238 and with F2 = 1 at T, = 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
'Figurg 7.17 through Figure 7,20 were obtained for a range of
(U*Umf) 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 signifiﬁant devia-
tion may be observed. The ana1ysis predicts a definite dependancy
of emitted radiative flux on particle size with q;m increasing for
a decrease in particle size. As pointed out earlier, the opposite
is true for conduction heat transfer. However,.experiﬁentally
such trends were difficult to observe. 2

The general shape of the predicted curves were obtained
experimentally with lower emitted fluxes at high emulsion packet
residence times, i.g. low values of (U-Umf). The fluxes increase
rapidly at first as (U-Umf) 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 fo
predicts a steady increase as (U-Umf} 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—Umf) after which it decreases. Hence, with
this mechanism the emitted radiétive 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-Umf) slugging of the bed would tend to
occur along with a reduced bubble fraction and a differentl
mechanism of particle motion takes place. In this case a reduced
particle residence time‘at the wall may again become the-&ominant
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 tm and fo'
F}om the pyrometer output trace a peak much greater than the
general levels was observed at infrequent periods irrespective
of (U-Ume 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 fo 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 a2[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
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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 comparéd with
the data obtained by other workers. The results are feasonable
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
Ipackets 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, i.éa 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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MEASUREMENT OF BED SURFACE TEMPERATURE GRADIENT
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Photograph of the experimental arrangement FIG 4.1a
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Sequence of single bubble rise and particle ejection

FIG 5.2
in a two dimensional bed

llllIlll;Ll:!!L-----J

o |

-

a) 0.085 sec b)

0./5 sec

c) 0.2 sec d) S st

L

e) ©:32S sec f) 0.29 sec

Freely bubbling bed

FIG 5.3




PREDICTED AND OBSERVED
PARTICLE CLOUD TRAJECTORIES

AR
Y2k
10
T BT
(3
p
[
% IFS
LI o
it
o
4 -
2 -
0 L L | 1 I\ | ;
0 2 4 6 8 10 12 X1072
TIME (sec)
MATE SILICA SAND
T OC D.mm
Ub mmysec b p
—2— 355 20 0.354
1000

O N R o — —

FIG 5.4



PREDICTED AND OBSERVED
PARTICLE CLOUD TRAJECTORIES

14 r
10 (A0 -
| { 6 S o Salil
P, ‘\
/ a
\a
A \\‘
A
£ X
e Wi
I \
LR TR o A \
b \ "
= \
\
i \
4 2 \
\
\ A
\
¢ \
\
\ A
L | 1 \ \ ]
0 L
0 2 4 6 8 10
TIME (sec)
MATE SILICA SAND
(8] !
Ub mmy/sec Tb C Dpmm
2 -336,9 20 0777

FIG 5.5



PREDICTED AND OBSERVED
PARTICLE CLOUD TRAJECTORIES

14 r
V2 ik
]O Ir I:
i e
4\\
? 8 - \\
€
] A N
e \
B 1
& 4t >
= \
\
'S Noa
4 r \
\
\
\
2 i ; X A
\
A \\
o L L l 1 \ | )|
0 ! 2 4 6 8 10 12 X107
| TIME (sec)
MATY SILICA SAND
(]
'Ub mmy/sec L% ¢ Lpmm
| —= 323 20 055
e 1000 s

FIG 5,6



PHOTOGRAPHIC STUDY OF

SURFACE

REFLECTING
PLATE

BED ]

CAMERA |

2
:
1.

? AIR SUPPLY
NS . P r |
! !
AR
FLUIDISED BED 50t LRIR R e
- | | 1 ' ! 3
< | | , : !
ot | .
"‘u{.I ' ! [ f
. ! _ '
w 20 | ; , | |U-.--umf |
@ . | | | ’ i g |
@ AR | A0.76 mm/sec. | el
= g ke R ERRER L
! | ! ° ol | ol | 5
| T
0 Sl b 9 ‘ i o
10 ” e ® ? 20' f 1 ﬁ
o | o | . ' T SN '.
| w e ® ; 5 g J | | ! . f ‘
4 - | ® . ;
| | | ‘!_.. | f e 5
0 10 20 . i :
| | .
| |
“be ™" T




AlllldvdUad

6666 66 06 0S 0ol L 100
| I i T T E | I T I T T T | I I | T AR

6°S Ol 4 L0y ©
682 o

q CLEEN S =
92971 =

= SL'o 0l 0z 86ZI A o

ww wiw s3s/ww
L n_Q mEI Uon._. $w = ]

ol

wuw

mﬂo

Ol



6666

06

Al11idva0dd
0S ol | L

100

oL's 14

GL°0
wuw

dg

o€

(SRR E)

*EI

0c¢

g
= i ¢

aNVS qlVW

T

9L 0V
682
€ELET
99LlL
8671
33s/ww

.\—EDID

ol

ww
mQD

00l



6666

AllllavVaUaa

66 06 0S ol 100
| | | ] i i 1 1 T 1
LS ©1 4
68¢ ©
- EL’ET 9
: QUL &
e 2L0. T as 0z 84°TH 2
ww i 23s/ ww
e ANVS 1YW
~ il

0l

ww

GQD

ool



AllllavValdd

6666 66 06 0¢ (0] L 100
L i T 1 T | I = T ] T Y i e W
¢SSl H
68 o
= ELEL N ¥
. 99 LL &
e W—. O ON ON WQ.N— & =6
ww wiw 23s/ww
B ANVS [1VW .
e R T | Lo alhee . G5 RS S B0 T B o)

0l

wiw
m.n_D

ool



ALl 11O ¥ QlJAddA

0S

ol

100

6666 66 06
| I8 ] I T 1
gL'e U_l._
VLE
i ; i 891
)
£ yse€0  TL 006 9%
wuw wiw 23s/ww
= n_Q *EI U.un_.F WED|D

ANVS J1VW

ol

Wi w

WQD

00l



6666

FATE LR - A

0S

ol

10O

66 06
| | | T I |
7L'S Ol 4

142

891

L6

PSEO0 8T 006 AR 4

wuw ww J9s/ww

A TR
dNVvS A.w,q((

ol

ww
UQO

00l



All llavVoalda

6666 66 06 .mum. ol 100
1 I I I ] | 1 b | |
SISOl
L4 o
W goL = 5
) A
L vmm.o_ ov 006 zor A ]
ww ww J3s/ww
| ao U.EI Uon_._. ...EDID =]
- aNVvS 1lVW J
e ~

ol

Wi
UQD

00l



Alillgvd0add

6666 66 06 0S ol , L 100
P =l T I I =1 =5 e Y ] T = 1 L
LS OIS
(]
= ‘ 891l = -
L& A
L. ¥SED. S54E 008 ZO¥ A 3
ww wiw 23s/ww
= d
g wy 2.9 TITA A
® aNvs lvWw .
= - 0l

1 | I | | | | e e | | | | | | 1 gy 001

ww
wﬂﬂ



| } )
LS O14 , s pww (“¥n-n) "y

oL xO0l é 8 L 9 S 14 £ [4 (

"®©

299100 0 — ¢2¥1£0 0+7Z1E0 L—2££0°L +56£1'0="a (O

zs2=% ()
S3IYN1v¥IdWIL Qq3g
9
Q3IL1VA31I aNv  INJlew? 1v  (%Y%n-n YW ‘99 10 NOILvI3I¥¥0D v

ol

Gl

o
o™~

)
o™~

(01>

d43l3iwvia 3799N8 NVIW

(ww)ig



PARTICLE CLOUD TRAJECTORIES

PREDICTED

40

035 4

14

12

10

o ! O < o™ - o

(ww) 1HO3IIH



T GEEDHE. ¢ T .

T e umm_\nfﬁ .'wEnlla_vwEI

UL oo

| | I I . I | I | =

Sawll 3ON3dIsS3¥y ano1d _m.._mm.:m(m n_mhu_amw_n_



COMPARISON OF SOLUTIONS FOR
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APPENDIX A

THE EFFECTIVE EMISSIVITY OF A FLUIDIZED BED

From Zabrodsky[zl the fluidized bed may be approximated by a
dusty gas stream, requiring a solution of the classical energy at-

tenuation equation

L ARRCT 2 | , : (A.1)

-K x I -K x
F0 e el 8 e e AR T R =
b Ib t
Now Tt Hens e R
Hence from Kirchoff's law
& B E = 'L -1 == e'Kax

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 €, = 0.65 and

D = 1.5 mm, then
P

e, = 1-85x 107° = 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:

dI KSN/N ' .2
= - 1 1
Cos6 T KtID,(’e) 2 41T1(x,8 )JP(6,6')dq + Ka v Ib(x)
{8i1)

where €' and 6 refer to the incident and scattered directions res-

pectively using the transforms

~
I

X : 3
- [ xwx 1 =f° K, (x)dx

with Kt invariant with x

-
=

w =

)
5 R: - l-w = = B = Cosb

Equation (B.l) becomes

d1 “o
= -1 + jr-D(r) + (1 - mo)Ib(T) (B.2)
where
D(T) = f 1(t,08')P(6,0')d

41

For the one-dimensional case equation (B.2) may be written as two
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simultaneous equations for the positive and negative T and M

direction as

u-a-d1+ S e I IR T i." D(T) (B.3)
T o' b 47 3
and
d1- 501 uj0
I R Rl -wo)Ib(T) + TﬁD(T) (B.4)

with boundary conditions of

0

1°(T,1) (TS RS

Ll

o

I (T,m) it ), - F

using an integrating factor e‘r/u then equations (B.3) and (B.4)

becones
gy = rrome ™ +/T[(l-w°)1b('[') + :%D(-:-)]e—(-r-t')m %‘_f,'
; (B.5)
and
I (t,u) = I-(To’“)*’(T"“-TM‘l 2 -[;To[(l-wo)lb(‘r') * lz;j%D('r')]e'('lwr‘)fu 9'1:5"
(B.6)

where T' is used as a dummy argument to distinguish from t. The

Radiative Flux may be defined as

1 -1
(1) = 2'nf QT T 2T[f Ipdy (B.7)

o o}

Then substitution of (B.5), (B.6) into (B.7)
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1

1l

q.(1)

T LUO
2n [ [(A-u )L, (1) + g D(*)]Ez (1-7)dT"
(6]

+

T ; W
211/ 0[(1-w0] I (1') + 21% D(t')]E, (T'-T)dT’
T

and similarly

1 i -1
D(T) = 2ﬂJ1+(T.u)du- 2n £ 17 (1, Wdu
(o]
Hence
b T/ - -(1,-T) /M
D(T) = 211‘1‘(0,;1);- du + 21y'1 (t,4)e "o Fdu
(8]

T w
2n O [(1-w )T, (1) + gz D(T]E (|T-t'|)dr"

+

where En(T) are exponential integrals.

Non-dimensionalizing with

q,.(T)
Q') = —, D ey e RAD)
O'Tb o-rb"
I
Tli., - & T2 \
— 81 - e = 62
it T
b b
+ F 2
I = u 7 = F2
(O:U) ?l I(To,u) Sy
m
1

2“'[1+(0.u)e'““udi = 2F,E; (1)

! 1 :
2n[1‘(10,.u)e'“o'ﬂ/“dp = 2F3Es(T -T)

11
211/’1*(0,u)e"”-“udu 5 2%1"(10-‘1)3'“0"‘)/%
(8]

dy

(B.8)

(B.9)



- 155 -

1
2T/’1+(0,u3ef1/“dp = 2F,Ez (1)
(o]

|
ZT/'I*(To,-u)e”(To_T)/udLJ = 2FgEa (T -1)
(8]

'FTIb(T]

a-fr""
b

8 (1) =

then equations (B.8) and (B.9) may be written

2F1E3 (1) - 2F,E,4 (T -T)

q.' (1) =
T w
A2 30,30 (0 o DR B (e Dt
T. w
50 4“°[(1-mo)e“(r') + 1?—0'(1')]52(1'-T)dr' (B.10)
and '
D'(t) = 2R EBz2(1) * 2F2E2(T0-T]

8 w
+ 2d£'°[(1-mo)e“(¢') + 1§-D'(T')]E1(]T-T'|)dT' (B.11)

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 qr'(T)
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, = g8 +((1-€)F -q/o)) ' (B.12)



SRR

.

Fe = €,8%+ (- e-zlffgi‘:*z * i (00 : (B.13)
then at T = 0

:ga e
Hf{.} A
1?
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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
w
dI _o

= =1 +

W ™ fIP(B')dQ ¢ (1w )T | (€.1)

4T
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]

: " ‘
e ' = x 2 : .
4,"‘{1?(6):19 w [£1° + bI7] : RN | 147 4

For isotropic scattering P(6') = 1 and

1 0
£ oa [P(e')du b = % [ P
b
Hence equation (C.1) becomes
ar’ . -
B s (fwo = 1)1 o wobI + (1 - mo)Ib {G3)
and
T e R b1t - 0 )1 (C.4)
Hegp T AL =i r¥o 5 2:Med " '

The solution of (C.3) and (C.4) from [20] is:
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'm = AQ-me™ + B s me™ 4 1, (C.5a)

'@ = AQ+me s B - me™ 1, (C.5b)

for £ = b = %, where

A = : (C.13)



o Sy T

By assuming that I* and 17 are the total one dimensional
hemispherical fluxes across the reference plane rather than inten-

sities, then u = 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,,
P G = f(T) f 0

_ 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.11l) of Appendix B are:

qr'(T) = 2F E, (1) - 2F,Eq (T, - T
T wo
v 2 [ [@-00" (1) + 2 D (T ]E, (T - T
0
T LIJO
: z{ °[(1 -wg)6*(1') + = D' (t")]E2(1' - T)dT' (D.1)
and
DY) = 2F B () ZFzEz(TO - 1)

ki Zch’l(l-w )04 (t') + w—°n'cme (|t -t'|)dt' (D.2)
A 0 4 1

A solution of equations (D.1) and (D.2) may be obtained by firstly

considering equation (D.2). Approximating

n
04 (1') = _Zl'ci»r'(l"” | (D.3)
1:
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and

n -
DU(T') = zijdiT'(i_l) (D.4)

i=1

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 d;, i=l....n, to be obtained by satisfying eqﬁation
(B:2}) at 'a! locationst

This may be achieved by recasting the modified formlof

equation (D.2) as a matrix equation. Then equation (D.2) becomes

W] + [X] + [Y] + [2] . [d] L LD

vl . [d] =
Hence
(vl . [dl = [P] (0.6)
where
[ul = [v] - [2]
and
[P] = [W] + [X] + [Y]
with [v] = I_T1’ b 3 " P (1)
T2s (o o o y T2(n—1)

L_T 2 s T - . ¢ (n-1)
n n
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™ = [2RE,(1)]
2F B (1,)




4] = [gq
dz
d
L
wheré Ii' i=liosn
and J., i=l....n
; 2l

are obtained from a solution of the integrals in equatioh (D.2).
It remains to solve equatioﬁ (D.6) for the unknowns di' 55 RO 1 [N
This is achieved by transforming [U] into an upper and lower

matrix. Hence

] . [d = [p]
becomes
it . Y . [ = (pl
or
it . 1 = [P (D.7)
and

il . 41 = [b] (D.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),

q;(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.

Vp QPN = 5 bulk mass/unit volume . (B.1)
O e -particles/unit‘volume ) (E.2)
Yop

Across volume AV the pressure difference

gV_p NAV :
v —BE SR K
with AV = AAx; then
AP
o gVPDpN (E.4)
and
AP dP
L — = — = V. p Ng (E.5)
o Ax dx PP

For a distribution of particles/unit volume N(x), equation (5) may

be written

1 dP (x) .
N(x) = (E.6)
V dx
& PDP
with
m 3
V =
P &%
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NI i el dpa(f : (E.7)

K ! = -ZP-[ep+ 2(1-¢€)]

Hence optical depth T(x) is defined

X ' :
T(x) = fKt'N(x)dx (E.8)
o H
T(x) = 1D"';l':"'g[&: +: 21 =€ )]fx 2 (x) .dx (E.9)
S-S P PR P, dx

As P(x) is obtained experimentally. A least squares polynomial

fit may be used to obtain the form of
n
P(x) = Zcix(l'l) (E.10)
i=1

Then T(x) = fn(x) may be found. A value of Kt(x) may then be

obtained from the relationship.

drt(x)

e (B.11)

K () = K'N(X) =

(b) Determination of Extinction Coefficient at a Plane

Surface

From (a) it was established that

NGy = 2 (E.12)
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B0 = 6y - g()) (E.13)

Hence

P 15 0" It

X .
e o ot -
g iy
X ¥
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APPENDIX F

OPERATION OF A RADIATION PYROMETER (RADIOMETER) SYSTEM

’L: do o c‘.g =
Lti_Ak A A"‘ Lg; A‘
For a thin lens f = focal length.
1 1 1 '
et + D— - b . . ot ot (F!l)
d, dy b3

The focal length depends upon lens material and its curvature.
Target area which fills the detector Ad is

A, = A (F.2)

From (F.1) and (F.2):

2
A, = A (dy - £) (F.3)
f?.

and for d0 Sa8F

d 2
b 0 =
A A, o (F.4)
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For a detector diameter = Ld then

5 TR ML (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:

Le 2 Ly (F.6)

d
0
¥ 3

Irradiance of the Detector
The irradiance,GL received at the radiometer lens decreases
with the square of the distance to the target. Hence total radia-

tion received is

A2
Ml
e S NydA watts/steradian (F.7)
ﬂdo
1
D ALE A2
) G Ny dA A (F.8)
4:10z
A
with A = wavelength
B target emissivity

target radiance

!

and the radiation incident on the detector is

G A T A, T, D% Ag

) VAl P = e T
Gy = = = NydA watts/steradian -m?
2
d 4d0 Ad

1

A1 ' (F.9)
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where T is the transmission of the optical lens. The signal

voltage from the detector is proportional to G4- For a resolved
target
{5 )
2 -2
do A g f

therefore irradiance at the detector is

Gy = — N,d\ watts/steradian -m* " (P.10)

and

t.D%*e.w g
Gd = ——-——-—-J/‘ del watts/steradian - m?. N 1) = [ 1

A1
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 Dzetn A2
TR R NydA  (m volts) (F.12)

4£2

Constant K includes the responsivity (volts/watt) of the detector

and the gain of amplifier., Hence
Vo= K6 (F.13)

and K may be found for black body calibration at relevant temperatures.

For a wide spectral range

iy )\2 |
N(T_") ='[1 N, dA (F.14)



L

S knbien oy
R V s N[T l') ] (F . 15)
- af?

From calibration with recorded temperature 35
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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:

M, 7 aq
= £ S ;3
p CP 5{ ' i ax ; (G.l}
where 5 Ep = ppCp(l -Eb) and may be non-dimensionalise& to
a '
36 Hp
ST R S (6.2)
where
3
et Kt S
J C (1-¢
Pplptie)
subject to boundary conditions of
T =0, e(o,t') = 6, &0 (G.3)
RNt G(To,t‘) =015 L300 (G.4)
and initial conditions of
—— = 1
t¥ =0, g(x,0] = {6(1)}’ 30 (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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I
8" (t,t') = ZE:Ci(T,t')T(l_l) (G.6)
i=1
and
n .
D(t,t') = Zdi('t,t')‘t(l_l) (G.7)
i=1

Referring to Appendix D, the matrix equation was solved for di,
i=l....n and a solution for q;(T,t') obtained initially at t' = O
subject to appropriate boundary conditions. Equation (G.2) may then

be written in finite difference form,. i.e.

p+l P _ P
en i en SR (e T q; n-;] : (G.8)
At! ' 2A1 3l '

.where n refers to the nodal spacial position and p refprs_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 Ci(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 Gl g R was used and
equation (G.8) becomes at T = 0, i.e. n = 1
1 P P
R A ' by
3 N T (G.9)

T N T YN
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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 1is included to solve the transient enérgy
equation (G.l1) and, in finite difference form, equation (G.8)
described in Appendix 6. Simply the steady state solution of
equations (B.10) and (B.11) with a described temperatufe distribu-
tion is given by the initial solution at time zero.

The important variaﬁles encountered in the program are

described below.

(a) Input Variables

FL1 = 0, ", 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

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.

(i-1)

8" (1) 595

[
s
—
()
—
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(b) Output Variables

D(I), I = 1....m are the coefficients of the (m-1) degree

polynomial describing the incident radiative flux, i.e.

m
Dt} = j{:diT(i_l)
i=1 ;

Q(I),. I = 1....n are the radiative flux levels at the corresponding
spabial position across the field. Y1(I,J), I =1....n,J =m
are the values of temperature across the field at position (I) and

time (J). ML is a counter.

(¢) Important Variables in the Main Body of the Program

AT I e . designates spacial position across the field.

S13AAF  is a NAG subroutine used to determine the first
exponential integral, i.e. E1(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
BlL) ;1 & 1ol

GAUSS is a subroutine called from subroutine LESQUT.



PHOGLKAM LkwN(lNPnr.uulPUT.lnP¥1slnpUI.TAPt?:uUTPUI)
DIMENSTON P(hab):51(H)rUS(h:h),C(1U) '
DIMENSTUN ULt e6) ,USCH,6),06(6,06)
DIMENSLON QEES05) ,4T505)
DIMENSTON D(H}aQ(SUBJ,Y1(505.S).Ytﬁuﬁ),x(1n,505).YE{SUﬁ)
DIMENSTON 2(5“5),22(505).R(hUSI:ﬁ(H.Hl.DD(H).U(505461c5(505;6)
COMMUN Y1
LEVEL 2.Y1
KEAL J":JZ;JS:J‘&JJS
ritkD(l.*)H1-FLZ:HO.FN.I-UZ
Hl‘ﬁD(10*)(l‘,(l)al=1l5)
WKITEC2,22)FLY o FL2 (WO EW, EW
22 FORMAT(S5E12,4)
DELX=0.07
PELT=0,00U1
Nx=1
BlL1=FL1
pL2®FLZ
n=501
mL=0
NN=N+1
2 A=0,.0
DO 5% K=Z,NN
63 2(K)=2(K=1)+0,02
DU 3 K=1,NN
X(1,K)=1.0
x(2,k)=2(K)
O3 J=3,10
3 X(Jl‘)‘l(J"‘aK)*z{K)
DO S6 1=1.NN 3
56 Y(I)=C(1)t(€(2)tztl))+(Ct3)*2(l)*Z(l))f(C(kh*Zil)*z(l)*ztl))
1*(C(5)t(Z{I)**h))
39 CONTINUE
FLAI=HLA
FL2=BL/¢
pOSS I#5:5
L=N*1
CALL LESQUTY tl-1UaLaXaY'C.YE.R;RRI
55 CONTINUE
nO 57 131,NN
57 Y(l}sc(1)+(C(2)tZ(l)}+(C(3)*2(l)tl(l))+(ﬂ(k)tl(l)'l(l)tZ(l))
1+(C(S)w(2C1)wnb))
AD=2(N)
E1ARST3AAFRCUDIFATIL)
E2h=(1.0IEXP(Z(N)))-(Z(N)-F1A)
t3h=(1.0!8.0)*((1.UIFKP(Z(N)))-(Z(N)*EZA))
Ekn=(1.U!l.O)t((1.nltxP(z(N)))-(2(N)-t3n))
FSA=l1.UIk.O)tt(1.nkaP(Z(N)))-(Z(N)*thA))
Fba=(1.0!5.0)tt(1.nIFXP<Z(N)))-{Z(N)-tba))
E?n-(1.ulo.u)-t(1.0Irxp(ztn)))—(z(u)-tok)>
H1=C(1) %V ,5-F3A)
J1= (0,.5=E3A)
H2=C(2)-(U.BBS-Eha-{Z(n)utSA))
Jes= (0.333-EL&-(2(N)aE5a)) '
H$=C(3)-(u.S-(?.u*ESﬁ)-(?.u-z(N)thA)-(Z(N)-Z(N)tESA))
Ji= (0.5-(2.U-ESﬂl-(E.UwZ(Nlltﬁl)-(Z(N)OZ(N)*tSA))
H&=C(¢)t(1.2-(b.u-EbA)-(h.UtZ(N)-tSn)-(S.U-Z(N)-Z(N)-tan)

]



1=((2Z(N)wx$)nE5A))
Ju= (1.J-CO.UtroA)-(n.Utz(N)*thAJ-IS.U*Z(N)*Z(N)*E&A}
1-((z<~)t—5)*t$£}) ;
ns=c(b)t(u.u-()u.n*tzn)w(zu.n-2(~)tEbnj-(12.ntztu)tZ(N)*ESl)
1-(4.u*(2(~)**5)-rga)-((Z(N)tt&)ttjh))
15= («.u-(?u.n-E?A)-(zu.Uuz(NJ-Eon)-(12.0*2(N)-Z(N)tE5A)
1-(4,Ut(Z(N)*-5)tihﬁl-((Z(N)*ih)tE3k))
W1=C(1)w (U, 5-E3A)
V1= (0.5=t3A)
NZ=C(?)*((?(N)*U.h)-u,BSSfFan)
Vi2= ((2(N)®0,.5)=0,335+F4A)
u3=C(5)t((Z(N)*Z(N)tﬂ.ﬁ)-(z.n*Z(N)*U.S!S)*ﬂ.b-(Z.U*E&ﬁ))
Vi=s ((?(N)*Z(N)th.ﬁ)-(?.UtZ(Nl*0.535)*0.5-(2.0-£5A))
NL=P(A)*(((Z(N)*tS)*U.SJ—(5.U*IIN)*Z{N}*U.353)0(6.0FZ(N)*0;25)
1-'-lh,ll*u,.'))t(t..ll*t-ba)}
Vb= (c(Z(n)-ts>-n.5)—(s.u*z(N)*ztui*u.353)¢(6.0uz(uinu.zs)
1-(6.0*“.2]*(6."*}6&))
uS=C(5)t(({Z(N)t*k)in.ﬁ)-(k.u*(z(ul-tS)tU.3333)0(12.001(N)tltﬂ
1)tn.zs)-(za.naz(u)uu.2)+4.u-tza.naF?n)) 2
Vh= (((ZlN)*tkl*ﬂ.ﬁ)—(h.U*{Z(N)**5)tU.3353)0(12,0t2(N)t1(N
1)*u.ah)-(za.u-z(n)*u.?)+a.u-(24.utt?A))
fL1-(Eu-ut1)+(2.uw(1.U-Eu)-((uLZtEuztt3AJ+((1.0-HU)-(H1+H2*H3+HQ
1¢nﬁ))})*ta.u.(1.n-rp)~c1.o-fuz>-(1.o-un)*t3a~(u1+u2tu3¢u4*u5)1
FL1=FL1!(1.0-(&.0*(1.U-Eu)i(1.n-tu2)~F3A*t3h))
FLE:(thtFuzit(Z.n-(1.n-EuzltuL1tEutE3ﬁ)*(?.U-(1.0-£H2)t(1.0-HOJ
1-(w1*u2+u5+uh+u5))*(4.0*(1.u-Eu21t(1.D-Eu)*(1,0-u0)t£3§g(hjtugt
2d3+n4+h5))
F12=FL2ll1.0-(4.0:(1.u-ew)t(1.u-tHE)*FBa-ESA))
xZ=(1.n-(&.n-(1.0-Fu)t(1.U-EU?)ttjn*ESA))
poO S8 1=1,5
ujtl.1)=(1.U—Fu)*wntn.btJ11xz
u3(l.?)=(1.u-tu)-uUtﬂ.stJZIxz
U3CT,3)=(1.0=FW)wwow( S*y5/X2
US(I-&):(1.ﬂ-tu)-wu-n_san/xz
U3 CT+5)3(1.0=EW) »WwOn0, 5005/ X2
88 CONTINUE
py 59 I=1.,5
ua(l.1)sf3n*{1.u~fu)t(1.u-ku2)*u0*V1lxz
uL(l.?Jcr!aw(1.n-ru)*(1.n-tNZJ-uu*v21x2
uatl.!):&xa-t1.u-fw)-(1.0-&u2)*uu~v3l12
ua(l.a)sesu-(1.o-rqu(1.n-fw2)-uu*va/xz
u4(1.5)=FSnt(1.u-Eu}t(1.u—Eu2JtuUtv5112
59 CONTINUE
- DO 60 1=1,5
u%(l.1}-(1.u-fu2)w(1.U-Ew)-uUiPSA*J11xZ
u5(1:2)=(1.U-EuZ)t{1.n-Ew)*NU*tSAtJZIxZ
u5(l.3)=(1.u—tu2)*t1.U-Eu)*wU*f!naJBIxz
uS(I.a)=(1.u-Eua)-(1.u-bu)-uu~F3AtJ$/x2
ub(l.5)=(1.0-Eu2)*(1.U-tu)*uutfsatbexZ
60 CONTINUE
DO 61 1=145
UG (T,1)50.5%(1,0=EW2)*WOwV1 /X2
U6CT,2)=0,5%(1,U=EW2)*WOWV2/X2Z :
U6(I.3)=0.5t(1.0-EUE)tNHtujlxz
UELY 260 5% (1 LU=EW2) *WOwV4L /X2
U6(T.5)50,.5%(1,0-EW2) *WU*V5/XZ
61 CONTINUE



560
561

962
563
43
67

40

Q66

90

L& 1=1,N N,

Gus2(N)=2C1)

VECZ TN EQ D00 1y T 201

BE=2(1) ) :

FAA=513AAF(HE,LFALL)

E2AB(T  UZEXPCZCI)))=(ZC1)*E1A)

GO TO 561

F2A=1.0

CONTINUE

FF(GL. EU. .U, ) GO TO 562

FI8=3513AAF(GG, TFALL)

E283(].0/EXP(GG) ) =~(GG*ETR)

GO TOr 563

F2R=1,0

CONTINUE

ESAS(1.0/2,0)% (1. O0ZEXP(2CTI)))=(2CI)*E2A))
FIAS(T1.0//.0) % (1. N/EXP(GG))=(GLXE2B))
FGAZ(1.0/3. 0001, 0/EXPCZCTI)II=C2C1)*E3A))
FOBs(1.0/735.0)%CC1,0/EXPCGG))=(GGESB))
t5Al(1.U/4.0)t((1,UIEXP(Z(l)))-(Z(l)-ELA)J

FSB2(1.0/4. . 0)%C(1,0/EXP(GG))=(GG*ELB)) ;
FOAZ(1.0/5.0)%((1.0/EXP(ZCI)))=(2ZCI)*ESA))
FOR=(1.0/5.0)%C (1, 0/EXP(GG))=(GG*ESB))
E7ARC1.0/76.0)% (1, 0/EXP(ZC1)))=(2CI)*FOA))
F?n=(1.01n.0)f((1.OIfxp(GG)J-tﬁG-Eba))_ :
S(l.1}3(l(?.U-EZa-EZB)t(Z.u-(1,D-HU)))*C(1))+t2.ﬂifL1*E2A}t
1(2.0%FLZ*E2B)
5(1.2)8({{(2.0*2(l))+E3&-(Z(N)tEEUJ-ESB)*lz.nt(1.u-UO)))tg(z))
S(1,3)5((((2,0wZ(I)*2(1))+1.333=(2.0%E4LA)=(Z(N)*Z(N)*E2B) R
1-(2.U*Z(M)tESB}-(Z.U*EﬁB))t(2.01(1.05uu))J*C(3))
S(I.4):((((Z.U*Z(l)t?(l)wZ(l))+(4.0*2(l))+(6.UtESA)-(6.0-ESB)-(
1z(~)az(N}rz(u}nezsi-(S.utz(u)wz(ui*ESB)-(Q.Otz(N)iEﬁBJ)
2%(2.0%(1,0=W0)))IWC(4L))
5(115)8((((2.0‘(2(l]*tk))*(&.U*Z(l)*l(IJ)*Q.ﬁ-(?ﬁ.OOEbl)'lﬁ.Qt
1(Z(N)**5)*xF3R) e ((Z(N)*®LINE2H)=(12.0%2(N)*2Z(N)*ELB)=(24,.0%
22Z(N)*ES5H) “(24.0%E6B))*(2.0%(1,0=W0)))*C(5))

UCI,1)% (2.0~E2A=FE2B)*W0/2.,0

UCL,2)% ((2,0%2C1))+F3A=(Z(N)wE2U)~E3B)wW0O/2,0

udr,3)s= ((2.0%2C1)%2(1))+1.333=(2.0%ELA)=(Z(N)*Z(N)*E2B)
1=(2,0%2(N)wE3B)=(2,0%E4B)) *w0/2,0

UCL o)z ((2.0%2C1) %2 (1) %2 (1)) + (4, 0%2C1))+(6,0%ESA)=(6,0%ESB)=(
1z(N)aztn)-ZIN)-FZH)-(S.u-Z(NJ-?(N)tESB)-(o.urz(N)tsan) *w0/2,0
U(r,5)= ((2.0-(2(|)tta))+(h.naz(l)*z(l))+v.ﬁ-(24.u*EbA)-(4.0t
1(2Z(N)*=3)«FE30) w((Z(N)*WRL)*WE2B)w (12, 0%2Z(N)*Z(N)*E4B)=(24,0%
22(N)*ESH) =(26,U%EHB)) wUW0O/2.0

CONTINUE

2(1)=0,0

DU 966 L=2.NN

2(L)=2CL=1)+0,02

p 90 131,5

iIU 9 J=?.|")

P(141)=1.0

P(1.,J)=0.0

PO 91 1=2.5

no 91 J=2;5

115(125%1)=124

YWw=2(11)



91

Y2

94

95

9h

82

565
566

567
548

YYYEYWan(J=1)

p(‘aJ)z\“YY =

DO 927 1=2.5

po 9¢ J=1,5

WG YEUCT1 253 F ) =1dnad )

bu 94 181,545

no 94 J=21.,5
A(I.J)=P(lcJJ'u(I.JJ-US(I:J)-UA{I.JJ-Uﬁ(l.J)-Ub(l-J}

DO 9% 1=2,5

pu 95 JF1.56

S{Isd)=S(C(125*%1)=124)044d)

DO 9K 131,55 :
31(I)=S(I.1)+5(|:2)+$([,5)*5(|,¢)+s(|.5)

CALL DEESC(ST1.,A,DD)

puo B2 1=1.5

pDCI)=0bDCI)
FL1=PL1*(D(1J~U3(1.1J)+(n(2)—u%(1.z)J+(n(3)an5(1.5))+tb(h)t
1u5(1.4))*(n(5}*u3(1.h))+(0(1)~uat1.1}}+(D(2)tu4(1.2))+(D($!-ua
2(1;3))*(0(&)au4(1.6))+(D(5)-U4(1-5)) :
FLstl2?(0(1}*U5(1;1))+(D{2)*U5(102)]+(Dl3ltU5(1a3))+(D(6)i
1U5(1.a))+(n(5)au5(1.S))+(D(1)tub(1.1))+(D(?)-u6(1.2))*(0(3)-ub
201, 3))+(DC4IwUE(1,46))+(D(9)*U6(1,D))

pO 133 1=1,N

GG=2(N)=2 (1)

1FC2¢1),EQ.0,0)G0 TO 565

BF=2(1) :

F1A=S13AAF(BF,IFATLL)

E2AB(1 . 0/EXPCZCL)I=CZCL)*ETA)

GU TO 566

E2A=1,0

CUNTINUE

1F(G6.EQ.0.0) GU TO 567

F183S13AAF (GG IFAIL)

F2u%(1.0/EXP(GG))=(GL*ETH)

G0 TU Sé68

k2a=1,0

CONTINUE

FSA;(1.utz.u}-((1,uitxu(z(ll>)-(ztl)~£2a)}
E3B=(1,0/2,0)%((1,0/EXP(GG))=(GG*E2H))
FGA3(1,0/73,00%C(1,0/EXR(ZCI)I)I=(ZCLI"ESA))
F4B=(1,0/3,0)%((1,0/FXP(GG))=(GG*E3B))
E5ﬁ=(1.0/&.0)*((1.0IExP(z(l)))-(Z(l)tﬁkn))
ESB-(1.0!4.0)-((1,0IFXP(GG))-tGG*EQH))
Eéﬁa(1.ul§,0)i{{1.0IFXP(Z(I))}-(Z(IlttSh))
Eha-(1.UIS.UJ*((1.0IEKP(Gh)J-(GGtESB))
E?A=(1,u1b.u}*((1.0IFKP(Z(1))J-(Z(l)*tbﬂ})
E7B=(1.0f0,0)t((1.QIPXP(GG))-(GGtﬁﬁﬂ))

F12C (1)« (E3B-E3R)

G1=D(1)%(E3B-E3A)

F2sC(2)n(ELA=0 6664 (7 (N)WESB)+FLB)
G2=D(2)*(F4A=0,.666+(Z(N)*E3B)+F4H)
FS:C(S)i((E.UuEﬁﬁjT(Z.Otz(NJthbﬂ)+{Z(NJtZ(N)*EBB]-(Z.H:ES&}
1=(1,%3342(1)))
GEID(3)*((2.HiEbﬂ)?(E.ﬂtZ(N)*ELB)+(Z(N)iZ(N)tbSB)’(E.OtESg)
1=(1,553%2(1)))
F4=C{ulu((n,narou>+(6.0-z(n)wbbn)+(5.u-z(u>a2<~)at4ﬁ)+((z(uj
1oa3) wE3R)+ (6. OXEOA) =2, 4=(2,0%2(1)%2(1)))



Ga=D(4)w (O, 0abOR)+ (O 02 (N)AESB)+ (3. 02 (N)M2Z(N)sE4LB)+((Z(N)
1oaS)ESBI T (O UREAA)=2  L=(2,0%2(1)%2(1)))
FS=C(9)w( (264 ,0%E7B8)+ (24 ,0%2(N)REOB)+(12, 042 (N)%2Z(N)wFS5B)+
1(4 .0 CZ(N) =w3)*ELB)+((Z(N) ML) RESB)=(24,0%FE7A)=(9.6%2(1))=(2.066
ee(2(1)»un3)))
GOSD(S) N ( (24 , U%E/B)* (2L, O0N2Z(N)*FOB)*(12,0%Z(N)*2(N)WESB) +
14 0% (2Z(NIW*3)AELR)*((Z(N)* L) RESB)=(24 ,0%EZA)=(9.6%2(1))=(2.66
2% (2(1)wws)))
133 QC1)S(2,0%FLI*F3A) (2, 0%FL2*F3B)+(2.0%(1,0=WO)*(F1+F2+F3+F4L+F5))
1+ 0(wW0O/2,0)a(G1462403+4G4+G5))
QCNN)SQ(NN=2)
MM=2
pO 75 1=1,NN
DO 7% J=mMM,MM
75 Y1(1,d=1)=8SART(SORTLY(1)))
PO 20 I&Z2,N
PO 720 JaMm, MM
Y1(1,4)3Y1(1,d=1)=((Q(2)=Q(1))*DELT/DELX) :
70 Y11, d)sY1(],d= 1)-{{DELTIDPLX)t(u{l*11-0(1-1))12 0)
YT(NN,MM)=1,0
DOZ1 J=MM, MM
DU 71 1&1,NN
71 YCI)SYT1 (0 oJ)hwf
IF(ML,EQ.0)GOTO 800U
NX=NX+1
TF(NX,EQ,10)00 IO 800
GOTO 801 = olE
H0U CONTINUE
NX=0
WRITEC2,4) (DC1).,1%1.5)
4 FORMAT(S5E12.,4)
WRITE(2,608)(CC1),1381,9)
608 FORMAT(SF12.4)
WRITEC(Z2,501)ML
501 FORMAT(1S)
WRITECZ2,110)CQC1) (181 4N,50)
110 FORMAT(HET12,4)
74 WRITEC(Z2:6) (Y1 (L ad) s JdSMM, MM) 181, N,50)
6 FURMAT ((4E20.8)) .
801 CUNTINUE
DU He I=1,NN
86 Y1(1.,1)m¥1(1,2)
IF(ML,EQ.T1005)G0TO0 20
ML=ML+1
GUTO 39
20 STOP
END
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SUBKUUTINE Gau%S{M.An,nu X)
DIMENSTUN A(Z0) dAAC20) ,B(20, zu).unitau.n) s K(M)
DU 5 J=1.M

A(J)=0

A(J)=AAC(D)

puo 5 K=1, M
BlJakI=BHCIIK)
IF(M.EQ,1)G0TU 20

MY=M=1

pO 10 L=1,MY

LLsM+l=L

MX=M=L

N 10 J=1.mX
HB=BC(J,LL)/BCLL,LL)D
ACJ)=ACI)=-ACLL)wRE

b 10 kKs1.,MX

B(J,K)SB(J  K)=B(LL,K)®RY
DO &0 KsT1 .M

XH=0

po 30 J4=1,K
XB=XB+X(J)oB(K,J)
XK(K)=(A(K)=XB)/B(KiK)
RETURN

END



10
) fc

20

30

_-3._

SUBKOLTINE LESQUT (M, MF N XeYsCoYE,RsRR) .
DIMENSTON A(?h).H(?u.eu).x(Mr.N).Y(N).C(Mf).Vt(Nl.

NDATA M1/20/
[F(M.GT,M1)GUIOTS
M1=M -

o 5 J=1.MF

ACJ)=0

DO 5 K=1.,ME

HeJsKk)=0

PO 10 I1=1N

DO 10 J=1,MF
KCIY=aCdy wx g ) ¥ €10
PO 140 Ks1,MF
ﬂ(J.K)=u(J.K)+X(J.I)*X(K.l)
CALL GAUSS(M,A,B,C)

‘Hr=0

DO 30 I=1,N

YECI) =0

ph 20 J=1:M :
YECID)SYECI)+C(J)*x(Jd 1)
RCI)=Y(I)=YECI)
RK=RR+RCL)*R(1)

RETURN

END

R(N)



100

101

103

104

105

106

107

SURROUTINE DFES(ST1,A,DD)
DIMENSIUN YYC(B),DDCH) L(B u).u1(h,n).s1(n).acu.u)
pi Ju0 I1=145

DU 100 J=1,5

LT d)=0.0

DO 101 1=1.5

DO Tul J=1.,5

UICL«d)=0,0

LAY =] ()

L(2+2)=1.0

LERe3)=) o)

L{Las&)=1,0

L(5,5)=1.0

no 103 1=1.,1

DO NI = S

A CT il YSAL]Y od)

L(2:1)=AC2,1)/U11(1:1)

N 1u4 12,2

PO 104 J=2,5 -

UTCT ) EACT D)=L (2,1)%U1(1=1,4))

L€3,1)=AC35,1)/U1(1.1)

L(3,2)3(AC3,2)=(L(3s1)%u1(142)0)7U1(242)

po 108 1=3,3

po 105 J=3,5
u1<1.J)-n(1.J)-<L<3.1>-u1{l-z.JJJ-(L(s.Z)au1(I-1.J))
L(&s1)=AC4,12/U1(1,1)

L zJ-<At4,2)-<l<a.1>-u1(1.z))11u1(2.2)

L h,3)3(AC4s3)o(LChs1)MUT(143))m(L(4,2)%U1(2:3)))/U1(3.:35)

DO 106 14,4

DO 106 J=4,5 ‘
u1(l,J)-At1.J)-(tca.11*u1(1-s.a>)-(L(4 2)*01(1=24d)) " (L(#.l)tu1

101=1.,4))

LES,1)=A(5,1)/01¢1,1)
L(Sa2)8CA(5:2)=CL(5:1)%UT(1:2)))/U1(2.2)
l(5¢.5)=(ﬂ(‘n3)-(l(5;1)*1!1(1tS))-(L('.icZ)*ll‘l(?;})))fli1(3.3)
L(5f4)=(A(5tk)’fl(5:1)‘U1(1!4))"(L(5.2)*U1(2!‘))'(L15;])*u1

103,4)))/U1(4,4)

no 107 1=5,5
Do 107 J=5,5
UACTed)EACTad) =L (5e1)%UTC(L=b,d))=(L(5, 220U C1=3,d))=(L(5,3)%

10T CI=2,d))=(L(5:6) %0 C1=1,4))

YY(1)&E51(1)

YY(2)551(2)=(1(2,1)*YY (1))
YY(3)ES1(5)=(L(3,1) oYY (1)) =(L(3,2)%YY(2))

YY(4)=S1 (&)= (L (b 1)WYY (1)) =(L (4 2)%YY(2))=(L(4s3)HYY(3))
YY(5)3S1(5)=(L(5,1)wyYY(1))=(L(5, 2)*YY(2))-(L(5 J)eyy(3))=(L

1(S5,6)*YY(4))

DD(S)=YY(5)/U1(5,5)

PDCL)=CYY (L) =(UTCL,5)*DD(H)))/UN(L.4)
DD(3)E(YY(35)=(UT(3,5)aDD(5))=(U1(3,4)%DD(4)))/UT(3,3)
nn(?)=(7v<2J-(u1(2.5)*00(5})-(u1(2.&)*00(4))-(u1(2.3)*00(3)))

1/U1(2.,2)

nD¢1)-(?Y(1)-(u1(1.5)-nu(5))-(u1(1.a)tun(a))-{u1(1.3)*00(3))

1=(UT(1,2)*0D(2)))/U1(C1.1)
RETURN

END






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

4 8q.(%) T
BBYE((X) ) (e SSRPRT L MR fapuy 45043

The solution of equation (I.1) is complicated by the term q,.(X)
adding another degree of freedom to the integro-differen£ia1
equation of radiative flux. Hence this study considers the equation
(I.1) with constant properties. Equation (I.1) becomes

el Mgl i T
et e =

using the transform dt = thx and the non-dimensional groups

G = -—T:—' N; = Kt Kb

TP 42 = 3

b 40Tb

2

5y K K t

Ty

and for an emulsion G & G. [(Q=E equation (I.2) becomes
(pe), = A G (o Jeg (1.2)

L . e
Bk ., L 1 ot' !
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For two adjacent regions x and y then we have

atel - 1 M) . o3 (1.4)
9t? | x il X At X o X

and
i P T 36 (1.5)
FET IR L P T ity

which may be solved simultaneously for an equivalent absolute time

t, through the relationship

I ol WX '
P A L S P gty (1.6)

X (pC_) 2
pPX K'tyKby

In finite difference form equations (I.4) and (I.5) become

(6
X,y at? lx,y

p+l P ‘P
(8 = 8 - 20, ¢ 8. |

n+1l

At!

(qr -y q| )P
1 1 -1
3 1 T n+ 1 ! (1.7)
2AT |x,y
subject to initial and boundary conditions
i
t' =0, 6(t,0) = ) Tied 0 (1.8)
6(t)
T =10, 0(0,t') = 6, LS e (1.9)
T B(t5t") = 1, rhaar 0 (1.10)
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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 e ]
o
aq'

__Wﬁ; = 2(k=w )([Fy *+ Fa - 26" (1,t")] (1.11)

where F, and F, are the non-dimensional boundary fluxes, i.e.
F; = Fw and F; = Fe (at the emulsion boundary). Hence eqﬁation

(1.3) becomes with equation (I1.11)

[F ¢ B - 26%1,8Y) = 2 _ oA

328 d (l_wo) 36
at'

2N,

at?
and for the gas layer

= b4 1 = o
15 Tog < 1 6 0L tik) 6 o
and

G“(Tog,t') = B“e (the surface temperature of the emulsion)

and (I.12) in finite difference form becomes with n = 1 (at the

emulsion boundary adjacent to the gas layer)

p+l P A P =
(6, - 617) x (G 26, + Bw) * (1 m0) (Fw + Fe - 281“)]')

AtT At 2N1g

(1.13)

with the conductive flux

T ot
Q= e -4N1 wr

X,Y



)

- 378 b

and in finite difference form

L3

el St |

q.' = -4N (1.14)

S lg,b
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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

S
is
is

is

is
is
is
is
is
18
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

QC(I) I
QT(I) I

HR

1

13

1.

...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
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HC is the conductive heat transfer coefficient

HT" - = HR '+ HC

PERC HR /HT

COND is the conductive flux kW/m?

RAD is the radiative flux kwW/m?

FLUXT = (COND + RAD) kW/m?

Nl is the conduction/radiation number associated ﬁith the
emulsion

N2 is the condﬁction/radiation number association with
the gas layer

KTG is the extinction coefficient of the gas layer

DELT1 is the non-dimensional time associated with N2



320
. 325

702

53

3

56

39

PROGKAM |EWNCINPUT,OUTPUT , TAPET=INPUT ,~-TAPEZ2=0UTPUT)
DIMENSITON P(6s6) ST (H) ,US(6:6),CC10)
DIMENSIUN 4(H,6) ,U5(6,6),U6(6,6)
DIMENSTION QCC(5059),QT(50%)

DIMENSTUN DCB) ,QC505) . YT1(505,3),¥Y(505) :X¢C10,505) ,YE(S505) :
DIMENSTUN Z(505),22(505),KR(505) ,A(8,8),DD(B) ,U(505,6),5(505,6)
COMMON Y1

LEVEL 2.,Y1

REAL N/Z

REAL N1,KT,KR

REAL KG,KS

REAL KTG

REAL JM1d2:4d30d4000

READCT s w)FLT+FL2 WO FWEWZ RHOP,CP,RHUG
READ(1,#)CPG,XB,KG,FUB,DP KT, ,kB,TB,TW

READ(1 ,#)(CC(I),1=1:5),8B8 y
WRITF(2,320)FLT14FL2 /WO, EW,EW2,RHUP,CP,RHOG,BB
FORMAT(9F12,4)
WRITE(Z2,3258)CPOGXB,KG,FB,DP KT, KH,TB,TW
FORMAT(YET12,4)

SIGMA=56.7F=12

N1-(KT*K3)!(4.UtSIGMa*(Tn--3))

DELX=0,02

KTGSDELX/(DPxXB)

KG=(KG+KH) /BU

N2=(KTGRKG) /(4. U*STGMA*(TBw=3))

DELT=( (C(RHOGWCPG) + (RHOP*CPw(1,0=EB)))/BB)"KT*KToKR) /
1(RHOP2aCPx (1, 0~EB) ¥KG*KTG*KTG)
DELT1=0.0001/0DELT

DELT=0.0001

uutlr(?.?u?)hft11.DFlT.KTG.N1 N2
FORMAT(SET1?2,4)

TF(DELTYT,GT,0,002)G0T020

CONTINUE

NX=1

AL1=FL1

RL2=FLZ

N=501

ML=

NN=N+1

201)=0.0

DO 53 K=2,NN

2(K)=2(K=1)+0,02

DU 3 K®1,NN

X(1,K)=1.0

X(2,K)=2(k)

pO3 J=3,10

X(JsK)SX(J=1,K)®Z(K)

nO Sé6 I1=17.NN

YOI SC(I#(CI%Z (D)) (C(SINZCI)*Z(I))+(CC4I*Z (L) *Z2(J)n2(1))
1+ (C(H) (2] wng))

CONTINUE

FL1=BLT

FL2=0L? .
nuSS 85,5

LN+ :

CALL LESQUTY (Js10ebLsXsYsCeYE+R,RR)

Y



8%

57

58

CONTINUE

pu 57 I1=1:NnN
v(|):rli)t(C(kltz(IJ)ftC(5)*{(1}*?{1))+(C(q)*z(1)*2(1)tz(1))
1+(C(S (2 (1) *nd))

D=2 (N)

E1A=S13AAF(BD,1FALL)

E2A=(1,0/EXP(Z(N)))I=(2Z(N)*ETR)
EB!={1.U!2.0)-((1.u}ElP(ZlNJ)J-(Z(NJ*tZﬁ))
E£k=(1.0!5.0)*((1.anxP(Z(N)))-(Z(N)tEEA))
E5a=(1.014.0)u((1."IFXP(Z(N))l*(Z(N)*EhA))
F6A=(1.015.0)*((1.0IPXP(Z(N))J-(Z(N)-FSA))
F?k=(1.0!6.0)*((1.0!EKP(2(N)))-(Z(N)iﬁoﬁ))

H1=C(1)%(0 . 5-F3A)

J1= (0.5=F3A)

H2=C(2)w(0.355=E4A=(Z(N)*ESA))

J2=s (U.SSS-E&&-(Z(N)*ESA}) s
u3=cc3)*(0.5-(2.0~F5A}-(2.0-ztn)-tﬁa)-(ztn)-z(N)-EBa))

J3= (ﬂ.S-(Z.O*ESn]-(Z.O*Z(N)tfﬁh)-(Z(N)tZ(N)*ESA)I
u&st(k)t(1.2-(0.0-F6n)-(ﬁ.0*2(N)tFSﬁ)-(S.UtZ(N)tz(N)tEak)
1=((Z(N)w*3)*E3A))

Jé4s (1.2-(6.0*Eﬁh)-(6.0t2(N)*ESR}-(S.UtZ{Nl*Z(N)*EGA)
1=(C(2Z(N)wn3)wESA))
u5=ctS}t(a.u-(2k.u-t?a)-(2a.0t2(u)*Eﬁk)-(12.0-2(~Jtltu)tESA)
1-(L.nt(Z(N)w-3)tEkn)-((Z(N)*tk)tila)} :
J5= (4.0-(24.0*E?Ai-(24.u*z(n)-eoA)-(12.U-Z(N)-ztu)tESA)
1-(4.Utl2lu}**3)*Eah)-{(Z(N)ttk}tESA)) A
W1=C(1)w(U.5-E3A)

Vis (0,5-E3RA)

W2=C(2)w((Z2(N)*0,5)=0,333+E4A) :

Ves (CZ(N)*0,5)=0,335¢F4A) : . 4 : »
'ul:C(B)-((ztn)-ZIN)tO.Sl-(E.UtZ(N)-0.333J+0.5-(2.0-£5n))

Vis ({Z(N)tztu)*u.ﬁ)-(2.0-Z(N)*0.333)+u.5-(2.0t5511)
H4=C(£)t(((Z(N)**3)*U.S)-(l.ﬂ*Z(N)'Z(N)*O.333)*(6.0'2(“)'0.25)
1-(b.ﬂiu.2)¢(6.UtEok))

V= (((Z(N)tt})tn.5)-(3.0-2(N)tz(N)t0.333)f(¢.ooz(u3tu.zsl
1=(6.,0%0,2)+(6,0%E6A))
HS=C(S)t(((Z(N)tta}-n.S)-(k.O*(Z(N)**3)t0.3333)*(12.0*2(ﬂ)*1(ﬂ
1)-0.25)-(24.0*2tn)-u.2)+4.n-t2&.n-E?n))

Vh= (((Z(N)tt4)tu.5)-(4.0*(Z(N)**3)i0.3553)*(12.0*2(“)*2(“
1)to.25)-(2«.0-2(N)tu.2)+k.0-(24.0*57&))
FL1'(EH'BL1)+(2.0*(1.U-EN)*((BlE*EHZ*E3l)+((1.U-HU)*(H1+H2fN3*H4
1*HS))1)¢(4.0*(1.U-Fu)-(1.u-Euz)-<1.G-HUJtESAt(u1¢u2¢u3¢ua+u5))
Fl1=FL1I(1.0-(#."-(1.U-EN)*(1.ﬂ-EuZ}-E3ﬁ*E3AJ)
FL?S(BL2*EN2)*(Z.U*(1.O-EHZ)*HL1'EH*E$&)+(2.U*(1.U-Eu?)t(1.0-u0)
1t(u1*u2+u5+u4+u5))*(ﬁ.Ut(1.U*EHZ)*(1.U-Ew)t(1.B-HO)iESAi(H1+H2¢
2HI+H4L*HS))

FL2=FL2!(1.u-ca.ut(1.U-Eu)-(1.n-EuzJ-ESAtEBA))
xz-(1.0-(4.0*(1.0-Eu)t(1.0vEu2J-E3h-Esn})
no 58 1=1.5
U3CT.1)3(1,0=-EW)*WOw0 5%)1/X2
U3C1,2)8(1,0=EW)wWw Sw)2/X2Z
U3C1.3)8(1.0=EW)*WwO*0, 5%135/X2Z
UBCT,4)8(1,.0=-FW)wWOn0 5%)4/X2
U3CE,5)=(1,0=EW)*w0O*0,.5%)5/X2

CONTINUE

DO 59 1=1,5 _
u4(1.1)-53At(1.u-EuJ-t1.u-Eu?qun-v1/xz



UG(T,2)=ES5A® (1. 0=FEW)w(1,0=EWS)wWUNV2/ X2~

ULCL,3)sESA# (1 ,Uu=EW)a(1,0~EW2)wwOaVI/X2

UGCTLs4)SESA*(1,0=EW) e (1,0~FW2)wWORV4L /X2

UG, S)SESA®(T ,U=EW)r(1,0=EW2)wWOwV5/XZ

59 CUNTINUE
PO 60 181.5
US(L.1)8(1,0=-Ew2)*(1,0=EW)*WO*F3A*JT/X2Z
US(142)5¢1 , 0=EW2)%(1,0~EW) vWUORE3AwJ2/ X2
USCLe3)5(1 . 0=EW2)%(1,0=EW)*WOwF3Aw)S/X2
USCI,4)5(1 ,0=FW2) (1, 0=EWw)sW0OwF3ARIL/ X2
US(1458)s(1,0=EW2)w(1,0=EW)*»WUNETA*JS/X2Z

6U CUNTINUE
O 61 1=1.:4
UC1,1)80.5%(1,0-EW2) *»W0OxVT /X2
U6(1,2)=0,5%(1,0=EWw2)*W0O*V2/X2
UG(T1+3)80,5¢(1,.0-EW2)ayw0wy3/X2
U6CL+4)=0,.5%(1,0=EW2) *WOxV4L/X2Z
UVOC(T49)s0,.5+(1,0-EW2)*WO*V5/X2Z

61 CONTINUE

i DO‘.O 1'1|N
GG=Z(N)=2(1)

FFCZ(T),EQ,0,0) GO TO 560

BEsSZ (1)

ET1AsS13AAF(BE,1FAIL)

F2A3(1,0/EXP(ZCI)))=(Z(1)*F1A)

60 TO 561

560 E2A=1,0
561 CONTINUE

IF(GG.FQ.0,0) GO TO Se2

E1B=S13AAF(GG,IFALIL)

E2BR(1,0/FEXP(GG))~(GG*ETB)

GO YO 563

562 £28%1,0
563 CONTINUE

43 F3IAS(1.0/2.0)0*C(1.0/FXPCZCI)))=(Z2C1)*F2A))

62 5338(1.012.0)*((1.QIEKP(GGJ)-(GGiEZB))
ELAS(1,0/3,0)%C (1, 0/6XPCZC1)))=(ZC1)*E3A))
E4B=(1,0/35,0)0%((1,0/FXp(GG))=(GG*ESB))
ESA5(T1.0/4.0)%C(1.0/FXp(ZC1)))=(ZC(1)%ELA))
£ESB8(1.,0/4,0)%C(1,0/EXP(GG))=(GGHE4LB))
EOAS(1,0/5,0)%C(1,0/EXPC(Z(1)))=(ZC(1)%ESA))
E6BE(1,0/5.0)%((1,0/FXP(GG))=(GGuESB))

E7Aa (1. U/6,0)8((1,0/EXP(Z2C1)))=(2C1)*EGA))

EZBR(1,0/6,0)%C(1,0/EXP(GG))=(GGWwEGB))

SCI¢1)3C((2,0=E2A=E2B)*(2.,0m(1,0=W0)))*C(1))+(2,0%FLI*E2A) Y
1¢2.0%FL2*E28B)

S(1e2)3CCC (2, 0%2(I))+ESA=(2(NI*E2R)=E3p)I*(2,0*(1.0=W0)))*C(2))

SCLe3)®((((2.0%2Z(I)W2Z(1))+1.,333=(2,.0%E4A)=(2(N)*Z(N)SERR)
1=(2,0%2Z(N)*E3R)=(2,0%E&LB))I* (2, 0%(1,0=W0)))*C(3))

SCIe&)aCCC(2.0%Z2C)*2 (1) *2(1))+ (4, 0%2C1))*(6.0%ESA)=(6.U%ESRB)=(
IZ(N)*Z(N)*Z(N}tEZB)'(3.UtZ(NL*Z(N)*E3B)-(6.0-Z(NJ*f48))
2+(2.0%(1.0=W0)))*C(4))

ST oS)3CC((2.,0%CZC1)**4) )+ (B OU*ZC(I)*Z(1))+9,6=(24.0%E6A)=(4,.0"
1(Z(N)*%3)*E3B) =((2Z(N)*wi)*E2B)=(12.U%2Z(N)*2Z(N)*ELB)=(24.00
22(N)*ESB) =(24.0%E6B))*(2.0%(1.0=W0)))I*C(5))

U(le1)a (2.0=E2A-E2B)*Ww0/2.0

U(1e2)% C(2,0%2C1))+EJA=(2Z(N)*E2B)~E3B)*W0/2.0



AL

UCT o805 ((2.0%2C1)%2C1))+1.333=(2.0%F4A)=(2Z(N)*2(N)*E2R)
1=(2,0%2(N)*ESB)=(2,U*F4LB)) *W0/2,0 5
Culleg)s (te.uaztl)*z(I)-z(l))+c4.ut2(l))+(h.0*f5A)-(n.0-ESB)-(
12(N)*2Z(N)*Z(N)*E2B) = (5. U%Z(N)*Z(N)%E3B)=(6,0%Z(N)*E4B)) *W0/2,0
(T .5)= (2.0 C2CI) %))+ (B, 02 (1D *Z2(1))+9 ,6=(24 . 0%E6A)=(4, 0¥
1CZ(N)=*3)*F3H) e ((Z(N)WWGINE2E)=(12,0%Z(N)*2Z(N)¥E4B)=(24,0%
22(N)*ESB) =(24,0%E6B)) ww0D/2.0
40 CONTINUE
2(1)=0,0
DO 966 LE2,NN
Dae 2(L)=2(L=-1)+0,02
PO 90 1=1,.5
DO 90 J=2,5
Pl1+1)=1.0
QU P(1.d)=0.,0
DO 91 1s2,5
DO 91 J=2,5
11=s(125%]1)=124
YwsZ(C11)
YYYBYWeN(J=1)
91 P(I,J)=YYY
DU 9? 18215
DO 92 J&1,5
92 UCLed)=sUC(C129%1)=124)44)
PO 94 131,54 :
DO 94 J®1.5 i
94 h(laJ)sP(l.JJ-U(l:J)-uS(l-J)-u&(I.J)-US(I-J]-Ub(I:J)
hu 95 1=a2,5
DO 95 J=1.5
98 S(1+d)sSC((125%1)=124),))
DO 98 181,5
9B S1CID=ESCI,1)+SC1,2)#S(1,3)+S5C1,4)+5(1,5)
CALL DEES(S1,A,0D)
PO 8¢ 181,95
82 o(1)=nn(1)
Ft1=FL1¢(D(1Jtu3(1.1))+(n(2)*u3(1.2))*(0(3)-n3(1.3))0(0(6)a
1u3{1.6))*(D(S)tu3(1.5))+(0(1)-u&(1.1))+(D(2)*u£(1u?))t(O(S)tua
2(1:3))+ (DL *UL(1,46))+(D(5)wU&L(145))
FL2SFL24(DC1)*USCT 41+ (D(2)%US(142))+(D(3)*US(1,3))+(D(4)w
1U5(1-ﬁ))ttD(S)*U5(1aSJ)f(D(1JuU6(1:1)J*(D(Z)t06(1u?))*(D(})iUb
201,301+ (D () *UB(1,4))+(D(H5)WU6(1,5))
bbb 153 [s1,N
GG=2(N)=2(1)
IFCZCI),EQ,0.0)G0 TO 565
BF=2(1)
E1A3S13AAF(BE,IFALL)
E2A=S (1. 0/EXP(Z(I)))=(2C1)*ETA)
GO TO 566
565 E2A=1.0
566 CONTINUE
1F(GG,EQ.U.0) GO TO H67
E1B®S13AAF(GG,IFALL)
E2Ba(1.0/EXP(GG))=(GG*E1B)
60 TO 564
Sa47 E2B8=1.,0
S68 CONTINUE , :
ESAZ(1,0/2,0)%((1,0/EXP(Z(1)))=(2(1)*E2A))



— e —

ESR=(1.0/2.0)%C(1,0/EXP(GG))=(GG*EZB)) il
EGAS(1.075.0)%CC1,0/EXP(ZC1)))=(2C1)%ESA))
ELR=(1.0/735.0)%C(1 . 0/EXPCGRG))=(LG*ESB))
ESAS(1,0/4.0)%CC1,0/EXP(Z(L1)))=(2C1)%ELA))
FSR2(1.0/64.0)%((1.0/EXP(GL))=(GG*ELB))
EOAZ(1,0/5,00% (1, 0/FXP(ZCI)))=(ZCTI)*ESA))
E6GB3(1,0/5.0)%( (1, 0/EXP(GG))=(GGHEDB))
FZAS(1,0/6,0)%((1,0/EXPC2C1)))=(2(1)*EGA))
E7RE(1.0/6.0)%((1,0/EXP(GG))~(GGHFOEB))

F1sC(1)w(E3B-F3A)

G1=D(1)w(E3B~F3A)

F2=C(2) e (FLA=U , 666+(Z2(N)WESB) +E4A)

G2=D(2)n(ELA=0.666+(Z(N)*FSB)+F4R)

F3:C(3)-((2.0-E5u)t(Z.UtZ(N)-taﬂif(Z(N)tt(N)*ESB)'(?.UtESl)
1=(1,333%2(1))) :

G3ED(3)w( (2. 08ESB)+ (2. 0%Z(N)ELB)+(Z(N)*Z(N)*F3B)=(2.0%E3A)
1=(1,.533%2(1))) ' '

FazC L) w((6,0nE6B)+ (6, 0WZ(N)*ESBI+ (3, Ux2Z(NI*Z(NIWELB)+((Z(N)
10a3)«E3B)+ (6. U%E6A)=2,4=(2.002(1)*2(1))) : ‘

GhaD(L)®( (6. 0%E6B)+ (6 0%Z(N)*ESR)+# (3, 0% 2Z(N)*Z(NI*E4LBI+((Z(N)
1%a3)%E3B)+ (6. O%E6A)=2 . 4=(2.0%2(1)*2(1))) :

F5=C(5)tll?k.ntE?U)+(24.ﬂ'Z(N}*Ebul*(12.0-2(N)*Z(N)tﬁbﬂjt
1(4.0*(2(»)**5)*E4B)t((Z(Nl**4)*ESB)-(?&.U*E?R)*(Q.b*Z(l))'(2.66
2% (Z2(1)wn3))) ‘

G52D(S)M((24 . U%ETB)+(24 02 (NIXFOB)+(12,0%2(N)*Z(N)*ESB)+
1(4.0-(2(N)**3)*Ekﬁ)*((Z(N)**k)*ESB)-(2#.0tf?ﬁ)~(9.6*2(11)-;2,69
2% (2C1)w%3%))) ,

133 u(I)=l2.D*FL1tE3A)-(?.U*FLZ*FSB)*(Z.H*(1.0—uﬂ)i(F1*F2*F3tFQ¢ES)J
14 ((W0/2,0)%(G1+62+G63+G4+G5)) 3

Q(NN)=Q(NN=2)

MM=2

PO 75 151NN

DU 795 J=MM,MH

75 YA(L,Jd=1)=SURT(SQRTC(Y(ID)))

pO 70 1a2,N

DU 70 JEMM MM

EWE==G(1)

F1=(BL1+((1.U-EH)*(-O(1))))I(1.0'(l1.U-EN)t(1.U-tNF)})

FZ:({-Q(1))t((1.0-EUF)tBL1))lli.0-((1.U-EH)*(1.0-EHE)))

Y1(1cJ)-Y1(1.J-1)f((DtLT1f(Dle*DELX))t(Y1(2.J-1)-(2.0*Y1(1.4*1)]
1*TU)}¢((DELI1*(1.0-HU)f(Z.UtNEJ)t(F1+F2-(2.0*Y1(1:J-1))))

70 Y1(l!JJlY1(laJ'1)*((DFLTI‘DELN*DELK])'IYT(l*1uJ'1J'(2.0‘Y1(ltJ'1
1))*Y1(l-1.J-1)!)-((DtLT!(A.U-N1#2.0*DtLX))t(Q(If1J-Q(l-1)})

Y1(NN,MM)=1,0)

DO 306 JsMM, MM

DO 3u6 1=2,N

QC(1)=(4 . 0*N2)*(TW=Y1(1,0=1))/DELX

306 qC(l)=(h.0tu1)*(v1(1-1aJ-1>-v1{1*1:4-1))l(nktl*2.0)

00 310 Is1,N

310 QT(1)=Q(l1)+QC(1)

HREQ(1)*SIGMA®(TRww&) / ((TW*TB)=TB)

HC=QC (1) *«STGMA*(TB##4) / ((TWwTl)=TH)

HT=HC+HR
PERCSHR/HT )
COND=QC(1)*SIGMA*(TB*%4)

RADSQ(1)*STGMA*(TB¥¥4)

FLUXTSCOND+RAD



DO71 JEMM, MM
DO 79 [S1,NN
721 Y1)V (L, ) »nd
1F(ML  EQ.0)GOTO 8ULU
NX=NX+1
FFONX,EQ.10)G0 TO oo
GOTO BO1
HOO CUNTINVE
NX=U
WHITE(Z2.4) (DCL1),I®mY4h)
& FORMAT(S5FE12.4)
WRITE(2,60R)(CCL) 4 18145)
608 FORMAT(S5E12,4)
WRITEC(2,501)mL
501 FORMAT(IS)
'UNIIF(2.11U)(Q(l):l‘1fﬂc50)
110 FORMAT(BE12,4)
quTF12,309)(QC(l)al=1aN,50)
30Y FOKMAT((HE12.4))
: HRIIE‘2!311)‘UT‘I)ll=1JN!5n)
311 FORMAT ((BE12.4))
uRIIEta.buq}nu.ﬂc.uT.PERc.Cuuu.aAD.FLuxt
609 FORMAT(7F12,4) :
74 HHITt(2¢6)((Y‘I(l,Jb)|J3HH,HM).l=1|N.50)
6 FORMAT((4E20.8))
#01 CUNTINUE
DO 86 131,NN
Hé Y1(111)‘Y1(102)
i 1F(ML.EQ.1005)6G0TL 20
MLaML+1
GUTO 39
20 sTOP
END
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SUBROUTINE GAUSS(M,AA,HB,X)
DIMENSIOUN AC20) sAAC20) B (20U,

nth 5 J=1.M

X(J)=su

ACJ)=AA(Y)

DO 5 K=1,M
N(d,K)=BB(Y,K)
IF(M.EQ,1)GOTO 20
MY=M=1

N0 10 Ls1 MY
LL=M+1=L

MX=M=1

PO 10 Js1.MX

RB=B(J LL)/BCLLILL)
A(J)=A(d)=A(LL)*RA
p 10 K=1,MX

Bl KIEBCI, K)=RCLL,K)*KRB
DO LU K51 ,M

XB=U

D0 30 Js1,K
XB=sXB+X (J) B (K, J)
X(K)S(A(K)=XB)/B(K¢K)
RETURN

END

20) , BB(207M) + X (M)



SURROUTINE LESQUT (M.MF.N.l.v.C.YE»R.RH)
DIMENSION n(2uJ.ut20.20).x(nf.N).ftui;C{nr).vE{N):u(uJ
DATA M1/207/ '
TF(M.GT,M1)G0TO1S
M1=M _
DU S J31.MF
ACJ) =0
DO 5 K=1,Mf
5 8(JiK)=0
N0 10 I=1,N
by 10 Js1,MF
ACIIEACII+X(Jyl)wy (L)
PO 10 K=31,Mmb
10 H(J.K):B(J.K)*X(J.IJ*X(K.IJ
15 CALL GAUSS(M,A,H8,C)

RR=U
Do 30 I1=1,N
YECI)=0

no 20 Jal,m
20 *5(113VE(1)*C(J)*X(JJI)
RCI)=Y(I)=YE(I)
30 RR=ERR+R(L)*R(])
RETUKRN
END



SURRUUTINE DEES(ST,A,DD) -
DIMENSITUN YY(&).DD(&J:L(n.d):u1(h.n):51(5).&(H;ﬁ)
oOh 100 1=1.,5
DO 100 J=1.,5
100 LC1ad)=0.0
pu 1090 =15
hbu 101 J=1,5
1017 Ul Jd)=s0.0
LC121)%1.0
L(2,2)%1,0)
LGSy 3)s 0
L(&,4)=1 0
L(5:5)=1,0)
DU U8 1=119
DU 1403 J=1,5
103 UN(L1.,J)3AC(T,4d)
l(2:1J=A(2.1)!U1(1-1]
DO 104 1=2,2
DU 104 J=2,5
104 U1(l!J)UA(IcJ)'(L(201)*U1(|'1iJ))
L3 TIRACS 1)UL CT 4D
LE3s2)m(AC3e2)=(L(301D%UT(142)))/U1(2:42)
DO 105 =3%,3
PO 105 J=35,5
105 u1(I.J)cn(!.J)-{t(§-1)iu1(I-E.J))-(L(S.E)tu1{191.J))
LC&s1)3AC4,1)/U1(1,1)
LCLs2)8(AC442)=(L(4s1)*U1(1,2)))/U1(2.2)
t(&;B)B(k(4.3)-(L(4-1)*U1(1:3))-(L(4.2)iu1(2;3)))1U1(3:3)
DO 106 J=4,4 *
106 u1(l.J)=A(l.J)-(l(4;1)tu1(l-S.J))-(L(4.2)nu1(l-2.J))-(t(&,3).U1
1(1=1,4))
LES,1)=A(H,1)/01¢1,1)
LUSe2)2(ACS:2)=(L(Se D) *UT(142)))/U1(242)
t(S.S)I(ﬁ(S;3)—(l(5a1)*U1(1-3))-(l(5.2)*“1(2.5))Jlu1(3.3)
Lts.ﬁ)ﬂ(ACS.#)-(L(5.1J*u1(1:4))-(L(5-2)*u1(2-4))-(L(5;!)*u1
1€(3,4)))/U1(4,4)
DO AT Fah,5
107 u1(l.J)ln(l.J)-(l(5.1)*u1(l-hpd))-(L(S.Z}iU1(I'S:J))"L(5ISJQ
1U1(l‘z:J))-(L(5:4"'U1(l"":J))
YY(1)=81(1)
YY(2)8S51(2)=(L(2,1)*%YY (1))
VY(3)=51(3)-(L(3,1)t¥¥(1))-(L(!,Z)tvv(?)}
77(4)=s1{41-(L(4.1).vvt1))-(L(a.z)-vv(z))-tL(4.3>uvv(3))
YY(5>=S1(5)-(L(5;1J*YY(1)>'(L(5-2)‘YYIZ)J'(L(SfSJ*YY(B))’(L
1(5,4)%YY(4)) i
DD(S)=YY(5)/U1(5,9)
DD(A)t(vv(a)-(u1(4.5)-nn(5)1)!u1(4.6)
DD(SJB(YY(3}-(U1(5,5}*00(5J)-(U1(3;6)*00(41))/U1(5.3)
nn(?)s(v¥(2)-(u1(2.5)t00t5))-(u1t2.4)~00(4))—(u1(2.3)*00(3)))
17U1¢2,2)
DD(1J=(¥V<1>-(U1t1.5)*00(5)3-(u1(1.a)-nn(aJJ-<U1(1.3)tDD(3))
1"('-‘1'(112)'DD(2)))IU1(1|1) ¢ "
RETUKN
END

i
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