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1 ABSTRACT

The unsteady state heat transier between gas and solid
particles was studied in fluidised beds, 2 and 4; iaches in diamaeter.
Air velocities of 0,543 to 4,347 ft./sec. and bed-settled heights to
diameter ratios from 0.2 to 8 were employed in transient heating
and cooling of 6.004 to 0. 2324 inch particles of glass beads, silica

gol and slumina between 130 amd 288 °F,

The silect of several variables, particle size {0,004 «
0.2324 inch), bed-settled hoights (0.8 - 10 inch) particle densities
(8.5 =« 206 lbs, /cu, {t.), thermal conductivities (0.012 « 1,8 Btu/(hr.)
{4t 2) (°F/it.) and air velocities {0,543 ~ 4,347 ft. /sec.) on the space~

averaged heat transfer coafficiont has bewn investigated.

Using 2 new approach ia interpreting the heat transfer
driving force, a correlation between the heat tranafer coeificient and
sevesal parameiars for two ranges of madified Feyanolds numbars 10
to 60, and 60 to 2200 has been developed

(a) for Reynoids number 10 to 60

S n .4 «1,3. 4.3 -4 7.8

up p, ¥t L, D & . D_V,.p

= (0.08) { ) (=) (=) () (=) (=R
¢ ky By B, kel R Be
(b) {or Reynolds number 60 to 2240

c 0.4 -1.3 4.3 -4 7.8
uD P Pg L, o k_ °, D_V,p,
(5=F) = 0.0011) (=) (52) 55 (P =) (=R
3

£ {




-

I - INTRODUCTION

From time immemorial, the most original phenomenon
depicting & dynamic system of fuid-solid particles has besn “Fluidi-
sation". The techniques of fluidization bave proved very useful ia the
past, and as such have been used in varicus pbases of human activity,
Though the subject of fluidization is vary old, and voluminous litorature
on it existe today, yet it is surprising that the intar-relationships between
fluid mechanics and particls dynamics, and transport phenomena invole
ving mass and heat transfor botwaen the phases have never been com-

pletsly sexplained,

The most ancient applications that resembled the methods
of fluidization were the processes of parifying ores and municipsl watsr
supplica. The water, togethar with its suspended coagulated dirt, was
allowed to run through & graded ssad by gravity. The greded sand,
therefore, served as filter. Ae the dirt and solide accummlated among
the sand filters, the pormeability of the sand deteriorated and eventually
campletely blocked the passage of flow. In order to restore the pering«
ability, the sand was backwashed, The phenomenon of backwashing and
expanded sand bed while being backwashed are examples of fluidization

with & liquid medium,

However, it appears that the first patent taken on fluidization
was by Phillipe and Bultesl (1) in 1910. The invention was 2 process of
contacting a gas with a fins catalyst, Tho catalyst was suspendod in the

gas and was carried into a reaction chamber. The reaction sccurred snd
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simultanecusly the spent catalyst was carried by the products into
& recovery vessel and recycled back to mix with the fresh catalyst

feed lines. This was finally developed into a fluid catalytic procass,

The phenomena . described ashove are the processes in
which powdered solids are placed ia motion by streams of gas or
liquid. Althcngﬁh the processes resembling the backwashing technique
bave been known foz a long time, it was n.ainly used to transport the
solids,

Pionsering operationa on commercial scales were those
of Winkler gas gonerators in Germany in 1921 and those in the United
States that pertained to catalytic cracking of oil vapors at about the
same period, The initial basic flow studies pertaining to the fluidization

process wero started at Massachusetts Institute of Technology.

Conventicnally, two terms are used to describe the two
forms of fluidization. "Particulate fluidisation" refers to liquid-galid
systems where the solid particles are uniformly distributed throughout
the mixture., “Aggregative fluidization, typical of gas-solid systems
refors to those where solid distribution is extremely non-uniform,
heterogeneous mixture of bubbles and particle clusters becoms very

obvious,
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A few recent applications of fluidizetion are:

Fluid catalytic reforming, one of the most frequently
used means of upgrading napthas; fluid coking, used in producing
higher yields of distiliate oils and by~product gas; fluid catalytic
oxidation of ethylene; iron ore reductions and more recently, it has

beea used in p;j:er industries for drying.

The reasons for the rapid and tremendous increase in

ths utilisation of fluidized techniques axre attributed to the following:

The first and perhaps the most important factor is the
pressnce of a greater surface area available to the gas which effect

better transfier of heat and mass.

A second importance of the fluidized bed is attributable
to the rapid agitation of the particles by the incoming fluid. Turbulence
{n the fluidized bed belps to bring the mass to an isothermal condition,
This ie so because all the hot spots and cold spots are broken up and
thoroughly mixed. Often, it is assumed that there is no tomperature
gradient in a single particle and that the temperature of one particle
does not differ from the other. This is not really true; the activity of
a catalyst differs {rom particle to particle, and thus the temperature
differs proportionally with the resaction which in turn depends on the
magnitude of the activity of the particle. However, because of the large

extent of mixing, the temperature of a single particle is comparatively
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close to that of the mean value of the bed,

A third advantage i the ense with which the particles

can be transported.

Voluminous work has been reported in the literature (49-59)
dealing with the various aspects of ﬂuidiznﬁoa. One of the aspects
of fluldisation, which hes been investigated considerably is the
transport of heat in or out of the system. The transfer of heat ba-
twaeen particles, or fluid-polid surfaces is as complox {n its facets
and even more £o in its #mchanisma. as the problems associated

with the many pbases of fluld flow in such a two phase system,

The transfsr of heat between fluid and particles has been
traated theoretically and experimentally by a vumber of investigators
{<). The heat exchange or heat flow is related to the driving force,
which is the temperature difference betwsen the phases, by 2 certain
proportionality constant; genorally known as heat transfer coefficient
and designated as "h', This heat transfer coefficient h has been de«
fined in various ways by differeat investigators. As far as fluid and
ulid is concerned, it is defined by the temperature driving force and
the area for heat exchange. Up to now, the definition of the tempera-
ture difference has been a controversial poiat. The area of heat ex~

change is not confronted with as complex a problem as the difficulty
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involved in selecting the right temperature difference. To a certain
extent, the order of magnmxde' of the heat transfer coefficient is de-
pendent upon the dafinition of the area of heat transfer, nevertheless,
the uncertainty involved is comparatively insignificant, henco an arbi-;
trary area can be unﬁd. Accuracy in the determination of the heat
transfer coefficient is primarily depsndant upon the use of the tempe~
rature difference between the solid and the fluid surrounding it. But
bacause there is a large turbulence ia & fluidigzed threshold, it {3 ex-
tremely difficuilt to differentiate between the temperature of the asolid
from that of the {luld, So {ar no single technique is. known which could
be used to measure 2ccurately the true temperatures of the two phases.
Therefors, as an alternative, scientiats have resortad to different
techniques and made various assumptions, which may give values that

are close to the true values.,

The fluidized system is found 0 have a characteristic {low.
Although the mixture is believed to be perfectly mixed and uniform,
in reality th‘o’ picture does not appear to be so. Within the threshold of
ﬂnidiuﬁon. thers appears to be two streams of fluld flow. One
stream is in the form of bubbles that bypass most of the particles while
2 partial stream a;ctuaxly supports the “mass . of the particles. The
bubble~like stream is the dilute phase while the supported  particles

form the dense phase. If this were 850, the heat exchaunge between solid
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particles and the entire gas -.tnnm must involve more than one step,
Within the core of the dense phase, host exchange must take place
betwaon the particles and the fluid. Furthermore, the denss phase |
must mix with the dilute phase 80 as to Lmpart its heat to the dense
phace where mmd concentration is high. The heat exchange between
dilute and dense phases would perhaps involve more than one step.
This phenomenon is therefors complex, ever changing and confusing.
It is not feasible to measure local particlie and dense phuc‘gas tempew
ratures ssparately. Neither is it possible to measure the dilute phase
tempersature alons. Sincn it i not poasible to locats local temperature
differences coru"ﬁtly, the evaluation of local heat transfer coefficients
{s not much of a significance. It is therefore most appropriate and

mgoat convenient £ use an overall heat ¢transfer coeificient U.

Various methods have been used to measure the temperature
of the =olids. While in some cases bare thermocouples were used near
the distributor plate, and an assumption was made that the temperature
was constant over the remaining helghts of the bed, suction type of
probes ware used in other cases for the measurement of temparature.
Some investigators have also used the terminal (exit) temperature of
the gas a» the tamperature of the solid. Theso assumptions, reascmable
as they may appear, in the measurement of the aolid tempcramrg. do

congtitute compromise in different aspects. The use of a bare thermo-

e KT
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couplo 1o indicate the temperature of the fluidired solid would cone
stitute an orror, since there is no guarantes s to what the sensing
slement i» measering. Whether it messures the temporature of the
solid or that of tho fluid, it {s constantly bathed in & vigorously mixing
fluid and particle. Zheald the dilute phase bappen to traverse its peth
agross a thamécmph station, the unﬁng slemant would thea be
indicating the tempsratare of the fluld; should the dense phase be
in touch with the sensing element, thena the temperature indicated waould
be that of the solid. As such, in this case, an ou.or would be constle
tuted.

The temperatare probes of suction type thermocauples
were inserted by some {nvestigators at the critical reglons in a fuidised
iLreshold, oftentiraes at a point very close to the distributor which is a
porous plate. In this case, it was assumed that the solid temperature
was equal to the exit gas temperaturs and that the fluid temperature
wae jndicated by the sensing eloment in the stream of the suction. These

have  : been found to be inadequate nsaumptions and measurements.

Another group of research workers have characterised the
heat transfor measurements by using the oxit gas temperature as the
solid temperatare. This seems to b comparatively logical since the
solid bed as @ whele reaches an jsothermal condition with that of the
fluid. As such, it would be very casy to evaluate the heat transfor co-

oificient, Howsver, the main difficulty involved with this would be the
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measurement of the exit temperature.

Since tha expanded bed height dﬂMda on the type of the .
solids used and the velocity of the fluldizing gas, the measurement
of the exit temperature at the boundary of the expanded bed would be
unreliable. sému scientists have measured the exit temparature at
certain locations near the cutlet and used this as exit ges tempeorature,
Such measurement could not be expacted to give accurate results,
since these measurements are already appx'oximt_.e in nature due to

the reasons discussed.

In the present investigations, using more precise and
accurate measuremeats, a correlation betwesn overall heat transfer
coeificient as a function of various characteristic proporties of the
finid-solid system has been obtained, and efforts made to reconcile

the conflicting views that have appeared in the past.

A preheatsd stream of gas was introduced into a bed of
solid at an injtially low temperature, normally at rocom temperature.
During heating and cooling of the particles, the temperature~time
relationship was recorded automatically and simultaneously. These

measurements are then used in evaluating the heat transfer coefficients,

The process of heat transfer in a fluidized bed involves

most often the heat flow in two channéla. namely, heat flow boMm

s iy

PP R
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the fluid and particles and heat exchange between system and cone
tainer wall or immersed surfaces. The precent investigations are
related to the internal process of the system where large amounts

of heat exchanges take place between fluid and solid particles. In

such systems, a steady atate heating or cooling process is only
possible if the rate of heat removal or ;upply could be of the same
order of magnitude as the {luld-solid heat transfer rate. Such sys«
tems could possibly be developed by generating heat on the sclid by
chemical reaction or physical adsorption or radic-active disintegration.
Since it is very difficult to install such & system, most of the research

workers havs used different types of jackets te remove or supply heat.

In order to circumvent the foregoing difficulties, a tran~
sient system was used to determine hoat transfer coefficients as a
function of superficial gas velocities, bed sottled heights and physical
characteristics, such as diameter, density and thermal condactivity of
particles. Results thus obtained have been compared with others and
used in bringing about a better and desper understanding about the heat

transfer mechanism and its use as a design parameter.

iy

o

et



« 10 -

Il LITERATURE REVIEW

Scattered reference to early observations of what is
known as fluidisatior can be found in published literature as far
back as 1878, However, the fluidixed technique, as it is now kaown,
was initlated by the pioneering work of the Standard Qil of Indiana,
The M. W. Kenégg Company and the Standard Qil Comipany, in their
efforte to find a better catalytic eracking process than the fixed bed
method introduced commercially in 1937. The fluidized technique
kae now many applications, such ag the catalytic ciacking of peirge.
leum; fluid catalytic reforming; fluid coking; fluid catalytic oxidation
of ethylene; fluid bed hydrocarbon synthesis and fluid bed nuclear
Teactor, etc. The early studies closely related and pertaining to
fluidization were those of sedimentation and fixed beds. The flow of
fluid in poroue media can be best visuslised by coasidering it to be
scmething in botwoen two types of flows: one as flow past separate
particles in a continuous medium and the other as flow through a sclid
body containing channels or pores. Some notable examples of fluid
flow through porcus systems are: flow of ground water, seepage through
earth dama, pool flow in oil sands, removal of suspended impurities by
Hiitration and the use of packed columns in chemical operations., The
classical expression for flow through porous media was contributed

by the works of D'Arcy (3). The expression ia:

Ayemrruresermo 2
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u = K.(Ap/L) {1y

where u ia the average rate of flow through the porous structure and
K is the coefficient of permeability. The pressure drop due to friction
in a stream of fluid flowing through a packed bed of height La is given

by the equation:

2

Ls g, Dp

{2}

where { is the friction factor, V is the superficial velocity,

Many investigators have sought to derive empirical corre-
lation of the friction factor (f), and variables of particle shape, rough-
ness, distribution, manner of packing and similar difficultly definable
parameters for flow of fluids through fixed beds. Significant work in
this direction was carried out by Coulson (4), Schwartz (5), Cooling (6),

Martin (7) and Van Heerden (8),

A correlation for the pressure drop in the fixed bed column
in terms of the characteristic propexties of the solid and fluid from
dimensional analysis was first presented by Blake (9) in 1924, His
work was further extended by Carman and Hozeny (10); Bakhmeteff and
Feodoroff (11); Oman and Watson (12) and Chilton and Colburn {13).
Chiiton and Colburn drew an average curve of f versus Reynolds number
through the data of many investigators. The error resulting from the
Chilton~Colburn correlation can be sametimea quite large as it daes not

aliow for the variation of veoidage of the packed bed. However, they
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did present a well organised correlation.

The mechanics of fluid flow in Auidization was first
diacussed by Daniels (14) who dealt with the mechanics of flow in a
fluid catalytic cracking unit. This was followed by the investigation
of Parent, stal.(15), Thirty different materials were tested and 6o~
veral gases were used as the fluidising medium. The effect of Far=
ticle size distribution, vessel diametez, particle shape and §88 vew
locity were investigated, Wilkelm and Kwauk (16), Parent and Lewva

(17) presented an equation for the pressure drop in a {luidized bed as
follows:

ap, = L, 1= € (p, - pg (3)

where .L,c is the bed height, €o veidage, Py and Py solid and fluid dene
sities,

To axplain the above equation, a column was first subjected
to a gas that traversed émﬁez gravity wise at a superficial velocity V‘.
As a result, a pressure drop equal to Ap occurred. The order of roag-
nitude of the pressure drop was determined by the gas rate and the
characteristics of the bed, As the gae vt;locity was increased, the
pressure drop increased. Eventually, & condition was reached wherein
the pressure drop was equal to the one represented by the above equation,
This basic equation is generally used in predicting the point of initial bed

oxpansion or the point of incipleat fluidization.
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In order to predict the onset of fluidization where € e

is € mf and Vi is V me 2 condition in which the bed starts to be in

a pseudofluid state, with all the particles in motion, a characteristic
voidage of the bed must be reached. This voidage, also conventionally
termed 28 "minimum fluid voidage" is determined by subjecting the

bed to a rising gas stream and recording the bed height L . that co-

mf
incides with incipient particle motion. The minimum fluid voidage
in terms of the buoyant weight of the bed Ws’ the column cross section

S, and solids and fluid densities, is given by the equation:

w

€ .=1- 2 (4)
mf: mes(ps- pf)

leva (18) derivad me in terms of Gmf as follows:

At the point of initial bed expansion the pressure drop is
given by:

4p = L ((l-€_Jlp, - Py (3a)

Since this is a fixed bed, pressure drop is also defined by

2fm GEL (1 -€) 3™
Ap = {5)
3. n 6.3
DV 8.5 pg

Upon equating and recalling that, in order to permit fluidization, the
bed must be at the minimum fluid voidage em £ there results

3 3-[’1'
2 Dpac oy =P € WV
G it = (6)

me(l-émf)a'n'

e e m e Tt e
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Since most gas~-solid systems. begin to fuidise at rates for which

Ra <10, substitution of

fm = -‘-1‘-:% and (62)
n = 1,00 {&b)

into equation {6) yields

2 FJ
0.005 D 8, P¢ (pﬂ - Pg)w € ¢
G = 2 (7’
mf p {1 -€ E)

Equation {7) is the most commoenly used correlation in fluidization,

Une of the main advantages of fluidized technique i3 in the
field of heat transfer. Apart from the work done on pressure drops,
a great deal of wo;'k directly or indirecily related to heat transfer in
fluidized beds has been carried out since the techrnique became known.
There are three main types of heat transfer in fluidized beds, namely,
the heat tranafer between {luidized beds and a heat transfer surface;
heat transfer between pneumatic systems and the oxterior,and heat

exchange between the particles and the ambient fluid.

The pattern of correlating heat transfer data in fluidization
seems to have taken shape from convective heat transfer in pipe ilow,
It is for this reason that most of the correlations for heat transfer co-
efficient in a fluid-particle system are obtained from dimensioniess
analysis. This type of approach gave a correlation relating the different

dimensionless numbers {n the form of

e e e R
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The numnerous data pertaising to heat transfer in packed
beds, fixed beds and fluidized beds have been correlated based on

such kind of relations.

Mechanism of Heat Transfer

I Heat Transfer Between Fluidized Bede end Boundaries

a. Heat Transfer Between Bed and Confining Waill

The mechaniam of heat transfer between fluidiged beds

and boundaries was first explained by ieva, Weintraub ami Grummeoer

(19) based on the "film theory', The experimental data by Van Heerdsn,

Nobel and Van Krevelen (20) (21), further substantizted the film theory.
According to this theory, the heat transfer propertiss of a fluldized bod
could be compared to a well stirred liquid with interstitial gas flow
serving mainly ag 8 stirring sgent. Since the heat capacities of the
particles are greater than the ambient fluid, they are moatly responsible
for heat dispersion throughout the bed. While the gas acts 25 a stirring
agent, it is also believed to be acting as a medium of heat transfer be-
tween particles as well as between the particles and the confining walls.
This therefore, not only indicated the role played by the particles in its
capacity of carrying heat but also recognized the existence of 2 film

between the main core of the bed and the wall.

SRR IO S SERE e S ST




IMM—_.“. B

Wicke and Fotting (22) further correlated heat transfer
coafficients to the fundamental quantities such as fluid film thickness
and fluidized solids boundary layers. The model of Wicke and Fotting
is indicated in Figure 1, where x is the fluid film thickness in contact
with the wall, The film is followed by a solids boundary layer of
thickness J p and a layer of the fluidized core. Within the boundary
layer, the movement of the solids is mainly parallel to the wall and
simultansous to this, there is the lateral solide exchange between the
boundary layer and the core., Regarding the temperature profile, tome
perature drap is abrupt from 1 to 2 within the film, in the boundary
layer, the temperature is comparatively cmstant whereas beyond 3 it

remaine constant due to the vigorous mixing of solids,

According to Wicke and Fetting the total heat flux q into
toe unit could be divided into two separate components, longitudinal
component a, and & radial compousnt q,.- The relative values of these
components are height deperdent. Leva, Weintrsub, and Grummer {23)
studied the longitudinal temperature profile pertaining to 2 silica sand
fluidized with air. Heat transfer coefficients in fluidized beds were

aleo measured by Agarwal and Storrow (24).

Baerg, Klassen and Gishler (25) obtained the mdial tempe~

rature profile for a bed in an annular space. They obtained a very
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steep temperature drop adjacent to the heat transfor surface followed

by a very flat course leading to the other boundary of the bed.
b. Iaternal Heat Transfer Elements

Units with i#temal heat transfer elements are extensively
used in 1nduntx_;y. Al Jarge scale fluid catalytic equipment is of thia
type. Such an equipment is comparativoly mors costly than the cnes
that are externally heated, but they are more officient and more suitable
for large capacity heating and cooling. Toomey and Johnstone {26} have
made & direct comparison between the two modes of heat oxchange
based on their data obtained from experiments performed simultaneously

with the same solids in the same equipment.

Vreedenberg(27) obtained his data by immersing cooling
tubes, through which water was circulated, in various horisontal and

vertical positions in a 22 inch dlameter Auidized bed.

II Pne.matic Systems Heat Transfer

a. Paeumatic System and the Exterior Wall

The only published data on heat transfer {ilm coefficients
pertaining to pneumatic systems are those of Xoble, Ademino, Bartkus
and Corigan {28) and of Farbar and Morley (29). Koble used a column
of 20 feet in length of standard 10 inch steel pipe for fluidization, The

fluidized solids were carried from the column through 2 1/4 inch O, D.
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copper tube. A six foot length of this tube was enclosed by a jacket

of 2-iach iron pipe with provisions for introducing steam. Inlet and

outlet temperature of solids-air mixture wore measured by thermo- .

couples of 30 gage iron-conetantan,

along the length of the heater was equal to the log mean temperature

difference. The result was correlatied by the relation:

_ 0.39
U, = 0.32G, (9

Farbar and Morley used a vertical tuba of 7 inches I, D.

33 inches long for fluidization of alumina catalysf. The unit was gur-

rounded by & vapor jacket to permit addition of heat. Heat transfeyr

coefficients were based on inside area of the tube and a logarithmic

mean temperature difference, as observed from terminal data.
data correlated very well with the following equations
GG
{i) for -C-;-f—>2.0
hng D«_- GH 0.6 Gs 0.45
T =014 (—=) (z-) (10)
3 Be 1
G'
(i) for -é-;-<z.o
0.8 0.4
hD D G Cp
—£ =o0.025(2-L) (&L, (1)
kg Ky ky

where

Dt s diameter of tube

Gs and Gf = §0lid and gas mass velocities

The actual thermal driving force

Their
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b, Heat Transfer from Fluid to Solids Conveyed by the Stream

Recently, Richardson and Ayers (30) have done some work
on pneumatic transpoxt heat transfer. As the system they atudied is

somewhat different from ordinary preumatic heat exchange, it is

discussed later.

1. Particle to Fluid Heat Transfer in Fluidized Beds

Mechanism and Theory

Though the heat transfer coefficient between fluid and solid
in a fluidized bed is usually small, the rate of hoa.t transfer per unit
height or per unit volume is extremely high due to the large particle
azea for fluid-solid contact. Usually the contact area vary {from 1000
to 1500 sq, ft/cu. {t. of bed, The main resistance to heat flow between
gas and solid in fluidized beds is due to conduction through a thin gas
film around the particle. The local coefficient b §e a function of the

i
local film thickness, x and ig given by a heat balance squation:

k.
i
qi = hi Ails'l'i = ;‘: AiATi (1'2)
k,
%

Defining x to be the mez2n effective film thickness, the

mean coefficient is given by the equation:

-
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R =

o {14)

Hhr

The mean film thickness is obtained by integrating the point thickoase

over the entire nrea, A of the particle,

P
- ﬁa‘”‘x
)
p

% = s
where A, =W np“" and (16

subatituting tharefore

x = x &M (i
Vo np""/x‘ i

The mean effective thickness of the film is a function of the proparties

of the fluid-solid system, especially the Reynolds nwmber, psrticle
shape r"': snd particle roughness o Hnce heat transferred to the surface
of particles is also traneforred into the particles, it is but logical to
assume that the physical properties of the solid partly would atfect the
thickness of the filin, The presence of other particles in the neighbor-

uood of a given particle or conversely the void fraction, ‘/ would alsw

sffoct the flm thickness, Tharefors

B = £ ( Re, Y, ) + € and physical properties of solid)
{18)

------ ) ]a A as

e L X Ry
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Since complete information is not available showing
how one variable is related to the other in the fluid-solid system,
the integration of such an expression {s as yet imnpossible. More
information is therefore required regarding the flow characteristics
of gases around ulngie particles, in fluidized beds ae well as the par~-

ticle intsraction sffects.
Theoretical Consideration for a Single Particle

The conduction of heat from the surrounding medium to

a single salid particle (Figure 2) can be ropresented by the aquation
dq =z = kf Ap dT/dr {20)

Equation (20) can be integrated, for a steady state conduction of heat

to or from an infinite fluid as fcllows:

A u‘]TDzaJIﬂra
b4 P

q = =47k, 2 dT/dr {21)
dr

Q=3 = -4 kid’r {22)
r

and integrating hoth sides of the squation:
o 3
. 3 + x) 'I‘f
q & .-aik aT (23)

Ze
3 T
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D D > AR (T, - T) (24)

+ -+ x
.k (T,«T)D (D +2x)
q » =t e (25)

4 t_iw same amount of hoat were iransferred by convection

ard through the gas film, the equation raay then be written:
« z . ' ‘
q = hAA?‘aﬂkDp {T‘-T.) | {28&)

Equatiug (25) and (26), we have

;xf(nps-ax)
thc - (en
AD o]
k‘g x
D
at X —> 0 - 5 (29}
b
hD
So that Tx——>z {30)
't

Single particle technique was investigated by Johunstona,
Pigford and Chapia {31). Solids were dispersed and allowed to 811 by
gravity inside a furnace whoss walls wero at femperature of 550 °

to 1100°F. Radistive and convective coefficients were acquired for
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various particle size ranges. Since the investigations wore made
with clouds of particles, data obtsined for ac.lié conceatrations
were several orders of magnitude l¢ss than those aormally found
in fluidized processes. Heace, in effect, their data could not be
compared with a theoretically derived aéquation for heat transier
{rom a eingle éarticle to & surrounding fluid, Jobnetono derived
the mathematical solution from the Fourisr-Foisson conduction
equation by assuming that the velocity of the fluid a:round a sphere
is tangential to its surface at all points. At Reynolds numbers

greater than 500, the solution could be expressed in the form of

0.5 0.5
hD D Vv C
P P fpf pf “f (1)
3
¢ Be k,

Several other equations resulting from theoretical conside~

ration are given by Zenz and Othmer {32),

The sarliest work on fluid-solid heat transfer in fluidiged
bed reported in the literature was that of Hettenring, Mandersfield and

Smith {33). Their work involved simultanecus heat and mass transfer

SPUPIIUPPIPURDINY seby
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during the drying of some adsorbents. Materiale used were ailica
gel and alumina. The size range used were u;hor narrow, particle
diameters ranged from 360 to 1000 microas. The particles were
wetted to etart with and were fluidised by preheated air at 88-108*F,
The diameter of the column was 2,3 inches and the gas mass veloci-
ties ranged Ir@ 250 to 720 1bs/br. eq. ft. The temperature of the
gas at various positions of the bed was indicated by a bare thermo-
couple, and the bed temperature assumod equal to the exit gas tempe-

rature. The aguation used to calculate the heat transfer coefficient

was:
dq = ht-t)edl (32)
h = - 3 (33)
a (T, - T, 4L
[+]

The value of b was obtained by graphical integration using equation
{23) together with & plot of t, versus 1. shown in Figare 3. The par~
ticle surface ares was calculated on the basis of spherical particles
and cbserved bed heights. Heat transfer coefficients reported by
Kettanring, et al.w;;ro significantly lowesr than in fixed beds operating
under similar rates of masa flow., The possible explapations for this
are: the particles tend to move with the gas in a fluidised condition;

or the measured temperature of solids were too low. Kettenring,

i
A-:vv-a—;:r.:nu'
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Mandersfield, stc. ovaluated the temperature driving ic;rcc by assue
ming that the temperature of the solids throughout the eatire bed was
that of the bed at its upper interface. An error of only a few degress
in the lower part of the bed would have thus aifected the temperature
difference severely and conaequently the overall coefficient. Data
were correlated in terms of Nusselt and Reynclds numbers by the

equation: .

D Vi Py 1.3
hD /k = 0.0135 (—E22) (34)
 { Mg

Walton and co-workers (34) measured the heat tranafer
coefficient betwesn fluidising air and 360 micron size crushed coal par-
ticles {in 8 4 inch Mcur column, They incorporated a shape factor
of 0,88 for the pafticlu and neglected 5% of heat losses. They were
very much aware of the difficulties ancountered in the measurement
of the temporature of solid particles. Siace the true temperature of
the solids could not be measured, the average of the two limiting values
was used. The two limiting values wars obtained by: (a) immersing an
unprotected thermeocouple in the bottom of the column; (b) assumed
equal to the . temperature of gas and solids mixture... at the top of the
bed. The gas mres velocity was varisd between 325 and 930 Ibs/hz. «
8q. ft. The gas temperatures were msasured by a high speed mowvable

thermocouple. The heat transfer rate is given by the equation:
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- &8 =

cp(afsu‘«r .h&dl.. #,-t) = 0 (35)
Equation (35) is integrated with the help of a figure in

which gas temperatures are plotted against the distances above the =

bottom of the bed in inches. Integration of equation (35) between the

limits L =0 and L = L ylelds:

(¢ -t) o A n
In & -ty " T as L (26)
L P, ‘ |

The averags minimum values of heat tranefer coefficients
ware {ound to increase with increasing air mass velocity and particle

sise. The data were correlated by the equation:

0.2 1.7

"hD D D V,p
—t 20,0028 | =i S IS 0t 4 (37)
k‘ Dp By

Heertjes and McKibbins (35) studied heat transfer between
silica gel particles and air. Particle sise range used wa s narrow, and
mass velocity of the fluidizing gas varied from 320 - %o 630 1bs/hr. ag. ft,
Screon prql:ectcd thermocouples were used in place of bare thermocouples
for measuring the temperature of the gas, thus avoiding the possibility
of errors owing to collision of cooler particles {rom the lower regions
of the bed with the sensing element. The bed -temperaturcs wers measured
by bare thermocouples along the wall, This temperature was compared

and checked - from time to time by stopping the air flow and inserting a
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bare thermocouple into tha collapsed bed. The evaluation of the hoat

transfer coefficients was similar to the method used by Walton, et al.

They correlated their results by the relation:
D v 0.76
®
hoe 1,31 | —Bi L (38)
P

Simfilax errors to those previcusly mentioned were intro«
duced here by using a bare thermocouple, bearing an uncertainty in
the interpretation of solide temperatura. 'A screen protected thermo-

couple sesmed to be & better way of measuring the gas temperature,

The investigations of Heertjes, de Boer and Van Dorser
{36) were mainly_ connected with the measuroment of temperature and

humidity variations in a drying fluidinad bed of wet silica geline 2.3

inch diameter column. Particle sizes ranged from 300 to 500 microns.

Gas temperstares were measured by bars thermocouples slong the bed

wall, Air supply was cut off occasionally and a bare thermocouple in-
serted into the bed to check the bed temperature. They found that
heat was transferred to particles by the support screen as well az by

the gas, and that heat and mass transfer eccurred mainly in a thin

layer at the bottom of the bed. They also observed that air temperaturs

and humidity were independent of position in & horizonial plane.
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Steady State

Anton (37) . useci . steady = state process:; {n obtaining
heat transfer coefficients in & 6-inch column. Cold sand particles
were circulated in & fluidized bed. Hot air was used as a fluldising
gas. Gas velocity varied betwesn 130 and 320 lbs/hr. sq. ft. Particle
diameters were about 360 microns. Anton, in his calculationn for
the heat trancfer coefiicient has defined the temparature driving

{orce, ‘Ml as

(TagmTap) = (Tpe= Ty,)

A {39)
1 w e Tl
‘Tu - Tl u’
whose correlation is
D Gt 1.0
h = 6.0465< -f-—- ) (40)
4

He has assumed that all the heat transier occurred at about 0.5 inch
from the bottom of the bed. Although only one particle size of sand
was used, the heat transfer coefficient were correlated with the

Reynolde Number.

Another steady state heat transfer between gas and solids

was conducted by Richardson and Ayers (38). They used & rectangular

fluidising colump in which the circulation of solid particles was cffected

by feeding them to the bed along one of the shorter sides of & 10 x 5 cm.

rectangular box. The solide would overflow at the opposita end, A
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screw conveyor fod the materials into a preliminary bed from which
they flowed into the test section. In doing so, an even distribution of
solids was achieved. Airand GO, at mass velocities of 40-480 Ibs/
hr. sq. ft. were used for fluidization betwean 116 and 158°F, ‘The
solids were fod at a zate of 3 to 25 lbs/br. The temperature profile
was taken from a height of 0.1 inch from the bottom of the bed with
40 gauge copper canstantan wire thermnocouple. Glass beads, lead
shote and petunia seeds of 110 to 670 micron size were fluidised,
Emphasis was placed on the maeasurement of gas :tcmpeutno gradient
confined to a shallow region at the boltom of the bed. A very thin
temperature measuring element was arranged in such 2 way as to
be coupled with # micrometer that measured the distances above the
bed. The total rate of heat transfer in 2 bed of depth 1L, was obtained

by the expression;
L
Q= ha AT . dL {41)
o

They assumed that h and a were independent of depth and evaluated
the integral for each of the systemas used by measuring the area under

the curves of AT plotted 2gainst height as shown on Figare 4,

Xnvutigntiona in ng_x_id Mediurn

Frants {39) etudied the evaporation of brine solutions in a
fluidized salt bed in a 4 inch diameter glags column. A ten-fold varia-

tion in particle diameter was used. However, the average particle
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size was 225 microna. Combustion products from a p‘ropano air
burner at mass velocities betweeon 120 and 250 lbs/hr. sq. ft. were
used for fluidization. Bed heights varied £roha 6 to 11 inches. The
g8 temperature was measured by & bare thermocouple which was
inserted at varicus positions in the bed. The temperature of the
fluidized bed was assumed to be squal to the exit temperature, The
{nlet temperature varied from 1260 to 1710°F, . Figure 5 is a vepre-

sentative temperature profile.

The calculation of the heat transfer coeificients was done
by using Walton's equation but because of insufficient data, several
assumptions were made. Surface area wbs calculated on the basis
of spherical particles. The void fraction at fluidized conditions was

calénlated from bed expansion data. His correlation was represented

by:
h D p g '8
"E"R = 0.00064 (—Eeion) (42)
f Be

Sunkoori and Kaparthi (40) studicd the heat transfer bo-
tween fluidized particles and a liquid medium. They modified the un-
steady state mothod of Wamsley and Johanson. Mass velocity of water
varied from 12000 to 20000 Ibs/br. sq. ft. They fluidized granite and
quarts solids in a 3.25 inch diameter columu. The particle dlametar
of each bed was composed of closely sized fractions ranging from 540

10 1100 microns. They used the equation of Wamsley for calculating

T
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the heat transfer coefficient and expressed their correlation by the

relotion
2.1

hD D G
= 9,00391 (-ﬁ--—f--) - {43)

k

Unstoady State

W;mazey and Johanson {(41) studied the unsteady astate
heat flow frain §as to solid. The exchange of heat took place when
the solide wore suddenly intreduced into the gas stream. CGlass beads,
"Dowex" reein spheres and crushed alumina of 155 to 910 micren sixe
wers {luldized in a 4 inch diameter column by 160 to €00 Iba/hzr. aq. i,
of hot air and carbon dioxide. While the bed temperature was assumed
equal to the exit éas tempsrature, the gas temperatures were measured
at the inlet and the outlet by thermocouples. The heat transfer coeffi-
cients were calculated from the time-temperature bistory curves for

the solids and the gas and from the egquation;

(Tyy = T, wg S,
in 9= 01 e hA £ {44)
(T, - T, t W C A +W C )
0=0 Py & F;

Whare A‘, the surface area represents the area of the entire

bed. They found that the heat transfer coefficient was independent of gas

velocity and dependent only upon the particle gize. Their corralation was

h o= 1270 Dpl'" (45)
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Frite (42) atudieg! the unsteady state gas o solid heas
tranafer at aottled bed heights of 4.5 to 47.5 inche; with & gas ve~
locity ranging from 0,139 to 1,31 £t. /sec. ami the inlet gas tempe«
ratures of 104 to 186°F ina 16 inch diameter column. Cracking
catalyst with an average diametsr of 60 microns was used. The

solid temperature was indicated by a bars thermocouple inserted

into the static bed while the inlet gus temperature was measured with

a thermocoupls. The axit temperature of the gas wae obtained from

& heat balance. Fritz derived equations based upon 2 parallel reactor
madel that predicted 2 reciprocal relationship between overall co-
officient and bed-height-to-diameter ratio. The results wers correw

lated by the following equation:

LB
v 1. 006 (‘5‘:’,
U = +
L‘ L‘ La é
116 + 52,4 (=—) 274 ¥ 447 (=) + 146 {=—)
Dt Dt Dt

{(46)
The average deviation was found to be + 17% and the maximum 51%,
It seems more logical to use & bare thermocouple here zince the bed
was a collapsed one. But since the system wﬁ.a an unsteady state, a

time lag error was introduced,

Fervon {43) investigated gas to particle heat transfer for
L
bed settled hoights corresponding to == values of 0.3 to 3 whore Dt

o’

was the diameter of the column. The range of gas suparficial velocities
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studied waa 0.08 to 1,94 {t/sec. Transient heating and cooling
experiments were conducted with silica alumina cracking catalysts

of 60 micron sine. Inlet temperature ranged from 140 to - 180°F
thermocoupies used were of {ron conatantan typo. Inlet gas tempe«
rature was measured by & single thermocouple whereas temperatures
fodicated by thermocouples immersed in a fluidized bed gave the
space average temparatuzre of the solid, The fluidizing columns used
were made of concentric pipes. The annular gpace served the purpose
of a bath, Heated gas at about the same temperature range was si-
multaneously introduced into the annular space while the fluidizing
fluid was {ntroduced into the column. By doing so, heat lost through

the wall was rediced to a minimum, Ferron correlated the data with

the equation .0.7

u = 0.0029 v*%p %7 (=2 (47)
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IV EXPERIMENTAL

gulgmont

A schematic diagram of the {luidization apparatus ie
shown in Figure 8. The spparatus consisted of four main units,
namely: the compressor and the auxiliary metering dovices for Slow
measurement; the filtering, drying and preheating systems; the
fluidizing columns and the automatic temperature recorder linking

with the syatem of thermocouples.

Compressed air at & constant 120 lbs/;sq. in gage
pressure was obtained fram the building compressors. It waa firat
passed through two oil fiiters mamafactured by Keller Air Line Filter
Company #0 as to remove the entrained oil droplets carried along
from the compressor. Often, the water vapor in the line condensed
and remained {n the line while being leit overaight. This was also
removed by the filters. Furthermore, a column four inches ia diae
meter and three feet in length containing silice gel was installed im-
mediately after the filters to remove the excess moisture content from
the air before its delivery to the heaters and fluidising columns. The
height of the packing of the silica gel was about 30 inches and was
confined in the middle portion of the column, The remaining spaces
at both ends of the column wese then packed with glass wool., While
the gel column was in the line where air traversed through to the |

fluidixing unit, an extra cutlet or exhaust was provided at one end of
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the gel columﬁ to serve as an outlet when the gel was t;eing rogens«
rated. A nambeyr of inapocti;m holes werae provided near the ende of
the columan, Silica gel could be removed from time to time for tns-
pection and regenorated if necessary. Regeneration of the gel was
dene by cutting off the stream of air just before the fluidising uait

aad by manipulation of 8 number of valves. The regeneration process
normally took five to six hours. Silica gel was usually regenerated

after 2 « 3 weeks interval,

The dried air passed through a Nulmatic pressure reguia-
tor, model 42H100, and was pressure regulated to that desired. The
pressure regulated air stream was then split into two streams, one

for fluidising and the other to be used as & bath in the jacket of the

- fluidizing column, While the main stream (A) was metered by rota-

meter I or rotameter II, the air stream {B) to the jacket was metered
by an orifice 1/8" in diameter. Rotameter number I having & tube sise
of RM12M-25-5 and ueed for metering higher {low rates was calibrated
by & Wet Test meter., Rotameter No. 11 having a tube size of R9M=-25-3,

used for metering lower flow rates was calibrated against a standardized

rotameter,

From the rotameter and orifics air streams A and B were
both simultanecusly introduced into two forced convection type Canadian
General Electric KXX4AZB Finned Tubular Heaters respectively.. The

power input to the heaters was controlled by two separate powsrstats,




A finer control of the sir temperature was obtained by
a Honeywell Brown Pyr-O-Vane tamperature controller equipped
with a time proporticaing band. The preheated air streams were
then ready for the fluidizing columa or jucket as the case may be,

A by-pass to the {luidizsing column was provided,

F"luidizing columns of two and four inches -

diameters were used.. "« They were installed in such

& way that each had to be opsrated alternately. The 4 inches column
was made up of three sections, the bottom part was a conical end
where air was disengaged from the 3/4" pipe line into a section of
pipe 4" in diameter and 12" long. This was to insure even distribution
of the air stream bsfore entering the fluidized bed. The air was then
passed through a porous stainless steel plate manufactured by Pail
Corporation. It had & mean pore opening of 20 microns and a thickness
of 3/8". The porocus plate was instalied in between the flanges of the
fluidizing column and the bottom disengage sections. The flanges were
grooved in at the junction so that the filter plate was fitted into the
groove and prevented from moving. Fluidisation took place above this

and the air exhausted into the atmoasphers.

The column hae a jacket of 6" in diameter with a jacket
space of one inch iz cross section. The jacket air stream was intro~
duced at the botiom of the column through a one inch diameter inlet and

exhausted at the top and into 8 hose that led out of the lsboratory.
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The top of the column was covered with a cap that fitted
the column very tightly from above, The cap hes two layere of acreens
with quarter of an iach empty space in botween filled with fiber glass.,

This was to minimize elutriation as much as possible,

Thermacouples were located in the fluidised bed, fluidizing
column wall, ind&o the jecket space; in between the inner wall of the
insulation and the jacket surface. Figure 6 i3 & schematic drawing of
the distribution of the thermocouples. A meltng ice bath in » vacuum
thermoflask was used jor the cold junction, The moitlng point of the

bath wae checked conetantly. The thermocoupies used were of iron

constantan inaulated by ashestoe fiber glaes with silicone, gauge number

30. At the cold junction, thermocouples were saoft soldered to size 30
lead wires (from Teasclite hnsulated Wire Co, Inc. ) which were then
conrected to a .Philips Automatic Compensator Temperature Recorder
(model PR3210 A/00) with twslve channels. The recordings were in
terms of millivoltages and were taken down every five minutes and cone

verted to temperatures in degrees Farenheit,

Shielded thermocouples were used in the fluidized beds;
these thermocouples wore placed at different height levels and the

average of them 21l was taken and recorded. The data taken therefore
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represented the aolid temperatures, which were equivalent to exit
gas temperatures at differont levels, Some suthors have made the
same assumption, but the asswmed temporature was taken at the
very exit of the fluidising column, thic was certainly not represens

tative of the overall solid temporatare.

Farilcular attention wae given to the thermocouple which
raeasured the inlet air torperature. A radiation shield was provided
for the hot junction (Figure 7). It was made by welding a thin piece
of silver metal into the shape of & ring and fitted around the hot junction,

The flnidizing coluing ond jackets ave m de of {ron, 1/4 inch

thick with specific heat of 0,136 Bu/th F. The 4 lach column weligh 8 80

Ik per foxt of jacket wall asd 19,2 1bs per foot of reector wall. The 2 inch
column weighs 10,8 Ibs per foot of Jucket wall and 3.66 Ibe par foot of reactor
wall, Both columne wers inguleted with glase fiders,
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The hot junction and ring were altogether placed perpendicular to
the diraction of fluid flow. The stlver metal was proparly palished,

Radiation was thus minimized.

A separate eetup was assembled for the expanded bed
height measurements. A line was connected to the main stream
and a valve pr.o'vided to cut off and divert the fluidizing stream inte
the separate column when expanded bed heights were to be measured.
The column was made of glass and identical in design to the fluidising
column and waé calibrated in inches. 7The column was adjoint to the
whele setup, and when it was not in eperation, the air stream was

diverted back to the fluidizing column.

For most of the work, three fluctuated values of the
height were taken, However, in some cases of more uncertainty,
four readings were taken, which especially pertained to thoze at
higher Reynclds aumbers. In any case, the mean of all the readings

was then sorted out and taken as the final reading for each height.
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Procedure

At the start of a series of runs each morning, the water
condenssd overnight in the line between the coahpronor and the
fluidising unit {Figure 8), was removed by blowing the compressed
air through the exhaust valve !, The draining procedure usually
lagted for 30 to 40 minutes. In spite of this, some water contimned
to be carried along in the line until it reached the oll filter 2 where
it was removed by the filter, Excess moisture, unrcﬁonbla by
the {filter, wus then absorbed by the gel in the nmc:a gel column 3,
While water was being removed from the lines, the system was

brought into aperation by carrying out the following:

1. All valves, 4,5 and 6,7 (or 8,9) leading the air stream
through the rotametsrs, orifice and preshesters were kept open while
thoae 10,11 or 12,13 introducing sir into the fluidizing columns and

jackets were kapt closed,

2. FPowerstats 14,15 for the heaters were set to the

proper readinga {or each particular run.

3., Temperature controller 16 was also set at the desired

temperature reading,

4. Particles were weighed.
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5
6,7,8.9
10,22
11,13
14,15
16

17
18,19
20

3

22

23

24

25

26

27

29
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Key to Numbers

Drain value
Qil filter
Silica gel column, air dryer

Valve used to cut off the main stream when regeneration
of gel column was on

Vﬂve leading t§ orif/ico

Valves for rotameters I and Il
Valves leading té the fluidizing columns
Valves leading to the jackets |
Poweratats

Tcmﬁeraturo controller

Main valve leading to the setup
Preheaters

Fluidizing coluron

Jacket of fluidizing colurn

By-pass

Exhauvst

Glass wool

Pressure regulater

Rotameter {and I

Orifice

Thermocouple

Thermometar
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30 Rageneration line ;

é

31 Fluidising particles *

32 Exhausts from fluidizing column
33 Pressure gauge
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5. Cold junctions : thermocouples were propared by :

surrounding the junction with ireshly crushed ice. The temperature

of the ice was measured by a potentiomeater, A little water was

added to make the ice mixture homogenecus and to bring it to ite
melting point. Watsr {rom the meltad‘ ice was siphoned from time
to time,

6. The weighed solid particles wers poured down into

the column with utmest care.

7. Temperature recorder was checked and oiled if neces- i
SAry. i

8. 4l filter was drained,
9. Rotameters were drained and cleaned.

10. Positions of measuring point in the bed were checked

and readjusted.

During the time the above mentioned steps were carried out,

water in the line was completely drained. |

11. The exhaust valve 1 was then shut off and the main valve
17 leading to tho setup was opened, However, the valves 10 or 12 lead-
ing to the {luldizing cclumn and 11 or 13 leading to the jackets remsined
closed while valves 22 and 23 were opened. The air streamas $hus paseing
through the meters, gauges, heaters, still by-passed the fluidising

colusnn and jacket. The air was by-passed in order to prehsat it to
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the dasired texnperature and meintais it at that temperature for a

short psriod of time.

12. The preheaters 18 and 19 were turned on. The pre-
heated air was allowed to by-pass the column until such a time that
the 2ir coming out of the preheating column was at the desired fluidis

sing temperature.

13. Once the air was preheated to the desired fluidizing
temperature, the valves 10 and 11 leading air into the fluidizing
column 20 and jacket 21 were opened and ths exhaust or byepass valves

22,23 were slmt off,

14, The initial time at the start of the run was takea at
the time when the preheated air was introduced into the fluidizing

column.

15, 7The run was allowed to proceed for two hours., The
temperature of the ice bath housing thermocouple junction was checkad

from time to time and water was drained and freah ice was added.

16. After two hours, the heaters were shut off and parti-
cles allowed to cool down for a cooliag run. The end of a heating run
wasg the initial point for a cooling run. The time at this change over

wag noted,
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Measurement of the Expanded BHed tHeight and the Bed Settled Height

Bed settled height measurements were carried out in the
fluidising column 20. For each setiled height, two readings were
taken, one before a run and one after the run. The average of the
two was taken as the reading of the seitled height. The actusl measure-
raent then proceeded as follows: A comparatively large amount of air
at & high rate of flow was allowed to pass through the fluidizsd bed
in oxder to flutdize for a few minutes., The air stream was next shut
off gradually in order to cbtain an even distribution of all the particles
across the crosa sectional area of the column. This was also found to
be the best method for measuring the height of a packed bed and aqually
well applicable to settled beds in fluidized beds. In the present work,
the bed height was measured by a meter stick where the tip was partially
wetted. The watted portion was then lowergd down to the bed where it
barely touched the surface of the particle layer. Xnowing tha original
length of the column, the height of the fluidizing bed was then evaluated.
It was thea compared with measurements mede on the transparent glasa

columa.
The expanded bed heights could not be measured directly

from the metal fluidizsing column but were measured {rom & transparent

glass column. The design of the column, the materials used for fluidizing,
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the fluld flow rates and the quantitios of materiale uaed wers all
similar to metal colusmn in v}htch heat transier rates wore mearured,
For ¢ach set of runs, throe visual observations were made and the
average of these was incorporated into the calculatione., The data
were taken for different bed heights for difforent flow rates. Figure
13 is an {llustration showing the relationship between the expanded

bed height as M faoction of flow rate,

Materiala Usned:

Glees beads from 3IM Microbeads Company, silica gol
from Fisher Sciaatific and {used aluminum oxide from Carborundum
were used for {luidization studics. NMost of the pertinent data for

thess matorials were supplied by the manufactarer and some was

obtained in the laboratory. Table I shows the characteristic properties

of the materials. Psrticle diametsrs werg screen analyzed in the
laboratory, the equations used for calculating the mean pazrticle dia-

moter weras:

6w
A = 2 (48)
Ps Pp
1
and Dp = {48a)
N
ya
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Table 1 Pertinent Properties of Solid Particles

w51 -

Soltd D, % ke cp' Shape
glaas 0,0039 93.6 Q. 605 0,27 Spheres
beade 0.0130 93,6 0,605 $.27 Spheres

0,083 93. 6 0, 605 0.27 Spheres
Silica 0.06569 8.5 ¢.013 Q.22 Spherical
gel 0.2324 8.5  0.013 0.22 (approx.

' factor 0.7
- 0. 9)

Alumina  0.0164 206 1.8 0.20 Granular

0. 2411 206 1.8 0.20 Granular
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V _.RESULTS
A tinse dspendons huat balance on the fividized bed is:

 { o P.mde
¥ cp, (T - Tyd-g-q, )
whese ﬂ"/de- slope taken from @ tevperatura 4ime curve

(Figure 9) ot a time tntervel © o 60 minutes
Wg = mantm:'motsummst&hm
W, = meaa of solid
'l':. Teeed T, = Tempersture of the talet gee, cutiet

' gon end fluldized bod respectively

cP.mcpta heat capacity of solid and finid respectively
G = hest lJost to the surroundiugs
Qe = host lost due to chemical resction

The time dependent heat sccumulation term fa nagitgihle

compared to the heat sconmulstions term of the solid, The first term on the

Zeft hand side of squation (45) 1o tharefore dropped out. Since mo chamical
resction took place, qrmmmw: In tozms of the
driving force { A\T) snd heat treasfor axea { A, ), the overall beat
trazafer coelfictent U (0 ) i

w, C T4
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whore
(rl - 'r') + (’rz - 'r.)

aT = 3 {51)

Combining equetions (49) and (50), we have
U (e‘)At AT = 'w8 cPt ('1‘x - Tz - q {52)

Substituting squation (51) and (52) and svaluating U we have
2w Cpt ('I‘1 - 'rz)- 2q1

4
U(gk (53)
At [ ('I'l - '1")+ (’.l‘z - '.r‘)]
Defining

T, T

1 2
l «an = ‘54,

Tl * Ta

and dividing the numerator and denominator of {53) by '1'l - Ta » &nd
combining with equation (54) we get

Z2W C (1

U (8)= - {55)
A (1+n) A1+ ) (T - T)

Equation {55) requires two kinds of information, namely, values of

(1 - n) and 9. Rewriting cquation (49) as:

dT,
W c R ad
s p, 4 %Y
Ty~T,* —5¢ M (56)
g Pf 4 P! :

and dividing both sides of ths aquation by ('rl - T a’ wo have

) cl’l!‘.‘s
W C e
& P, de q,

Wen) = g

4 -~ {57)
§ P (T,~1) W, S T1- T '
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To evaluate the i}rct term of equation (57) 'umporamu
wore measared at lntervals of every five minutes by the 12 point
temparsture recorder. Temporaturs-time e\irvu wore plotted
for each run. Some of such curves are presented in Figure 9.
Elopas of tangents drawn to the temperaturo-time curves wers takan
at time ¢ = 60 minutes, This was reprasentative of the mean value
of the middle }ezﬂon of  run which lested for about 2 houre, These

slopes were then used in evaluating the values of
LA Cp’<é'£"/d e) - (58)
The values of q, were evaluated as follows:

Msking energy balances arcund Figures 10 and 11, we

have:
Figure 10
d'r.

WB Cpf (“1’1 - T -q = W, Cp T {59)
Figure 11

Wgc (T-T)+W C ‘j! jz)-qm‘.

aT 47T
s i avg.
= W cp‘ To t Gl %3 {60}

where T is the average temporature for the bed and jacket

Je 3vg.
hardware. Combining equations {59) and (60):
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Jlex @9 "V ":'pf Ty = Td +q,,
{61)
The average temperatures for bed and jacket hardware,

‘rj avg were obtainad from the empirical egquations
» »
AT
ins,
Tj, avg. 2.1% (Troom* 2 )

59.8% (5 1
+ —_— [3 (T, + AT, )+ 3 TJ] + 38.2% T,

{62)
at '
ins.
Tj, avg. * 4'65%@:0@*"7” > '
7.2% (5 1 v
+ Bo2R [.5. (Tyoom * ATy, )44 TJ] + 24.14%
: {62a)

Equation (62) was for the four inch columnn and (62a) was for the two

inch column,
Tr 3 ambient room temperature
A'rm ! temperature drop across insulation

'I‘J ! tamperature of jacket stream sir

Equation {62) and (62a) were obtained by combining various
resistances and using the literaturs values of the thermal conductivities
of insulation, jacket wall and resctor wall., The derivation of equatione
{62) and {62a) is given in Appendix B,




imm—__._.. - : .

» 58 -

The heat capacity of the jacket was evahu;ted from 2
blank run,. v The values:of Cy.were.calculated by ...
following -an 'identical procedure - .. except thatin this
case no solid material was fluidized in the system. A heat balance

for such a system with a blank rua gave the following equation:

: aT a
Cj L 5o = Wg CPI ('I‘1 - Tz)
+ W‘i Cpf (le - TJ.Z) - (I;) Am" ATm'. (63)
kg Bty
where (i--) had a value of 0.0048 weem—mimmonn |
i min ft °F

X aT
. The value of --%-59-!5'- was evaluated by measuring the
slope of the tangent to the curve at a time interval (¢ ) of 60 minutes.
The curve was obtained by plotting T avg values against 0 from
» .

3
Table C-1, Appendix C.

The value of Cj was obtained from equation {63) by making

the appropriate substitutions. Such a calculation {8 shown in Appendix C,
Having thus determined the heat capacity of the jacket
bhardware, Cj, the other tarms of equation {61) were evaluated as

follows:

(i) 7T avg was calculated at different time intervals for each run.
’ -

Such a calculation is shown in Table 2 for a particular run.
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Calculated values of 'rj avg ware then plotted sgainst time
s .

in minutes {9). Figure 12 shows seme such characteristic plots,

aT
Slepes of tangents to each of the characteristic curves -—l}é—fim'-
were measured at the middle portion of a particular run, nounlly

after 60 minutes.

Bed oxpanded height, L ox® Wat dstermined separately from 2
transparent column under similar conditions to the 2 and 4 inch
metal columns, For each bed settled height, a set of expanded
bed heights for different flow rates and partlélo slao were deterw

mined. A set of such data is shown in Figure 13.

The term W, C (T,, ~ z)mucalcnhwd!ramthoinletand
3T

outlet jacket temperatures.

9., W2 calculated from the temperaturs drop across the insula.
tion layer, and the cross-sectional area corresponding to the oxe

panded bed height. Appendix A shows such a calculation.

Having determined 9, and (} - o) as described above, U

was calculated for the particular run from equation {55) by malking ap~

propriate substitutions. The dependeance of U on the superficial fluid

flow velocity, perticle diameter, bed settled height, thermal conductivity

and solid density was studied., All the results of the data and a saxnple

calculation is shown in Appendix A.
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Glass beads
o 0.010"

o 0.0039"

ft./sec.

‘i, verus fluid superficivi velocities
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VI CORRELATION

All the well known heat transfer equations for forced
convecticn have besn {nvariably derived from dimsnaional analysis.

They are generilly of the form

m a C b P q r
be o (5= (22) (B-) (@) (e, (64
- t

whese a ic & conatant; and m, nﬂ. Py @ © are axponantial terma to

the various functions.

In case of gas-sclid fluidised systams, since the number

of variables are sovoral, the constant and the exponential torms are

gonerally evaluated by a graphical method instead of the algebraic

method. In this particular study the variables jnvelved, ia coembinatica

with U, are formed into the followlag dimensionless numbers:

up P Lo D. Py k'

Nu = : : 3 o 3
Be Dy DT 8 " Ky
C. »
D V,p p, £
Rgg—u.-{;prg f
By kg

Experimental results were correlated by using the functional

relationship:

Na = function (Re, Pr, L, D, k, p ) (6%)

| 4

Equation (65) can be correlated only when the varlables are made dimen-

sionless. While Prandtl number is in itself dimensionless, L, and D

P
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were converted into the dimensionless form of L'/ D, and Dp/Dt by
dividing each by Dt.whero Dt is the diameter of the tube or the re-
actor. The physical properties, k’ and Py oi the solid were reduced
into the dimensionless form k"/kf and p'/ Py Thus equation (65) was

converted to the form:
)

x Ls o * kn ? Py ?
(Na) ()7 (5=) (5E) (F) (52) = fanction (Re) (66)
t t H £

For a single sample, one particle diameter, at various
bed-aettled heights, all the terms, except {(Nu) (Pr)* and (L,/D) on
the left hand side of equation (66) are constant. The value of x, expo-
nential to Prandtl number, was evaluated by the method of trial and
error and found to be 0.4. The plot which gave the best correlation
of (Nu) (P.r)x to Re for the various bed settled hoight parameter is

shown in Figure 16,

Bead-Settled Hoight

The exponent m in equation (66) was determined by cross
plotting the settled bed heights of Figure 16 for different Reynolds

numbers, that is, by plotting the'(La) as abaciesa against (U D p/nl)

“'00 4
{ Cp l‘f/kg) for various parametors of Reynolds number. Such a
£

plot is ehown in Figure 17. The slope of the lines of Figure 17 gave

the exponential m as -1. 324,
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{ ’ '00 4 l ® 3; B
| | The term (U Dp/"l’ (cl’g pf/ki) (L./D‘) was

plotted against the modified Roaynolds number for glass beads of

three different particle sizes, 2ad is shown in Figure 18.

Particle Diametor

The exponent n'to the term (DP/D‘) in equation (66) was

e e e e e e e e o et

evaluated by cross plotting the values of D P from Figure 18, obtained

for & particulsr Reynolds number. The perticle diameter l)p was
0.4 1.3

plotted as abscises agsinat (U Dp/k{) {cvtp/kf) ) “Le/Dt,

for various parameters of Reynolds numbers. Figure 19 showse such

a plot. The exponent n was thus evaluated to be 4. 292 from the slopes

of the lines,
| In Figure 20, Reynolds numbers have been plotted against

the term (UD /%) (C_ ps/k) "0 % (L /Dyt 3 - -2 .‘.3( th
e torm pf)(pf“f/t) o/ D) (57 or tho

t
various materials fluidized. Most of the experimental points foll on &

smooth curve.

Thermal Conductivity

0.4 1.3 -4,3
The group (U Dp/k,) (Cpf k) (L,/p) (Dp/Dt)
(i /x )P obtained by iaterpolation from Figure 21, was plotted against
L i { b8
P ’/p‘ for constant Re and for p= 1.7, 2, 4 correspondingly. Sucha
plot is shown in Figure 21. The beat value of p giving a linear relation-

ship occurred at p = 4. It would also be seen (Figure 22) that when data

e BT T
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’004 wd,

(UD_fk) (G, b/t (L./n)"3; k (D,/D,) 3 (kp/k')4 was

plotted using the sxponential value of ¢ for (k“‘../k‘)‘. most of the

metﬂlmaumouhgurw. e

Solid Density

The value of sxponestial p was accepted as 4, and the
term (k./kf)‘ incorporated into the ordinate of Figure 22. (UD Jk‘}
-0.4 1.3 4.3 4
(cp‘ pt/h‘) (48 '/n‘) (D p/n‘),; il ¢ '/ka values were
plotted against p ‘/ Py for the various solid material fluidized, Such

a plot is shown in Figure 23. A value of 7.796 was obtained for

exponential term q fram the slope of tha lines,

The final correlation is shown in Figure 24.

The physical and thermal propertios of the fluld were evalucted
at the average tempezsture of the run, while those of solids were suppiied
l;y the manufacturer, spplicable for the temperature ranges used in the

present investigation,
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VII DISCUSSIONS

In order to simplify the calculations and dorive a satis-
factory correlation for heat transfer in torms ¢f the parametsrs of
the solid-fluid system, certain essumptions gensrally have to be
wmade. The foliowing thres such assumptions wers made in order

to moake the derivetion of the correlation mors realistic and simpler.

(1) The Prandtl numbers of the gases 4o not vary signifi.

cantly over the temperature range studied.

{2) Tempersture gradients within the particies are negli-

gible compared with the {ilm gradients.

(3) Sufficient particle mixing cccurs, so that auy time the

temperature of the solid is uniform throughount the bed.

Although the thermal propertise of gases, like spocific beat,
viscosity and thermsl conductivity incresse with tomperature, the
Prandtl number, Cvf ¥y /kf , shows little varistion with temperature,
The value of C p""l ’/kl calculated at any single temporature servss
sufficiently well for tho solution of probleme involving the same gas as

another temperature within reasonable praximity.

Tho section on correlation follows the usual dimensionless
aumbsers approach. Although it is not the bost method employed, a0 far

{t is the most appropriate at the moment for tha kind of data involved.
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The prasdt] number, although it does aot vaxy significantly when only
alr 19 used, has bews introduced tn ordex 1o factittats the use of the
sorrelation {n the fture for differcut gases. R will very much enhance
coaventience in the futura.

There is nefther say data vor any technique avetlable to
mmmmp&mm gradiente within atagls particles of smaller
dismetars. Bince the particle dismueters were very smsll, 1 has been
assumed that the tempozature gradients within the particles are
negligible es compured to the surface flm gracieuts,

& has boen found by several tnvestigstors, Table G-}, and
exparimantaily in the courss of present investigations, Figure G-l,
that tenperature gradients existed st different bod halgits snd st redial
mmummvmmm&amwmm&.
mﬁwm.megrwmwma?mnn&nhymmmh-
significent, and thus segligitle. Furthermore, % was recognizad that
ﬂnemmamdedo!mm&c.wnnme!whkkm
tempersture would normally got aqualizad,

mmwmm&gnmahowmmMmm-
sturs, 1o still a matter of sufficient controversy. Ketteruring, Masdersfield gnd
wmmmmmwvummmmmw-
porsture of the gas laaving the fuldized bad. However, in the pressat investigation,
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it was found that & screensd thermocouple placed at the exit 'e( the
fluidizing column, shewed amﬂdo;'m: varistions from temperatures
indicated by thermocouples located right within the threahold of ey
pended bed height, Furthermore, sven if the assumption was justified,
it was found that the exit temperature Ta « WhS most uncertain ssd

inaccurate to be mmuuod.

Waltan asd Loveaspial {34) reported minimum and maximem
heat tranafer cosffictents, I the bod temperature was assumed 20 be
equel to that of & bare theyrmoccaple immersed in the m, the heat
tranofer cosfficients thun celcnlated reprosentod meximum limiting
values. If the awnbt;m temperatare of the oxit air was assumed as
the bad temperature, m calculated heat transfor cosfficient would be

the minimum- ~ imaiting value, The tempersture isdicated by a bare

thermocouple has been censidered 20 give an intermediate value batwosn

that of the solid and fluld, therefore the first assurmption would be in
coustradiction to thic. The second assumplion encountered the same

shortcoming as thove of Kettearing.

Wamsley aad Johanson (41) dié not measure the bed tempee«
raturs but calculated it from the time~temperature history curvas of
tho inlet and outlet gas temperataros., Since the outiet temperature of
the gas was uncertain, the valuss propagated from the curves would
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also be uncertain, specislly when no heat lass was corrected for.

Heortjons and McKibbins used bave tharmocouples to indicate
the temperature of the bed; again here tho temperature indicated an

intermediate value,

Romn& and Shakhova {45) uae«i 2 bare thermocouple to
indicate the tom?;gme nf the solid. The thermocouples were placed
at different heights of the fluldined threshold., Agein this gave an inter-
mediate value between that of solid aml fluid,

In order to circumvent the difficulties cnconlnto.nd by others,
space-averaged sulid temperature, T‘ » Was used in the present inves-
tigetion, This tamperature has been taken from screened thermocouples
iramezsed in the fluidized threshold. This avoided the possidility of
orrors due to callision ofcooler particles fram the lower regions of
the bed with the sennigg eloament. The temperaiuze ei sclide was thus

assumed to be in egquilibrium with the surroanding fluid.

For gas tamperatures, Kettenring, et al. used a bare thermo-
couple, Such a msssurement is likely to give much erronsous results,
since the sensing eloment of the thermoccoupls was in contact with the
moving particles all the time, Such i{ndicated temperature, thus could

not be the true gas toxperature,

v
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Walton and Levenepiel used a suction thermocouple to
measure the temperature of the gav, wheroby a direct contact of the
particles with the sensing eclements was aveidad. i‘h- fluid velocity
traversing past the sensing elementa would generally be much higher
than the fluid velocity of the entire bed. Such higher velocitios or
taurbulence would reduce the thickneas of the boundary layoer film at
the surface of the thermogouple. A considerable part of the total
onergy of the gas stream would be in the form of kinetic energy and
noi all of this would be converted to thermal energy ln:me boundary
iayer around the thermecouple junction. As @ result, the tomperature
indicated by the thermocouple would be lower than the suction stream
temperature, E\xrﬂm?mare. the flow pattern in the suction stream
would not be the true representative of tha flow pattern in the fluidised

stream,

Wamsley and Johanson measured the gas temperatures at
the inlet and the outiet of the apparatus. Since the outlet temperature
was not teken at the expanded bed height, it would not be truly rapree

seatative of the gas temperature.

Rogsental and Shakhova used s hare thermocouple to messure
the inlet temperature of the gas. This temperature was not space-

averaged and thus was not representative of the gas in the fluidised bed.
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For the prosent investigation, although tarbulence was
sasumed 10 have occurred and equalized the temperatare of the bed,
complete mixing was ualikely to have happened. A ﬂaw pattern of
two phases, & danae phase and a dilute phase, was then agsumaed,
The inlet tomperatare could esaily be measured, but not the cutlet
gas tomperature, aé- it would be shown later that the outlet tempera«-
ture ’I.‘z (Appendix F) cauld not be located properly. Therefore it
was decided to evaluate the velue of '1"z mathematically, Since the
gas flow was not completely mixad, the temperature driving force

would be

(T, =T} 4 (T, =T)
AT & —etemi 2.8 (51)

Basically, the unsteady state method {s not new, the
present study does not claim it to be so. Other suthors have chosen
to use integrated equations for plotting their data wheroas the pressnt
work has chosen to uso the differential form. It haas been shown expe-
rimentally and theoretically in Appendix E that by tedious calculetions,
thers has been essentizlly no difference in the sxpected answer betwsen

that of an integrated form and a differential one.

In a receat review, Barker {44) has pointed cut that the

definition of T used by Watson and Ferron has yielded
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an irrelovant hoat transfor coeificient and thue resulted : in- U which
is really not bagic, It has alec boen peinted out thet the total area of
the bed was not effective in transfering heat - only & small, undeter«
mined fraction of particles in ths bod was actuslly invelved in the heat
transfer process, 50 far, area for haat transfox as well ss the tompe-
rature driving {orce are still controversial matters as far ap the
fluidised bed is concerned, Due to the tremendous amount of turbulence
in a fluidized bed, there is no way oI- telling as to what poiriion carries
heat and what doss noty although even cominon sense would suggest that
only a small ammt is involved in heat transfeor. Furthermore, at the
initial stage of heat transfer perhaps only a fraction of the entire solid
bed is invoived in the process, but it is & fact that aventually the entire

bed is heated and sll the particles are thue fuvolved in the heat transfer.

The present investigation is & combiuntion of moast of the
morits of other people and thus suggeuts 3 more appropriate alternative

comparatively,

Aleo, in the same roview, the work of Shakhova (45) [m
information for this reference was actuslly darived from a croes refe.
rence by Resxeatal (46)] seems to have obtained the merits of Barker
amoag all works compared. However, the paper of Romental (46) does

not provide any information as to how the area for heat transfor was used,




Fortunately, ancther reference of Shakhova and Rychkov (47) wae
¢ited, The two papers of Shakhovae appeared at different time intervalse,
The sarlier paper of Shakhova {(45) was a dissertation of theeis in 1954
whereas the latter {47) iz a joint publication in a Russian journal at o
iater date. Surprisingly enoug!:.' Shakhova (47} actually used the sative
surface area of fluidized bed as the heat transfer area. Perhaps
agsuming that a different surface ares was used in the firet paper (43),
but if one were to r_qf?r to the dates of the work done and publication of
references (45) (47) respectively, it would not be dﬁfic@t to realiae
that the same author had used two differsat definitions for the area in
question. Since the joint publication (47} was published much later, it

ia very ltkely that Shakhova herself had chosen the entire area of pare

ticles to be more appropriate for the definition. The defliaition for such

an area therefore is vtill a matter of opinion.

Some attempts were made to measure T, for the present

2
system. It would appear at firet thought that the most reliable method
would be o use 2 transparest column for fizidization process. At the
beginning of this investigation, a plexiglass column was tried. It was
found that particles clustored and adhered to the column walls and hot
junctions of the thermocouples inside the column due to the generation

of static electricity, Humidification wag next tried to avold static
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electricity. An error was introduced by such a8 modification due to
heat lose on account of adsorption, Tho use of & transparent column
for fluidization process was therefore ruled ous, and a metal column

subsequently used.

Due to the opagque nature of ths metal column used for
fluidising experiments, the expanded bed height in the column could
act be obssrved visually. Hence the measurement of tempesature at
the threshold of expanded bed height, (Tz). by placing thermocouples

at these locations, was considered highly ingccurate.

However, soms experiments were carried out by locating
the thermocouples in the metal column at Sistances equal to expanded
bed heights, calculated from a transparent glass column. The glass
column was identical in design to the maotal column, which has been
used in the course of fluidieation work. Results thus obtained are
given in Appendix F. The results indicated that there was a gradeal
changs of temperaturé dlong the length of the column, and not an absapt
one, which would have indicated that the temperatuze at the threshoald
of expanded bed height, 7 > « Waa being measured. Thas T, could

2
not be measured properly.
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Since the thickness of the insulation was thin, it was treated
as a thin surface skin of a poor c@duct@: {44) and the heat lost through
the insulation, thw. was assurned to be the flow of heat acrase the
thickness of the insulation in a steady uﬁu. An energy equation (68),
was first written and the different torms of the equation were then
evaluated exporimmtauy; the temperature of the insulation along the
length (height of the fluidized bed), and at different angles of the
solumn remained coustant, The temperature at different radial po-

sitions wers also measured. The derivation of the equation (67}

aT

ins,
Yns. * ins.) “ine.) —i (%)

used in ¢alculation, from the ordinary energy eguation

d7T é
pCp a5 kv T (68)
and
pc_ 8L & g (69)
p 4@

is given in Appendix D,

In connection with the attention given to the insclation, a
few words of comments may be added here to the last pavagraph of

page 9 of this thesis,
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The difforent jackets improvieed were by no means &
perfect solution to & steady atate system; it ie only & compromise
in & certain manner wherein the heat input and heat cutput wers
more or leas maintained constant. Tho heat transforred to the
solid and from solid to fluid ie still in iteelf transient and when
such is treated as itudy state it caly concludes & compromise,

It is therefore more rolevant and conviacing to ascume an unsteady
state heat transfsr, Thia is why an unateady state hu@ transfer

has been adopted for the present inveatigation.

The correction terms of hoat losses were very difficult
to achiave. It has been done by taking account of all the contributing
factors. Questicas may be raised as to the validity of the assump-
tions made on material properties and consaquently doubt the correct-
ness of the result and thareby introduce some uncertainty in the result.
The author is very much aware of this from the very Leginaing, but
there is 1o other alternative except to take all the precautions and
make the best possible assumptions. However, errore are bouml to
comse in, uncertainties arc expected in every aspect of work. Thus
8 certain magnitude of error in the form of + 9y has been iacorpo=-

rated into the ewaluation of resgults.
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Icidentally, qmmms may arise as to what me
evidance thera 18 to juetify thé: aseumpeton that the correct rewult 18
really oitained by using the data at O @ime) = 60 mins, Referring back
to Table B-1 again, although U s expected tos be 2 fmction of 0, it
was found, in the courss of the experiments, thet there was ectually
a sligi® varistion of U with thme, & would aigo be seen that the
valuas of U were highsz end tnrceurste st the staxt of 5 run dus 10
the rapidly changing experimental conditions and sligivly negetive at
the ond of the run dus to small tempazeture differences. A question
would axise bare 22 to what value of time would be most appropriste
end most convenient to use. At fixet it would sessn that en average,
ekheramhmuzcorm of th ¢ enitre run would be mont conve~
nient, bt in view of the fact that the varistion and thus the error in-
volved {(0,00003798 and -0,0000022 for staxt end and of 2 sun réspec-
tively a3 shown by Toble E-J) (n the beginning and esd of & xun are to
great In magnitude, the exror brought forwaxd in such 2 manrner would
be 00 big fu the final result. As an alterastive, soma authore bave
agsuniad the average of the middle 80% to be the most ecceptoble valus,
This too wog only apgumed. For the present investigetion, the valve
&t © » 60 min, haa been found to be very close 2o thst of the sversge
of the middle S0% porticn of the yun. & lo thus yeasonable to sccopt
the value at © = 60 min, for values o2 U,

PNt
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The design of the transparent column and the hu; transfer
columa were idontical; the operating pressures were maintained the
same in both casen] in the beginaning of the experimental works, a
few test runs were porformed, the bed lovel messuring runs were
performed in such & way as to prehent the gases to the temgperature
of the actual runs, it was found that there was a elight difference in
the two sets of data {on the average), that in, a set collected from
2 hoated stream expanded helght and a sot collected from the unhesated
stream. The result came out to be practically the uxﬁo. consequently
no temperature conifiions were correcied and no further runs with

temperature adjustments performed.

For the present investigation, the particles used in fluidi-
sation have been assumed essentially to be spherical. For glass beads,
all references have givea thelr shapes to be spherical, it is therefors
assumed the same for the present invastigation. For silica gel most
of the veferences have prasented them as microspheres and thas
approximately asauwmed to be spherical. Howover, lLeva has given an
approximate range of silica gel's shape factar tode 0.7 t0 0.9. For
a2lumins, most references have given them to be granular and thus

approximately assumed to be spherical.
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Shape factor is a derived number, According to Leva {18),
shape factors are determined by pressure drop test and the equation

to be used is

z 3 .loo
spD % "g, ¢ D w p
f = RS e 3 = 100 ‘—2-.;2-——.3" {69a)

m F3 -
an Lepg {1-¢)

Since fn; is & derived term, ¢’ is also a derived number,
ﬁ' is in itself most likely insccurate. Perhaps that is ons of the
reacons so many authors sssumed ﬂs for vilica gel and slumina to be

microsphezes.

Calculated :_re-nlto and correlations are given in Figures 14
ani onward. It would be sean from Figure 14 that U wasz inversely
proportional to G for differeat samples. Figurs 16 shows that the
fluid superficial velocity, or alternatively, the mass flow rate or
Reynolds numbaer affected the heat transfor cosfficient values extensi~
vely, According to the film theory, it is expected that a film of gas
moves with a particie. The motion of a particle in a fluidizsed bed
being much at random, results in the outer surface of the gas film
surrounding the particle becoming thermally in equilibrium, with the
temperature of the fluldisiag gas after the pazticle moves towards the
ares, where most of the heat sxchange takes place. Heat will then

further penctrate towerds the particle by thermal conduction. The
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height of tha bed where heat exchange takes place is only & v}ery amall
portion of the bed, The motion ol. the particle {s so fast that the cone
tact and residence time of the particle in the shallow heat transfer
gogion of the bed is extramely short. Thevefore, the depth of the
penstration of heat into the particle is very small, When the particle
leaveas tho hot zone, part of the heat continuss to flow towarda the
particle but the reimlndar is transferred back into the strsam of the
gas, partly by conduction and partly as & zesult of attrition of the
outer layers of the gas film. Since the heat capacity of the gas film
is very low, the armount of heat transfersed to the particlies would be
small and comparatively less than that tranaferred in a steady state
syetem. in sucha préeeu. Reynolds number ie important since it
influences the thickneas of the gas filin, the velocity of the particles

and rate of heat transfer into and out of the gas film.

Figure 15 shows the relationaships between U and bed
settled heights with Reynclds numbersas the parameters. Unless
otherwise specified, the Reynolds number _’f?‘f" to the modified
Reynolds numbers, which are based on particle diameters, instead
of column diamcter; The heat transfer coefficient decreased with
increasing bed seottled height. The data is consistent with scme

published works of Fritz, Wamsley and Johanson. The interpretation
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to the phenomena of the {averse proportionality betweon U and bed
sottled heights could be explained in the following manner,

The increase in bed settled helght means an increase in
the amount of fluidized matorials and hence an increase in the heat
transfer surface area. If the inlet temperature were kept constant
and hence the qmﬁzy of heat to be transferred were constant, which
actually happened in this case, then U would certainly be inversely

proportional to bad settied heights.

The variation of U with the particle diameter, where U
io expressed in terms of Nusselt number is shown in Figure 19. U
increased as particle diamoter increased. This is consistent with
the findings of Wamaley (41). Frits (42) and Fexron (43) both used
only one sample of one single particle sise. Hence no direct com-

parison could be made with their works, Theoreticelly, by considering

aqguation (70)
6 W,
A = {70)
t Py D o
1
with D = (71)
P <X
where xi = weight fraction of Dp‘ particles

I.');"i = diameter of the x fraction particlas
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it would be expected that the lsrger the particle sisea, Dp. the
smaller would be the surface arex At. Also, from sn empirical
point of view, the larger the particle sizas, the lesssr would be
the pumber of particles in the same weight of sample (had the
sample convisted of small particle sixes) and the entire surface
area of sollds wonid bo smaller. Since U is inversely proportional
to the surface area, the result is that U would increase with in~

creseed particle alizes.

The sxperimeontal data covered a wide range of Reynolds
numbers extending from 10 to 2200. 3ince the entire range was very
wide for accurats corrslations, it was broken into two renges; 10 to

100 and 2@ to 2200. The foliowing fiasl correlations were cbtained:

i) For Reynolds numbesr 10 to 60:

c 0.4 ‘103 4.3 .4 7.8 "6.‘
uD pt“f” L D x p, D V.5,
hesom Gh 6B gd eh B
? B
t 'y t * P i ¢
ii} For Reynolds number &0 to 2200:
c 0:4 ‘l. 3 40 3 -4 70 8 ‘3. 1
up RS L, D k, s, D Vo,
L) = (0.001)) fmtme) (=) B D D S
Ry kg b, B ko Ky

The physical properties of the solids were ovaluated at the average

gas tempsrature, The average diameter of the particles was evaluated
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by equation (71). Based on the assumptica that particles were
spherical in nature, heat transfer area was calculated by standard
procedures. Ues mass velocities wers calculated on the basis of

cress=gectionsl area of the empty column,

Figure {15, shows & comparison of the present investis
gation with those of others. The present data are much lower than
those of Kettenring, et al,; Heertjis., et al.; and Waltonet al.; this
ie perhapsa due to the differcnce in the methed used in measuring
the temperature and the approach made, However, though the
present data eeems te be little higher, it has the same trend as those
of Frite and Ferron. The data of Frits and Ferron were abtained
for one fluldising material only, namely eluminn-silica catalysts.
The present data includes a variety of sizes of glass beads. Ths
difference between the beads and othsr materials was the almost
complete abaence of friction. The beads, whea yubbed between the
fingere, lelt like s lubricant with very little frictional drag. It is
possible that in a fluidized bed this would result in & freer movement
with no effective intermeshing of particles. Since no attempt has
been mede to introduce any shape factor, itis consequently expected

that present data should yleld higher values of U,
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The error in measuring ratea of flow of gases by the
rotameoters was within + 29, screeaing errors in particle dia-
meter analysis amounted to + 3%. The evaluation of 9, propa-
gated an error of about + 2% The uncertainty involved in the

temporature measurament was approximately + 4%,

The correlation of the entire range is found {n Figure

24.




Vil CONCLUSIONS AND RECOMMENDATIONS

The {luid flow for this investigation was patterned after
the two phase flow theory, & dense phase characterized by high con-
centration of solid and low concentration of gas; and a dilute phase by
low concentration of solid and high concentration of gas. Since it was
impoasible to at;tain the local coefficients of either phase, a space-
averaged over-all heat tzansfer coefficient (U) was found most appro-

priate for such & system.,

The order of magnitude of the space-averaged heat transfer
coefficients in the present investigation are low compared to others such
as Kettenring. Wamsley and some others; but are quite in line with those
of Ferron and Fritz. This is attribuﬁd to the way the coefficient is being
defined.

The over-all coefficient was inversely proportional to the bed-

settied height and directly proportional to the particle size. The influ-

ence of the thermal conductivities of the solids was also investigated.

It was found that U was inversely- proportional to the thermal conductivities

of the solids.

The over-all cosfficient was 2180 found to be * inversely pro-
portional to the Reynolds number but directly proportional to the solid

denasities.

I foxeatrontin ]
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It is hexeby recommended that further investigation
of variables be carried out, euch as using different gases to vary
the Prandtl number; use of fluidizing materials bearing wider range
of specific heats. It is also important that 2 new technique be deve-
loped so as to measure the true temperature of the solid. So far,
there is no t'OSO&ll'Ch done that could be called as truly unsteady
state or steady state; a radio active disintegration process would be

highly recommended for a truly unsteady state process.
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IX NOMENCLATURE

surface area per unit volume, sq. ft./cu. ft.
surface area of arbitrarily shaped particie, sq. ft.
point surface area, sq. ft.

crosa-gsectional ares for heat transfer in the insulation,
0q. ft.

surface area of a single particle, sq. ft.
surface area of the entire solid bed, sq. ft.

heat capacity of the insulation jackef and reactor hard-
ware per inch height of the column, Btu/(*F) (in. L)

spacific heat of insulation, Btu/(lb, -mass) (* F)

specific heat of reactor hardware, Btu/(lb.-mass) (°F)
heat capacity of insulation, jacket hardware regpactively,
por inch of column height, Btu/(*F) (in. L}

specific heat of fluid, Btu/(lb.-mass) (*F)

specific heat of solid, Btu/(ib. -mass) (°F)

particle diameter, ft.

tube diameter,. {2.

modified {riction factor, dimensionless

conversion factor, {ft.) {ib.-maes)/(lb. -force) {sec) {sec)
fluid mass velocity,. (ibs)/(hr) (sq. ft.)

fluid masse velocity for minimum fluidization, (ibs)/(hr)
{sq. {t.)
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 heat transfer coefficient at the outer radius of the
tube, Btu/(hr) (sg. ft.) (°F)
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mass velocity of solide, (Ibs.)/(hr) (sq. ft.)
heat transfer coefficient, Btu/(hr) (sq. £.) (°F)

point heat transfor coefficient, Btu/(hr) (sq. ft.) (*F) o

heat transfor coefficient at the inner radius of the
tube, Btu/(ar) (sq. f£.) (°F)

single particle heat transfer coefficient Btu/(hr) (sq. £2.) {* F)
thermal conductivity, Btu/(hr) (sq: ft.) (* F/ft.)

thormal conductivity of fluid, Btu/{ax) (sq. ft.) {*F/ft.)

point thermal conductivity of fluid, Btu/(hr) (sq. ft.) (*F/f.)
thermal conductivity of the insulation, Btu/(hr) (ag. ft.)(® F/1t.!

thermal conductivity of fluidizing medium, Btu/{hr) {sq. ft.)
(°F/ft.)

thermal conductivity of the solid, Btu/(hr) (sq. ft.) {* F/ft.)
coefficient of permﬂ;bmty. le/ (dyne) (sec)

length of tube, ft, |

column height from the bottom of the bed, ft.

bed height when expansion sets in, ft.

expanded bed height, in.

thickness of the imsulation, ft.

bed height at point a! minimum fluidization ft.

thic#ncu of a porous structure, cm.

bed-settled height, ft.




e

ap

Nu

”

<L B T - |

s avg.

"

room

-102 -

dimensionless temperature
state-of-flow factor, dimensionless
exponent, dimensionless

Nusselt numbeyr, dimensionless

_rate of heat transfer, Btu/hr

Nnt heat transfer, Btu/hy

rate of heat lost through the insulation, Btu/(hr)
radial rate of heat transfer, Btu/(hr)
vertical rate of heat transfer, Btu/(hr)
rate of heat transfer, Btu/hr.

radius of a particle, ft.

inner radius of the tube, ft.

logarithmic mean radius, ft.

outer radiua of the tube, fi.

modified Reynolds Number, dirnensionless
cross~-sactional uqf of_tpbe, sq. ft.
temperstuvre, °F

temperature, *F

temperature of fluid, *F

temperature of the solid, °F

= mean temperature of the room, jacket reactor haxd-

ware and inoulation, °F

room tamperature, *F
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inlet temperature, °F

outiet tamperature, *F

inlet temperxature of fluid, *F

outlet temperature of fluid, *F

inlet temparature of fluid in the jacket, °F

outlet temperature of fluid in the jacket, ° F

inlet temperature of solid stream, °F

cutlet temperature of golid stream, *F

average rate of flow through porous structure, ml/sec

space-averaged over-all heat transfer coefficiant,
Btu/{br) (sq. ft.} (°F)

over-all heat transfor coafficlent in pneumatic system,

superficial fluid velocity, ft./sec.’

superficial fluid velocity required for minimum fluldi-
Mm' ‘to /80!:.

fluid flow rate, lbs./hr

fluid flow rate in the jacket, 1bs, /hr
weight of solid fluidized, 1ba.

film thickness

point film thickness, ft.

average film thickness, ft,

weight fraction, dimensionless

weight fraction of particle passing through i opeﬁing of
screen
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Greek Letters

a = constant, dimensionless

3 =z particle roughness, dimensionless

3 o = boundary layer thickness, ft.

AP = pressure drop, Ibs./sq. ft.

AP = pxéssura drop when expansion of bed sets in,.

e

ibs./sq. ft.

AT = temperature difference between solid and fluid *F

AT . = arithmetic mean temperature dmeroﬁce.» *F

ATi = point temperature difference °F

A'rm = temperature difference across the insulation, °F

€ = bed voidage fraction, dimensionlesa

€° = bed-voidage fraction at point when expansion sets in,
dimensionless

€ = bed-voidage {raction at point of minimum fluidization,

mS

dimensionless

e = time, minutes

B = fluid viscoaity, lbs./hr sec.

77 = constant, dimensionless

Pe = fluid density, 1b./cu. ft.

solids density, b, /cu.. ft.

o
L]
it

™
f

summation of, dimensionlese
# = function of, dimensionless
g.¢ = dimenszionless parametsrs

1* 72

WV = particle shape factor, dimensionless
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Aggendix A

Sample Calculations and Data
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Sample Calculations

The basic equations to be used in the calculations are:
ZW_C

8 Py 1-n 2 ql
U (F52) - -~ (55)
At i+n At {1+ a) ('1‘l To)
4 T‘
s s 4@ 1
A-m > e T, P WG (F-T) 5
L 1 s 8 P; 1 s
47T a
U= Gl a0 -V cpf (T =Tt q,, (6D
for zun No. D=6
Materials used: Glaes beads, Dp = 0.0185*"
W' = 1.59 lbs.
Wa = 1.026 lbs.
cp = o. 27 Bm/"(lb‘wss) ‘.F
[
cP s 0.24 Btu/(lb-mass) *F
 §
Tl = 181°F
le = l50°F
sz z= 142,5°F
'r' a 163°F
Cj = 0,275 Btu/{*F) {in, L) (empirical value)
(-;-i) = 0.0048 (min. ’B(t;:.z’ ¥ (empirical value)
s 5,41 in,
ex
A = 0.825 2q. ft.

A——
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ATin' a 62°F
At z 67.949 sq. ft,
4T

8 -y
x5 z 0.45 "F/{min.)
aT .
-—Ja'-a‘&-“-‘-"-' = 0,507 ° F/{min.)

for Qe using squation (61):
aT

——dt 2VE 4 : Btu
CiLgx a5 = (0.275) (5.41) (0.507) = 0.7539 =2

W . C (T

f 2 T TJZ) = {0.463) (0.24) (250 - 142.5) = 0,825 min

k
%ns, * ‘Y‘)h“. Ains. ATinl. = (0.0048) (0.875) (67)

= 0.2455 B8 2

therefore

aT
—ts BVE: | -
9 * G lex T30 v, cpI (Tjy - Tjp) + 9y,

s 0.7539 - 0,825+ 0.2455 = 0, 1744 Bt
min.

for (1 - n):
d 'I“
G

w L)
s p, 49 . 01.39) (.27) (0.45)

= 0,.0359
W‘ (.Z:pf('l'l Ts) (1.026) (0.24) (181 -~ 163)

9y
% G (T
g »

0.1744

1= T 0% 020 (18t - 16y ¢ 0977
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a're.
W C e
o ) 8 Py a9 ql
LRV B - +
W C (T,-T W C T, - 7T
g p‘( 1 s, g p“ | n)
= 0.0359 + 0.0377 = 0,0736
AW C
u 8 7 RETY 2q,
3 0 - R
A‘ l+4n Ae(l.-!-n)('l"—'r.)
2 (0.1744

- 2 (1.026) {0. 24) ‘0.0736
7. 949 1.926

s 2 (0.000144 - 0,000074)

= 0.00014 Bta_

min, ft, *F

)

F) = 09 0084 Bta

" 67,949 (1.928) (20.25)

hr. it.z °F
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Xabie A-1 Dats for Semple Caleulationa

T
L

OE\

126
139
ur
163.5
159
163-
167
169.5
171.5
73
7é.s
75

p

°F

109
nz.s
124
»
189
142.5
146
188

163

22
37
40,5
47

62
€5.5
€9
76
76
7%

86

T
s avg,
OF

106.5
uz.e
126.5
182
140
6.9

153
158
159
161
168.5
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TEMPERATURE ,

170

160
i50
140
130
120

1o

100
90
80}
. e
0 2t 40 60 80 100 120

©, MINUTES

Fig. A-1 Temperature-time curve for sanple calculations
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Tables A-2 to A-11

Heat Tranafer Coefficients, Rates of Fluid Flow

and Bed-Settled Heights to Bed Diameter Ratio Data

e —




| ety

Run
No.,

hl

he

h3

b4

h5

hé

h?

h8

h9

k10

hil

h12

hl3

hl4

Table A«2 4-in, Column, Glase beads, ?P = 0,0039"

=117 -

0. 646
0.826
1.162
0.8715
0.646
0.826
1.162
0.771
0.646
0.826
1.162
6.713
0. 646

0. 826

Ly
5
1.30
1.30
1.30
1.30
1,725
1.725
1.72%
1.725
2.02
2,02
2,02
2.02
32,375

3.375

0.00630
0.00139
0.00136
0.00238
0.00306
8.00197
.00128
0.00204
0,00313
0.0013%
0.00122
0.00276
0.0015¢

8.00262




o A aeg T et NN :
35E3RY ;zu_-‘w;g‘

hl7
hl8
hl9
hz0
h21
hez
hzl
hé4
h25
h2é
he?
h28
h29
h30

h3}
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Table A«3 4<in, Column, Silica gel, Dpn 0.06569"

w
g

0.818
1.087
1.190
0.713
0.826
0.813
0. 749
1.340
0,657
2.8719
1.034
1.215
1.550
0.659%
1.03¢
1.370

1.783

1.700
1.700
2.500
2.500
2.500
2.500
0.850
9.850
0.850
0.850
0.850
0.438
0.438
0.238

0.438

U

D.02303
0.00625
0.00297
0.01076
0.01200
0.01370
0.00%20

0.00127

0.00323
0.00394¢
0.00268
0.01116
-0.02682
¢.01602
0.01088

0.02125
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Table A=4 4+~in., Colamn, Silica gel, Dp 3 0,2324"

Run | w Ls
No. 3 32;
h32 0.932 0.425
h33 | 1.215 0.425
h34 1.448 . 0.425
h35 1.680 0.425
h36 0.657 0.425
h37 0.932 0.875
h38 1.215 0.875
h39 © 1.384 0.875
h40 1.836 0.875
hél 1.370 1,950
h42 1.650 1,950
h43 0.765 1.950
h44 0.932 2.850
h45 1.190 2.850
hdé 1.384 2.850
h47 1. 655 2.850
h48 0.932 3.750
h49 1.190 3.750
h50 1.370 3,750
h51 1. 680 3.750

h52 0,713 3.750

U

0.00947
0.00946
0.02851
0,0¢1001
0.01592
-1,77210
0.00487

g.01171

0.01650
0.02670
0.48580
0.00843
0.00735

G.00641

0.01096

0.00534

| EEETRT
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Ran
No.

h53
h54
h55
h56
h57
h58
h5¢
h60
hél
hé2
h63
hé4
hé63
hébé
hé7
h68
hé9
h70
h71
h72

h73

- 120 -

Table A+5 4«in. Column, Alumins, Dpa 0.0164"

w
g

1.115
1.293
1.454
2.141
2,586
1.196
1.454
1.858
2.182
2,424
1.454
1.858
2.161
2,586
1.454
1.858
2,586
2.182
1.858
2.161

2,586

2.801
G.801
1.149
1.149
1.149
1.149
1.302
1.302

1.302

0.01272
0501292
0.01247
0.01404
0.01012
0.01153
0.01020
0.01166
0.00810
0.01146
0.00506
0.00348
0.00576
0.01104
0.01109
0.00840
0.01044
0.00930
0.01212

0.00930
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Table A=§ 4-in. Columun, Alumina, Dpz 0.04110

Run w B

No. 8 75: v
h74 1.454 0.175 0.03131
h75 1,858 0,175 0.02564
h76 .. ' 2,182 0.17% 0.04211
h77 1.454 0.498 0.02552
h78 1.858 0.498 0.03132
h79 2.182 0.498 0.03336
80 2.586 §.498 0.0189%6
h8i : 1.454 G, 849 0.12564
h82 1.858 0.849

h83 _ 2.161 0.849

h84 2.586 0,849

k85 1.858 0,849

h86 2.161 0.849

h87 2. 586 0,849
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Table A=7 4ein. Column, Glass beads, Dpa 0.011"
Run w La '
No., & 73:- v !
cb 9.709 0.675 0.00504 |
c? 0.557 0.675
c8 | 0. 826 0.675 0.00492
<9 0.979 0.675 0.00780
cl0 1.114 0.675 0.00648
cll 1.266 0.675 - 0.00552
ci2 0. 645 0.675 0.00732
cl3 . 0.768 0.675 0.00828
cl4 0. 890 0.675 0.00636
cl5 1.013 0.675 0.00720
c1é 1.151 0.675 0.00708
c17 0.734 0.675 0.00576
cl8 0.852 0.675 0,00936
cl9 0. 969 0.675 0.00792
c20 1.101 0.675
c2l 0.824 0.675 0.12624
c22 0.938 0.675 0.00864
c23 1.066 0.675 0.01116
c24 0. 794 0.675 0.00792
c25 0.303 0.675 0.01128
c2é 1.026 0.675 0.00816
l




No.

c27

¢c28
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Table A-7 (Cont,)

L
W 8

Dt
0.777 0.675 0.00756
0.884 6.675 0.00684




Table A-8 4-in,
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Column, Glass beads, D = 0.0185"

Run
No,

dl
a2
a3
d4
a5
dé
d7
d8
d9
daio
dll
di2
dl3
dl4
dal15
dlé
417
dl8

419

w
8

0. 850
1.027
1.207
1.373
1.540
1.026
1.208
1.374
1.543
1.208
1.026
1.543
1.026
1.208
1.374
1.543
1.026
1.208

1.374

U

0.00698
0.00916
0.00907
0.01088
0.0112¢
0.00840
0.00936
0.00829
0.01544
0.00689
0.00348
0.00856
0.01050
0.00931
0.01152
0.01020
0.00958
0.00901

0.00984

e o e et e e



No.
d20
dazi
d22
d23
d24
dzas
d26
d27
da28

dz9
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Table A-8 (Cont.)

w
g

1.543
1.208
1.026
1.374
1.543
1.208
1.374
1.543
1.026

1.026

1.187
1.187
1.187

1.187

0.00385
0.01310
0.01306
0.01083
0.00848
0.00679

0.00907

0.00817

s . A —— b




',

Run
No.

el
e2
e3
a4
e5
eb
e7
o8
e9
el0
ell
el
ell
el4
el5s
elé
ei7
el8

el9

Table A«9 4-in, Column, Glass beads, Dp = 0,0185"

~126 -

W
8

1.208
1.374
1.543
1.026
1.208
1.374
1.543
0.848
1.026
1.208
1.450
1.547
0.848
1.026
1.208
1.374
1.543
0.848

1.026

1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.187

1.187

U

0.00979
0.010923
0.01171
0.00920

0.00423

0.01110
0.01036
0.00856
0.00896
0.01066
0.01053
0.02016
0.00865
0.00895
¢.00979

0.00866

0.00957

s

e e e



No.
020
e21
022
o3
e24
ea5
e26
el?
e28

@29
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Table A-9 (Cont.)

w
8

1.208
1.374
1.543
0.848
0.848
1.026
1.208
1.37¢4
1.535

0.648

u

0.01065
0.01035
0.00867
0,00704
0.00805
0.00434
0.00866
0.00796
0.00717

0.00711}

[ nrea




Fetirarrtione s
pd

Run
No.

h88
h89
h90
h9l
h92
h93
h94
h95
h96
h97

h98

Table A«10 2«in, Column, Giags beads, Dpu 0,0185"

W
8

0.848
1.115
1.374
2.141
0.848
1.026
2.020
1.026
1.374
2.157

1.454

L
L
P,

1.698
1.698
1.698
1.698
2,598
2.598
2.598
3.498
3. 498
3.498

4.398

U

0.03276
0.00888
0.41580
0.01650
0.01232
0.02859
0.00654
0.00635
0.00537
0.00306

0.00886

o o KR




Table A«ll 2«in. Column, Silica gel, Dpu 0.06569"

(h99«h102, hl13«h115); Alumina, Dps 0.0411%

(8103 - h112)
Ren W Ly
No. $ 5: v
h99 2,161 3.60 0.00799
K100 1.454 3.60 0.00299
h101 2,424 3.60 0.01066
h102 1.454 6.750 0.00678
113 1.454 7.080 0.00180
Bl14 1.858 7.080 0.00409
k115 2.182 7.080 0.00262
K103 2,586 3.240 0.05293
h104 1.454 3.240 0.94964
h105 2.161 3,240
h106 2,586 3.240
h107 1.858 6,480 0.05916
n108 2.161 6.480 0.01620
1109 2.42 6.480 0.04163
hi10 1.858 7.980 -0.10640
h1il 2.161 7.960 0.02¢42
nil2 2. 586 7.980 0.02442




T
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Tables A-12 to A-2]

Temperature Data




<mi

No.
hl

h2
h3
hé
h5
hé
h?
h8
h9
h10
hil
hl2
hi3

his

- 131~

Table A~12 4-in, Column, Glass beads, Dr' 0.0039"

h

225.0
249.%
269.0
256.0
228.0
244.0
262.5

248.5

234.5
&51.0
267.5
244.5
234.5

254.0

T
8

176.0
194.5
223.0
206.5
181.0
196.5
210.0
199.5
179.5
200.0
211,85
193.0
168.0

198.0

T

176.0
185.5
194.5
183.0
173.0
188.0
193.0
191.0
178.0
188.0
191.0
179.5
168.0

186.0

T,
166,0
181.0
200.0

174.5

168.0

193.0
184.5
168.0
186.0
186.0
180.0
160.0
186.0

T

169.3
148.2
194.8
184.90
169.0
183.6
190.2
185.2
170.0
185.0
190.0
176.8
162.5

183.8

'ﬁﬁinu.

83.3
103.0
123.0
109.0
. 83.6
100.6
114.2
105.7

90.1
103.0
117.5
98.5

89.0

109.0

L BEETTUNTRE




B ECesiinto )

Run
No.

hl5
hlé
h17
hl8
h19
h20
hal
h22
h23
hZ¢
h2s
h2é
h27
h28
h29
h30

h3l

- 132 -

T‘b" A~l3 ““ino COlumn. Suica 8‘1. DE’ 0. 06569"

T

257.5
266.0
272.5
251.0
256.0
261,0
261.0

25¢.0

239.5
254.0
262.5
266.0
75,5
249.5
266.0
275.5

278.5

T
]

243.0
243.0
242, 5
243.0
241.0
232.5
241.0
251.0
236.0
2330
243.0
246.0
261.0
249.0
259.0
264.0

270.0

I}l

169.5
183.0
181.0
186.0
174.5
181.0
176.0
176.0
166.0
179. 5
176.0
181.0
193.0
176.0
184.5
181.0

191.0

132

179.5
200.0
200.0

igi.o

179.5
186.0 .

183.0
179.5
154.5
183.0
150.0
193.0
220.0
170.0
201.0
207.0

220.0

T

170.6
186.3
185.6
181.0
173.3
180.0
175.6
175.0
159.0
177.8
177.3
182.3
193.0
170.3
187.8
187.6

199.0

aT

97.8
117.8
115.9

92.4
100.8
109.8
104.2

9.2
79.3
10z.8
96.0
111.0
126.0

84.2
100.3
119.5

125.8




-«—-w—,m.i
|

© T BT TR

Run
No.

h32
h33
h34
h35
h3b
h37
h38
h39
h40
b4l
h4e
h43
hd4
h45
h46é
h4?
h48

h49

k51

hs2

«133 «

Table A~14 4-in. Column, Silica gel, Dps 0.2324"

T

266.0
272.5
273.0
279.0
249.0
262.5

276.0

275.5

283.5
285.5
283.5
257.5
267.5
278,5
278.5
280.5
261.0
272.5
278.%
279.0

249.5

T
8

266.0
278,90
275.0
277.0
£47.5
266.0
269.0

272.0

£83.5
280.0
256.0
266.0
272,58
277.0
279.0
259.0
269.90
278.5

272.0

T}l

178.0
184.5
176.0
178.0
179.5
173.0
176.0
180.0

186.0
184, 5
176.0
169.5
186.0
161.0
191.0
186.0
188.0
183.0
193.0

178.0

152
190.0
200.0
4203.0
208.0

173.0

196.0

191.0
206.5

221.0
227.9
183.0
193.0
213.0
203.0
227.0
203.0
213.0
223.0
228.90

179.5

T

179.0
186.8
183.3
190.0
174.0
185.0
178.8

185.8

198.7
196.5
174.5
175.2
191.7
174.0
200.8
184.2
193.7
195.3

216.3

‘Aqinn.

100.3
111, 3
113.3
123.6
86.6
111.2
105.4

115.4

137.7
‘137¢2

92.5
169.0
127.7
120.6
146.6
109.4
127.4
139.4
lé?;i

92. 1




Run
No.

h53
h54
h55
h56
h57
h58
h$9
h60
hél
hé2
h63
hé4
hé5
hé6
hé7
b68
hé9
h70
h7l
h72

h73

. 134~

Table A«15 4ein, Column, Alumina, Dp = 0.0164%

T

249.0
252.5
262.0
270.5
275.5
257.5

267.0

264.0

269.0
282.0
267.5
277.0
280.5
282.0
259.0
275.5
275.0
277.0
269.0
276.0

279.0

T
8

241.0
243.0
244.5
259.0
267.5
246.0
257.5
262.5
264.0
275.5
259.0
271.0
23%9.0
277.0
246.0
266.0
274.0
272.0
262.5
272.0

274.0

131

190,0
183,0
186.0
178,0
190.0
173.0
183.¢
183.0
181.0
180.0¢
174.5
179.0
186.0
181.0
178.0
109.0
183.0
176.0
176.0
186.0

180.0

T}Z
188.0
186.0
196.5
207.0

220.0

183.0

198.0
203.0

210.0

196.0
208.0
218.0
222.0
193.0
127.5
220.0
213.0
210.0
220.0

216.0

T

186.0
180.7
186.2
186.0
196.7
172.3
189.1
186.3
188.5
189.8
180.2
186.7
194.5
193.0
180.3
150.3
193.7
186.3
185.3
195.7

189.7

A'rins. ,

108.5
111.4
103.1
119.7
117.9

8.8
102.6
101.8
116.5
128.2
109.2

98.1
109.7
103.6
111.2
110.4
116.9
115.5
111.8
125.8

113.6




e T

Run
No.

h74
h75
h76
h?7
h78
h79
h80
h8l
h82
h83
h84
h85
h86

h87
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Table A-16 4~in. Column, Aluming, D, = 0.0411"

Ty

269.0
272.0
266,0
259.0
266.0
269.0
272.5

266.0

272.5
272.0
272.0
272.9

e75.5

T
e

251.0
262.5
259.0
259.0
252.5
257.5
259.0

262.5

256.0
259.0
257.0

256.0

Ty

186
193

176
173
180
196
183

190

190
190
196

198

T,

206.5
216.0
180.0

180.0

191.0

203.0 -

198.0

203.0

208.0
213

210.0

T

190.8
199.7
1715.3
176.0
180.3
196.3
187.0

1930'7
193.6
200.0

201.0

AT

125.9
132.4
9.4
%.6
96.8
103.4
112.4

108.8

113.2

122.6

-




Run
No.

h88
h3d9
h%
h9l
h%2
h93
h94
h$5
h$6
h97

h98

- 136 -

Table A-17 2«in, Column, Glass beads, ng 0.01a85"

Ty

220,0
238.0
249.0
190.0
228.0
239.0
266.0

239,0

252.5

269.0

259.0

T
8

208

236

244

1390

211

230
259
215
236
256

246

Thl

190.0
190.0
180.0
156,0
169.5
180.0
184.5
178.0
186,0
196.0
191.9

T

j2
178.0
198.0
186.0

169.0

174.5
183.0

T 193.0

183.0
190.0
196.0

193.0

1

182.7
193.0
182;3
161.7
171.3
181.0
188.5
179.7
187.3
195.0

190.0

AT,

27.8
27.3
29.8
26.5
31,4
376
26,7
25.4
19.4

19.23

e ——vw_.r*::::-?




J
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Table A«18 2-in. Column, Silica gel, Dpa 0.06569"

(b99 ~h102, hl13«hlil5); Alumina, Dpz 0.0411%

(h103 - 1112)

g:;? T, T, T, T2 T AT
h99 266.0 261 18L.0 184.5 1833 151
k100 25¢.0 243.0 186.0 194.5 190.2 28.1
h101 2705 266.0 200.0 203,0 201;0 22.2
hl02 259 249.0 188.0 193.0 . 190.3

k113 262.5 252, 5 200,90 205.0 202.7 29.3
hll4 269.0 262 196.0 200.0 198.7 17.8
hl15 272.5 266 206.5 210.0 207.8 24.3
hl03 259.0 249.0 188.0 191.0 189.0

hl04 262.5 256.0 195.0 201.0 196.3

1105 270.0 266.0 198,90 200.0 198,0 19,5
k106 272.0 269.0 203.0 206.0 204.0 37.0
1107 262,5 252,5 184.5 186.0 184.3 26,7
h108 269.0 259.0 203 206.5 204.2 21.1
b109 275.5 266.0 205.0 208.0 206.0 22,2
h110 269.0  256,0 198.0 200.0 198.0 15,7
hlll 272.5 259.0 198.0 196.0 196.7

hilz 272.5 262.5 200,0 196.0 197.3 23.2

e




-

Run
No.

c?

c8

c9

cl0
cll
cla
cl3
cl4g
cis
clé
cl?
cl8
cl9g
cZ0
c2i
c22
cé3

cé4d

~ 138 -

Table A-19 4-in. Column, Glass besds, D_ = 0.011"

T

128.5
124.5
132.5
134.0
136.0
137.5
159.5

166.0

165.0

165.0
179.5
186.0
186.0
188.5
203.0
198.¢
210.0
216.5

223.0

118.0
125.2
124.0
127.6
128.6
133.0
148.0
155.6
152.6
153.4
171.0
173.0
171.0
176.0
195

192.5
193.0
206.5

200.0

T,

114.5
118.5
117.0
117.0
118.0
119.0
135.0
139.9
132.5
139.9
129.9
153.0
141.0
150.90
157.0
170.0
154.0
166.0

155,90

132

111.0
110.90
114.0
120.5

116.0

123.0

136
131
137.5
144
151
142.5
151.0
169.0
166.0
159.5
176.0

160.0

T;

112.1
114.8
115.0
118.2
116.0
120.0
129.3
137.0
130.8
137.5
132.3
151.1
139.8
149.0
159.0
166.0
153.2
167.5

153.7

'ATluﬂ.

21.9
£3.9
26.8
27.3
24, 2
36.6
42. 4
51.0
44.9
51.9
63.8
66.5
52.8
67.2
82.5
82.4
67.9
85.4

75.8

&=




- |

Run
No.

¢35

c26

228.0

230.0

241.0

244.0

- 139 -

Table A-19 (Cont,)

T' T}l
210.0 166.0
212.0 163.0
216.0 169.5
224.0 178

2

174.5
170.0
173.0

181.0

TJ ATlns.
167.2 90.8
162.0 87.8
167.5 91.1

175.0 102.6

IR
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Table A«20 4«in. Column, Glass beads, Dpa 0.0188%

§2? 1} T. 1}1 1}2 T}

dl 158.5 139.5 127.5 121.5 123.0
d2 161.0 147.5 131.0 130.0 129.0
a3 167.0 150.5 125.5 127.5 124.0
d4 169.5 156.5 129.5 132.5 128.5
a5 173.5 160.5 132,0 139.0 132.5
a6 181.0 163.0 130,90 142.5 144.8
a7 184.0 167.0 151.0 147.5 147.2
d8 187.5 173.0 153.0 151 149.3
49 196.5 187.5 149.56 159.5 150.3
dal0 205 184.90 168.0 163.5 163.0
d1} 199.5 176.5 159.5 156 155.0
di2 212.5 183.5 162 162.0 159.0
dl3 215,90 186.5 164.5 161.0 160.5
dld 217.0 189.0 163.0 159.8 157.8
als 222.5 199.0 169.5 172,06 167.0
dlé 225.0 200.5 163.0 170.0 162.0
a7 231.5 199.0 173.¢ 173.0 170.6
dis £38.5 210, 8 173.0 173.0  169.7
d19 240.0 215.0 131.¢ 184.5 178.3

AT

43.6
46,7
48.6
54.1
55.5
62.0
65.5
71.0
44.2
86.4
81.5
79.6
73.0
77.8
90.5
87.5
90.8
817.8

97.5

R S




Run
No.

a20
a1
dz2
d23
a24
a25
azé
az7
d28

d29

254.5
248.5
261.5
263.0
165.5
168.5

172.0

163.5

200.5

Table A-20 (Cont.}

- 141 -

T
8

219.0
222.0
232,5
240.0
145,90
152.5
154.5
147.5

176.0

T}l

183.0
180.0
186.0
190.0
132.5
137.5
136.0
163.¢

169.5

iz

183.0
181.0
188.5

203

132.5

139.0
137.5
137.5

159.5

179.6
177.3
181.3
190. 6
130.0
136.0
134.0
149.3

162.8

A'rinn.

107.0
91.0
114.5
120.6
54.0
31.0
60.8
63.5

7.2

B




No.

el

e

a3

) o4
&5
o
e?7
e8

e9

eld

ell

el
el3
el4
elb
eld
el?
el8
el9

e20

- 142 -

Ruan

T

203.0
204.5
211.5
179.5

185.0

192.5

213.0

213,0

218.5
218.5
226.0
224.5
230.5
235.0
£41.5

244.0

241.5

249

T
s

179.0
182.5
161.0
154.5

l66' 5

172.0
185.0
183.0
192.0
194.0
199.5
191.0
201.0
201.5
213.5

216.0

206. o

214.0

T

166.0
172.0
175.5
149.5
153,0
149.5
151.0
169.5
168.0
171.0
174.5
161.0
177.5
171.0
178.0
180.0

178.5

179.5

179.5

T}Z

158.5
161.9
173.9
139.5

149.5

149.5.

151.0

163.0
158.5
169.5
169.5
171.0
169.5
167.0
174, 5
190.0

186.0

176.0

183.0

Table A-Z1 4-in, Column, Glass beads, D_ = 0.0185"

T

159.6
163.0
171.0
142.8
148.8
146.5
147.6
163.6
160.3
167,90
168,3
161.3
171.0
165.8
171.8
179.8

176.8

173.8

l?bll

Ai}nu,

79.3
82.8
92.5
61

6531
69.5

74.3

75.5
84.2
87.2
92.8
89

87.8

94.3

13.9

100.4

92.2

103.8




VAT TS

Ruan
No,

ell
e22
e23
e24
e25
026
e2?
e28

el9

255.0
258.0
241.90
256.0
261.0
274.90
276.9

281.0

265,0

- 143 «

Table A-21 (Cont.)

T
8

223.0
227.0
204.0
208.0
220.0
236.5

236,5

248.0

215.5

1}1

184.5
183,90
183.0
186.0
184.5
191.0
186.0
195.5

188.90

j2

191.0

93.0
183.0
178.0

185.0

203.0

200.0

213.0

183.0

182.2
183.0
179.7
177.8
179.6
192.3
186.3
198.2

181.3

Aqﬁns.

105.4
112.5
29.0
88. 6
102.8
124.8
117.5
134.5

102.6
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Table A«Z2 4¢=-in. Column, Expanded Bed Height Data
Material: Alumina, Dp = 0.0411"

- 144~

u ft/sec Lax/Ls

L =07 L.*® an L =3.4" L =41
3.728 1.175 1.265 1.256
4.008 1.375 1.500 1,488
4.288 1.786 1.45 1.706 1.707
4.661 1.625
4, 940 £.00 1.77% 1.912 2,00
5.966 3.143 2.178 2. 412 2.402
6.618 3.571 2.60 2.706 2,744

RN £
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Table A=23 4ein. Column, Expanded Bed Height Data
Material: Glass boads, Dp = 0.0185"

u ft/sec ‘ I.‘ex/il' . .
L =225 L =47 L =6
0.95 . 1.155 1.189 1.082
1.142 | 1.333 1.347 1.195
1.332 1,533 1.501 1.318
1.522 1,671 1.697 1,445
1.715 1.849 1.838  1.567
1.905 1,982 1.964 1.626
2.100 2,146 2,048 1.784
2.290 2.368 2. 328 1.965
2.470 2.576 2. 339 2.034
2,670 2.724 2.490 2.147
2.860 2,844 2,581 2,259
3.045 2.991 2,759 2,376
3.25 3.168 2.842 2.426

3.43 3. 271 2.905 2.494




e A e U
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Table Ael24 4ein., Column, Expanded Bed Height Data
Material: Silica gel, DP = 0.06569"

Lo/ L
u ft/sec L,=1.7" L _=3.5" Ly=7.8" L_=1l.4n L = 15"
3.728 1.15¢ 1.053 1.100
4,008 1.410 1.316 1.47
4.288 1.294 1.257 1.603 1,579 1,600
4. 661 1.471 1.486 1,795 - 1,862 1.830
4,940 1.657 2.115 2.061 2,21
5.313 1,765 1.77 2.308 2.456 2,40
5,593 2.00 2,436 2,587
5.966 2.059 2.143 2.692 2.982
6.618 2.286 2.949 3.158
6.898 3.205

7.27% &.647




Table A25 4-in. Column, Expanded Bed Height Data
Matearial: Alumina, DI’ = 0,0164"

u ft/sec LeJLs

L“a 0,5" Lst en Lsﬁ 3,2 L‘n 4.6" Lau 5.2%
1.957 - 1.3 1.187 1.217
Z.367 1.20 1.4 1.312 1.217
2.777 1.55 1.468 1.326
2. 98; 3.00 |
3.16% 1.67% 1.734 1.478 1.385
3.356 4.40 1.850 1.906 1.685 1.635
4,287 2,50 2.228 2.115
4.986 7.00 3.05 2,968 2,608 €. 308
5,966 4.875 3.515 2.826 2.98
6.664 5.125 3.984
6. 851 3.261 3.173

P e

[
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Table A=26 4-in. Column, Expanded Bed Height Data
Material: Glass beads, Dp = 0,0039"

u ft/sec NG"/L'

Ls=5.2” Lb=6'9” L‘-9.9” Lsa13.5“
0.932 . 2.115 2,32 1.92 1.70
1.139 2,500 2.61 2.12 1.93
1,342 3.07 3,19 2.42 2.15
1.547 3.07 3. 62 2.13 2,67
1.752 4.04 3.77 3.13
1.957 4,23 3.9 3.64
2.162 4,23 4,25
2.368 4,23 5.22

et
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Table A«27 4<in. Column, Expanded Bed Height Data
Material: Silica gel, D = 0.06569"

u ft/sec Lex/l“s

1.4a = 1, 75" Ls = 6,8" LB = 101
2,367 R 1.110 1.15
2.572 1.324 1.30
2.777 1.257 1.43§ 1.475
£.982 1.654 1.612
3.16% 1.371 1.801 1.775
3.358 ' 1.571 1.853 1.875
3,728 1.657 2.059 2,20
4.008 1.886 2,353 2,55
4,287 2.574 2.85%
4.660 2,229 2.757 3,20
4.986 2.941
5.313 2,800 3.015
5.966 3.029
6.664 3.272

6.851 3.314




———
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Tabloa A-28 to A-37
M

Solid Waights, Slopes, Heat Trassfer

Suriace Area and qim Data
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Table A-38 Particle Size Analysis
Material: Silica Gel

- 167 -

DPi X, X,/D " zxt/npt 1:>19
0.1320" 0.0140 0.1061
0.0937" 0.2710 2.8922
0.0661" 0.5180 7.8366
0.0555" 0.1338 2.4108
0.0465* 0.0817 1.7420
0.0394" 6.0092 0.2335
15.2212 0.06569"
0.2230" 0.0363" 0.16278
0.15700" 0.0421" 0. 26821
0.13200" 0. 1936" 1.46666
0.11100" 0. 2525" 2.27477
0.09370" 8.0676" 0.72145
0.07800" ¢.0319" 0.40897
4.30284 0.2324"




Table A-39 Particle Size Analysis

~ 168 -

Determination of Average Particle Diameter Dp

Material: Alumina

Dpi xi xl/ Dpi Zx/Dpi Dp
0.0555" 0.70 12,61
0.0331" 0.25 7.53
0.0165" 0.25 15.15
0.0098" 0.25 25.51
60.83 0.0164"
0.0555" 0.80 14.39
0.0331" 0.10 3.02
0.0165" 0.08 4,85
0.0098" 0.02 2.04

24,31 0,0413"

kT
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A
Evaluationof T
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13. avg.

is a complicated combination of several kinds

of temnperature readings related by an equation arrived at empiri-~

cally. To derive the equation for T,

evaluated, C
l. .'V‘

v C

must firat be
. ‘v"

is here taken to be the simple arithmetic sum

of the specific heat capacity per inch of the reactor and jacket hards

ware and that of the insulation, It is represented by the following

equation:
c‘.‘ ‘V‘c = c‘. ins. +

From litezature:

4" column
cine. e 0.157
C. = 0.136
J
C = 0.136
xr

Multipying each by its weight per inch of the column gave:

4" column
C‘. tns.' 0.0120
C . = 0. 3400
i J
C = 0.2178
i, »r

C

i, r

2" column

0.157

0.136

0.136

&' column

0.00799

0.12240

0.04150

{B-1)

Btu

1b, -mans

Btu

b, ~mass

Btu

1b, ~maso

Btu -

(*F) (in.)

Btu

(*F) (in.)

Bta

(°F) {in.)
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Assuming the air heat capacity to be negligible, and exprecsing each

of the above in terms of psrcentages:

4" column 2" column
C‘. ns., ° 2.1% 4. 65%
C = 59.8% 71.20%
i, §
C{ , = 38.2% 24.10%
) ¥ .
Tj avg can be represented by the following equation:
* .
C ' AT, ° C
i, ins, ina, 1 i 5
Jo avg. ci. evg. room 3 2 c‘. avg. 3 ""room ins.
C
+ 3 'r] + it (1) (B-2)
J (’:i 8
» V. :
where
ATinu
(i) Tr + — represents the temperature of the
insulation
) £ 12 (T +aT_ )+ 1 T is the mean temperature
2 (3 room ing. 3 ) pe
of the jacket wall

(fig) T a is taken as the temperature of the reactor wall,

For (i1), it is the sum of the inner and cuter temperature
of the jacket wall divided by 2. The temperature drop across the jacket

1 1
wall is found to be 3 ‘Tj - Troom - ATins.)’ The derivation for-s-

(T, - T - AT ) is as follows:

J room ins
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Heat conduction in a thick welled tube is:

2 g1 e ) '

Q= r {r «r) r “i'to) {B-3)
G =Sh v (2
oo i1
or
1 1 Yo * Ty 1 Q

t-t) = (ho T Xt B T, Y T (B-4)
where

riz innor radins of the tube

r ¢t outor radius of the tube

i: ;ongth of tube

h o} heat transfer coefficient at cuter radius
hi‘ heat transfer coefficimt at inner radius

and T is the logarithmic meaa radius represented by

r =2

Ton ® 2 = i {B-5)
““?f”

Referring to Figure (B~1) and using equations (B-4) and
(B-5), the following equaticns resuit

r, -2
1 1 3 2 1 Q
4T = AT = { + . 4+ ) 5= (B-6§)
23 w bs r3 rm k23 h2 tz 211

[ T




- £ ey
1 1 o i 1 Q
AT, = + ( )4 s == (B.7)
£4 h., r‘& Zrm k ‘hz '2 277}
Equating (B-6) and (B«7)
T, ey
( 1 + 1 3 "2 + i )
h3r3 r.. kzs hz rz
AT = AT,, - (B-8)
. ( 1 + S 1 Q i + 1 )
b.‘r‘ _rm k hz :’z
For the present system
x, s 3.5 r, s 3,750 'r"la 4.5
hza 50, h3 = 0.4, h‘i =0.2 (McAdame)
St Yo = 7y .[ 1 "3"3J+[ S '4""3]
T K "m2s | T3 ‘mi | Ty
T2 s
= 1300;
1 1 1
ot 3 (), 072, sm—— 8.6, weecme 2 13.3
ho T, hy 7y by,
kz.3 = 34, k% = 0,024
Substituting into equation (B-8):
8.674
AT = (26 56 -} ATM = 0,323 (Tj - A'I“m. - Troom)




» 17

o
T

___..Tj

——Troom™*aT(ins) +#3(Tj -

a Tins= Troom)
TI’OOI'TI ATms

' — Troom® ATins/2

I_‘ Troom

Fig. B-1 Dlustration for the derivation of temperature
difference across the jacket wall '
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endix C

Evaluation of C
i

S——
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Appendix C

A blank run was taken for ezch column, T were

Jo avgs,
evaluated for different time intervals and tabulated on Table C-1,
Figure C-1 was then plotted. Slepes il__‘%a&.!ﬂ:. were then evaluated
at the middle portion of the blank runs, giving values of 0.363 and
0.5125 for the 4' inch and 2 inch columns respectively. The rest of

the datz and svaluation appsar below:

4" column 2" column
LA 0.85 1.4544 1bs, /min.
w’ = 0.462 0.6556 1bs. /min.
C, = 0,2375 0.25 Btu/lb. *F
1

at 9@ = 60 min
T,-T, = 24.7 13,5 ‘5
'r.ﬂ--'rjz s 10.5 8 F
At = 5.5 5. 236 .q- It'
AT, = 93.5 91.5 °F

With (;5) = 0.0048 ( B,:uz =) for both columas,
i miz,

substituting all data into equation (63).

Btu
e‘ 2 R m—— "
Cj = 75 5 (a0 {for 4" column)
C, = 0.159%4 tu {for 2" column)

J (*F) {in.)
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4" column-

2" column

200
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1

100
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Fig, ©-1 T versus nume curve {blank runs!
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Appendix D

Derivation of qtns
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Derivation of:

or

4"o""ins. )

“ma. ® u‘inl.) (Ains.) { AT

Start with energy equation:

for cylindrical coordinates

T 2
PC,Se 2 kV T (D-1)
c 2T, (D-2)
PO, Te "V a

o7 1 o 13‘1, 'aqz
A il [';'9';‘“!,’*;'3':*%'32] (D-3)

pL |
(393/6 2) and (%—S) of equation (D-3) are negligible.

Figure (D-1) and Table (D-1) show that the temperature differences

along the height Z, and at different angles ¢, are very amall. There-

iore:

but

> )
JT 1 o
PC T T Ty Trt Y
1 204
= .:(qr) .Z—;—i (D-4)
~
T
q, = ~kS% (D-5)
N N e
gT 1 oT cTr
PCP“5=R(';)(—5—;)+k(d ) (D-6)

From Carslaw and Jaeger (44),1t is justifiable to neglect

the term (0T/06) in the equation of conduction for the case of a thin

surface skin of poor conductor. For the present case, the insulating

P it |

[



e |
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material is & poor conductor and the insulation is comparatively

thin. Equation (D-6) therefore becomes:

Y2
08 k(D) "%‘% b+ ke “3‘%) (D-7)
4

A special run was taken with thermocouples instalied
at different wc'l'tn the insulation layers of the {luidizing column,
The results of the temperature measurements are given in Table
(D-1). From the data of Table {D-1), the value of & T/Jr and
Bz'.l‘/ arz were obtained by graphical differentiation. The results
are given in Table (D-II). It is realized that the first term of the

equation is small compared to the second term and therefore negli-

gible
(D-8)

0%r
k *C-;-i = 0
x
Equation {D-8) is based on per unit volume, multiplying

it by unit thickness, the temperature distribution per unit cross-

sectional area is obtained. Integrating equation (D-8):

2%y
k z 0
5 rZ
k .5.?. s q (9-9,
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Using the method of separation of variables and further integration

of equation (D~9) yields:
kfd'r = qJ dr
k AT = a, Ar
or q = k =—— {D~10)

Multiplying (D-10) by cross-sectional area of heat flow

across insulation:

AT,
YUns. = ®ins,! Bine.) ‘-;?‘;_) (B-11)
Table D-1
Thermocouple No. Temperature, °F
1 142.5
4 116.0
3 100.¢
4 146.0
5 119.0
6 95.0
7 149.0
8 149.0
9 05,0
10 196.5
11 196.5
12 196.5
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1.10
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1.20
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Table D-II

Je
or

2685
1114
822.7
719.8
514

367

%

2% |

J =)
66, 666
7125
4500
3600
2833

2000

Dt

228,531
24,424
15,426
12, 340

92,711

6856
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Appeadix E
U at Different Time Intervals
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A particular calculation was carried out for run h3,
where the experimental data are found in Appendix A and calca-

lated results presented in Table E-},

Table E-1

- Calculated Result of Run h3

¢ .?ﬁ$ Ti.'Ta -*%?glxl; v

0 :

1o 1.333 66 1.5333  0.00003798
20 1.080 61.5 1.2400 0.000033446
30 0.850 56 0.9833  0.000028422
40 0.675 54 0.7214  0.000023208
50 0.522 50 0.4125  0,00001891
60 0.33) 48 0.4190 0.00001332
70 0.190 47 0.2666 0.00000774
80 0.075 46 0.1538 0.00003066
90 0 47 9.0000 0.000000106
100 -0.95 47 ~0.0038 -0.000006176
110 -0.08 49 -0.023 -0.0000022

The value of U at & = 60 min. is 0.00001332 Btu/nr, ft.z *F,
while the arithmetic average vaiue for middle 50% {from & = 40 min.

to 0 = 80 min.) of the run is 0.00001476.
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Appendix F

TZ and Expanded Bed Height
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Ia 3n opaque fluidization vessel, a thermocouple can

not be located 40 as to measure the gas temperature at exactly

the top of the bed, To justify this statement, two special runs

were conducted. In these rune, tharmocouple probes were inserted

into the fluidixed threshold at different heights of the columns.

The

temperature pxéﬁlu of two runs are shown in Figure Fel. The

locations of the expanded bed heights are calculated from equations

(F~1) and (F-2) and the results shown in Table F-1,

Table F-1
Run a

Sample: S glass beads
Weight of Sample: 1500
Volumetric flows 10. 5
Bed-Settled Height: 5.2
‘V’f 2.005
Lox 1.9913

Equations used:

ax
a3 L’ = 4'!.4‘&5“1f + 0,1

Run b
alumins

450

17.5

3.342

1.513

(F-1)
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Figares {(F-1) and (F-2) de not indicate an abrupt

change of temperature at the expanded bed height

-

LOX

(F-2}
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Appendix G
Temperature Gradisents in Fluidized Beds
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