S0UDLkb  IN  DRYING  :  PHROUGH-CLRCUL&TION

alND  ROTARY SYOTLIIS

4 thesis presented by

aArthur Craig Gowan, B.Sc.

in fultilment of the requirements of
the degree of Doctor of Philosophy

of the University of Glasgow.

Department of rure and spplied Chemistry,

University of Strathclyde.

august, 1969.



ProQuest Number: 11011937

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 11011937

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



1.
Ze

CONTENTS

ACKNOWLEDGILWNTS

wUiwiakY

FrUGRArwils G WORK
PART I

GiNikal,  INTRODUCTION

TowoRY OF DRYING

2.7 Constant Drying Rate Period

2.2 Falling Rate Period of Drying
FART II

THRUUGH-CIRCULATION DRYING

INTODUCTIUN

51 Heat and lass Transfer Theory

5.2 Heat and lass Transfer Factors

5.5 Effect of Frocess Yactors on J
Factors

PoeDICTION OF TRANDFER FaCTORS

4.1 Prediction of j Factors for
Bas-5olid sSystems

4.2 F¥rediction of j Factors for
Liquid-Solid Systems

4.3 Prediction of jh Factors for

Electrically Heated Packed Beds

Page

T T S N

16
19

20

25

27



4.4

4.5

4.6

Prediction of j Factors for
Single Particles

General Heat and lMass Transfer
Correlations

Shape Factors

BXPeRIMENTAL AFPARATUS AND PROCEDURE

5.1 Description of Yhrough-
Circulation Dryer
5.2 Description of Celite Pelliets
5.3 kxperimental Procedure
54 Presentation of Results of a
Drying Test
RESULTS
0.1 Series 1 Pellets
©.2 beries 2 Pellets
6.3 Series 3 Fellets
6.4 USeries 4 rellets
6.5 Comparison of Transfer
Relationships
©.6 Discussion
CONCLUSLONS
Eakl 111
ROLLRY  DiYLING
INTRODUCTION
8.1 Dliaterial [ransport

8.2

Heat and llass Trunsfer

Page

29

29
50a
31

31

35

36
38
38
58
72
89

95
97
108

111
112
116



10.

1.

12.

EXPESTMeNTal  METHODS

9.1 Classical Iiethod of
ixperimentution

9.2 Pactorial LMethod of
cxperimentation

9.3 Comparison of Classical and
Factorial Methods

9.4  snalysis of Variance

9.5 Scope of Present Investigation

LXPERIMeNTAL  APPARATUS  aND  ROCEDURE

10.1 Description of Rotary Dryer

10.2 lxperimental Work

10.% Description of lMaterial

10.4 Selection of Variables

ReEpULTS

11.1 Introduction

11.2 Lxperimental rrogramme

11.3 Material I[lransport

1.4 llaterial lMoisture Contents

DIGCUSSION

12.1 Introduction

12.2 Material Hold-up

12.% HMaterial Retention Times

12.4 rlaterial Moisture Content

~

Page
121

121

122

123
127
129
130
130
132
134
135
157
137
138
138
144
150
150
151
153
155



15.

14.

Page

CONCLUSIONS 157
SUGGESTLIONS FOR FUTURE WORK 158
ABFERENCES 159
NOMENCLATURE : 166
APPrNUIX I 170
APPENDIX I1 171
APPENDIX III 177
APYENDIX IV 180
APPLNDIX V 181
APPENDIX VI 184
APrENDIX VII 194
APPENDIX VIIL 202

APPIRDIX IX 206



A CKNOWLEDGMENTS

The author wishes to thank Professor F.D.
hitchie, B.Sc¢., rh.D., F.2.I.C., F.P.I., M.I.Chen.E.,
F.koo.lus for providing facilities for this research.
the author is also indebted to Dr. T.J. lMitchell,
Ph.D.y a.K.v.5.T., F.it.I.C.y A.M.I.Chem.E. who
supervised the research, and to Dr. D. Smith,
A.nl.Uen.d., for his advice on the statistical
aspects of the work.

Thanks are also due to the staff of the
departmental workshop for their assistance in the
construction and maintenance of the experimental
plant.

To the Science Research Council goes the
author's gratitude for the kesearch Studentship

which made this investigation possible.



SUMMARY

For the accurate design of a system in which a transfer
process such as drying is taking place, the effects of the
dominant variables in thersystem must either be determined
experimentally or predicted from reliable empirical or
theoretical correlations. Reliable predictions may be made
when thne transfer process 1s occurring under steady state
conditions, as in the constant rate period of drying. When
tiie transfer rate varies and depends on the system being
investigated as in the falling rate period of drying, the
effect of the controlling factors should bé determined
experimentally.

In the present work, drying tests have been conducted
using two systems wnich are distingﬁished by the type of
design procedure necessary for each system.

The two series of drying tests were designed:

(1) to permit bthe prediction of heat and mass

transfer rates during the constent rate period
of drying of spheroidal Celite peliets arranged
in a packed bed
(2) +to apply the "factorial"” wmethod of experimentation

to the drying of barley in a rotery dryer.




1. racxed Bed lests.

lests have been carried out to determine the effect of
air tlow, alr temperature, depth of pellet bed and size of

pellet on the convtent drying rate of Celite pellets arranged

in a packed bed. Ihe ranges of the factors studied were:
air flow .BOO - 875 1b/h ft2 dryer area
alr temperature 35 = 60°¢C
Bed depth 1 -2 in
vize of pellet 0312 - 0500 in diameter

from the dr,in. rates, heat and mass transfer coefficicnts
and J fuctors nave been computed to develop transfer
relationships wiich have compared favourably with those of
previous workers. The general correlations derived from

the results were:

0-900 Re 932
—0-34

In
0-678 ie

dg

‘he average deviation of the experimental velues from
the above expressions was ©fe

~ shape factor §, which may be used in conjunction witu
a general correlation derived by Gupta and ThodosEB, has peen

evaluated for the Celite peliets, by substituting tne test

data in the general correlation of Gupta and Thodos.



Table 1

Values of §

rarticle wmhape

oy eroidal rellets 0 872
opheres ) 1+ 00C
nepular Cylinders O 865
Cubes 0 825
rartition Rings 1 24

Kaschl, Rings 1+ 54

berl waddles 1+ %6

e values of § yiven in Table 1 show Ghat the avera_e
voiue of tine spheroidal pellets lies between the values
_lven by Guota and hodos for cylindrical and spherical
Jarcicles.

a couparison of the shape of the spheroidal pellets witn
resular and irregular cylindrical particles lLias indicwcted
tuat the experimental shape factor for the veliets confoi.s
with tiue pattern set by the shape factors ror the cylinawicil

snd spheric.l particles.

-

ce. it0bary vryer rests.

in wost dryer systems, includin_, the rotary arjer, tie
effects of tie dominant factors in the systienm must e

determined experime:tally berore the dryer can ve aesi ned

accuratelye. hese tests are usually conducuea by varyin,

each factor in turn wnile the rest are kept constunt b



arcitrarily fixed levels. This "Classical" method of
experimentation of studyini each factor in turn assumes that
each factor acts independently of the other factors. This is
fregquently untiue, and interactions may occur between the
effecus of the two or wore variables.

wuch interactions may‘be detected by using the "Factorial"
method of experimentation in which each factor is studied over
a range of values of the other factors. This method is applied.
in the present work, to the drying of barley in a rotary dryer.
The factors studied were air flow, air temperature, dryer
rotational speed and the feed rate of the burley. The

approximate ranges over which the factors were studied were:

alr flow 000 - 800 1b/h ft2 dryer area
aAir temperature 100 - 110°¢C |

Dryer speed 8 - 13 rev/min

Feed rate 3.0 - 5.8 1b B.U.s./h

& two level factorial experim.nt, consistiny of 32
drying rests covering all combinations of the various factor
levels, was carried out. The drying behaviour of the
material in the dryer was characterised by the variation in
the moisture content of the waterial as it progressed along
the dryer. The moisture content variation was found to have
a linear profile, tne slope being designated as the moisture
content profile coefficient, br‘ A statistical @nalysis of
the coefficients indicuted that the effect of each facvor

was dependent on the value of the other three factors. I'tiis




infers tuat the wmechwnisu of drying in a rotary dryer is very
complicatea and eu husises thne necessity tor experimental
crying, tests to ve _eriormed over a wide range of
operaiing conditions wefore an attempt is made to predict the
drylug, veunaviour of « ..aterial in a rotary dryer.

a study of the ..aterial hold-up values and retention
times obtained in the tesﬁé indicated that they couformed to
tue ..echanisu proposed by vaeman and hitchell65 for the

trunsport of waterial caroughh a rotary dryer.



rulnadiltis OF  wORK

when this work sturted, it nhad been intended to
cevote tne whole time to the application of the factorial
wetuod of experimentitlon to the rotary drying system.
Laowever, ﬁhe results of preliminary tests described in
rart 11l of the thesis indicated that complex interactions
exlsted belween the eifects of various factors and prevented
& lucid interpretation of the results. although these
interactions way nave been caused by the small scale of the
Goyelr, tnere was not sufficient time available for the
aeslon and construction of a lari.er dryer.

Gonseguentl,, the research work was transferied o a
witougn=circulation dryer wnich already existeu in the
departuent enu a study was undertagen to evaluate the nest
anu wass transfer characterisvics of spheroidal pellets
arian_.ed 1n a pacced nid. This work is descilbed in

rart 11 of the thesis.



PART I



1o Guavisisl  INTRODUCYLON

che unit operation of dryini consists of the removal
of a liguid (usualiy water) from a soild by thermazl means.
Wiis Qenefal aelinition of drying distin_uishes it from
smecnanical metnods of dewatering solids such as filtration
ana ceatriiu_ing. vrying; differs from évaporation in the
Lype oi equlpment used and also in the amount of water
reuwoved, evaporation Jrocesses removing grecter quantities.
in aawltion, dryin, _enerally involves the removal of water
U o weperature below 1ts boiling point wnereas evaporation
uwtooty means the removal of water by boilin_ a solution.
vryin, of & mateilal may be required in a process ror
one or more uvf the followin, reasons:
(1) To racilitate hanaling of the material in ifurthor
staes of the process
(£, to increase the capacity of other equipment in
tne pirocess
(%) to permit savisfactory use of tie final product
(4, to prescrve a product during storape
(5) to increase the value and usefulness of waste
or by=-iroaucts
(&) to reduce tiansport costs.
liany types of inaustrial dryers mzy ve dilstin_uvished
by the method of sypplying heat to dry the watesind ;f

removing water vapour from the surface of the .uterind.

”
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Dryers may be classified according to whether the heat
is supplied directly or indirectly and may be operated
as batch or continuous units.

The selection of a dryer for a given application
depends mainly on the kind of material to be dried. Slurries
are usually dried in drum,spray or flash dryers while granular
materials are dried in rotary, through-circulation or tray
dryers. The suitability of a dryer is influenced by the
handling properties of the material and by the usefulness
and saleability of the dried material. The operating
conditions of a dryer are controlled by the temperature
wnlich the material can stand without decomposition and by the
liability of the material to dusting during drying.

For the accurate design of a dryer, the effects of the
controlling factors must be determined either from pilot
plant tests or from relisble correlations. In most instances,
the complexity of the drying action necessitates a programne
of small-scale exp.riments from which the drying rate of the
material in the full-scale dryer may be estimated precisely.
Ihis is particularly so, when the drying rate is dependent
on the moisture content of the material and is governed by the
movement of moisture within the material. However, reliable
predictions may be wade when the drying rate of the material

is constant and controlled by the conditions in the drying

mediume.
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This thesis describes two sets of drying experiments
designed to produce information which may be used by each
of the dryer design procedures outlined above.

In Part 11, the drying of Celite pellets during the
constant rate period in a through-circulation dryer is discussed
in heat and mass transfer terms and the development of a
shape factor, which coumpares the drying characteristics of
the pellets with other particle shapes, is also described.

Part II1 of the thesis discusses the limitations of the
normal classical method of experimentation and describes the
aﬁplication of the factorial method of experimentation to

the drying of barley in a rotary dryer.
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2o 1HMOKY OF DKYING

when a material, saturated with water, is exposed to a
stream of not air, drying generally occurs for a time at a
constant rate after which the drying rate falls off
oontinuouély until drying is complete.

2.1 Constant Dryin;, nate Period.

Drying takes place by diffusion of vapour from the
saturated surface of the material through an air film into
the hot airétream. The movement of moisture within the
material is sufficiently rapid to maintain a saturated
coudition on the surface and the rate of drying is controlled
by the rate of heat transfer to the evaporating surface.

Tuls heat transfer rate is balanced by the rate of mass
transferred from saturated surface so that the temperature of
the surface remains constant. As the saturated surface
behaves essentially gs a free water surface, the mechanism

of moisture removel 1is equivalent to the evaporation from a
water surface and is dependent only on the z2ir conditions.
However, different materials dry at slightly different rutes
because of the differences in the amount of surface area
exposed to the air-stream.

although the surface tewmperature remains constant
- during tuis period of drying, its level depends on the type
of heat transfer occurring. If convection is the only mode

of heat transfer, the surface temperature approaches the wet
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bulb tewpercture of the air-stream. However, if heat is
also transferred by conduction and rediation, the surface
temperature exceeds tne wet bulb temperature and higher
rates of transfer and drying are obtained.

The relationship between the drying and heat and mass

transfer may be described . as:

N = B A(ta - ts) )
I ceeeo(2.1)
= k A(ps - pa) ceeee(2.2)
where N = drying rate (1b/h)
‘ h = heat transfer coefficient (Chu/h ft2 °0)
A = drying surface available (ft2)
t, = alr temperature: (°0)
t, = surface temperature (°c)
Ly, = latent heat of water at t_ (Chu/1b)
k = mass transfer coefficilent
(1b/h £t° unit partial preswure
dificreice
Py = vapour pressure of water on material
surface (atm)

p, = partial pressure of water vepour in air

stream (atm)

2.2 Falling Rate Period of Drying.

As the drying of a material progresses, a critical
moisture content is reached when the rate of moisture
movement within the material does not maintsin szturated

conditions on the surface and the drying rate consequcntly
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decreases. During this stuge of drying, the area of the
saturated surface diminishes and the drying rate is sometimes
a linear function of the moisture content of the material.
kventually, however, the surface of the material is

completely unsaturated and evaporation takes place within the
material, the vapour reaching the surface by diffusion through
the material.

Consequently, during the falling rate period, the drying
rate 1s governed by the rate of internal moisture movement
and depends not only on the air conditions but also on the
mechanism by which the internal moisture is transferred to
tne surface.

oeveral controlling mechanisms have been postulated to
explealn the movement of internal moisture; the more

significant ones are outlined below.

Zelal Difiysion Theory.

Diftusion of moisture may be produced by a concentration
gradient between the depths and surface of the material.
Under these conditions, the rate of moisture movement may be
described by the following expression, which is analogous to

the Fourier heat conduction equation:

i N 2 1 2

Wom W §2 I: - RO (T2 1 - 9,6 (171 /24) N

W - w m 9

c e 5
1 o 251%9(?/2(1) j,..(':_‘.f
25

where W = moisture content of materials (lb/lb B.u...)
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W, = critical moisture content (1b/1b B.D.S.)

we = equilibrium moisture content (1b/1b B.D.S.)
D, = diffusivity of liquid (£t°/h)

© = time from start of fulling rate period (h)
d = one-half the thickness of layer through

which diffusion occurs (£ft)
This method of moisture transport is probably limited to solid
systeums such as soap, gelatin and glue and to the removal of
bound water in the\drying of materials such as paper,

textiles and wood.

2.2.2 Capillary Tlheory.

In porous or granular solids, moisture may move from a
region of high to low concentration by means of capillary
forces acting on the water in the network of interconnecting
pores and channels in the interior of the solid.

as drying proceeds, the water surface recedes into the
pores and channels forming menisci which esteblish the
capillary forces by the interfacial tension between the
water and solid.

This type of woisture movement occurs in coarse

granular waterials such as clays, paint pigments and sand.



PART



DRYING 1IN A FACKED BED

%, INTLODUCTION

In the chemical industry, numerous processes such as
catalyst regeneration, adsorption, drying, solution and many
exchange processes involve heat and mass transfer between
solid particles arranged in fixed beds and fluid streams.
1lhe importance of the evaluation of hect and mass transfer
rates 1n fixed veds to their design and successful operation
is generally recognised and widely discussed.

Development in this field of chemical engineering has
been based primarily on the empirical treatment of pertinent
factors during steady state conditions in which resistance to
heat and mass transfer resides in one phase only. This
phenouenon offers a meazns of describing the characteristics
of a system in terms of transfer coefficients, J factors and
heigits of transfer unit (LH.T1.U.)

Une of the important factors in the packed bed is the
shape of individual particles in the bed. Most of the
previous experimenters investigated systems of either
sphnerical or cylindrical particles which are comgaratively
regular in shape. nowever, the use of other shapcd
particles is increasing and knowledge of the effect of
particle shape on heat and mass transfer rates in a paciked

bed is becoming more necessary.
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ln this work, the through~circulation drying of spheroidal
particles, described in detail in Section 5.2, is studied ‘
with a view to incorporating a shape factor for this type

of particles in general equations derived by previous workers.

5.1 Heat and llass Transféer Theory.

aAlthouph the current theories of heat and mass transfer
have been developed from both empirical and theoretical
considerations, they are all based on the fact that the rute
of heut and mass trunsfer between a moving fluid and boundary
s@rface depends both on the molecular transport of the fluid
and on the dynamic characteristics of the flow.

1he development of heat and mass transfer relationships
from basic principals is described in standard text booksl’z’5

and 1s only brieily summarised here. Firstly, however, the

5enéra1 theories postulated for mass transfer, are outlined.

5611 The Two Film Yheoly.

The bhasis of most theoretical ejyuations is the "two
film" tneory due to Whitman4,‘who postulated that a laminar
film existed on each side of a phase boundary and that,
assuming equilibrium at the interface, the only resistance
to mass transfer resided in these films. 1t was assumed
that Fick's first law applied, i.e. the rate of mass transfer
is proportional to the concentration difference and the

molecular diffusivity, and inversely proportional to the

film thickness.
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From this, the rate at which one component A of a
paseous wixture a and B-is transferred across a phase

boundary may be written as:

D
i AB
NA = ‘L_l— (y"yi) oo-o:(aoq)
where NA = mass transfer rate of diffusing component
4 (1b mol/h £t°)
D,y = diffusivity of A through B (ft/h)
Z =  thickness of laminar film (ft)
Yy = concentration of diffusing component
in bulk gas phase (1b mol/fta)
and Y3 = concentration of diffusing component

. 2
in gas film at phase boundary (1b mol/ft”)
Tnis m@y also be expressed as:

N, = k., (¥ -y;) ceeee(3.2)

where k, == the yas film transfer coefficient (ft/h)

1f the concentration of the diffusing gas is defined in

terus of its partial pressure, equation (3.2) becomes:

N, =k, (p, - py) ceee(323)
where P, = partial pressure of diffusing component
in bulk of gas phase (atm)
P; = partial pressure of diffusing component
at interface (atm)
and kp = muss transfer coefficient (1b mol/h ft2 atm)

An analogous expression may be derived to describe the
flow of heat from a fluid to a boundary surface. Tnis wmay

be writuen as:
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e = n, (5, -ty ceeea(3.4)
wioere q = rate of heat transfer (Chu/h ft2)

hg = heat transfer coefficient (Chu/h ft2 °c)

t, = temperature of the bulk fluid (°C)

'ts =  temperature of the boundary surface (°C) -

5.1.2 ''he Penetration Theory.

The two film theory of Whitman predicts that the rute
of wmass transfer should be directly proportional to the
aifrfusivity. several workers5’6’7 found that gas film transfer
coefiicients, .weasured in wetted wall columns, veried with
trne aifiusivity railsed to a power ranging from O+4 to 0°+5.
vitudies of liquid controlled mass transfer also chowed thit
vhe liyuid phase mass transfer coefficient k was not direclly

proportionsl to the diffusivity, Dv8. Calderbank wund

9 0°5
proposed kTZDV .

Moo-Young
The penetration tvheory, first postulated by Higbieq
to describe mass transfer in gas absorption, predicts that
the wmass transfer coefficient is proportional to the square
root ol the difiusivity. This model proposes that the
laminar liquid film is systematically renewed and that each
element of liquid surface is exyosed to the pas for the suue
limited _.eriod of time. According to the theory, the

relation between the mass transfer coefiicient and difiusivity

is:
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where ©® = the period of exposure.

The conventional picture of a laminar boundary layer was
refuted by Danc]:cwerts,]’I who suggested that turbulence extends
to the liquid surface and that the period of gas liquid contact
during which moleculsr transfer takes place, is dependent on
the rate of renewal of the surface. The relation hetween
the mass transfer coefficient and diffusivity becomes:

Sy o h
where 5 = the rate of surface renewal.

x{ishinevskiiq2 proposed that during the period of contact,
the avsorbed gas molecules move into the volume of the liquid
mainly by turbulent or convective diffusion while molecular
diffusion plays a secondary part.

The importance of ascertaining the hydrodynamic conditions
for the computation of mass transfer coefficients was
emphasised by Kishinevskii and I‘iochalova13 who pointed out
that while molecular diffusion is predominant under the
pentler conditions of bubbling, eddy diffusion becomes of
increasing importance in other regimes.

Although experimental data conforms more with the
penetration theory than the two-film theory, Danckwerts14
has, shown that neither is completely valid for a packed column
but Hanratty15 found that at high values of the ochmidt number,
results ifitted the penetration theory.

Thié latter fuct is in accordance with a model, postulated

by Toor and Marchelloq6, which conformed with the penetration
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theory for short periods of contact and with the film theory
for long contact periods.
In a novel interpretation of mass transfer in packed beds,

17

Carberry postulated that the mass transfer coefficient is
prqportional to the wchmidt number raised to the power 0-67.
This agrees with the experimental data from a wide range of
various packed bed systems and moreover it leads to the same

general framework of dimensionless groups as the conventional

mass transfer theory. These groups are now discussed.

5.2 Heat and lMass Transfer Factors.

The procedure of describing a transfer process in terms
of a transfer coefficient has the disadvantage of requiring
a numper of units for the definition of the coefficient.
However, the incorporation of the coefficients in dimensionless
factors facilitates the application of duta from one system
to another.

The prediction of hneat and wass transfer characteristics
from the dynamic properties of a system has led to the
derivation of dimensionless j factors which have been
universally employed to describe and correlate the transfer
properties of the systeum.

1n order to compute heut transfer duta from the
estublished friction factor correlation for pressure drop
18,19

in flow through pipes, Chilton and Colburn introduced

the Jjy factor defined ast

\
\
‘
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067
. h Pr .
Jh = \J‘ uP oooo(pob)
D
where h = heat transfer coefficient (Chu/h ft2 °0)

Cp = specific heat of fluid (Chu/lb)

p = density of fluid (1b/ft7)

u = velocity of fluid (ft/h)

Pr =  FPrandtl number (dimensicnless)

By applying a similar analogy to mass transfer, Chilton

19

and volburn proposed tne mass transfer factor jd’ which

they expressed in the form:

. _ k PBm 500f67
dg =~ up

where k = mass transfer coefficient (1b/h ft2 atm)
PBm = logarithmic ratio of the partial pressure

of the iﬁert component (atm)
F = total pressure (atm)
Se = Schmidt number (dimensionless)
rxperimental studies in various systems have been
performed to substantiate the direct analogy between heat and
mass transfer. in 1943, the analogy was applied to a packed
bed by Gamson et 2;.20’ who studied the steady state
evaporztion of water from the surface of particles in a bed
into a stream of air passing through the bed. They
concluded that a direct correspondence exists between heat and
mass transfer in a packed bed and obtained a value of 1.076
for the ratio dp/dgq.
Much information hLas since been reported on the flow

of fluids through beds of particles with values of the ratio
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ranging from 0-86‘to 1451 21,22, However, Gupta and Thodos23
proposed that for a direct analogy between heat and nass
transfer, the following conditions should be fulfilled:

(1) the physical properties of the system should
remain constant

(2) the rate of mass transfer should be very small,
since for high rates of mass transfer, the
velocity profile across the gas film becomes
distorted and the mass transfer coefficient is
dependent on the rate of mass transfer.

(3) there should be no. chemical reaction

(4) there should be no viscous dissipation

(Y) radiant energy should be neither emittednmor
absorbed

(v) there should be no pressure, thermal or forced

diffusion.

3.2.1 application of j Factors to a Packed Bed.

The jh factor was used by Chilton and Colburn to
describe the heat transferred by convection to a fluid

flowing through a pipe by an expression of the form:

dh = a r':eb ooao(5.7>
where Re = ieynolds number (dimensionless)
a_G
= 2
/A ~
dp = characteristic dimension of system (ft)
t G = mass velocity of fluid (1b/h fta)

M = viscosity of fluid (1lb/h ft)
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and a and b are empirical constants.

4 similar relationship may be applied to packed bed
systews in which heat and uass are being transferred provided
that steauy state conditions exist in the bed and that the
only resistance to mass transfer resides in the fluid phase.
These stipulations are met in systems such as the drying
of particles during the constant rate of drying and the
solution and sublimation of particles into a fluid.

This method of describing hes% and mass transfer was

20 who

introduced to packed bed systems by Gamson et al.
studied the evaporation of water from the surfaces of
sphierical and cylindrical particles into an air stream.
oince then, correlations with jJ factors have been derived
ior a wide range of packed bed systems and have been used

in the present work to describe heat and mass transfer in

the drying of Celite pellets in a through-circulation dryer.

3.3 iwffect of Process Variable on j Factors.

he variables influencing heat and mass transfer in a
packed bed muay be classified as follows:
(a) operating variables e.g. gas or liquid rate,
temperature, pressure
(b) properties of the bed e.g. shape and size of
particles, depth and porosity of bed
(c) fluid properties e.g. viscosity, density,

diffusivity.
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The effects of the most important variables are

outlined below.

Fluid Rate.

Although an increase in fluid velocity produces higher
transfer rates, the values of the j factors are reduced.
1t has been found, however, that the extent by which the
factors are affected is decreased when the fluid rate is

25,24 ,25,26,27

increased, and also when particles other

than spheres or cylinders are used in the bed25.

Temperature and Fressure.

The effects of temperature and pressure on the j
factors are relayed through their effecfs on the properties

of the fluid.

Particle ohape.

The shape of the particles appears to be ineffective
provided that the pafticles are approximately spherical or
symmetrical. However, in systems of irregularly shaped
particles, the values of the j factors are reduced by the
inaccessibility of parts of the particle surface to the
fluid stream25. Values are also reduced if the surface of

the particles is very smooth28.

rarticle Size.

although the effect of the size of the particles is

genecally accounted for by the characteristic dimension of
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the iteynolds number in equation (3.7), additional effects,

reducing the value of the j factors, have been experienced

for systems of particles with diameter less than 0.125 in29’5o’51.

Bed uepth.

1f the proper driving force is used in the computation of
the heut and mass vransfer coefficients, the depth of the

bed nas no effect on the transfer factors 32'55’54.

o

Volduage of Bed.

The j factors are reduced by increuasing the voidage of
the bed and nave been shown to be inversely proportional

55

to the voidage

Hluid rroperties.

The effects of the physical properties of the fluid i.ec.
density, diffusivity, heat capacity, thermal conductivitly
and viscosity are relayed through the dimensionless Prandtl
and ochmidt numbers used in the calculations of the j factors.
1t is penerally accepted that the schmidt number raised to
the power 0.6/ should be used when calculating Jd although

the power 0«58 has also been recommended26.
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4o PunDICLTION OF TRalNsFER FaCTORS.

Lhe application of equation (3.7) to a packed bed
system reyguires a definition of the characteristic dimension
and the fluid velocity for that system. otudies of packed
 peds contéining irregularly shaped particles have utilised
several varied forms of the characteristic dimension dp.

For peds of spherical particles, dp is simply the diameter of
one particle, wnile for other shapes of particle, dp is
usually defined as tne diameter of a sphere having the same

surface area as the particle.

A
i-Co d = -B 0.-00(401)
: b J

= O-567"AP 00000(402\)
where A = surface area of particle (ft)

b
Tnis concept is difficult to visualise for irregular

commercial packings such as Raschig rings and Berl saddles.
10 overcome uvuis, Taecxer and Hougen25'sug5ested that/Z;
alone be used as the characteristic dimension and this was
subseguently used by Gupta «nd "l‘hodos55 in their development
qf a general relationsuip applicable to all shapes of
particles.

The hydraulic diameter, defined as Dpe/(1 - €) where
D_ is the particle diameter and € is the voidage of thne bed,
has also been employed as the characteristic dimension“®1<7,

In these studies, the superficial fluid velocity was repluced
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by tune interstitial velocity, u/e, thus defining Re as
D_G

VASEGE

tiowever, Gupta and '.L‘hodos35 pointed out thut this form
of Re is only of limited application since it cannot be used
vo descripbe the behaviour of single particles for which € = 1.
In the present work, the Reynolds number is defined as
JEEE, which was introduc .d by Taecker and ﬁougen and used by

,U

gupta suu Thodos 1., their geacrsl correlation.

4.1 Prediction of j Factors for Gas - wolid bystems.

One of the earliest studies of gas-solid systems was
o o)
carried out by Gamson et al. 0 who studied the evaporation

of water from the surface of spherical and cylindrical
Celite particles in a packed ped into an airstream flowing
through the bed. in their tests, which were conducted in

beds 12 in square and 1 . to 2¢5 in in depth, air inlet

temperature ranged from 80 to 160°F and the air mass

velocity from 400 to 2,300 lb/h ft2. Their results were

presented by the correlations:

~0-41
D_G] < « b_G
for [—/-13—-]>95O’ j, = 1-064[—}2—} cenea(4.3)
e -0-41
ig = 0-989[—}}-] cevea(lol)
.
D_G b_G ‘
and for [-/;LJ<4O7 gy = 181 [ } ceeea(B4.5)
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additional data for low Reynolds numbers were obtained

by wilke and Hougen®? who derived the following expression

for [Dp"] < 350:

H ~0.51

2 G] cesss(4.7)

- e [75-

In a more recent scudy of the evaporution of water from

dg

peds of siwilarly shuaped particles ranging from 1 in to 5 in
in depth, Bradshaw znd Myers55 found that the transfer coef-
ficients and fuctors were independent of the depth of the bed
provided that axial mixing is accounted for in the computation
of the transfer driving force; otherwise, the coefficients
were lound to decrease as the bed depth increased. They
considered the logaritimic driving force to be satisfuctory
for determining coefricients when the ratio of inlet driving
force to outlet driving force is less t.an 6. Their results

were described by the equation:
-0+50

D_G \
= 2’25 P(’-EJ ...-.(4.6/

oimilar observations were made by Bradsnaw and Benmnet

Ja
32
on the sublimation of naphthalene pellets arranged in a
packed ved into an airstream. The following expressions
were derived from the results of tests conducted with beds

of 5 in to 10 in deep:

D G093
jg = 0506 —/-‘i’— N Y
BIRE |
dg = 07606 —ﬁ— oo (42105
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In equation (4.10), the values of jd were derived from
coefriclients wnich were corrected for axial diffusion. Axial
wixing may be reduced by inserting inert particles in the
inlet section of t..e bed, thereby minimising the bed entrance
er.ectse, ‘

Ihe influence wnich the accessibility of the particle
surface for hest and wass transfer exerts on the exchange
process nas been investigated in beds of irregularly shaped
particles. in a study of the evaporation of water from
beds of Raschiy rings, partition rings and Berl saddles,
Teecker and h’ougen25 found that the inaccessibility of the
inner surface of the rings caused the values of jh for the
rin,s to be about 19¢ lower than the values previously
estublished by Gamsonao for spherical and cylindrical

particles. The results for the rings were expressed as:
=041

[y s
3, = 1148 [—I}}-] ceee s (411)
Ihe corresponding equation for the Berl saddles was:
-0° 34
. G , .
d, = 07920 H%é—] ceena(4.12)
Ine ratio jh/jd = 1.076, calculated from the data

of Gamsongo, was used by Taecker to compute the corresponding
correlations for jd.

oimilar studies were carried out by ohulman and Ue Gouffqo
who were, however, primarily interested in the effect of

diftusivity and interfacial area on mass transfer in .u.cxed

columns.
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in a comprehensive study of gas phase mass truusfer in
packed coluuns using napthalene packings, Shulmean et al.
442,450,448 found ti.t mass transfer rutes could be predicted
from a general correlation proviéed that the surface
temwperature of packings is used to evaluate the proper
driving force. »

although 1t 1s generally assumed that, for the
evuporation of water from particles, the surface ttmperuture
of the particles is equal to the wet-bulb temperature of tne
air, pradshaw and luyers25 found that the temperatures ure
oni, idenvical if the air velocity éxceeds 4 ft/s. oimilar
observations were made vy De Acetis and Thodos22 who studied
tne evaporation of water from the surface of Celite spneres
rundouwly interspersed with solid spheres to produce an
extended bed arrangement. They found that the introduction
of lnactive spuneres did not affect the transfer
characteristics of tine oed but that the particle surface
Tew,erature on.y equals the wet-bulb temperature of the air
at nigh air velocities. Trnis probably accounts for their
Jp/dg value of 151 wuich is abnormally high.  Their results
were described by the equations:

110

dp = [P, 704 e (4.1%)
T E] e
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| 0725
da = [fp_J 041 e (8.90)
I ~0+15

In an extension of this study, McConnacnie and Thod0558

determined j factors ifor distended beds of spherical particles
winich weré separated and held in place by short lengths of
fine rigid wire. Similar expressions, given below for
packed and distended beds were obtained when the trznsfer

factors were correlated with the modified Reynolds number
D G

S S—
# (=€)
i - { DG '] 0-41 ceee (4.15)
p(1-¢€) -1.52
1192
i - D G q0°41 ’ ceeea(4.16)
[# 1—2)] =162 '

This agreed with the work of Chu, kalil and wetteroth”®
who studied the sublimction of naphthalene from the surface
of cylindrical and spherical particles in fixed and

fluidised beds. Their results were correlated by:

DPG 044
dg = V77 |p-g) caeee(4.17)

Using the results of McConnacnieBS, Gupta and Thodos23
re-examined the effect of bed voidage on the transfer fuctors
and found that if the J factors are correlated with tae
conventional keynolds number ggg , they decrease as the
void fractloh increases and that the product €j is constunt.
Data from heat and mass transfer studies in fixed und

fluiuised beds of spherical beds reported in the literature,



25

were re-correlated in teris of this product to give the

expressions:

| | __0-929
Edp = 0018+ [EEE] 058 veern(4.18)
~0-483
0-863
€dg = 001 [229:10'58 verno(4.19)
Yz ~0+483

4.2 Frediction of Jd Factors for Liguid-Solid Systems.

relationships, similar in form to those describing

oas-s0lld transfer systems, have been used satisfuctorily to
correlate wass transfer data from liquid-solid packed bed
systews in wihlich the sole resistance to mass transfer resided
in tne liguid phuase. This similarity is somewhat striking
in view of the very high ochmidt ﬁumbers occufring in liquid
systems and furthermore, it stresses the applicability of
tne J factors to descrive the transfer properties of packed

veds.

Une oi the first reported studies using liyuid systems
was conducted by nobson and Thodos46 who measured the rate
of traunsfer of wethyl ethyl ketone and isqbutyl aleohol from
the surface of spnericuzl particles arranged in a packed bed
into a strewum of water. oteady stwte coefiicients were
computed by extrapolating the concentration of alcohol in

the exit stream back to zero time and assuming that the

surface was completely wetted. Their results were

represented by the equation:
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‘ I N
dg = 0°5%7 [—P—F ] e (4.20)
Ihe following peneralised equation, correlating also
tiie dauta of Gamson et al. <0 and Wilke and riougen59 was

recomnended by Hoostn and Thodos.

D_L
log Jq = 07683 - 0:9175 1og[—/§—] +
D_L7°
0-0817 1og[—ﬁ—] ceene(4227)

Further work in liguid-solid systems was carried out by
ricCune and 'wilhelm24 who measured the rate of solution

o1 <-naphtiiol fliukes and spheres into a stream of water.

lney concluded that the mass transfer characteristics of
ilxed veds and single particles at rest are similar, provided

that due consideration is given for the average velocity

around individual particles. Their results were represented
vy the eyuation:
- -0°+507
for [YpMl <120, i, = 1-625[°pt
d ...(4”_8)
= 7
[D L] ‘ ) D L]-O'9£7
and for |—=]|=>1<0, dg = 0-68/ [,u ceee (84.23)

N

oimilar studies were conducted by Gaffney and Urew o

who investiputed tne solution of salicylic acid pellets
into a stream of benzene and succinic acid pellets into
streams of acetone and n-butyl alcohol. slthough their

results were originally expressed in terums of hei nts of a
transfer unit, the same were later re-arran;ed by Lrbun57

in the form of the conventional j factors to give tiae

equations:
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D L D L -0613
for [7%?] <200, 3§ = 197 [752} oo (4.18)
~ ~0+254
D L D_L
and for —R—] =200 Y = 04290 _E_]
[#E , d [ﬂa .....(4.25)

(in Jé, the vcimidt number is raised to the power 0°58)
rResults nave also been reported for the solution of
benzolc acid pellets into water47 and into water and

propylene _lycol solution54. The data, collected by Lvans

ald uerald47, were obtained for values of[DpL] less than 80
and wele correlated by the equation: a
~0°52
. e D L
dg = 1°48 [75-] el (B.20)

in tae investigations of wilson and Geankoplis 54, a wider
Tange of heynolds numbers was studied and the following

eguations were derivea:

. —— -0.52
D L ) D L
r [ ) g = 10 "2']
or —p—/u ] < 55 Jd 2 [/" ceees(H4.27)
_ -0 31
D L D L
<) * g ] - * ]
it sox 55 <[00, gy - 020 [

4.3 rPrediction of Jp Factors for klectrically Heated
Packed Beds.

Jy, Factors have also been useé to de.cribe the steauy

state transfer of heat from metallic particles arranged 1in .o

packed ved into an air stream, the heat beinyg gencruted
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either by passing an electric current through the
ﬂarticles49 or by surrounding the particles with a high
frequency induction coil50.

From a comprehensive study of heat transfer fiom beds
of spheres, cubes and cylinders, Glaser and Thodos49
concluded that the value of the j, factor, evaluated from
the average of tne local heat transfer coefficients was
influenced by the shape and size of the particles. Their
results were ,resented in terms of a jho factor which was
calculated by extrepolating a plot of jh against the ratio
Jﬁ;/uc (Dc being the bed diameter) to a value of Jﬁé/Dc

equal to zero. The values of Jho were correlated by the

eguation:
' T
Jno = /A K
/“("‘E)‘P "'1'6 .0...(4.29)
where P = fraction of surface taking part in transfer
process.

Baumeister and Bennet5o found that the average test
transfer coefficient was dependent on the ratio of tube to
particle diameter, for a given Keynolds number. ihe efflect
was quite significant for ratios less than 18 but diminisked
as trne ratio increased. Jheir results were described by

tine equution.
‘ -0+32
D_G
j = 1.0 P
In 9[/u ] coeen(4.%0)
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4.4 rprediction of j Factors for Single Particles.

Several studies ©12271192,55 have shown that the heat
and mass transfer properties of'a single particle in a
1luid stream are similor to those of a packed bed under
the same conditions and that expressions, relating the
j fuctors to the reynolds number may be used also to

describe them.

4.5 General Correlation of Heat and llass Transfer Results

in a fracked Bed.

The increasing use of irregularly shaped particles in
industrial packed bed systems, has created a need for a
peneral neat and wmass transfer relationship, from wiich
tne behaviour of any particle system may be reliably
predicted.
in several investigations2o’56’59’40’ the selection of
a proper eyuivalent diameter or characteristic dimension
in tie neynolds nuuber has enabled the results from systeuws
consisting of regular geometrical configurations to ve
correlated satisfactorily. However, difiiculty is
encountered in establishing an equivalent dismeter for
commercial packings in which a portion of the surface area
is inaccessible and not used in the transfer process.

To circumvent this problem, Gupta and Thodos_ﬁ5

introduced an area availability factor,f , wi:ch they delined

as the rutio of the surface of particle available to
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transfer to the surfuce area of sphere having the same
volume as the particle. as a result, jTis not necessarily
a constant for a particular packing since it also depends
on the stute of aggre.ation of the bed.

Gupta and Thodos evaluated values of f from results
cublished in the literature by dividing the relationship
for each particle sn.pe by j3 such that the new correlation
coincided with that for spherical particles. Good
aprecment was obtalned between the values of jf and those
culculateé@ from a consideration of the geometrical
orientations in the bed.

I'ne genersal expressions derived by Gupta and Tiodos

contuin the Heynolds number introduced by Taecker and

nouben25 and are gilven below:
€dg  _ 0+300
£ foptq 0092 ceena(4.31)
[ M - 1-90
EJ 0-322
e S
§ i i} -1+90 ceeee(#4.32)
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4.6 shape Factors.

although Gupta and Thodos based their shape factor on
the area available for transfer in their attempt to correlate
heat and mass transfer data for packed beds of spheres,
cylinders, Raschig rings and Berl saddles, a considerable
amount of work has previously been carried out on tiie use of
shape factors to correlate fluid flow through packed beds.

In any system, however, the numerical.value of the shupe
factor depends on the characteristic dimension or equivalent
diameter chosen to represent tne particles in the bed. One
of the earliest characteristic dimensions used was called the
"nominal diameter" and was defined as the diameter of the
sphere having the same volume as the particle. Similar to
tnis were the "degrees of sphericity and circularity" adopted
by Wadell89 who found thut a measure of sphericity or
circularity could be obtained by dividing the mominal diumeter
by the diameter of the smallest sphere circumscribing the
particle.

The sphericity factor, defined as the ratio of surface
area of the equivalent volume sphere As, to the surfuce
area of the particle itself AP, was introduced as a shape
factor by Leva90 in his analysis of flow through packed wud
fluidised beds of regular ecometrical particles.

Ag

i.e. shape factor {, = —
p
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For irregularly shaped granular particles Leva91 suggested

. - V. 2/3
the alternative factor ~§a 0'205Ap
where V = Volume of particle. -

Y
In his sedimentation studies, Dallavalle92 derived another

characteristic dimension which he called tune "effective
diameter" and defined as the diameter of a sphere which takes
the same lenith of time to 1all between two fixed points in

a medium as does the irregular particle. The "effective
diameter" is influenced, however, not only by the density and
size of the particle but also by its configuration and

surface condition.

In similar studies, Heywood95’94’95 introduced a shape
factor in order to calculate the terminal velocities of
irregularly shaped particles. As the size of such particles
is frequently determined by microscopical methods, Heywood
used the mean projected dieameter d, as the characteristic
dimension of the particle and defined his shape factor qu
by the equation:

volume of particle = T}lxdi
It is apparent, however, that the value of ¢’m which Heywood
found to vary from 71/6 for spheres to 0«1 or less for very
flat psrticles, is a measure of the degree of flatness of
the particle.

shape factors based on tue ssme frorm of equation but on

difrerent characteristic dimensions to those of Heywood were
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developed by Dallavalleg2 using the work of Green96 and
Martin97 who showed that for irregularly shaped particles
havi?g a statistical diameter dé and volume Vp, the ratio
Vp/dg was constant, the constant é§v, being termed the
"volumetric shape factor". 4 corresponding "surface shape
factor" Cfs was derived by Dallavallegg.

Fair and Hatch”® showed thut the ratio.. § / § gives a
useiful measure of particle shape as it ranges from 6°+0 for
spheres to 7°0 for sharp particles. Values of ©6°*1 and o°4
were obtained for rounded and worn particles respectively.

although the shupe fuctors of Wadell, Heywood and
Vallavalle are useful for comparing the performance of
individual particles, they have limitations when applied to
packed beds in which the porosity and form of packing afrfect
the performance of the particles.

in a study of the porosity effect, Blake99 treated a
random packed bed as a bund.e of parallel capillaries and
applied a mean hydraulic radius equal to £&/S5, where & is
the porosity and & is the particle surface per unit volume of
bed,to the tluid flow correlations of wchiller V. 1nis
treatment led to the introduction of a factor, k, which
cowbined the effects of flow path and particle shape on the
ilow of a fluid through a packed bed.

an identical fuctor was derived independently by Kosenyq

who assumed that the pore spuce Wus equivualent to & bundle ol



50d

parallel capillaries with a common hydraulic radius and a
cross—-sectional shape representative of the average shape

of a poré cross—~section. By considering the tortuous path
followed by the fluid as it passed through the bed, hozeny
suggested that the factor k consisted of a tortuosity factor
and a second factor associated with the shape of the particle.

102,103,104

several studies using beds of spheres have

reported values of k ranging from 4+41 to 55 with no apparent
trend with either size or porosity. However, for flat

sided particles, Goulson/‘05 and wyllieqo6 both found that the
value of k depended on the porosity of the bed. This
appeared to have been caused by the flat sided particles
tending to give planes instead of points of contact and
emphasises the importance of determining accurately the amount
of particle surface area actually beiny used in the operstion
when assessing the performance of a packed bed.

1he effect of shape on packing depends on the procedure

. . 10 108
by wulich the bed is formed. bvans and Millman 7 and Orr

reported that in beds formed by simple dgosition, spherical
particles pack to higher densities than irregular ones.
However, irregular particles pack wore closely than spherical
ones if the bed is subjected to vibration or compaction at

moderate pressures. This fuctor together with other dominunt
factors influencin, the packing of particles is discussed

‘ 10
comprehensively in a recent text by Gray 9.
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1t is apparent, therefore, that in randomly packed beds
of irregular particles, it is very difficult to determine
precisely the porosity of the bed and the particle surface
area taking an active part in the operatibn of the bed. In
these circumstances, the properties of the bed are determined
empirically.

Consequently, in the present work in which randomly
packed beds of tabloid pellets are used, the empirical shape
factor, introduced by Gupta and Thodos55 to represent the
particle surface area taking part in the process, is used
to compare the performance of the tabloid pellets with

spherical and cylindrical particles.



31

Se rmareiinsilal aPraRaTUS  aND  +ROCEDURE

2«1 Description of uwhrough-Circulation Dryer.

The dryer, used in the tests and shown in Figures 5.1 and

.2 and Ilate No. 5.1, consisted essentially of a drying
cnamber in wiich a steady_stfeam of air at a desired
temperature passed upwards through of a bed of wet material
neld in a vasket with a wire mesh bottom. The progress of
drying was followed by removing the basket from the dryer
at intervals and weighing it.

The air flow, which was supplied by a forced draught
ian driven by a variable speed 0.5 hp motor, was metered
turough a 3 in diezmeter orifice plate in a 5 in diumeter
pipe on the suction side of the fan, the orifice tappings
beiny connected to a differential pressure gauge on the
control panel. A "bLtardrive" control unit fitted to the
motor enabled air flows from %00 to 900 1b air/ft2 basket
area h to be achieved in the test section.

The air was hected as it passed tiarough a chamber
conteining twenty-one 1 kW electric bar heuters whicin were
wirea to give eight 2 kW heaters, one 1 kW heuter and two
' 0+5 kW heaters; one of the 0.5 ki heaters was controlled
by a thermistor-relay syctem which could maintain a given
tewperature within iO°25°C.

The humidity of the air could be raised by

injecting low pressure steam through jets in a copper iube
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extending across the dryer duct. This facility of the
dryer was not used in the present investigation as the
re,uired humidity control could not be attained.

'he long rising section of the dryer ensbled
uisturbanées in the air flow, caused by obstructions such
as heater bars, ingjection pipe etc., to even-out before
the air stream reached the test section. - The wire mesh
on tue base of the test basket also helped to give uniform
air tlow through the bed of material.

The hunidity of the air entering the test section
corresponded to atmospheric humidity and was measured by
a psychroaneter situated at the mouth of the inlet air
QuUCT» ‘he psychrometer consisted of a small fan which
sucked ailr along a glass tube containing wet énd dry bulb
tuermometers. e temperature and humidity of the air
leaving the test section were measured in the outlet duct
by dry chd wet copper-constantan thermocouples, wired to
a Honeyweil temv.erature recorder, which also recorded tue
temperature, meuasured by another copper-constantan
tuermocouple, of the hot air entering the test section.
Lthe calibration of the recorder was checked periodically
by weasuring the outlet humidity of the air with the
psycurometer.

buring a drying test, the wet materi.l was contained
in a 12 in square aluminium basket with 12 in sides &nd &

bottom of copper gauze supported by 025 in uesh steel nct.
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Tue basket sat on top of the test section.

The air ducts consisted of welded galv.nised steel
insulated with 71 in lay of magnesia lagging. The heating
chamber was 0-37/5 in tuick "Sindanyo" asbestos-cement
insulauing board lagged with asbestos pads.

Ihe fan controls, differential pressure gauge, heater
switches, wnd the temperature control unit were mounted on

w central control panel.

Se.o bescription of Celite Pellets.

lhe pellets, used in the drying tests, consisted
wmadnly of Celite which is used widely in the chemical
inaustry as a filter aid and a mineral filler. The
ni nly porous character of Celite makes it very absorbent and
ideul as test material.

Celite consists essentially of pure amorphous
diatomazceous silica with small amounts of aluminium, iron,
calcium and uwagnesium, usually cohbined as silicates. The
Celite was obtazined from John Walker & Compuny, ougar
wellners, Greenock.

The peliets were prepared by compressing a mixture
of 75 Celite and 25% ethyl cellulose N22 in a rotary
enesty tableting machine. ' The diameter of the pellets
wi.. cetermined by the punches and dies used in the machine
and their thickness by the coﬁpressibility of the machine.

'he dimensions of the various sizes of the pellets,



24

used in the tests, are given in Table 5.1 and were the
averupe dimensions of 100 pellets of each type. The

pellets are shown in FPlates 5.2 and 5H.3.

Lable 5.1

Dimension of Pellets.

,"
' 4
Clemmmmeen Ao - -3 B
‘..’ v
oeries A B C surface| Volume Bone Voiduge
in in in area of}| of 1 dry of bed
1 tablet weight
tablet in2 of 1 £
in tablet
gm

0+406| 0-075| 0+161] 0°366 | 0°0154 | 0-324 | 0+442
0+500] 0°09%| 0°238| 0555 | 0+284 | 0-470 | 0-458
0312 | 0054 | 0-125] 0°217 | 0°00714[ 0-154 | 0-450
0+406] 0-102| 0°210] 0-436 | 00220 | 0-298 | 0-467

F w2
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'he calculation of the surface area and the volume of a
sellet 1s given in nppendix V together with the uethod of

colylulng, the vea volduge.

b experimentel rrocedure.

ps

ne aryer was energised by switching on the air fan
“ii tne Gesired air flow was set by adjusting the fan speed.
wufiicient hesters were switched on to neat the air stream
to gust velow the required temperature and the autouatically
congrolica uneater was set to make the final temperature
sgusument.

wwile tne dryer was heating up, the basket was fillied
o tine reyu.red depth with pellets, and immersed in a tank
of aistilleu water for t.irty minutes.  When the pellets
were satiuieted, che wascet was allowed to drain for ten
wlietew, dried wivh a cloth and weighed. 58 soon Aas tne
@i conaitions in the wryer nad stabilised tle bawniet was

sleced in tne deyer ana tue drying test coi.enced.

Lhe pro_ress of drying was followed by removin_ tiie
Das.let a¢ regulsr intervals and weishing it to dete.uine
Lie loss in moisture due to drying. The time interveis

weie dependent on the conditions in the cramber, vorylin:
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from one winute auring very fust drying conditions to five
winutes auring; slow drying conditions. Drying was
continued untcll the aoisture content of the pellets was

estiucted to be iess tuan 005 1b water/lL B.D.O5.

Jue welpht of bone dry solid (B.D.S.) in the basket
Wes evaluated by samypling the bed of peliets at tne end
Ol a test wua aeteinmining the moisture content of the

o -
e Le

o

s by arying overnight in an oven with a temperature
ot 1.0°C.

o4 rrescatation of the Results of a Drying Test.

~ speclumen of thne data collected in a drying test is

Jlven in oppendix I.

‘he wel_at of bone ury solid (3.D.5.)in tie bed of
veli-ts used in t.i.e test was determined from its fiusl
weiu“t aiid residual moisture content. Llne weigiont of
water in the oed anc uence its moisture content, w (1lb
watel/ 1o B.u.w.) was calculated vy subtracting tie Weibht
of b.v.o., ws,from tue total weight of wwuterial.

u“ne drying curve for the experimeﬂtal conditious
vas dreswn by plottin, w agailnst drying time (nin,. A

constent drying rate L), ( 1b water/lo 5.J.o. ) was
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calculated from the linear portion of the drying curve.
Lhe constunt drying rate N , (1b water/h), obtained by
wultiplying hé by ws, was used in the evaluation of

the traansfer coefiiclients and j factors.
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6. RLSULIS

0.1 wseries 1 PFellets.

The dimensions and physical properties of the pellets
are given in Table 5.1 on page 34.

Drying tests were carried out in the 12 in square
basket using the following values of bed loading,
WB(lb B.D.b./ft2 dryer area) and inlet air temperature

£(°C).

Table 6.1 .

Values of WB and t for Series 1 Pellets.

Wy t I

5°80 35

(1 in layer) 425
50
60

5+70 425
(1-5 in layer) 50
©0

758 ‘ 425
(2 in layer) - 50
00

at euch level of Wy and t, tests were pecformed u.ing

the following values of G(1b/h £t° dryer area):

~

300 ¢ 590 : 450 : 535 : 630 : 720 : 785 : 875

buplicate tests were performed with the 1 in luyer wnd
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a temperature of 50°C to determine whether the drying

characteristics of the pellets altered with use.

c.1.1 Constant Oryin: Rates.

Values of Né were calculated as described in Section

and are given in lable 6.2 for the 1 in bed of pellets and

in lable ©.% for tihe 1.5 in and 2 in pellet beds.

Table 6.2

Values of Né for 1 1in Bed of Series 1 Pellets.

y 35 | azes | s0 | s0 60
(Duplicated)
300 | 0-418 | 0+560 | 0695 | 0632 0- 645
350 | 0+529 | 0-679 | 0-822 | 0-803 1058
450 | 0+618 | 0-774 | 0-921 | 0-884 14252
535 | 0-687 | 0-956 | 1.122 | 1-042 14375
630 | 0-805 | 1-058 | 1-310 | 1.232 1.664
720 | 0-892 | 1169 | 1.421 | 1-405 1.875
785 | 1.027 | 1-263 |[1-562 | 1-518 2.052
875 | 1-106 | 1405 | 1.736 | 172 2+ 164




40

Iable 6.3

Values of Né for 15 in and 2 in Beds of Series 1 Pellets.

t

G 425 : 50 e0

1-5 in 2 in 15 in| 2 in 1+ 5 in 2 in
bed oed . bed bed bed bed

300 | 0-375 0-295 | 0-465 0-358 | 0-605 0- 468
390 | O-440 0+ 379 | 0579 0-379 | 0O-740 0- 600
450 | 0-588 O-422. | 0-681 0-512 | 0-842 0+ 679
535 | O- o84 0+ 502 | 0779 0612 | 1-021 0- 829
©50 0« 776 0+ 553 0948 0. 741 1+ 158 0948
720 | 0-812 0655 | 1+052 0-809 | 1+ 331 1. 066
785 O- 886 0. 702 1. 148 0O- 884 1o 432 1. 209
875 | 1+003 0-789 | 1-2063 0-96% | 1-580 1+ 311

The duration of the constant drying mate neriod vuried
from 50 min under slow drying conditions i.e. obtuined in
the deep bed with low air rates and temperatu.uv., to 5 min
under fast drying conditions experienced in the 1 in bed with
hi h air rates and temperatures.

the drying rates, obtained with the used pellets, were
on average 6Y higher than the rates with the fresh pellets,
out were achieved with air of slightly lower humidity, the
inlet driving force being 3% greater. Consequently the

alteration in the drying characteristics of the peliets witn

use was considered to be negligible.
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The drying rates conformed with established drying
theory in that tuey increased with the rate and temperature
ol the uwir but decreased as the pellet bed deepened.

The drying characteristics of the pellets were
investigaﬁed further by determining the effect of the air

{low rate on the constant'dryinglrate of the pellets.

“Variation of N' with G.
The relationship between Né and G may be expressed in
the form:

. b1 : . ]
. B
.L\‘C 8.1 G .o.oo(bo’])

e constants ay and bq may'be determined either graphically
by umweasurlng the gradieht and the intercept on the abscissae
of tThe plot of log Né against log G, or statistically by
subjecting values of log Né and log G to a regression anulycis
as describcd in Appendix VII.  Because of its greuter
accuracy, the latter wethod was used and values. of a, and

b, ZIfor the different combinations of bed depth, «(in), and

1
alr temperature, are given in Table 6.4.
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Table 6.4

Values of a4 and b,I for Series 1 Pellets.

Z t aq b,l

35 . O 00244 0+90

4245 0- 004412 0+ 86

1 50 0° 00307 0+93
50 000447 0-88

60 0+ 00485 0+ 90

ave. 090

425 000362 0+91

1+5 50 -~ 0+00206 0+95
60 0:00328 0+91

av. 092

425 0+00169 0°91

2 50 0°+00160 0495
60 0 +00184 0+97

aVe O.)LL

Ihe results, shown graphically in Fig. 6.1,reveal that

ti.e value of b, was independent of temperuture but increased

/]
as tue bed deyth increased from an averace of 0:90 ut the

1 in bed depth to an average of 0+94 at tue 2 in bed depth.
wince the constant a, is calculated from the corresponding

velue of b the values of a4 have therefore little

12
significance.
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6.1.2 Heat and llass '"'ransfer Coefficients.

‘The heat transfer coefficient\hg, (Chu/h £t° deg C).
and mass transier coefficient, kg’ (1v/nh ft2 unit humidity
driving fprce), were calculated. for each of the test
conditions as described in appendix II.
Eﬁ

The values of hg’ glven in Taﬁle 6.5 for the 1 in bed
tests and in Tible ©.6 for the 1+5 in and 2 in bed tests,
indicate that the coefiicients were independent of the air

Ceuwperature, increased with the air rate but decreased as

tine ped depth increased.

Table 6.5

Values of hg for 1 in Bed of Series 1 Fellets.

%
T
35 425 50 50 50

500 10+ 8 9. 8% 8- 94 1144 9. 80
390 12.4 10.7 11.1 1.4 11.6
450 16 12+5 1146 422 134
535 1547 15+9 1343 148 1440
630 17-5 | 16-8 1547 17+6 174
720 18+9 172 1746 18+3 19-0
785 222 18+6 188 19+8 206
875 - 23+8 20+8 21°5 223 20+9
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Table 6.6

Values of h  for 1.5 in and 2 in Beds of Series 1 Fellets.
=}

1+ 5 in bed 2 in bed
& t £
upe s 50 60 42. 5 50 60

300 7o 25 7. 26 7- 39 5 68 5 96 & 80
390 7+ 96 8. 32 8. 94 7. 29 7. 15 8. 40
450 10- 3 104 1 4. 67 7 52 7+ 54 9. 61
535 10- 8 10. 8 11+ 9 9. 06 8- 90 1. 8
650 12 .4 1443 12+9 9407 1042 1%+0
720 14+ 14 -7 1443 113 117 156
785 153 159 15+6 124 12 +5 17 +0
875 147 +0 17 % 1646 1%+7 157 161

Variation of h with G.
&

Since h_ was independent of t, all the values of h_ at
Sy &

each ped depth were rouped together for analysis. a8 uwith

. the constunt drying rate data, the effect of G on h; is most
(&

efficiently described by an exbression of the form:

b -
h-,,. = a2 G'2 .....(6.&
S

Ihe vulues of the constants a, and by were determined
for each bed depth by subjecting the values of hg at each

bed depth to a regression analysis, as described in appeudix

Vil. 'ne results of the analyses are given in Taolec 07
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Table ©.7

Values of a2 and b2 for Series 1 Pellets.

4 a5 b2
1 | 0139 075
1+5 0-Ooc4 0853
2 0048 - 0+85

The analyses indicated that the value of b2 increased
irom 0«75 for the 1 in bed to 0+85 for the 2 in bed and
consequently an interaction existed between the air rate

wid ved depth.

Vuristion of h% with 4.

The reduction in the value of the transfer coefficient
as tihe bed depth increased has been reported in previous
studies 52’55’54. some of these workers, Bradshaw and
hyerSBB, considered the possioility of an error in tiae
driving force and discovered that the profile of a curve,
constructed for the log mean driving force in a deep bed
using tne inlet and outlet temps, was different from the
curve drawn throus.h measured outlet temperutures of pbeds at
interuwediate neights, the values of the log mean curve being
high.  Bradshaw and liyers wodified their values by
applying a éorrection factor consisting of the ratio of tie

area under the log mean curve for each bed huig ht vo tne
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ares under the curve drawn through the measured outlet
temperatures. Ihe modified coefficients were independent
of bed depth.

In the present work, the possibility of an error in the
driving forces for the 1-5 in and 2 in beds was investigated
by drawlng curves as described above.  Two such curves for
st conditions sre shown in Fig. 6.2.

1t was found that, in every case, the log mean curve
lay above the curve drawn through the meésured outlet
tewperatures at interumediate bed depths and consequently
cince tlie area under such a curve is a measure of the
corresponding dariving, force, tﬁe log mean driving force was
greuter than the zctual driving force. This discrepancy
in the aiving forces in the decper beds produced a reduction
in the neut trensfer coefficient for these beds.

The velues of hg at the 1:9 in and 2 in beds given in
lable ©.6 were corrected for bed depth effect by dividiog,
trnew by the ratio ol the areas under the log meun and actual
driving force curves. 48 this factor was coupiled from
cxperimental conditions and not based on theoretical
assuwaptions, its velue did not remain constant but varied lor
each inuividusl dryin, test. The method, by‘wnich the
correction factor was computed and applied, is described
in nppendix III.

lable 6.6 gives the values of hé for c¢he 1.5 in snd < in

veds which have been modified for bed depth effecct.
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Table 6.8
Values of hé for 1+5 in and 2 in Beds of Series 1 Pellets.
1+5 in bed 2 in bed

G t 4 t

4.5 50 o0 42.5 50 60
300 11-0 10+ 5 11.8 8. 61 101 11.5
290 1M 4 11.9 12. 4 9. %6 1.6 12+ 3
450 1% 4 12+ 8 145 11.5 115 13.9
535 16 4 1447 15.0 148 1%. 3 15. 4
630 177 169 184 152 169 177
720 18.2 19.2 201 15.9 17.6 19.0
785 176 19.9 21-6 167 19.1 215
875 21«3 2% 3 22.0 18- 4 21.6 20+ 8

Ihe values of h' for the 1-5‘in and 2 in beds were also
o

subjected to a regression anulysis to investigate their

variation with G.

Values of a, and b2 calculated in the

anulysis are given in Table 6.9.

Table 6.9
Kesults of wegression analysis for Values of hé;
O 32 b2
1.5 0+230 0-67
0185 0-69
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although it appeared that the values of hé obtuined
in the 1.5 in and 2 in beds and the values of hg for the 1
in veds were similar and independent of the bed deyth, the
efteco o oved ue.th on these coefficients was examined by
vueteruwining whether the values of b2 for each bed de,th
veried i nificantly and Ey comparing the average values of
the coefficients at each bed depth.

Lthe possibility of differences existing among the
values of b, was tested by‘subjéctiné the values of hg and

2

' o en analysis of Variance as described in AppendixVIil.
&}
Lne results of tue analysis, given in Table ©.10, show that

viere was no significunt difference in the values of b.,.
~

shelysis of Variance for Testing Differences

in Values of b, for series 1 Pellets.

2

vource of - Degrees of | bum of liean wum

Variance Freedom wguares of wqueres
Coubined negression _ 1 1004794 1 1+ 004 7G4
Jifference of regression 2 0-002028 | 0001014
Combined residual 82 0-082155 | 0-001014
Lotel with groups 85 1009955
r ratio = 1+0
Values of ¥ for significane at 5% level of probeuility =

- 5 .
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The average values of the coefficients for each bed

2 9¢ for the 1 in

2

depth were very sim.lar being 15-3‘Chu/h £t
bed, 15«9 Chu/h ft2 OC for the 1.5 in bed and 14.7 Chu/h ft
°C tor the 2 in ved.

Conﬁequently, the values of hg for the 1 in beds and
hé for the 1.5 in bed and 2 in bed were considered to be
independent of the pellet bed an& were grouped together and
correlated with the values of G to give the expression shown
in Fig. 6.3 of :
al = 001756 G071
Eﬁ

1he values of the mass transfer coefficicnt, kg,A
calculated from the 1 in bed tests are given in lable 6.11,

while the coefficients obtuained in the 1.5 in and 2 in beds

are gilven in Tuble ©.12.
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Table

0.1

Series 1 Pellets.

Values of ké for 1 in Bed of

Values

G t

55 42.5 50 50 60

300 | 416 | 368 | 3%9| 449 | 36.9
390 | 465 | 40.7 | 42.1| 43.8 | 43z9
450 | 55-9 | 474 | 444 | 46.8 | 5.7
5%5 | ©0-4 | 60.6 | 50.4| 58.8 | 535
630 | o7.2 | 62.7 | 59-6| 689 | €68
720 | 70.8 | e6e4 | 68.8| 714 | 72.8
765 SYAN 701 725 775 79+ 0
s75 | 91.0 | 78.9 | 81.5| 86.8 | 801

Table 6.12

of k¥ for 1.5 in znd 2 in beds of ceries 1 Fellcts.
)

1.5 in 2 in
G t t
4.5 50 60 UgehH 50 e
500 270 278 29+ 3 217 250 2500
590 %0 © 32 2 Ao b 281 275 326G
450 401 %90 371 290 <9 % e 6
535 | a4e1 | 81.7 | a6 | 3.7 | Bueq | 4ien
630 | 47.4 | 54.5 | 49.7 | 352 | 394 | L0e3
720 | She2 | 56+3 | 57-5 | 4zesm | 45.0 | Leed
785 | 594 | 6147 | 59-6 | 45y | iBes | cdes
875 6586 66 6 ol 3 H2e 3 53+ 3 (/e %
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In tihis type of trunsfer vystem, hewt and mass are being
simultanevusly excuuuged between the air and the pellets,
so that the wvalue of kg is related to the corresponding
value of'hg and uvie behaviour of kg closely follows that of
hg. Conseyuently, 1t was found that the value of the ratio
of the coefiicicnts hg/kg-was approximately constant for
each drying test , the average value being 0.260, and the
values of kg benuved similarly to those of hg in that they
were independent of the air temperature, increased with the

wir rale and decreased as tne bed &kpth increased.

Variation of k  with G.
&5

&5 witn the neat transfer coefiicient, the variation
of tihe wass transfer coefficient with air flow rate was
inveutipated by correlating the data in tne fo.m:

b e
K_. = a;, (J‘ 5 00000(6-5)
) 0 '
the values of a., wnd b5 for each oed depth, com.uted
0
from the regression anulyses, are given in Table 6.17.
Table 6.13

Values of a5 and b5 for beries 1 relieto.

4 33 D;I
0.526 C.75
145 0200 G-cz
2 0-19C G-c4
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Ine anaiyses indlcated that the value of b3 depended

ou ivre ved wpth 1.c.. an interaction existed between G znd o.

Vevliation of Kg with 4.

Because Gtile driving forces present in a simultaneous
heet wnd sass transfer system are related to each other, the
error in the driving force responsible for the reduction ih
tlie values of hg in tue deepér beds 1s also present in the
ariving forces used in the calculat.on of kg for the deever
Deds. wince thie retio of hg/kg was independent of the bed
depLth, it may be assumed that the errors in the driving
forces used in the computation of kg for thé 1.5 in and 2 in
beds will ve identical to those in the driving forces for
the corresypondilng h6 values. Consequently the values of kg

in the 1.5 in and ¢ in veds way ve modified for the error in

the driving torce by applying tne same correction factor as
was used for the modification of the corresponding value of

h . Table ©.14 gives the values of ké walcil nave been

0y

moaified for ved deptis effect.
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Table 6.14

Values of k' for Series 1 Pellets.
8

15 in bed 2 in bed

[

t t

Seb 50 | 60 42.5 50 60

300 | 41-1 | 40.0 | 45.1 | 32.9 | 28.9 | 4%.7
390 | 440 | 46:1 | 47.7 | 38.5 | 44.8 | 46.1
450 | 52+1 | 494 | 554 | 44.5 | 44.8 | 537
035 06 9 56. 7 58 3 577 510 576
630 | 675 | 647 | 705 | 593 | 654 | 684
720 | 70-1 7.8 | 774 | 614 | 680 | 7%0
785 755 770 82:5 63- 8 758 81. 8
875 SU 893 84. 2 70+ 5 83+ 9 757

ihe modified coefficients were coreelated with the =zir
rate vo give the following expressions:
. . . 0.6
For the 1.5 in bed k' = 0.771 GOTO9

g .
end Tor the 2 in oed kI =  0-694 GO+70

vince tne values of hg for the 1 in oed tests and of
hg for the 1.5 in ana 2 in oed tests were found to ve
independent df tine degtin of the peliet bed, the correspeadirg
Valuzg of ké and ké were also assumed to pe independaent of
the ved depth. Herice the mass transfer coefficients were
lérouped together and correlated with the air rate to give
the following relationéhip which is shown in Fig. ©.4:

k= 062l G072
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weled Heat and rviass i'runsfer Factors.

The jh and jd fuctors were derived from the
corresyponalng heut .1l mass transfer coefficients as

descrived in sppendix I1.

ih Factor.
The value of Jh calculated from the 1 in bed tests are
given in Yable ©.15 waile the Jh factors from 1.5 in and

2 1n ved tests are shown in Table 6.16.

Table 6.15

Values of j, for 1 in Bed of ceries 1 rellets.
412

55 4eeb 50 50 60

%00 0-1227 | 01120 0+ 1019 0- 1298 0+ 116
%90 0-1088 | 0-0941 0+ 0973 0+ 0997 0-1017
450 0+1111 | 0-0953 0- 0890 0+ 0934 0-1C24
5%5 0+0995 | 0-1010 00939 0-0939 0+ G891
6%0 0-0950 | 0-0916 0+ 0851 0- 0956 0- 0946
720 0-0898 | 0-0818 0-0838 0- 0870 0- 0905
785 0-0965 | 0-0810 0-0819 0+ 0862 00896
875 00931 | 0-0812 0-0840 0.0872 0.0818
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lable 6.16

Values of;jh Lfor 1+5 in and 2 in Beds of oeries 1 rellets.

Mo in ned 2 in bed
& ' T t
4ot 50 ' 60 42.5 50 60

200 | 00970 | 1195 | 0-1346 | 040783 | 01147 | 0.1507
590G | Ge1000 | 0-1042 | 0-10863 | 0.0873 | 0.41021| 0.1000
450 | 00106 | 0e0976 | 0-1105| 0.0878 | 0.089C | ©.1062
S35 | 001044 | Ce G934 | 00949 | 0.0939 | 0.0845 | 0.0954
630 | G+u960 | Ce0Y17 | 0.0999 | 0-0829 | 0.0919 | ©- 0967
720 | 0+C666 | 0-09% | 00957 | 0-0758 | -0-C837 | 0-002
705 | 00763 | 0.0862 | 00938 | 00725 | 0-0829 | 0-0y33
G5 | 0.0830 | GeGS0G | 000861 | 0-0721 | 0.0045 | 0-0en3

the velues of Jh conformed to the pattern folilowed by
the corresponding heat transfer coefficients in tuat they were
indepzndent of the ceptiv of the pel.et bed and the cir inlet
Lenperature. However, wie factors decreased as lhe idir
rufe increased waereas bthe coefficients increased witin toe
alr rete.

Jne genersl heut truansfer relationsuip for the weiies

J.., for

pellets was derived by correlating the values of J.

each diying test witi the value of the ieynolds nuimder, =&,
for tuat test as described in appendix VIl. ‘he metiod of
couputing, the neynolds number is given in sppendix iv.

. . N . 3 3 o 3 " . { L
Ihe following expression, which is sghown 1n rlg. ©.o,

was obtained:
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Jh

0+729 ke

0-32

‘he average deviavion of the experimental values of Jh

from this ecuation was 6°Zu.

ﬂd factor.

1t cun be seen from Tables 6.17 and ©.18 that the

values of jd followed the same pattern as the corresponding

values of Jh' 1t was found that the ratio of jh/jd varied

from 1+1Y7 to 129, the average value being 1°+25.

Values ol

Table 6.17

dg

for 1 in Bed of Series 1 Fellets.

t
G
55 42+ 5 50 5C ©0
500 0+ 0991 G- 0876 0+ 0803 0+ 1070 Cs 0001
5950 0+ 0888 0+ 0746 0. 0772 0+ 0803 O« 003
450 0+0891 00756 0+0710 0«07 G- 0825
555 0+ 0605 0+ 0807 0-0672 00785 G-0715
630 0-075& Q«0712 0= 0676 00784 00700
720 00704 0« 0660 0+ 0084 00710 00725
785 00750 0+0636 00659 0-07C G018
875 0074 0-0052 0-0667 0-07CY 00655
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Table 6.18

Values of Jd for the 1.5 in and 2 in Beds of GSeries 1 Pellets.
15 in beds 2 in beds
G t t
42 5 50 60 42-5 50 €0

400 0- 0978 0. 0955 0+ 1075 0- 0783 0. 0928 Os 1042
%20 O+ 0805 0O+ 0846 0. 0875 0+ 0705 0. 0822 0. OB45
450 0+ 08615 00739 0+ 0885 0+ 0709 0+ 0716 0. 0848
5%5 0+ 0891 0- 0756 0- 0778 0- 0769 0- 0681 0. 0729
650 0+ 0766 0-07%6 0+ 0802 0-067% 0. 0743 0-0778
720 0+«00%0 00754 60770 0-0610 0-0676 0-0726
785 00683 C-0700 00750 0-0579 00671 0-074%
375 0+06067 00730 00688 0-0575 0+0666 0045

she pener.l mass transfer relationship for the oeries

4 pellets was obtainea by correiating the values of jd with

ie as aescribed on |

da

“oe 55

P

0450 e

to give the expression:

-0-29

Lhe experimental values of J, deviated on average by 6:1i

ifrom the ¢bove correlavion.

Iite 0.6

The correlation is shown in
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0.2 beries‘2 Pellets.

lhe dimensions und piysical properties of the pelleits
are ,iven in Teble 5.1 on page 3.

Dryinb Tests were conducted in the 12 in square basket

using the followin,, conditions of Wy and t:

Table 6.19

Values of W, and t for Series 2 FPellets.

:
AL 55
(1 in layer) 42.5

50

00

o4 50

(2 in layer) 60

at each ievel of WB and t, tests were carried out
using the values of G given in vection ©.1 on page 33.

The effect of repeated use of the pellets on tneir
drying characteristics was determined by performing duplicute

tests in the 1 in oec@ using an «ir temperature of BOOC.

6.2.1 Constunt Urying Rates.

Values of Né,-derived according to the procedure
described in wection 5.4 are given for the 1 in ved tests
in Table 6.20 while Table ©.21 contains the values of ué

from the 2 in bed tests. In these tests, inlet teaperatures



29

were restricted to »0°C and 60°C as the air leaving the
ved approcéhed saturation at the lower temperature levels.
in the 1 in ved tests, drying occurred so rapidly
when using, tie nichest air rate and emperature that the
value of Né could not be determined accuracely. The
length of the constant dr&ing rate period in the otner tests
vuried from approximately 3 minutes to %0 minutes.
s8 the correspounding values of Né obtained in the
duplicate series of tests were very similar it was considered
tnat the drying churacteristics of the pellets did not
wlter with use.
Tnebarying rates showed the same characteristics as

veries 1 peliets and conformed with the accepted drying theories

Table ©6.20

Values of Ii! for 1 in Bed of beries 2 Pellets.

t
G .

- 55 42.5 50 50 60
300 0.4%5 0550 O« 754 0.718 1. 000
390 O« 494 0. 674 0.925 O. 843 1.109
450 0. 622 0. 781 1.038 | 0-976 1. 305
555 0.078 0. 895 1153 1+ 146 1.562
630 0. 844 1. 0CO 1. 385 1.32% 1o P46
720 0.932 1.137 1537 1.528 1.980
765 | 0.938 1199 1+ 599 1.670 2.13%2
875 1. 066 1+ 330 1.828 1+ 767
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Veriation of N! with .

the effect of G on Né was expressed in the form of
equation .1 and determined by the procedure described in
wection 6f1.1. Iiie values of the constants a, and bq glven
in Yuble .22 shkow tnat the exponent of G, bq, was
independent of the wir temgerature put increased with tne-
ved depth. Hence, an interaction exists between the effects

of G amd 4 on Né, wulch are shown in Fig. 6.7.

Table 6.21

Values of L' for 2 in Beds of Series 2 Pellets.

—

50 60

500 0. 345 0. 530
%90 0.539 0.670
450 0. 587 0.733
5%5 0. 687 0.888
630 0.758 1.007
720 | 0.906 | 1.092
785 0.996 | 1.209
875 1.142 1.000
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Table 6.22

Values of &9 and b1 for Series 2 Pellets.

“ t 3 b4
35 0+ 00300 - 0-87
425 0+ 00520 082
1 50 0+ 00755 0+ 81
50 0+ 00482 0-87
60 0-00898 0-82
av. Q&4
2 50 0-00170 0+94
60 0+00%25 0+90
av. 092

ber o2 Heat and nass transfer Coefficlents.

ine culculation oi tie heat and mass transfer

coelfilicients frouw the data coilected in the drying tewts

1s described in ap.enuix

1t cen ve seen i.ou
Lable ©.25, for the 1 in
2 in bed tests, thut the
ciaracteristics as taose
they were independent of

as 4 increased.

1I.

tae values of hg’ siven 1in
ped tests and in Table ov.24 for
coefficients shuwed the saue

of the Series 1 pellets in thet

viie

t, incressed with G but decreased
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Table 6.2%

Values of h  for 1 in sSed of geries 2 rellets.
O

by, 425 50 50 ©0

500 10 4 Qe 44 106 10+ 6 11+ 4
390 10+ 5 10+ 4 1240 10-6 105
450 15«4 120 1%.0 12-5 12+9
555 14+ 0 15.8 137 142 15.1
650 Toe7 145 1646 15.6 16-0
720 17+ 4 1642 177 17+6 18-6
785 | 1841 17+0 18.3 202 19.0
875 Gy 18+6 21 4 203

Table b.24

Values of h 1or 2 in Bed of oeries 2 rellets.
k=)

20 <0

500 6+ 57 7*29
490 Qe 42 8* 55
450 9-81 8+ 51
535 | 11.2 | 106
630 11+ 11+
720 157 109
785 154 159
875 17+C 1501
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Vari=atTion of h  wits .,
g

Jhie effect of #«ir rate on the coefficients was

qeteriined as desciyibad in oection 6.1.2. Lhe values of

constouts 8, and b2 of wmguation (6.2) are ziven in W' Dble

veeh and show that toe effect of G on h  depended on the
L ]

ilevel of w.

Table 6.25

Velues of a, znd b, for Series 2 rellets.

74 a2 b2
1 Q252 066
2 0108 073

Vo ristion of h_ with w.
5
A5 menvionea in oeocvion ©.1.2, the reductionsin the

were produced by er.ors

wn

values of b in tue 2 in ved tesy
o

in the driving forces used in the calculations of the

coeiilicients. The vi.lwes of hg’ which were modifieda for

the bed depth effect «u descrived in appendix 1Il, -re

civen in ‘rble ©.20.
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Table ©.26

Values of h' Nodified for Bed bepth.
5

50 ©0

300 | 10-6 | 11.1
390 | 11-3 | 10.7
450 | 12.9 | 12.2
535 | 4.1 | 4.7
630 | 15-6 | 14-4
720 | 16-6 | 15-8
785 | 18+4 | 17.5
875 20+5

ine modified coefficients were related to tihe .ir

Leve Dy tie egquation: ‘
n' = 0-39 Y27

nltnouZh vhie values of hé appeared to be similar to tuose
of h obtuined in the 1 in ved tests, an analysis ol variaice
was gar:ied out Lo find out if a difference existed ovetween
the regressions relatiny tue air rate and coefiicients &b
ceucn ved depth. rile results of the analysils given 1n
tuble ©.27 indicate tuoat there was no significant difference
between the valucs of b2' Furtnermore, the mesn values of
tne coeilicients for tine 1 in and 2 in oed Epths were almost

2 04 and 15.1 Chu/h £t° °C

identical beinyg 4.9 Chu/h ft
Tevpectively. nence the coefficients were indegendent of
tne ped depth and way tuerefore be grouped together to sive
the general expression:

-4
n' = 0.264 ¢°

o)

Lhe correlation is shown in Fig. 6.8.
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Table 6.27

in Value of b2 lor Series 2 Pellets.

Vulues of k  calculatved from the tests with the ieiiles X

£ peliets sre given in Tuble ©0.28 and 6.29.

Values of k  ior the 1 in Bed of series 2 rellets.

Table ©.28

source of Veriance Vegrees of | Sum of Mesn oum
Freedom squares of bquare: -

Coubined nmegression 1 O-475801 O+475601
vifferci.ce of negression 1 0001570 0-C01570 -
vombined sesidual 50 0+0373%59 O-0CC4y f
Total witnin roups 5z 0°*5147/%0 i
i ratio = 2410 i
i
Vulue of ¥ for significence at Swlevel of propbability = 4.0 7
”

[&]

t
Vg

by 42.5 50 >0 60
5C0 29«8 55 -8 41 1 5G «8 4t o3
350 59 Y 39 Y/ 46 2 41 1 40O o4
450 5146 | 450 | 498 | 465 | 486
255 o2 1 555 52 <8 PLIES 7S
©350 o2 5 55 3 o4 «0 00 -2 61 5
720 VARY 62-4 68 -2 03 0 G 8
785 69 +6 o4 6 69 9 73 4 755
875 80«9 71 0 81 8 &1 7
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Table 6.29

Values of kg Tor the 2 in Bed of operies 2 Pellets.

50 60

200 250 1 27. 9
290 38+ 0 329
. 450 358 | 32¢3
535 42.6 | 4046
650 |- 42.5 42.8
720 5242 41.5
785 590 53«2
875 63+ 6 573

4 coumpurison of the velues of h and kg for the overies 2
)

pellets snowed thet kg exnibited the same characteristics
as . and that the ratio of hg/kg for each set of conditions
was & _roximutely counstunt, the average value being 0.200.

Lffect of G on k .
=

The wass transier coefricients calculateu from the

1 in ved tests were correlated by the equation:

k, = 0%617 G067

wiile those from the 2 in bed tests were correlated by the

equation:
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wffect of o on kX .
o

the values oi ku for the 2 in bed tests, correctéd
for wne oved deptu efiect by applyin. the same factor as
wis wsed 1n che wodificution of the corresponcing values of
né aLe bi#en in wable w.50 snd were correlated with G by

the equation:

k' = 1457 GV o6
=]

Taple ©.30

Values oi k' for the beries 2 Psllets.
&

50 60

500 | 40-7 | 42-6
590 | 44.0 | 41-3
450 | 490 | 47-5
252 257 o6+ 2
620 095 052
720 | 633 | 59+0
)55 | 70-0 | 67-2
SV 79°5

) o

wince wie values of hg for the 1 in ved tvests ond

h' for tihe 2 in .ed tesus were indeoendent of oved ae th,
S

1t way ve assumwed vhut the corresponding values of k. and

b

k' will veheve similacly. Lence, these coefficlents were

S
wLouped to;eﬁher auid correlated with G to _ive the fo. iowin.
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relavionsnip wnich is shown in Fig. 6.9:

k! = 0.902 GOroH

o

Veces heut and hass wWransfer Factors.

Iihe values of Jh and jd were derived as described in

appendix 1I.

ih ractor.

Values of jh are given in Table ©.31 for the 1 in bed
teuts and 1n dabie ©.%2 for tae 2 in bed tests. The
factors ror tne 2 in ved were calculated from the modified
coeisicients.

Liie Jh fuctors were independent of the bed deptn and

@iy iniet temperature but decreased as the air rate increas:d.

Table 6.%1

Values of Jj, for the 1 in Bed of beries 2 Fellets.
h

t

55 42.5 50 50 50

500 01161 01075 01211 01200 | G-13501
590 0-0919 09913 0-10586 0;0916 0-0916
450 0-1025 0+0912 0-0988| 0-0956 0-0981
555 0-0885 0-0875 | 0-0866| 00900 0-0958
630 0-0905 0-0790 00904 0O<0c48 0+ 0868
720 | 00829 0-0771 0+0843% 0-083%8 00882
/85 00784 | 0-0737 | 00795 00875 00327
875 0-0809 0-0720 00837 0-GC813
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Tuble 6.32

Vulues ol Jh io1 une 2 in ised of Series 2 rellets.

50 60

500 01211 O+ 1264
590 0-Q044 00937
450 0+ 0983 0-CO34
555 | 0+0892 0:0935
©50 0. 0847 0-0782
720 0. 0792 0- 0750
785 00799 0-0761
875 0+0c02

Lhe general nect traunsfer mlationsnip for this veriles
of peliets was obtained by correlating the values of jh
apainst the Reynolds numoer as described in wsection 6.1.3.

The resulting correlation shown in Fig. a0 wus:

. . =0-Z
b, = 1017 ne™0"%
Tine average deviation of the experimental values of Jh from

X . /7
The above expression was 5+%0,

id ractor.

The values of Jd for the Series 2 pellets are shown
in Tables ©.%% and ©.54. The factors given for the 2 in
bed were calculated from the coefficients corrected ror

bed depth effect.
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Table ©.33

ior 1 in Bed of

series 2 rellets.

QL

t
a
o 42 5 50 50 60
5L0 | Ceis4o| 008521 00979 0 0950 | O 1057
5950 Ce CY1 0«C726 | 0.C847 | 0.0754 | C.074Z
450 Ce Cecs 0+C717 | 0079 | 00743 00772
535 Ce LS4 C-0713 00705 | 0+072% 00773
050 CeC/C 00628 | 00728 | 0+0685 O+ 069
720 C+C,/To 0-0619 | 00675 | 0<CoYo | 00705
765 GeCone 0-0,86 | 0+006%5 C-0715 0-Cc?72
575 O+ Cbcl 0+C580 | 0-0C6c8 | 0-06o7Y
Table b.34
Velues of j. for 2 in Bed of beries 2 Fellets.

t

(v
50 60

500 0+ C971 0+ 1015
590 0:0807 | 0-C758
450 0-0782 €+ C/56
535 0-0710% G-0/720
©30 0-0076 | 0°-Co28
720 0*0030 | 0-0587
785 0+0636 | ©-0511
875 0°-0648




Val

The Jd feevors conrorued to the same pattern as the
Jh factors.

Tne value of tue rutio jh/jd calculated from each
set of drying couditions ranged from 1.17 to 1.28 the
avera,e value bein, 1°25.

Uiie values of jd wefe correlated with Re to give the
following general mass transfer relationship for the woeries
2 pellets:

jq = 0783 ReOP
ihe experimental values of jd deviated by an average of

L

9+, irom the above correlation which is shown in Fi;,. 6.71.
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Cep werics H relletu.

Ine dimensions wnd physical properties of the pellets
are gilven in Table .1 on page 34, Drying tects were
curried out 1n uvhe 12 in square basket using the following

ilevels of WB ana t

Table 6.3%5

Values of WB and t for Series 3% Pellets.
WB t
5-78 35
(1 in layer) 42.5
50
c0
580 50
(15 in layer) - 60
7.86 o0
(2 in layer)

The values oi & used at each .evel of WB and b are
listed in wcection w.1. In the tests with the 1.5 in vew,
winimum level of t wes restricted to jOOC as tne aair
leuving the bed was cpproaching saturation «t lower levels
vl T. For a similur reason, the value of t used in th¢

R . . 3 g O’\
tests with the 2 in ped was 007 C.

LILE




oo onstunt uryin: nates.

Lhe values of né, which were calcuiated from tac

go.pcrimentiul dove as aescriped in wection L.4, are given

202 bice 1 1n wved of pellets in Table 6.36.

SLOWS e rfates ovl.lieuw with thne 1+5 in end 2 in oeds.

Table 6.36

Vizlues of ! for 1 in Bed of weries 3% Pellets.

Teble 6.5

s

55 42.5 50 60
300 O 542 0561 0+772 0 866
390 0619 0+ 735 0+ &81 1093
450 0+753 0+8%9 1011 1209
555 U841 1-008 1-156 1+ 500
620 G934 1135 1378 166
720 1-088 1262 1565 1-8%2
785 1146 1504 1.725 1+Gea
875 1-294 1459 1810 24155
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Table 6.37

Velues of N!' for 1+5 in and 2 in Beds of Series
A\

% Teliets.

v

G 50 60

1+ 5 in 15 in 2 in

bed bed bed
»C0 O» 400 Os 560 O 475
5.0 0. 572 0. 701 0. 578
450 0. 0662 0. 798 0. 681
555 0. 750 1-00% 0. 842
650 0«900 11286 0.929
720 1. 050 1. 210 1.028
705 1152 1421 1+198
&75 1257 1.53%8 1. 300

The results indicete tiiat the values of Né

the sawe pattern as vuose of the revious types

Variation of ' with G.
A

of

followed

veliets.

The relationsi:ip between Né and G was revreserted by

1ol

tlhe suue equation (6.1) as was used for tuie results of the

weries 1 and 2 pellets.

The constents a4 and b/l of the equation were calculated

: . . . o P L e
as described in woection 6.1.2, and are given in iuble 5.20.
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Lable 6.38

Values of a4 and b1 for Series 3 Pellets.

4 t a,l b,]

55 O- 00467 0. 83

1 425 0+ 003%71 0-88
50 0+ 00561 0«85

60 0« 00680 085

P aVe O' 85

15 50 000201 0+95
60 0.00256 0+ 94

2 o0 0+ 00205 095

The constant b1 was independent of t but increased from an
averaye value of 085 at the 1 in bed of 0.95 at the 2 in
bed. The variation of Né with G is expressed graphically

in Fig. o.12.

©e%.2 Heat and liass Transfer Coefficients.

The coefficients hg and kg were computed for each of

 the drying tests using the procedure described in Appendix II.

Qg cvoefficient.

The values of hg’ given in Table 6.39 for the 1 in bed
tests and in Table 6.40 for the 1°5 in and 2 in bed tests,
show that whereas the coefficients were independent of the

inlet air temperuture, they increased with the air rate but

-
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Jecireased as the ved depth increased. Similar trends
were Iollowed by che reut transfer coefficients derived
iroin toe testTo curcied out withh the Series 1 and series 2

pe.aetse.

Table ©.3%9

Velues of h for 1 in Bed of Series 3 Pellets.
&

55 42 5 50 60

%00 10+ 8 9. 75 113 1.4
%0 12+ 4 12¢ 1 12+ 7 12. 9
45G 1%+ 6 14e & e & 13- 2
535 15+ 8 160 1 15 2 10 1

650 18« 5 1 O 19+ 0 13+ 7
720 197 18+ 7 20«6 191

1| 19.4 | 22.8 | 19.7
675 | 21.6 | 21.5 | 231 | 19:9
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Table ©6.40

Values of h for 1.5 in and 2 in Beds of Series 3 rellets.

o)

5

1+5 in 1.5 in 2 in

bed bed bed

500 7+ 20 6+ 95 560
550 8+15 840 6+ 52
450 925 9+75 743
535 14+% 122 8e45
650 1%1 12+8 Q.82
720 1440 136 1146
785 151 151 1241
875 172 1745 12-8

Vuriation of h with G.
(&)

Because ol taelr independence of t, . tue values of
hg at each revel ol o were grouped tosetner auu subjected
witii the values of u ©o resression analyses to give
eupressions of the iorm of equation (5.2). The velues of
The constunts &, LN b2 in this eguation obl.inmed at cach
bed depth are given in Table 6.41.
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Toble 6.41

Voulues of &, and b, for beries 3 rellets.

4 a2 b2
i 1 0-22% 068
15 | .0-069 0-81
2 0062 0-82
[ -]

Variation of hg with 4.

i'he decrease in the value of hg as the bed depth
lacrewsei was also experienced by the coefficients evaluated
frowm the experimental data obtalned in the tests with the

werres 1 sud oerles < pellets. However, when the thermeal

adrs

1.

ivin,, forces, used in the derivation of the coeificients
for the tests carried out in che 1.5 1n and 2 in beds of

vellets, were correchb.w as described in Section 6.1.2, on

623

rioe 45, it was foudld that the new coefficients vere very

siullar to those uotulned in tae 1 in bed. The velues of

the wodiflied coefiicicnts, hé, are given in Tsble ©.42.

The modified coefficients were correlated with tne

ull’ rate to give the following expression;
e Q00
tor the 1.5 in bed, hé 0.289 G
n' = 0.260 697
6’

]

and for the 2 in bed,
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Table 6.42

Values of hé for the 1+5 in and 2 in Beds

of veries % Pellets.

t

G 50 60
15 in 1.5 in 2 in
ped _ ped bed
500 116 115 110
550 14- 8 1349 136
450 155 149 159
555 17+ 0 16-8 16e 2
050 145 8 189 ' 18. 8
7z0 20+ % 210 19.9
765 20 3 212 213
875 229 215 225

aliucuyh vhe velues of hé obtained in the 1.5 in und
2 in ved teubts were similur to .he values of h_ from the
()
1 in ved tests, the wpuarent independence of the coefficiintis
on the ped deptl wos checked by determining, waether the
exponents of &, i.e.. uhe values of b2, obtained in tie

correlations ol the coefficients at each oved depth varied

significently aia uy comparing the wean value of h_ at each
l&]
ved depti. ihe differences vetween the exponente were

te.ted by curryin. out an sanslysis of Variunce as described
in sppendix Vill. the results of the analyois, _iven in
Teble ©.43, indicated baat there was no significent aifference

among, the exponentse.
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Table 6.4%

ahalycis of Variance for Testing Dirferences

in Values of b2 for Series 5 rellets.

oource of Variance Degrees of | bum of Mean sun
‘ . freedom squares oI sguures
Combined negression 1 0538028 | 0536228
Difference of negression 2 0001888 0000949
Combined mesicual 50 0018466 | 0000369
Total wituin groups 53 0559292
F r.tio = 20
Value of ¥ for sipnificance at 5% level of probability =
5ec

ihe mean values of the coefficients for ewcn ved aevitn
2 On

were very simiiar, bsing 16¢% Chu/h £t° “C for the 1 in bed, 18

2 0.

17-2 Chu/h £5° °C for the 1.5 in ved wnd 17-0 Chu/h £t %0 |5

for the 2 in oved. fience the coefficients were independent

of the depth of the peliet bed and were, consecuertly,

grouped together anu correlated with the wir rate To, (:ve |

the rollowing relectionship, which is shown in rig. ©.710:

n' = 0.2y0 G992
=}

Eg Coefficient.

Ihe values of kg are given in Teble ©.44 for tne drying

te_ts conducted in the 1 in bed while the coefiicients
obtuined in the 1.5 in and 2 in bed tests are iisted in

Table 6.45. = Sl S
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Values of kg for 1 in Bed of Series 3 Pellets.
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Table ©.44

t
; 55 42+ 5 50 60
500 41-5 375 43+9 422
390 482 472 49-1 492
450 528 56¢0 567 50+1
555 00° 5 623 58¢5 61+6
630 705 ©9+9 72°6 715
720 754 720 797 740
785 813 726 887 765
875 857 82+9 898 767

Table 6.45

for 1*5 in and 2 in Beds of Series 3 Iell.ets,

Values of kg

t

G 50 o0

1¢5 in 1+5 in 2 in

bed bed bed
300 29-0 266 218
590 | 31-5 52+4 2544
450 351 582 28«7
535 442 467 324
630 510 49elt 28+5
220 5%¢8 52+6 IVIRY
785 579 D87 476
875 669 075 4947
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The direct relationship, between the heat and mass
transtfer coefficients obtained with the Series 1 and
veries 2 pellets, existed also between the coefficients
derived from the testswith the Series 3 pellets so that
the values of kg behaved similarly to those of hg. In

these tests, the average value of the ratio hg/kg wags 0.200,

Variation of kg with G,

The variation of the mass transfer coefficients with
the ulr rate was studied by grouping togcther the
coefficients at each bed depth and correlating the grouped
duta with the values of G in the form of equation (6.3).
1he values of the constants a5 and b3 for each bed depth

are given in Table ©.46.

Table 6.46

Values of a5 and b5 for Series 3 Pellets.

4 a3 b5

1 0.821 | 0-69
1.5 | 0:251 | 0-82
2 0-195 | ©-82
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Variation of X with .
153

rne mass transfer coeflicients in the deeper beds

were corrected for the error in the driving force used in
tne derivation of t..e coefiicients, by applying the same
factor as thwt used in the modification of the corresponding
newt transfer coeifiicients. Consequently at each set of
conditions, the ratio of the modified coefficients, hé/ké
was identical to tnat of the original coefficients. The

values of ké for tue 1*5 in and 2 .in beds are given in

lablie ©.47.

Table 6.47

Values of k' for the 1.5 in «nd 2 in Beds
=

of weries 3 Pellets.

t

G 50 00

" 1.5 in 1.5 in 2 in

bed bed bed

300 | 44-9 4440 36°9
390 56°9 558 530
450 587 58+6 o114
535 66°0 o4°0 619
650 731 722 759
720 777 80+9 770
785 776 827 831
875 VAN 82°9 875
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The modified coefficients were correlated with the
air rute to give the following relationships:
060
071

For the 1.5 in bed, ké

and for the 2 in ped, ké

150 G
0-735 G

As the values of hg for the 1 in bed tests and of hé

for the 15 in and 2 in bed tests were found to be
independent of the bed depth, the corresponding values

of kg and ké were also assumed to be unaffected by the

bed depth. Lonsequently, these mess transfer coefficients
were grouped togetuner and correlated with the air rate to
give the expression:

66

O'
k' = O' 89 G
g 9

This is expressed graphicually in Fig. ©6.14.

L.%.% Heat and liass Transfer Factors.

The derivation of the values of jh and jd are

described in sppendix I1.

ih Factor.
Ihe heat transfer factors derived from the 1 in bed
tests are given in Table 6.48 while Table 6.49 contains

the factors calculated from the 1¢% in and 2 in bed tests.
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Lfable 6.48

in Bed of Series 3 relletbs.

[ep]

25

4o 5

L

50

60

0 1250
0. 1088
0-103%9
G- 1002
0-0993
0-0935
0.0919
00655

0. 1106
O- 1064
0.-1132
0-1020
0-0975
0.0887
0. 0844
0.0838

0. 1292
O 4118
0-1130
0.0908
01033
0-0983%
0.0988
0-0903

0. 1298
0. 1134
0.1008
0.1021
0-1016
0.0907
0. Cooh
0.0771

Lable 6.49

Values oi‘j}l for 1.5 in and 2 in

beus of ceries 3 rellets.

00

>0

1.5 in
bed

1.5 in
bed

2 in
ned

500
250
4,0
050
o0
720
765

01515
0-129%
0+1179
0+1082
0+1021
0+0965
0 -085%
00895

0+151C
01220
01159
01075
01017
00997
00925
0 +06%9

01242
0-1195
0 1224
01021
0 1024
0 «0949
0+0yzh
0 «0622
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1ne factors beuwved similarly to the values hg and
né wuica they were comouted in that they were independent
oi the wepth of lne pellet bed and of the inlet air
temperature. nowever, they differed from the heat transfer
coeitiicients in that they_decreased as the air rate increased
whereas ocne coefiicients increased with the air rate. |
1he general heat transfer relations for the Series 3
pellets was der.ved by correlating the values of Jh with
tue corresponding keynolds numbers re, as descriped in
cection ©ele3. 1he iollowing general correlation which is

siowin in sig. 0.1 was obtained:

dp = 0-932 we™0"30
ihe average deviation of the experimental values of Jh

from this correlation was 4°*0we.

id ractor.
‘he values of jd computed from the 1 in bed tests are
suown in Tuble ©.50 while Table 6.51 contiins the vualues of

Jd derived from the 1.5 in and 2 in bed tests.
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Table ©.50

Values of jd for 1 in Beds of Series 3 Pellets.

t

25 425 50 60

300 0+ 0988 0- 0892 0. 1050 0. 1030
390 0. 0885 O» 0865 0- 0902 0. 0900
450 0. 0842 0. 0891 0. 0904 0. 0800
535 0. 0806 0. 0829 0. 0781 0.082%
050 0-0790 0-0793. 0-0826 0.0813
720 0.0749 0. 0715 0.079% 0.0737
785 00737 0. 0659 0. 0806 0. 0694
875 0. 0683 0.0676 0.07%4 0.0627

Table ©.51

Values of ji for 15 in and 2 in Beds

of Series % Pellets.

t
G 50 60
195 in 15 in 2 in
bed bed bed

500 0° 1069 0+ 1048 0+ 1091
390 O- 1045 0- 0984 0+ 0970
450 0+ 0936 0+ 0934 0- 0987
535 00880 0+ 0860 0+0825
630 0038350 00820 00839
720 00772 0+0804 00765
785 0+ 0706 00750 0+0753%
875 0+0716 00677 00688
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i'he mass transfer factors showed the same characteristics
as the heat transfer factors; namely, they were independent
of the ved depth and air inlet temperature but decreased
as the air rate increased.

The value of the ratio jh/jd, derived from each set
of test conditions ranged from 1.22 to 1.28, the average
value being 1+24.

The general mass transfer relationship for the Series
3 pellets was obtained by correlating the values of jd with
ne. The resultinyg correlation, which is shown in Fig. 6.10
may be expressed mathematically as:
jq = 0742 ReTOT2®
The average deviation of the factors from the relationship

was 4°+2%.
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L.4 weries 4 rellets.

the pellets, wnose uilmensions and physical properties
are piven in lable ».1 on page 54, were the same diameter
as the oeries 1 pellets but were 0°210 in thick, compared
witn a thickness of 0+101 in for the Series 1 pellets.

ln tiie tests winich were carried out in the 12 in squére

basxet, tiue values of WB eand t were as follows:

Table 6.52

Vualues of WB and t for beries 4 Pellets.

WB t
2*5 25

(1 in layer) 425
. 50

i'he values of G used at each ievel of t are given in

wection ©.1.

b.4.1 Constant LUrying rates.

The values of mé obtained in the 24 tests are given
in Yuble ©.53. ine derivation of these quantities is

described in cection H.4.
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lable 6.5%

Values of I' for 1 in Bed of Series 4 Pellets.

s

N
35 | 425 50

500 O- 64 0.85 O 94
390 0+ 80 102 1-18
450 0+ 88 120 145
535 1-05 1+ 36 153
630 123 1+58 1+69
720 1+ 38 1-68 1+99
785 1453 1-8% 214
575 161 2+00 1+23

The length of the constant drying period in the tests
covered a ronge simiiar to those of the other three overies

of pellets.

Variation of ué wiih G.

The effect.of G on Né which is shown in Fig. ©.17
was expressed in the‘form of equation ©.1 as described in
cection o4 Values of aq and b,I are glven in dable o.H%
and show laat the exponent b,I was independent of the level

ef ©.



CONSTANT ORYVING RATE (lb WATER [Ib B.D.S fi)

FIG 6.17
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Lable o©.54

Values of al,l and bq for Series 4 rellets.

t
55 4245 50
49 0.00%92 0.00895 000931
b,l 089 0-80 0.81

Celbe2 Heat and iass Yransfer Coefficients.

Lne values of hg and kg, calculaved as described in
~ppenaix 11 sre given in Tables 6.55 and ©6.56. The
coefiicienbs showed the sume chcracteristics as those
obtvained wita the ouner oeries of pellets:

(1, hg and kg.were airectly relatec, tne averuge
value of hg/kg for each set of operating conaitions
oeing 0°200

(z) hg and ké wncreased with G-

(5) hg snd k were independeut of t; (the lower

o
volues obbuined in the tests with sn inlet air
tewperature of 5000, were caused by an increase
of ap.roxiuwctely 15 in the huwaidity of thne inlet

sir in these tests).
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fable 6.55

Values ol h  for 1 in sed of weries 4 rellets.

©

1 35 42.5 50
300 | 12¢3 | 119 | 100
390 | 132 | 12-2 | 116
450 | 143 | 149 | 131
555 159 156 132
030 | 19¢1 | 8.2 | 155
720 | 19¢2 | 188 | 182
785 | 20-4 | 2043 | 18+9
575 | 21-5 | 21-9 | 191

Table ©.56

Vaiues of k  ior 1 in Bed of veries 4 rellets.
=]

35 42.5 50
%00 482 45.6 384
540 512 4649 4467
450 54+ 6 57+0 00-2
535 610 60-8 50+9
630 7%+0 7041 590
720 7348 687 697
785 79-0 749 72+9
875 828 8l 3 72+9
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~ffect of G on h  and K .
() S)
Lthe relationsuip between hg and G was investigated
furtiner by ¢roupin, all the h  values together and subjecting
o
tael to a regression analysis to glve t.ie expression:

n, - 0-384 U000

Lhe corresponaing expression relating to kg to G was:
k= .47 G929
&
lihese eXpressiovns are shown in Fig. 6.18 and 6.19.

.45 reat and Lass “ransfer Factors.

The values of Jh and Jd’ shown in T:bles ©.57 znd ©.58
were calculated as described in appendix I11. 1he average

value of the ratvio jh/Jd was 1.24.

Table ©.57

Values ol Jh for 1 in Bed of vweries 4 relletis.

t
55 42.5 50

500 01595 01357 01157
590 01157 0°1065 01016
450 01089 01140 0.0993%
555 01007 | 0-1000 0-0857
6350 01055 0.0977 00841
720 0+0913 00892 0-0865
785 0.0884 0.0885% 00819
875 0.0840 0.0853% 00746
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Table ©.58

Values of jd for 1 in Bed of eries 4 Pellets.

t

55 42+5 50

300 01148 0+ 1086 0+0915
390 0+ 0936 0+ 0858 0+ 0819
450 | 0-0870 0° 0917 0+ 0801
535 00812 0+ 0810 0+ 0679
630 0+ 0829 0+ 0796 0* 0674
720 00733 0° 0687 0+ 0693
785 00717 0+ 0686 0+ 0662
875 0+ 0676 0+ 0688 0+ 0596

ihe transfer factors behaved in a similar fashion to
those obtained with the other types of pellets in that they
were independent of the air inlet temperature but decreased
as the air rate increased.

"he general heat and mass transfer relationships for
tnis type of pellet wére determined as described in Section
0e1.3. The relationships, which are shown in Fig. 6.20

and ©6.21 may be expressed as:

-0-39

1.914 Re~O*H7

1.242 Re

il

In
and Jd

1]

'he experimental values of jh and jd deviated on average from

the respective correlations by 6°0% and 7°0k.
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L.2 Comparison ol iransfer Kelationships.

Lne neat trunsfer relationships derived from the

tests carried out with the four jellet sizes were:

veries 1 dy = 0-729 Re™032
weries 2 iy, = 1.017 we 0" 37
weries 3 jh' = 0.932 Re~0" 30
ceries 4 Jy = 242 we™0 39

Cowparing the values of the exponent of the Re,nolds
nuwbers, it 1s appacentv that, although the exponents range
frouw =029 to -0.%2, the values in the correlations for the
siicllest particlies, (oeries 3) and tue largest particles
(veries 2) are velry siumilar, being -0°%6 and -0+37 res,ectively
ana that the exponents for the intermediste .ellet sizes,

i.e. wmeries 1 ana weries 4 pellets, lie on either side of

tnese values. nence 1t may pe assumed tnat the exponent

0f tie neynolds number i: independent of tine size of particle.
thereiore, a simple comparison may be wade by aveleplng

the four exponents and using the wean exgonent to recalculate

each comnstant preceaing tne Reynolds number. ‘‘he four

correlations then become:

veries dy = 0-8% ne™0" 22
Series 2 i, = 0-940 xe™0"?
Series 3 dpy = 0-862 xe™012?
Series 4 iy = 0.982 ke 027

It can now be seen that the new correlation for the
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oeries 71 pellets is 4, greater than that ior the Series 3
pellets but 5w lesw vhan the correlation 1or the eries 2
pellets. «85 these values are within the standard deviation
of 0.2 of the ori,inal correlation for the weries 1 pellets,
it 1s considered tuat the differences petween the
correlation ior the series A pellets and the correlations
1oL tue veries 2 and weries 3 pellets are due to experimental
error.
oimiiarly, the uiiference oetween the correlations for
the weries 2 and oeries 4 pellets is within the standard deviat:o
of elther oi the vri inal correlations and consequently tnis
clfference may also be accounted for by the experimental
variance.
hience, 1t may be assumed that tnere are no significant
difierences vetween tie four hect transfer relavionships walch
uay oe couwbined to pive the ioilowing general correlations
with a stendara deviation of 5-9p:
i, = ()-C)oon'e‘o'55
»S the neat «nd wass transfer factors are airectly
relaved to each otuer, a similar procedure was foilowed in
couparing, the rfour wass transfer relat:onsihips which were
combined to _ive the followin, correlation:

Jd o= O'Or{8 ne-054

The stundard deviution of the above expression was 0° . The

overall correlations are chown in Fig. 6.22 and ©.23.

T
Tia I o
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0.0 Discussion.

0ol vonstant Jr,in., nate.

altoousn 1t 18 ccuerally accepted that arying rates
al'e lucreaseu Ly reducing the parvicle size & the material,
tue constaut drylng rates did not conform to this pattern
wuel they were put on a comparadble vasis for each peliet
slse Dy exyressing tnew in the units 1b water/h ft2 of peliet
suriace \h'é/. ls seeiws to suggest that there were
ouvuer wicontrolied factors in the cystem which influenced
vie woyln, rates more than the particle size but it is
apparent from tane wmean volues of N'é glven in Table ©.59
Ior tue 71 1in pdeds of yellets that the slowest rates were
obtaluneu with the ceries 2 pellets which were the largest
rarticles. in every vther respect, however, the rates

conforuea with est.biisned drying theory.

Table ©659

Iiean Values of N'' for 1 in Beds of rellec..

rellet [
oeries Jlaueter - —
(in, 55 42-5 50
1 O-406 0-213 0-275 0+ 329
2 0-500 0201 0sz52 0+526
3 0312 0227 0+263 0-550
4 0406 O-245 0+510 O+ 354
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urying, tests conducted with beds of pellets of
uwiffering cross—sectional area showed that the drying rates
were not affected by uvhe ratio of bed area to pellet size.

it is seen from tubles 6.4, 6.22, 6.38 wund 6.54 that
the exponent of ¢ in the coirrelations of Né with G was
independent of tie farticlé size but increased as the bed
depth increased. Liis intéraction between tne air rate
aua wed depth uas .ied to values from C<49 to 0-89 being
reported rior the expunent in the literature and it is
possivle tnat a velue of unity way be obtainea wihen tne zir
DECOles Saturatew .iocuin v.e bed so toat tue cxyin_ ruse _s
inaeyendent or vue ved uepth end depends soiely u.on ae
conuitivi:s of the alr entering tne bed. ieefeiore 17T Is
eviacnt vuat experiumentcl aryin, tesvs c.vering a wide raw e
of ved loawlin s wua «ir conditions sn.uid ve perioriued

beilvre dryin, rates con ve preuictel accurately.

DO, 2 heat anu fiasw Jransfer voeificients.

& comparison of the transfer coefficlents evaluated
from the experimentul dauta indicated that they were
independent of +the iulet air temperature, increasea with Lhe
alr rate but decreased as the depth of the pellet bed increased.
Luls reduction wes caused by the actual driving force
differing from une lo,arithmic driving force used in tue
derivation of the coefficicnts and disappeared when tne

coefricients obtained in the deeper beds were wodified by
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applyin, a correction fuctor which consisted of the ratio

of the area under the logaritimic mean curve to the area
under uvhe curve aruwll through the easured outlet temperatures
at the inverinediute ved depths. Hence it was evident that
wore trausfer was occurring tuan that corresponding to the
concitions represented by the logarithmic mean driviﬁg force.

In most of tThe ueat and wass transfer studies reported
in tone litverature, the transfer coefficients were independent
ol ved depth even allnoush they were evaluated using the
logeritamic wean dariving force. However, the air conditions
covered in those sgtudlies were not far removed from aubient
cuniultions so tuat tie transfer rates were slow aud the
prollie of tvhe experiuwental driving force would be relatively
flat and ap.roxiumcie to tne logurithmic mean curve.

However, in the uresent study, high transfer rates were
obtained so that the ratio of iniet to outlet driving forces
was often as great as 10:1 and the difference vetween the
logarithwic ariving force and the actual mesn driving Iorce
Was as muéh as 40, 'hese observations are in agreeument
Witii Une results oi wsradshaw and nyérs55 who recouwuended thet -
tue loparithmic wean driving force may be used satisfuctorily
Ior evaluating, transfer coefficients provided that the ratio
of inlet tvo outlet driving fortes is less than ©.

Comparing the values of tine neat transfer coefiicients
derived for each pellet system, it was found that the

coefficients decreased as the particle size increased, tiue
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avera e values ran in, from 14.8 Chu/h ft2 °C for the
largest poliets i.e. oeries 2 to 17.0 Chu/h ft2 °¢ for
werLies 9 whicn were uue suallest pellets.

tne values of tie retio of the coefficients, hE/KT,
ror exch drying test was found to be constant; th. avers e
value, of 0«260 of the ratip hg/kg corresponded to the value
of the constant in the equation relating the humidity of
the air to the wet bulb depfession of the air.

ihe exponewnt of & in the correlations of the unmodified
coefiicicuts with & was found to increase with the ved depti,
e values ran_in, from 0«60 to 0+75 for t.e 1 in bed tests
cotl Lrow 0473 to Os05H for the 2 in ped tests. This inter ction
petween the alr rate ana ped depth disappesared when the

coefiicients were coriected for the error in the driving furce.

0 0.5 lieat snd wnass Lransfer Factors.

‘he values of tue factors conformea to the pattern set
by trunsfer coefiicients from wanlich they were eveiustod in
Tiat tuey were inde_esndent of the alr i.let tew erobire and
depth of tne Lellet veu but decreased as the pellet size
lncreased. nowever, byvvirtue of their definition, the
fuctors deoreésed as the air rate increased wnereas the
Cvefficients increased witnh tie air rate.

Lhe value of the ratio jh/jd was aporoximately conct:nt
for all the drying tests, the average vulue being 1.24.

- Value is considerably grecter than values of 1.06 to 1.12

Teported in the literature. Ideally, for a direct analoyy
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between neat and nass transfer the ratio should have a value
of uuity, but some oi the conditions, which must be satisfied
for attainment ol the direct anslogy, are so limiting that
tiaey are aluost imgracticable. To give an example, it is
eosentlal for an exact analoypy that the mass transport and
tuereiore the driving force be as small as practically
possible becamse, at unlgh transfer rates, the velocity profile
in the gas filw across which transfer is taking place becoues
distortea aua tnereiore tue mass transfer coefficient is
dependent on the rate of mass transfer.

in the presecat study the relatively high value of Jh/jd
1s tnou,ht to ve caused primcipally bu the use of the coastant
J+200 in the sir huwidity wet bulb depression relationship as
the values of this constent determines the ratio of the
trausfer coefficients frow wnich Jj, and jg are derived. 1f a
constant of O.24 nad veen used in the humiaity equation as is
sometimes recoummended, the ratio of hg/kg would also liave
becoue O+24 and the ratio of jh/jd would nave aropgced to a
value of 1+12 which was -obtained by Bradshaw and liyers, their
value of hg/kg peing Oe«243.

A small heat loss by radiation from tae sides of the
drying chamber may zlso nave contributed slightly to the nign

Values of Jh/jd found in the present work.
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D04 hupe HaCtor,.

1the jd factors obtained in the tests were used to deteruine
tie whape or ares avallabdi.itbty factorfwhich was introduced
originally by uupta and ’i‘hodos55 to correlate in general

relationships, neat wna .iass transfer data from diverse

racied ved systeas. these relationships were:
‘E'jd 003500
— = F3ey b b 5 ® ® o 00 L]
7 [ 5 ] 55 ceee(B4.31)
M =190
: 0°322.
end €4, = TG 0 55 4,32
T; [j—E J 55 (4.32)
# -1°90

whe shape factor, which is defined as the ratio of
varticle surface availaole to transfer to the surface area of
a sp.ere iaving the sawe volume as the particle, was evaluated
by cubstituting the wppropriate values in equation (4.31) wiich

llay be rearrin,ea as:

o @]0‘55
F o= 333 §4¢ {[ y: 150 ceeeo (B33

i'he average values of’f , calculated for each series of
rtilets, are shown in Table ©.060, together with experimental
and theoreticel values of f" which were given by Gupta and -
riuodos for various particle shapes. a4 plot of Egg against
{E;;i] for the present experimental study is shown in Fig. ©.24

with the relationship of Gupta and Thodos.
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iable 6.60

Values of .

rarticle waupe ;fexp. j:theor.

oeries 0. 862

ceries 2 0°916
Tabloid veries 3 0807

oeries 4 0957

Average 0-872
opheies 1000 1000
Keguler cylinders 0 «865 0 <952
Cubes 0825 0 820
Farvition rings 1 24 1 24
naschilg rings 1 34 122
Berl saddles 156 148

rhe theoretical values of f given in lable 6.60 were determined
Dy TeKin, the aritumetic mean area of tune cases when the enbire
particle surface is avallable to transfer snd when all gropable
areas aie not avallavle to transfer. By virtue o1 its
deiinition, the value of J for spherical parviclies is unity.
Ihe calculation of the theoretical f value for the tabloid
periets requires a xnowledge of minimum peilet surfuce area
which may be available to transfer. althou h this area is
extremely difficult to compute as the surfaces of pellets are
curved, it is hignly probable that the area will occur wien
the pellets are packed one upon the other with their wajor

diameters in a horizontal or vertical plane.
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altaou,h 1t is perhaps more reslistic to compare the
expeslmental f value for the pellets with i1ts theoretical
vilue, 1t 1s nevertheless of interest to determine the
relation vetween the wverage value of f exp. for tabloid
pellets «nd the oiher f values given in Table 6.60. This
relation wey be evaluated by comparing the shape of the pellet
withiother particle shapes wacse j:values have veen determined
previously .

as the ends of a tabloid pellet nave a radius of
curvature wlmost three times that of the pellet itsel!, they
uay be considered to be relatively flat compared with the
Cyiluurical pody of the pellet and hence the snape of the
pellet wey ve likeneuw to that of an irregular cylinder.

altnough ah experimental f value for irregular cylinders
has not oveen reportea in the literature, it may be estimated
from tne exéeximental f value for regular cylinders by
comparing the cvneoretical jfvalues for regular and irregular
cyliuders. From tuls estiuste, the theoretical sanape factor
lor tabloids may pbe assessed.

in order to cowpare ﬁhe experimental shape factor of the
tabloids wivn the factors for other particles, the wmaximum
values of f , corresponding to a fluidised ved sysvem, were
calculated for the tabloid pellets, regular cylinders and
irregular cylinders wiich kad the same diameter and volume
as the tabloids. ‘ae values of f max. are given in Lable «.61
together with theoretical(f values for both types of

E,cylinders. ;
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Table 6.61
rarvicle vhape § maxy §theor.
ceries 1e22
veries 2 ’ 1+23
leapbiolid oeries 3 120
series 4 115
daving sauie vol. & diam as 31 138 0842
" " n n n " 52 1 ‘58 O .945
Cylinder " " " " " " S3 1.%6 0.938
n 1 1] n " 1] 54 /I .26 O .920
AVerasge 435 0.936
Cylinder kKegular 115 0.952

From lable ©.61, it can be seen tnat the sphericity of
the {.bloid particles lies vetween those of the repular and
irregyular cyilinders. 1t is also apparent tnat the value of
j:theor. for the irregular cylinders is less tuan tuat for
trne regular cylinders and nence it 1s reasonavle to assuume
tuat f exp. for irresular cylinders will ve less then the
corresponding f value of 0865 for regular cylinders.
assuzin, also tnat the difference ( § theor. - fexp.) is
the same for both types of cylinders, the value of J exp. for
irregular cylinders becomes 0°849.

Considering now the tebloid pellets, the minimum surface




106

area wulcn 1s accessiovle to transfer in a bed of tabloid
peliets will be »1i holy gre.ter than the corresponéing
ares in a ved of cylinuers as less surface will be covered
wuen the particies are .ac<ed upon eéch other. Consequently,
the experimental j value for tabloids should be slightly
srewter tuan the estimated f value of 0.849 for irrejsular
cylinders. The § value of 0.872 obtained in the present
tesus thus conformswith the pattern set by the other shape
factors.

in tunelr development of the shape factor, Gupta and
fnodos evaluated f values for various t,pes of partic.e on
the vasis that f =  1.00 for spheres; this assuues that
tile entire surface area of a sphere is available to hewt and
wsss transfer for both packed and fluidized beds. gowever,
1t is inevitable, that at points of contact between spneres,
soume surface area will be covered or be in a stagnant region
in w.ich the fluid medium will be saturated and no mass
transferred.

althoupn the proportion of inaccessible surface at the
points of countact will pe very small or perhaps even
negli ible for beds of spheres, it might becoume significunt
in peds oi oviaer particle shapes such as cylinders where there
may be lines of contact between particles instead of points.
This may’accbunt for the difference which Gupta and Ui.odos

found between the experimental and theoretical values of j?

. for packed beds of cylinders.
£ , ]
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Conseguently, a knowledge of this inaccessible area
would enable the area corresponding to minimum transfer
conagitions to be determined precisely. The corresponding
theoretical shape fuctors would then be more accurate and

the ,realiction of neat and wass transfer rates from the

senersl trausfer relationships more relisble.
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5

/e Conclusions

in the drying tesfs carried out with four sizes of
tabloid peliets, the comstant drying rates which were obtained
over a comprenensive range of operating conditions, conformed
witn the establisneda theory of through-circulation drying.

Lhe interaction, between the effects of the air rate
aud bed depth on the drying rates and hest and mass transfer
coefiicients, resulted from the aif becoming almost saturated
on ieavin, the deeper veds and it is probable that the
exponent of G 1n .he correlation of Né with G would nave a
value of wnity if the air leaving the vbeda was saturaved.
nence, as the expomnent of G depends on the depth of the bed,
it is expedient for experimentval drylng tests to ve performed
over a wide Iange oif loading and air conaitions before drying
rates cen ve estimatea accurately.

‘'he use of the logarithmic mesn driving, force in the
computation of neat and mass transfer coeflicients is
satisiactory provided that the ratio of inlet to outlet
drivin, rorces is small. If this ratioc is as hijh as 10,
as was experienced in the deeper veds, the actual driving
lorce, derived usin, the outlet conditions in the intermediate
bed depth, is apyroximately 30-40x less than the logaritumic
driving force and the coefficients derived from the actual
driving force are independent of the depth of the pel.et bed.

in such conditions, the heat and mass transfer coeriicients
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and factors for deep wveds way be computed accurately if
conditions at the intermediate bed depth are known.

+he general heut and mass transfer relationships derived
f.om taoe drying tests showed reasonable asrecment with
correlations reported in the literature.

for the tabloid ,ellets, the average value of 0;872 for
the area avallabiiity or shape factor f', introduced by Gupta
and tnodos, was found to lie between the factors for spherical
and regular cylindricel particles. A comparison of the
snape oI the tabloid pellets and regular and irregular
Cylindrical particles indicated that the experimental
value ror tne tabloid pellets conformed with the pattern set
by the theoretical and experimental;f values for the cylindrical
parcicles.

ihe values of f , given by Gupta and Thodos for various
particles shapes, were derived on the basis that F equals
unity for spaeric«l particles. This assumes that the entire
surface of a sphere is available to ueat and nass transier
in both pacsxed and fluidised opeds. although this is not
e8triculy tiue as some surface at points of contacts between
spheres will be rendered ineffective, the proportion of
inactive surface may perhaps be negligble for the case of
spherical particles but might becone significant in beds of
other _article shapes such as cylinders where there are lines
of contact between particles instead of points.  This way

account for the differences which have been found to exist
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between the thevretical and experimenval shape factors for
various varticies shapes.

Herice, it is considerea that further work, investigating
the proportion of particles surface area waich tuxes part in
the transfer operation, would be most useful an¢, in fact,
is essential for coeilicicnts and factors in this type of

neat ana uass tiunsfer to be predicted accurately.
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Lk, ROTarY  DRY.or

8. Introdﬁction

Lhe rotary aryer unas been developed from the rotary
furnace or £iln, wiich consists of an inclined tube, where
rotation moves i1its contents slowly along its lenght. urying
is accomplished by passing hot air or furnace gasses over che
material in the tube. A general discussion of rotary kilns
has peen published by Dickie54 and ?erry55.

the rotary dryer differs from the kiln in having internal
bafiles or ilignts to aglvate the material passing through
the uryer. hhany types of bafiles have been deésigned to
increase the contact between tne hot gases and material,
20327500 but simple radial flights are freyuently used.

ne wajority of the earlier dryers were comnstructed for
the treatuent of sand or lignite, but otaer applications
included the drying of sugar beet59 seaweed6O and inorgenic
Salts, pharumaceuticals, cork anu rubuer6q. Because the
rotary dryer is essenvially a continuous system, it is now
cowmonplace in industry, and present-day knowledge has been
advanced by its use in the fertiliser industry62.

lodifications of the rotary dryer, including the rotary
louvre type and steam tube dryers, nave peen developed. The
design and oéeration of the rotary louvre dryer, which is

basically a through-circulation unit, has been described by



112

bapple et E&.b)' s~ description of the steam tube dryer,
waich 1s « rotary dryer with steam tubes replacing the ilights

wnd ambient air passing throush the dryer, is given by Ferry.

6.1 lateirial ransport.

warly workers, iuvestigating the conveying properties of
rotary kilns «nd dryers, gave primary consideration to the
retention time of tne material in the tube. an alternative
criterion nas veen introduced by Ffiedman and Harshall64, who
propused that the volumetric percentage hold-up of the dryer
is ulie constant to be Ifixed for design purposes. Tinis is
deiined as the ratio of the volume occupied by the material
in tne dryer to the total internal volume of the dryer.

e wola=up and recvention time are related by tne

expression:

Ly #° o
e& = T , ceese(8e1)
where ®f = Tretention time (h)
L, = length of dryer (ft)
A! =  percentage hold-up
B! = feed rate (fta/h ft2 of dryer cross section)

Pais theoretical retention time is the average time of
Passage, and the actual time spent by individual material
particles deviates about this value. ‘‘his deviation is
luportant where heat sensitive material is being dried, =nd
Several workers 71 755 7%y 05, 66, @7’ have studied this

‘aSPGCt of waterial transport.

e st m e em e s
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the first Gata on retention times were obtuined from
tests on rotary «iluns carried out by Sulliven et al.68,

wuo derived the tfollowing eguation from their results:

000517 Loy3

o, = o Vg X ).....(8.2)
where Y = dynamic angle of repose of material (degrees)
bg = slope of kiln (ft/ft)
D, = diameter of kiln (£f%)
K = rate of rotation of kiln (rev/min)
L. = length of kiln (£ft)

Ginstling_gf_é}.bg independently derived the following
expression for predicting the time of passage throu;n a
rotary aryer:

0-00783 Ly

= cese(8.3)

]

0! —
In nod UR

Lguation (8.%) gives an estimate retention time 2.4 tines
preater then the value glven by equation (8.2) if a
representative value of 40° is assumed for the angle of repose.
a similar relationship was given by baemun7o, frow a
wathewutical anelysis of the likely paths of waterial through
a kiln. ‘fhese formulae, however, ¢ive misleading results
for low kiln slopes «nd cannot be applied to high loadings
in horizontal cylinders.

an important effect in considering material transport
in a rotary dryer. is that of the air stresm through wuich

the waterial cascades. 4According as the air flow is
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co-current or counter-current, the material will pe assisted
or retarued in its passaie. Consequehtly, bmith71 sugg.ected
tae constunt 0-00783 in equation (&.3) should be repiaced
oy a constant k wnicih varied from 0.0042 to 0.017 for
couwnver-curient aryers and from 0.C17 to 0-0058 for co-current
Aryerse.

krom a series of tests where optimum loading
conditions were used, i.e. where all the material was
cariied along by the action of the flights, Prutton ei

postulated tne relationsnip:

' _ k L .
eR - ____-ti___ + lﬂ'v 0....(8.4)
.n) n
d .
where ' = &ir velocity (ft/min)
w' = a constant, positive for counter-current air

flow and negative for co-current air ilow.
rriedman and harshall64 suggested that to maintain a

'const¢nt nola-up, the feed rate must pbe varied directly with
tue rate otf rotation of the dryer raised to some power .ess
tian one. From experimental data, they obtained tiue
relatiouship:

0294 ¥

4 = : ceess(8.5)

s [ ]
Sg 0 Dy

ror air flow conditions, the same workers preseited

tue expression:

X : X + m"G .0'..(8‘6)
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WL A = holid-up in dryer with air flow
" - " U " without air flow

G = w2ss air flow (1b/h ft2)

m'' = coustentv, depending on meterial being
positive for counter-current ilow and
negative " co " ",

it is imyortant to realise how loading of a dryer affects

its _erioriance. Low loadings may produce uneven
distribution of the cnécading méterial and consequent
sioit=cireuting of toe alr strean, whereas higﬁ loadings will
srovuce a bed of wterial moving along the bottom of the
d.oew by «£iln action.

1lowing for this loading effect in their theoreticul
consicderatiouns, wzemzn et §1.65 presented this formula for

hold-up in rotary dryers and coolers:

F L, \
.;\ = ) ) \, ,__;I\. rl"'“v) .Ot.(\r}l?/‘
Ax - 4 () - i
o Mo \ a

a constant varying from 2 to T de.endin

where a(a)

on w.¢ dryer loading

m''! a constant.

nis relation-hin was subsequently corrovorated by rorter
and wasson /7 for rotary coolers ran.ing from © to 9 ft in
dieneter. 1t gives a simplified representation of the domin it

Varisbles which iniluence nmaterial transport and skould be
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used as a 11rst approximation 6nly. For a more accurate
estimate of the rate of waterial transport, a step by step
derivation of the continuous transport distribution is
vecomuwended by uaeman62.

e above eguations should be applied only to maﬁerials
walch exhibit no appreciuble change in handling chafacteristics'
tarousnout the ienith of the dryer since Friedman and harshallo4
and o‘praulé/l reported anomalies with materials, whose flow

properties altered in their passage through the dryer.

.2 Healb snd inass Traunsfer.

This aspect of rotary drying has received intensive
eaclilaatlion Dy several workers 05,75,7%4,75, employin, varying
end complicated approaches in an elfort to find a consistent
and valid basis for design and scale-up.

Une of t.e main problems confronving workers in this field
is the accurate measurement of temperature inside the dryer.
altnoupn a satisfuctory metihod of determining material
temperatures has been developed by Friedman cnd harsnall64, no
similar reliable technique has been applied to tie weasurement
of tue wir tewper.ture gradient along the dryer. atlenpts nave
been made usin, a ailgh velocity filtered taermocouple but the
results obtained were erratic and non-reproducible. The
introduction of a probe into the dryer may be partially

Tesponsible for these inconsistencies since 1t alters tuae

steady conditions in the dryer.
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An average alr temperature at a point inside the dryer
canl ve estimated from a xnowledge of material moisture
contents and temperatures and inlet air conditions using
a ps,chrometric chart. rrevious studies have been based on
the assumption that the air temperature is constant along
<Ny single particle trajectory, but Saeman and hitche1165
reportea an ap,reciable difference between the air temperutures
at the top and bottow of the cascading curtains of material.

+he rotary dryer can ve considered as a multi-pass
heat excuanger and iiiller et g;.74 utilised this approach in

deriving the following equation:

« = 0187 (N - ) L0e0" A LLL.(8.0)
«w = heat transfer rate (Btu/h)
Nf = no. oi flights
A'J.‘HL = logarithmic mean temperature difference (°r)
Lhe logaritunwic mean temperature difference, however,

cannot be applied since the derivation of the log mean overall
therwal driving force is dependent upon:
(1) The heat capacities of both fluid and material
reinainling constant
(2) The neat transfer coefficient being constant
(%) inhe neat transfer rate peing provortional to
the tewperature difference.
In a rotary dryer, these conditions are not fulfilied and

this method of computing heat transfer rates is not strictly
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appilcable.

e
rriedman and Larshall/5 extended woik on the correlation

ol rotary dryer ,eriormance and snowed that dryer hold-up
exeltved a dominant effect on heut transfer. They also
iound that the ueat transfer coefficient in a rotary dryer
was inversely proportional to the diameter and suyested

the relatvionship:

.0-16 - '
. 10 G .
La = 0. 0.00(809)
fud
wneie Ua = uverall volumetric heat transfer

coel.icient (Btu/h ft3 of dryer volume)
£ie iorw of tuis expression was later confiraed by caenan
and uitchell65 ior t.e constant geometry and peripheral
sheii speed.
The efrect of nold-up on heat transfer was also
substantiacveu by vaewan and nitchell65, who suggested thav
the cascace rute i.e. the actual rate of discharpe of

waterial from the rli_ats, was a factor in the heat trausfer

rate. rrou ex,erimental data, they deduced the equation:
4.8

« = C(U.60+ 2.5e Lf) L, zxum.....(8.40>
wiere ¢ = Cascaae rate (ftB/f‘b2 min or lb/min)
= Xf ANf R
= 2x R(assuming contents cascade twice er
revolution)
X, = 1light loading (££2/£t° or 1b/ft)

radial flight dgpth (£t)
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Afm = mesn temperature difference (°F)

a general correlation expressing gas velocity effects
on ue«t transfer in direct heat rotary dryers was proposed
by ucUormiCK7b, anu experimental data from previcus workers
in tuils tield 05,74, 75 were used to verify the relationship.

the change in condition of the air passing through the
dryer may be represented by a curve on a psychometric chart.
nawaoute77 applied a wmwethod developed by Inaxumi78 for the
prediction of &@ir conditions during humidification to the
rotary dryer and derived a formula for the slope of the
teuperature~humialty curve on the psychometric chart. its
application is limited, however, since the treatment assuumes
viat the decrease in drying rate during the falling rate
veriod 1s caused by tine gradual decrease in the wetter surfacce
area and not by diffusional kinetics.

4 desi.n method, based on measureable quantities rather
than on ewpirical constants measured on other equipment, has
been described by rorter79. He considered the transient
heat transfer which occurs within the solid particles.

Considerations of residence time and Ifligpht desipn were also

involved in the design for heat transfer.

oharples, Glikin and Warne48 constructed a mathematical

wodel for either co—current or counter-current dryers -fron

equations describing the material transport and heat and

mass transfer in a dryer. The model, which was prograuued
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for stepwisve inte ration by a digital computer, was applied
to an industrial dryer by determining heat transfer and
drying rate coefiicients which made the inlet and outlet
coaditions of tiie model equivalent‘to the corresponding

conditions on the production unit.
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Jo suaruddNeNIAL HETHODS

2.1  Classical iietnou of wxperimentation.

the derivation of the empirical relationships discussed
yreviously appears to nave followed a planned experimental

proprauiue, which brownlieﬁo

calls the "classical metnod of
experimentation'. By tvhis method, the individual effect of
each factor on the sgstem is found by varying each in turn,
vhe reuwaining factors being held constant.

Lhis method asswies that the effect of each factor is
independent of the values of the other factors. when this
assuuption does not nold the factors are said to interact;
€eye  the effect of cnanging factor & from value By to value
Ay when factor b is neld at Bq, mnay be different from the
efiect of tue same alteration wihen B is held at B2.

another discrepancy in the classical method is that the
effect of each factor is determined while the reot are iept
constant at arbitrarily fixed values. If any of the factors
interact, the estimuated effect of each depends on the constant
Values chosen for the others. sn estlmate of the combined
eriect of all the fuctors will therefore be accurate only if
tone interaction is suull or if the proposed design values of
the various factors are close to the constant experimental
Values. 1f these conditions are not satisfied, gross
inaccuracies may be obtained.

The classical method cannot detect interactions between
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factors and conseyuently provides a modified picture of the

systeil. a cowplete investipation of the system requires the
efrect of a factor to be eveluated over a range of values of
the vuher factors in the systen. This procedure is followed

in the fuctorial wetiiod of experimentation.

v.2 ractorial liethod of rxperimentation.

in tne factorial method of experimentation, which was
developea by }.*‘isner&/l and Yate382 to analyse the results of
asricultural experiments, the effect of each factor is
aetermined over a ranise of values of the other factors.

rthe factorial approach is used in the preliminary study
of a complex process (o ascertain the dominant veriables and
the range over wnich ifurther intensive examination of the
variables should take lace. 1t i1s usually sufficient in a
prelimineiy investigetion to test two values (levels; of each
Laector; twunerefore in a factorial experiment to determine the
efrects of threé factors a, B and C on a process, ei_ht tesus,
covering all combinu.ions of factor levels would pe requiced.
venoting tihe lower and hi.her levels by subscripts 1 and 2,

tne Ltests would Dbpe:

The factorial wethod ensures a complete and compreinensive

study of a system and increased experimental sensitivity and

efficiency.
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Jeo Compuarison of tine Classical and Factorial iiethods

of .xXperimentation.

the factorial uetnod has four distinct advantages over
the clussical method of experimentation.

(1) +“he f.ctorial desigzn shows grester economy than the
classical apyroach in permitting more precise estimatiun of the
effects of factors for a given effqrt, since the results of each
test 1s us®d many times in determining the effect of each
ractor.

(2) wvince the factorial method requires tests to be
wade over a range of values of each factor, interactions
vetween factors can be detected; in the classical ap.roach, f
Glie possiblility of factors interacting is not considered. %

(5) ‘‘he conclusions, obtained from a factorial method, |
are valid over a much wider range of operating conditions
than those drawn from the classical method.

(4) 1The syumebricel form of the complete factorial
desipn provides an estimate of the experimental error without
the néed»for duplicsate tests; the aim, in tahe classical

apsroach, is to winiwise random errors and, conseqguently,

auplicate tests are required before the error can ve estimated.
These dirferences may be illustrated by applying both i

methods to a hypothetical experiment to investigate the

effect on a érocess yield of y changing three process

variables, 4, B, and C from their normal values 4, B; C,to




LOle New Values .i., D U
[t z [t

el Classical netnod.

A test 1s made with the factors at their normal levels

g By Gy tO find the yield (4, B, Cq) - obtained under
norsl conditions. Lo estimate the effect of changing

factor .. fiom ag to £y & second test is made with the
values n, , B, , G, to give ?he'yield (45, B, C,)y.  The
estimute effect of foctor a is the difference between these
flelds. vhus:

sfrect of » = (ap By Cy - (A,] B, C)y

wimilarly, the zffects of B and C are found by comp:ring

T -

e stanaard test witn tests £ 32 G,I and ag B,l Cé respectively,

,

quth.Of 5 = (aq By Cq)y - (A,l B, Cq)y

wfiect of C (Aq B, 02)y —»(Aq B, Cq)y

rrom these tests, however, no assessment of random errors
is possible and in order to ascertain whether any of the:re
efiects are real or uue to experimental error, it is n.cessary
to rereat eacn experiment at the very least, so tust ei_ht
tests umust be nmade. iworeover, the effect of change in meuns
is oniy eétimated on the basis of two results and these will
nov be Lrecise.

wuch an experiment gives no iniormation about

inteructions between variables and it is nccessary to maie

additional teéts to determine whether moving 5 from B, to

B, affects the change brought about by altering s from ..,

o : . Coh BTN ’
- " A%
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O L. anl 80 Ol

. e ‘vetorial wowniod.

L oihe fectoriad Zesi_n, the eight tests showm on
oo e sre sace. +0is experimental scheme can be
we, resented by the co-ordinztes of the corners of a cube,

e axes 4 e s, 3 -nd C.

B‘
A,'&Cz A2B,C2
418 Cype—— At
.
e
I P L
ABC, TA,BC, A

o~

in t.is case, the estiu te effect of the changing » from
to s is the c¢ifierence between the average yield of the
tests in tue e oirne (.e. the avera_e of (..,I q Cq2 T

(g 8, Csy end (g B, Colp) and the avera_e yield ol “ue

=

tests in the o, lane (L.e. the averase of (.., 31 C.uuy

N

(uz BB C,])’u«’ and (;‘ B,I ua, r and (4x2 5 C JY) . fids estiinn

ef ect of .o is indeyendent of the values of 3 »n¢ O used
since, o u first ap roximation, the changes produced by

and O verying, over ewch ulane cancel out.
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the main effects of B and C are obtained from
avera,ing over their corresponding planes in a similar manner.

This hypotineticul experiment illustrates the imumediate
advantage of the factorial design in that the main effects
are obtained as the difference between sets of four yields
instead of two yields as in the classical design of comparable
size. 1'his gives a umore precise estimate of the effect of
each fouctor and underlines the superiority of the factorial
cxperiment wnich lies in the fact that the result of each
vest 1s used many times, while only the standard test is used
moie than once in the classical experiment.

In audition to estimating the wmain effects of a, B and
C, tue factorial method permits a direct estimation of
interactions between factors. To estimate the interaction
between the A and B factors, the four yields in the C,l plane
are avers,ed with tie corresponding four yields in the 02
plane.,

ot (Aq B, Cq)y + (.A,l B, Cz)y = (nq Bq)c v
* [ ] 2

G indicating that the yields are averagsed over C.  The
four averages thus obtained are:

(s, B0 3 (4, BTy

(4, BT ¥ (45 B,)C ¥

he difference vetween the top row averages gives the

effect of changing a from &, O A, at B = B,, and the
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difrerence oetween the bottom row avera;ges gives the effect
of chanying a from 54 to Ao with B at B2. since each of the
four averages was the iwean of two tests, the experimental
error con be used to determine whether the effect of a at

Bq is significantly different from the effect of 4 at B2‘
(Lhe test of significance used is described under the

analysis of Veariance). If the two effecfs differ

significantly, s and 3 are said to interact.

9.4 asnalysis of Variance.

In an industrial process, large random errors may be
introduced by the operating conditions, which do not permit a
strict control of process variavles. This creates a problen
for a process eny.neer in interpreting the results of an
industrial experiment consisting, for economic reasons, of a
limitea numver of tests, since considerable sums of money may
depend on the conclusions drawn from the experiment.

There are, however, statistical tests of significauce
which, by analysing the experimental data, can distinguish
between real effects and interactions ana those due to
experimental error, and also indicate the prooability of an
incorrect conclusion.

fhe series of tests, which comprises the factorial
experiment, is so designed that the effects and interactions
estimated from the test results can be eflfeciently analysed

by the test of significance known as the "analysis of Variancc'.
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the theory of the unalysis of vuriance is given in several
stuatistical text books, ©3,84,05,86 but the principles of the
analysis sy de ouilined in the following manner.

the test resulis, obtained from the factorial experiment,
produce a range of values of the dependent variable, each
vualue corresponaing to a differenc combination of independent
variables. ihe scatter of these values may be measured by a
statistical quantity xnown as the "variance". In addition to
the total variance obtauined, smaller variances can be
atbtributed to the effects of various factors and to interactions
bevween tnem.  Varisnce, however, is an additive quantity
and the total variance consists of the sum of the component
variances plus a residual variance attributed, theoretically,
to a comglex interaction, which, for physical reasons, does not
exist of itself. Tnis residual variance, therefore, may be
used as én estimute of the experimental error. An estimate
of tne error wma, be obtained directly by duplicating each
test in the factorial experiment.

‘The method used to determine whether the effect of a
factor can be considered significant is to postulate that the
effect does not exist and then to ascertain the probability
of the observed difference between the variance attributed to
tuis effect wnd the experimental error varianqe occuring by

cuance. vhe significance of interactions between factors is

tested in a similar manner.
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1The differences between the two variances is calculated
by the ratio:

Variance due to effect or interaction
Variance due to experimental error

= F

and, from tables of F87, the probability of an equally

large value of ! occurring by chance (i.e. when there is no
significant effect or interaction) is found. In industrial
experimentation, this probability must be less than an
arbitrary level of 5w before an effect or interaction is
considered significant. There aré’hpwever, other probability
or significance levels, e.g. 10%, O-1%, which may be used
depending on the degree of certainty required by the

conclusions drawn from an experiment.

9.5 ‘The vcope of the Present Investigation.

i two-level factorial experiment is applied to the
drying of barley in a pilot rotary dryer and is used to examine
the effects of the rate and tempercture of the air, the rate
of rotation of the dryer and the feed rzte of the barley onk

the material transport and drying mechanisms in the dryer.
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10.  sarodidliiial, sBPranaTUs AND 1 OCEDURE.

101  wescription of the cxperimental fotary Dryer.

the rotary dryer used in tuis investigation is shown in
rig. 10.1. The drying tube, made of "kyrex" heat resisting
_lass, had an internal diasuweter of 5 in and was 40 in long.
o an.leda aluminium ilights fitted to the inside of the tube
were neld by brass rings at either end of the tube.

ihe drylng tube was rotéted by a pinion, which engaged
peripneral teeth on the ring at the feed end of the dryer.
1he pinion was driven throﬁgh a gearbox and three step pulley
by @ w.C. motor, which enabled a wide range of dryer speeds to
be obialned. |

'he wet material was fed into the dryer by a conveyor
belt system. Difficulties, encountered in the design of a
system to 5ivé a constant feed rate, were overcome by fitting
a drum with a wire amesh i,eripne‘r;)r into the feed stora.e hopper
situaved above the conveyor belt. This drum was driven by a
pulley from the driving shaft of the conveyor pelt, the whole
assemwbly peinyg driven through a variable "eromax" gearbox by

a constant speed a.C. motor. The belt, made of rubver,

dropped the wet material about 2 in inside the dryer and any

waterial, which, by reason of material gradicnt or air flow,

started to travel in the reverse direction, was lifted by the
flights and dropped on to the conveyor'belt;

Ei The dried product was collected in a large glass bottle,

s - ' ' minium shute
; Which was attached by a canvas sleeve to an aluminium
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under the dischur, e end of the drying tube.

1he feed ad discharge uieciianisms were enclosed in
chulnvers waae of “bindanyo"_wood fitted with glass fronts.

Lfne alr ilow, which was supplied by two variable speed
J.C. Tons, was wetered by a venturi tube situated in the inlet
ducting and assed through a'heating chamber to the drying
tube., Lageed copper ducting, which conveyed the Leated air
1o tue tube, wés coustructed to give either co-current or
cuunter-cuirent air tflows. In the yresent study, only counter-
current rlow was used. Variation and control of the air flow
was acvomplisned by adjusting the speed of the forced diwu it
fan turou h a potenviuvmeter mounted on the control panel.

ine frebsurertapyings from the venturi meter were counected
b0 &n inclined manometer wiiich was also situated on the anel.

48 alr ieaxs way occur in the end boxes,joints etc. , the

p e

venturi weter was éaiibrated agalnst a vane aneimometer placed
in tue urying tube. |

vhe heutin, cusmoer contained 2 electrical eleuments of
2 Kw, 2 0of 1 kw aud 1 of 0<5 kW, one of the 1 kw units beinyg
controllea by a "ounvic" taermostit positioned in the inlet
alr stream. e toermostat controlled in the inlet wir
teuyperature to T 0.25°C.

in order to minimise heat losses, which tend to be
important in a small unit of this type, a glass Jacket was

iitted voung the Garying tube, which was also lag.ed with

.ir was passeu into

asbestos roPé. 4 separate supp;y of hot
. FR |
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tue gaciket ond & un iolm temperature was provided by a high
shoed LL0DeLlelr lull.
wiie wnole unlt was mounted on a frame of slotted angle
irou, Le-inforced in places with a sheet material.  This
feciiituted the ulterution of the slope of the drying tube by
gaciing up une end of the frame and inserting calibrated

wooden wedieS.

1Ce2  BarprdlMeiNTali  WORK,

10ec el neasurement of Feed Rate.

Jhe feed rate wss weasured by coliectin; product samples
over selected tiuwe intervals. The samples were dried ana
welgned and tne feed rate calculated. This methnod gave
results with a variation of less than 2% and avoided any
possiniiicy of entviainment in the air flow at the feed end
uaviing any effect on cie value of the feed rate.

10.2.2 lieasurencut of haterial Velocities and loisture vountent.

o deduce the wctual drying, curve, mate.ial veloclties
at several points slong the drying tube must be x«nown. A
UWNlIorw meterial velocity under constant feed conditions implies
a uniform loading of waterial along the dryer. Tnis may not
occur if tue decrease in moisture content as tne matcrial
passes along the dryer alters its surface properties and odulx
density. In the case of vegetable waterials, the handling

caaracteristics are very dependent on moisture content and
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alteration in moisture content produces marked variation in

materizl velocities along the dryer.

Velocity at any point is inversely proportional to the

loading at that point and is given by the equation:

v, o= = eeea(10.1)
‘ L
where V, = velocity (in/min)
I = feed rate (1b B.D.S./min)
X = loading (1b B.D.S./in)

The loading inside the dryer was measured by inserting
a trough fitted with removable transverse sections, 1 in
between parallel fuces. The dryer was rotated until its
contents were transferred to the trough and the moisture conteat
and, hence, the weight of bone dry solid, of the sample
collected by each section was determined by drying the sample
in a vacuum oven. The accuracy of this method, which assumes
thut each section collects material in proportion to 1ts

length, was chiecked by bmith88, i¥g@

10.1.3% Lbxperimental Frocedure.

The inlet fan, jacket fan and hcaters were switched on
and their controls adjusted to give the required operating
conditions. The drying tube was allowed to rotate slowly to
avoid local overheating until the whole unit had attained

working conditions.

when these conditions had been reached, the tube was set
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to the desired speed, the feed nopper filled with wet material
.0 Lne couve,or o;stem energised. The system was adjusved to
give the required fecd rale and the dryer was operated
steautly unvil a constunt dischurge was obtained. i‘he test
was continued for twice the estimated retention time betore
any weasurements were tuken.

st the end of the run, ihe heaters and rFsans were switched
ofr and vue trough containing removable saupling sections was
lm.ediately inserted to collect the contents of the dryer.
wile contents ol each section were transferred to the air-tignt
sluminiuwn wel hin, disiies. vamples of feed and dried material
were wlso vwken end the moisture content of all the sanmvles
deTeruined by drying them in a vacuum oven.

Ltne wnold=-up of tune uryer was aeasured by drying and

wel hing vue envire contents of the dryer.

10.% laterial.

Barley pr.in appeared to be sultable for study in the
rotar, dr,er due to ivs wniform particle size and free-
1lowing properties. it is used widely in the brewing and
aistii_ing, .industiy for the prepuration of beer, wihisky and
Aalt products.

vehydration of barley for use in brewing is important
Waere even permination is desirable and a low moisture
content necessary for safe storage of the grain is reguired.

A typical chemical analysis of Earley is gkven as:

T~
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water 10,., cellulose v, starch and ocvher carbonydrutes 60,
i1pyias &w, Oother non-nitro,enous material 4., protein 10w

qud ash Jpoe

10.4 oelection of Varisbles to be 8tudied.

in the couplex Lotary drying system, there are eleven
prouinent and independent variables which may be divided
into two classes:

(1) woystem Variables.

These consist of the character and temperature of
thie material, and tine dismeter, length, slope, rli_ht
capaclity end number of flights of the dryer.

(¢, OUperating Variables.

hese are tine feed rate of material, air ilow rate

snu temperature, and the rotational speed of the dryer.

1ie first ciass of variables are usually fixed for a
particular dryer system while the second class of variables
may fluciuamve auring the drying operation. Consequently, the
experimental‘erxor in a papticular test is due entirely to
these fluctuations and not to any variation in the system
Variables. 1t scems more logical, therefore, to study the
effect o1 the fuctors whose operctional veriations account ifor
tue random error. Hence, the variables selected for study
were:

the feed rate of wet material ¥

the air flow rate

-
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rotational speca of the dryer
inlet tewmperatire of airflow

t+he efiect of euach varisble was

Fq = 5*0 1b v.vu.v./h F2
G, = 600 1bh £&° 6,
ﬁq = 8 revsuin ' R2
&= 1007 T,

2
T
studied at two levels:
= 575 1b 5.D.5./h
= 800 1b/h £t~
= 13 rev/uin

= 110°C

With a dryer slope of 1.7, these levels gave sétisfactory

ailierences in the value of the product moisture content and

avoiaed excessively long or excessively short retention times.
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E;OPeratins conditions and the moisture
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1Me  puwcUiio  wi LHe  ROTAxXY DRYIhg OF BaRLoY.

11.1 introduction.

In tiie study oi the performance of a rotary dryer, two
approacnes uway ue iollowed:

(a) 1lueoreticul approach.

Pnis apy.roach is concerned with the investigation
of tune conaitions existing inside the dryer. ‘hese conditions
sy refer to neat «na mass transfer between the solids and
.48 or to tune transport of the solids along the dryer.

(b) rractical approach.

This ap, roacih relates the operating conditions of

Tue dryer to a chiearacveristic propérty of the dryexr, which is
ol practical importuance. fhe final moisture content of the
solids in such a provercy, since it is usually specified in a
dryer deslglls

in tuis piogect, both approaches were considered; the
theoreticul aporoecn cousisted of the study of the solids
Lold-up and retveantion tiwe in the diyer whereas the oractical
apyoroach dealt with the moisture contunt prorile of the solids
along the dryer.

these approacies ey 0€ combined to define the o tirv
conditions of the dryer, i.e. the conditions which produce a
waximum drying rate. In addition, they way be incorporaced
into the design of a dryer, the retention tine gfrecuin: the
constraints which limit the ciioice of dryer aimensions ond

content proiile
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deteruinin, uie reguired dryer length for a specified product
wolsture content. +he retention time should be considered
witn tue «ir 1low rate and temperature so that tne waximum

soLlds teumperiture 18 not exceeded.

11.2 wpxperimentul Lest Programme.

wie effects of the four variables F,G,R and T on the
perforuaice of the rotary dryer were studied at the two ievels
o1 each factor piven on pages 135 and 156. The programue
o1 teuts was aesli_ ued according to the f:ictorial method of
eaperigentation, which reguired tests to be performed at all
colbinations of fuactor levels. In order %o &1ve an estimste
ol tae ehgerimental error, duplicate tests were carried out
and consequently a total of 32 tests were made.

Lo winimise the cnange of bias in the test result., the
Ttests were perforucd in a randdm order.

e results of & typicel drying test are given in
appendaix La.

MMe%  rnbonial  TRaliorUld  iawoUuio.

11.5.1 Hold=up of iwaterial in Dryer.

rthe experimental values of the s.lids hold-up in the
dryer, obtained from vhe 52 tests, &s described in wcectlion
10.2.%, are shown in rable 11.7, together with the
cor:esPondiﬁg theoretical values calculated from equation

(8.7), using a value of 0.002 for the air drift coeiiicilent,

Em"'. ~
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‘able 11.1

Theoretical Values
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ine thneoreticul .nd experimental holu-up values were

subgected to a regression aualysis to determine the

si_nificunce of eqguation (o.7) for the rrediction of hold-up

values. «ie mevhod of conducting a regres.ion analysis is

outiiuned in appendix V1l.

The results of the analysis,

oiven in Table 11.2, indicate that the correlation coefficient

is nlghly significent and, consequently, the exverimental

110ld-up values exhibit a linear relationship with the

theoretical values calculated from equation (8.7).

Table 11.2

repression analysis of mxperimental and

Ifneoretical Hold-up Values.

wource of Variance Degrees of sum of oguares
Freedom

bue to itegression 1 Y+ 206604

About «egression 50 Q4353481

Total 31 0+ 7C00L5

Correlation Coefficient r = 0965

From Tablesb/, value of r signific.ont at ;.
level of proecability =  0.554

11.%.2 lwaterial netention Wimes.

rhe experimental values of the retention tine,

Qm, of

naterial in the dryer are given in Table 11.3 wiich aiso

contzins the retention time, eem’ estimated from the malcrilsl
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. . )
i‘he deriv: ns of © ©
vations - and em

wre descrioved in sappendix 1X.

Lfable 11.3

Velues of em and eﬂm for the Rotary Dryin: of Barley.

lest Sm Gem Test Qm em
Conait.ons win min Conditions min | min
o o T 26° 0 26° 5 “ 2484 253
l/‘ \I/l .Ll./l .[\/I . L‘2 G,] R1 T/‘ L e -
£9°51 294 255 | 256
T, 505 30 4 o - 24 8 25 2
S T Y | Fo G 2 T N
500 299 251 25 2
\ . a4 12'5 ']2‘7 5 ,, " 136 (XS R
/l(_*_og 1/_‘..9 20-0 /1\:;.0
e I B I AN A B
151 1690 168 173
. 550 S0 o . 260 275
Fq Gy iy 1y o y ¥y Gs Ry T’] S e
o006 502 20+ e
L 2607 | 375 o a o oa | @807 | 200
o, . R, A % Fo Gy i, U
i “2 R2 Tq 209 220 F2 GE R2 Tq 29'9 75'4
' 157 | 163 207 02
216 210 2G"7 202

he effects-of the factors F,us,z and I on em were

deteruined by subgecting Lhe values of em from the %2 tests

an analysis of Variance as described in appendix Vi.
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rne analysis wab cariried out on the values of log,IO Gm
incteaa of em since, by tawxing loyarithms, the relationship,
aerived Irou the results of the analysis, mi ht be simplified.

e.,. if O = f(reu) +  £(FeT) ,
py takin, lo_aritims, the expression wmipht reduce to

1og, 8 =  £(¥6¢) + £@FR) + €D

oince uuplicute tests were performed in the factorial
experiment, the form of the analysis enabled a direct estimate
of wne <xperimental eriror uade, which was compured with the
effects of the various factors and interactions in order to
weasure their si.nificance. in the results of the analysis,
showi in deble 11.4, effects and interactions, sig niiicant at

tue 5,0 ievei of significance, are identified by an asterisk.
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iable 11.4

analvsis of Variance on Values of logqo gm

for tue wotury Urying of Barley.

wource of vegrees of Crude ouwn Lean sum
Vcriance. +reedom of wguares of sguares
R 1 0+ 002050 0+ 002060

u 1 0049928 O- 049926
I 1 0- 339900 0 3359900
i 1 0+ 002080 0 002080
&a 1 0+ 012482 0012452 *
o 1 0°* 053054 O+ 05084 *
R 1 0+ 007022 000022 *
it 1 0°+002bcs O 0L2soo
i 1 0°-000205 0000205
ol 1 0000046 0+000046
an 1 0+000008 0°-000C08
SR 1 0 +000760 0 +000760
Lt 1. 0000, 78 0 00075
uad 1 0 *000Y 4 0 00094
JRCIL 1 0 -CO0421 O -GL04
hesidual 16 0014087 0 +000419
Yotal 51 0492923

The «nalysis of Variance indicuted that the ru, rx and

o4 interwctions were significent. Ihe retention time ©  of

the waterial in the dryer may therefore ve derived from an
expression of the rform:
log,loem £(rq) + (&R + £(kw)

In order to simplify this expression and glve a sLetter
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wicerstanaing of tune wecunanism of wmaterial transport through
Lie Aaryer, rurtuer cnulyses were carried out on the values of
10510 eh obtained at each Level of the feed rate I.
rhese anulysis produced the following relatiousnips:
at &g, logyy O, = (@) + F®) + €O
L)+ W

at Yoy 10510 em

M4 laterial nwoisture vontents.

in studying tihe rotary dryer, there are several ueasurable
Juantitles waich characterise its drying performsnce. olnce
vhe robery aryer is a continuous system any time-based
cuaracteiistic, such as the rate of water evaporation in tue
deyer, is of secoundur, laportance to the moisture ceavect of
thne uaterial in tae aryer.

1he c.an_e 1n .aaterial molsture content along tie dryer,
produced by various test couditions, may be represented eit..r
oy tue alfference in mateyial moisture contert ovetween wwo
positions in the wryer or by the profile of the .ateiial
moisture content alon_ tne dryer.

vince a moisture content difference is calculated frow
two moisture contents determined experimestaliy it is more
susceptible to experimental error than the moisture content
prolile, wiilch 1s coiputed from a number of similar moisthire
coutents. Consequently, the moisture content profile was
seirected as a weasure of the rotary dryer's efficiency

. pbroviding that it could be evaluated in terms of a simple
b . .

&f actor. -
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Vo coustructing a proiile, by drawing a curve through
the molisture coubvents deteruined from samples extracted frou
tue aryei, 1t was ilound tnat the yrofile was ap roxim..tely
Linear. assuming, « linear profile, the values of the
daterial woisture convents were subjected to a re ression
analysls, wnich was found to pe highly significant. The
valoe oI the regression coefficient, br’ therefore represented
vile moiscure coniveut profile of the material in the dryer.

the wethoa of conducting thé regression analysis is
aescrioed in sppenaix VII.

1t 1s advuenivageous to consider the eiffect of the moisture
corveat of the feed to the dryer on its drying erformance,
oiince cue feed moicture content might vary from one set of
test conultions to anouuner. There were two possible fuctors
procuclng tnls variwsion:

(1, +<he soaking condivions of the barley

(2, +“he couaiv.ons experienced oy the barley prior

to entering tune dryer.
‘he effect of the first factor was minimiseu by using tue’
swiie soaxing conditions ior eaci test. the second factor,
however, could not oe coatrolled directly, since the conditions
existing, in tne feed caamper, throush wiich the feeu was
conveyeu, were dependent on the operating conditions insid
the dryer. " [hese conditions varie& with the different

combinations of test factors but were constunt during a test
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vien equllibruw coucitions nad been attained inside the
ALy el vonseyuentl -, auring the actual test ~eriod, the
wolsture conteut of tre fecd remained constunt. 1ruls factor
necessituteu the deteiizination of feed moisture contents oy
extrapc.avion Icom tue moisture content profile and not from
a direct moisture conteat determination of the barley in the
feea 10, €T,

in order vo invesitipute the effect of the feed moisture
coutent on the moisvure content profile of the barley in the
Wryer, three ivests were performed under the same operating
conaii.ons but .1th varyin. feed moisture contents. Liie
resclts ol taese tests glven in Table 11.5, and shown in
¥ig,. 11.1, indicate tuat tne moisture content .roiile is

depenaent on the feed wuisture content.

i‘able 11.5
wlilect of reed noisture Content on tvie Value of br

ior tae notary uryilns of burlev.

reed Loisture vontent ‘ 'br X 109

1lb water,1b B.D.o. 1b water/1b o.s.0. in
0510 &3
O+085 955
0 +c00 1170

In order to minimise the error caused by feed moisture
content variation, the feed moisture contents in the testc

of the factorial experiment were in the range 0-68 to 0-75
E\ . e
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lo water, 1o B.u.o.
e wmoisture cowtent profiles obtained for each set
o test conaitions ere shown in Figs. 11.2, 11.3, 1.4, and
1.2, aud tne veluus of the regression coellicients, b_,
coumputed for all tuc factorial tests are &iven in Yable 11.6.
Lable 11.6

Values of br for the kotary Drying of Barley.

sest b x 107 lest b x 107
Conuitions 1o water/ Conditions 1b water/
lb B.v.v.in 1b B.u.o.in
Eq uq g Tq &2 F2 Gﬂ Rﬂ T1 o'?ﬂ
B 65 6 55
. L Ge 59 . . , 741%
P, a, o, L - I, G, Ry 1
171 "1 2 11.15 2 1 -2 6 7
: o 70Uy N Co \ o 02
v ' . 9'64 n G_ 2 Y ,().Z)/]
; N AN .
Fq uq -2 e 5 .69 2 %1 2 *2 7.0%
- . m /lo.'?o " .- .L' AN I/‘? ‘()>
.c,l \J2 J.'\.,‘ 1/| ) /]O.b() .L2 Ua \.,] _L/‘ 7.0;:)
" . . /](:'65 b G~ I 3 7.2-0
a4 ous Ry Ly 1194 2 2 "1 72 608
‘ 9237 B, G, Ry L ore
X o~ i 9 '27 T ! QR o 7 .O>
n 1 (R I, I £ L
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Values of log ’IUOObr were subjected to an analysis of

Varlance, tne reucvits of which are given in 'Pable 1M.7.

TPable 11.7

anualysis of Varisnce on Values of log;,'O 1000br

ior the wotary uryins of Barle;.

wource of vegrees of Crude osum liean Hum
Voarisace rreedom of Bquares of bquares
b 1 G 201590 0 201390
G 1 G 0154438 O 015400
il 1 G 014999 O 01499<

! 1 0. 022555 O 022555
e 1 0. 002581 0. 002,81
o 1 0. 005708 0. COS7CA
iy 1 0. 00282 0. 002824
R 1 0. 001501 O« 0C1501
ul! 1 0.002055 0.CC20:5
o 1 0.000253 0.000255
ol 1 0+ 000290 O« 0u25C
sul 1 0+000604 O-COUBCH
okl 1 0+-000056 0000056
RV 1 0 -000011 0000011
Ligad 1 0 -002272 000z 2 *
nesidual 16 0006526 0 +0C0406
1otal 51 0279075

T

wffects and interactions, significunt at the D probability
level, are identified by an asterisk.
The analysis of Variance indicated that tiue effect of fHie

variables on the moisture content profile may be represented

~ oo
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by the following expression:
1°h10 1000br = £ (1'GHT)

as 1in the results of the retention time of the material

in the aryer, additional analyses were carried out on the

values of Ios”g 10G0b obtained at each level of the feed

rate F, fhese analyses gave the following expressions:

at lip loglQ 1000br = -f(G) + -f@H + —£(T)

at F2, 1logl0 1000br = -f£(@ +  f£(?)
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12.  0ioCUSSION

12.1 Introduction.

in tue study of a system, the method of experiment:tion
18 «n lmporteant factor to be considered. liost published work
on rotary dryers uas been based on the classical wetnod of
experimentation in which the effect of a factor on a systenm is
deterwined oy varying the factor whnile the other factors in the
systeuw are held constent at arbitrarily fixed values. “his
wetuod 1s only strictly valid for simple systems in waich the
Ifactors do not interact i.e. the effect of a factor is
inae;rendent of the val.es of the otner factors. This condition
depends on tine complexity of the system and a couprehensive
stuuy of a complex system is only attained when the effect of a
Tactor .s deterimined over a range of values of the otuer factoru.
the rotary dryer is typical of a system in which the efiects
of several of the contvrolling factors are dependent uvon the
values ol tuoe factors. The ef.ective study of a complex
system may be achieved by usin, tihe factorial method of
experiment.tion, wiich investigapes the efiect of a factor
wiille the rewaining factors vary over a range.of values. In
addition to its economic efficiency over the classical uetnod,
the factorial method enaples a statistical analysis to be
carried out on the test results. This analysis identifies
Teal effects from those which are caused by random error.

Phis series of teusts was concerned with the perfor.cice
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of a gilven dryer under various operating conditions and not
witil tlie aryexr aluensions. The interest centred not in the
weberial being driea but in the characteristics of the diyer.
Lhe statistical 1orm of the tests resulved in the derivation
of seveial expressions which contained functions of little
physical significunce. These functions, however, umay be
interpreted to pive an insight into the complexities of the
systew enablin, a limited amount of co-ordination of possible

mecnanisms to be scinleved.

2.2 naterial nold-up.

the regression analysis, which was carried out on the
experimestal hold-up values and the tneoretical hold-up values
calcilated from equaticn (8.7) and is given in Table 11.2,
indicated that tuls equation, proposed by maeman and nitc.ell,
represents tihe transpoirt of waterial throusn a rotary dryer.

Luls relationsuip contzins an air velocity drift
coefiicient, u!'', wnose value depends on the dryer syste.. In
these tests, the most satisfactory value of m''', wnich suited
tuis systei, was 0.002. Tnis was less than the values used
by iaeman and ndtchnell for their dryer systenm. Thils difference
in tne values of m''', however, may be attributed partly to
the difference in the dryer diameters in two systems.

If there is no kiln action in the dryer, i.e. all the
waterial is lifted oy the flights, the movement of a pariicle

through the dryer consists of alternate periods of fallin, and

Ta
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aryin, (of uuration ed) and of resting on a {light (of duration
ep,. in the drycr used in these tests, the distance fhrough
wuicn a peartvicle falis from a flight is less than the
corresponding aisteuce falien in the dryer of larger diameter
used by woaewan and litchell. Conseguently, the ratio Od/GD,
for the sawe dryer rotational speed, is less in a dryer of
Glaueter of 5> in tuan in a dryer of diameter of 1 ft or uore,
snd tne drag effect of the air, which is directly proprotional
w0 tuls ratio, will be less in the smaller dryer.

Luls confirms the work of Saeman and IMitchell, who
sup estew that tie air velocity drift coefiicient should be
ex, ressed as a ifunction of the cascading period of the jarticle.

A couparison of the experimental and theoretical hol.-up
values, piven in lable 11.1, revealed that the theoretical
values were approximacely 20x higher than the corresponcing
test values at low holu-up values. Tuis discrepancy g, be
accounted for by the action of the barley as it scrikes the
aryor floor. at low nold-up values, the forwaid iovement
of the barley is accelerated by a bouncing effect as it striuues
the glass floor of tne aryer, whereas a cushioning effect,
vroduced by a bed of parley om tue dryer floor, is present at
Nign hold-up values. .

1t was found that, on average, the theoretical hold-up

Values were higher than the test values by approximavely 5.
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1.5 haterial wetention Yimes.

slthou n the solids hold-up and retention times are

rerated by eguation:

e = = cerea (1201
a compieuensive socudy of the retention time of the .waterial is
auvaniegeous over a similaf study of its hola-up, since e, is
inde;enaent of swell variations in F ; Vvalues of A, however, axe
airectly proportionzl to small fluctuations in F. A
considercation of retention times is important in the desi;n
ol a counter-current daryer so that the maximum allowaple solids
tesyerature is not exceeded.

vhe statistical wnalysis of the test results shown in
Lable 11.4, indicatea ohat, over the range of values studied,
w1l tine rTour factors, i.e. feed rate of méterial, iniet
venpercture aud rlow rute ofi the ailr stream and the rotat.oncl
speed oi the arye., aiiected the retention tinme oi the o teris]
and bie inverwctions rd, o end rl were significecnt uh tne -,
Probabilityviefel. ‘e overall efiects of r and 1, nowever,
were insi nificant at tiis ievel of significaunce.

The significance of the FL interaction, which weans thut
the effect of the air inlet temperature is dependent on the
ievel of the feed rwte was confirmed by the acditional snalysis
caiunied out on tne results of the tests at F, and FE' These
analyses deséribed in Section 11.3.2, revealed tuaat the efiect
of I' was significant at F, but insignificant at Eoe 1t is

provaple that, at the lower feed: rate, an increase in «ir
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teliperature reduces the moisture content and density of the
sarley particles thereby increasing the drag effect of the air
wia also the material retention time. This was verified by
coupuaring the retention times given in Table 11.3 for each
level of alr temperature.
1t was also eveident from the values of Gm ti:at the effect
oI u was reduced when the feed rate was increased; for instance,
in tue tests carried out at the level Rq'q, the average increases
in em produced by increasing G were 7¢5 min at'F1 and 1+% min &t
32. ihis change in the effect of G is represented by the
si nificunce of tne ru interaction in the analysis of variauce.
~lie retention time is inrluenced by the type of particle
movenent wihich tases place at the foot of the cascuding curtains
oi waterial. Lthis moweuwent depends on the conditions existing
on tvhe floor of tThe a.yer. &t the lower feed rate, the oed
of materiszl on the dryer floor is very thin snd does not
conmpletely cover tune deyer floor so that, when the fallin
Laterial strikes the plass floor, i1t underwzoes a bouncing,
movement wnich occurs in the direction of the dryer slope. v
the li her feed rate, unowever, the dryer contains‘a tihick ped
0oi relatively soft material compared with glass and tie
bouncing motion of the cascaded material is reduced by tie
dawpening effect of tihe ved of wmaterial on the dryer floor
thereby increaéing the retention time of the uaterial in %ie

dryer. The effect of this bouncing action will bec _re ter wt

the faster rotational speed of the dryer wnen the _articles
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on falling through the hot air strike the dryer bottom more
frequently than at the slower dryer speed.

On examining further the values of Gm in Table 11.3%, it
was found that the retention times at the higher dryer speed,
conformed with the above picture in that the material
retention time increased with the feed rate. At the lower
dryer speed, however, the retention time decreased when the
feed rate was increased. It is apparent, therefore, that the
alir and temperature effects described previously are the
controliing effects at the lower dryer speed while the particles
bouncing effect 1s controlling at the faster dryer speed.

nlthough the theoretical picture, presented above, 1is only
representative of the conditions studied in this system, it
infers that the type of particle movement occurring at the foot
of the cascading curtains should be considered in the
estimation of retention times at low hold-up values, the
movement being; dependent of the shape of the particle.

''ne insignificance of the overall effects of ¥ and T
conforms with the wechanism of material transport proposed

by Saemun and Mitchell in their derivation of equation (&.7).

12.4 DMoisture Content of Material.

The result of the analysis of variance, carried out on
the logaritimic values of the moisture content profile
coefficient br and given in Table 11.7, revealed that the

coefficient was dependent on the feed rate of material, the
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oryer speed and wue Gouaperature and flow rate of the air.
nowever, {ie significoace of the interaction FGie in the
auulysis inaicateuw tue complexity of the drying actinn taking
. luce insice the uryer, vhe effect of each factor being
de_endent on the level oi the otner factors. lioreover the
interaction .revented the elucidation of the dryin;; nechanisms
in a rotaiy dryer anu the developuent of a simple, but
comprehensive model to describe these iwechanisus.

uowever, a litc¢le information may be bleaﬁed from the
anslyses which were cunducted on the values of log,lO QOOObr
in tne Tests at each level of r. The results of these
wialyses plven on pa_e 149, indicated significant effects for
the factors &, R and i at the level Fq, but at the Iy level,
onviy the factors u and o' were slgnificant.

‘he insigcniricance of the factor R at the F2 level, wnich
inters tuat tone diryer speed does not afrect the coeflicients
at tre ni;n feed conditions, may nave been caused by the fact

~tuat, under high feed conditions, drying occurs slowly so that

an increase‘in the speed of the aryer, which reduces the time
during wittcir the waterial is exposed to tue drying_ conditions,
|doesnot significuntly redauce the drying of the materia.

iHe lineor variation of the moisture content of tihe vurle

&<

as it progressed along the dryer simplified the method of
Presenting the results and enabled the efficiency of the dryer

to ve evaluated in terms of a single fuctor.

P

et
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15,  COWCLUSIONS.

\

rne applicution of the factorial method of experimentation
1o the diying of barley in a rotary dryer has shown that the
eiiects of the dominunt factors in the system, i.e. the air
flow, air temperature, dryer speed, and feed rate of the
barley, cannot be dete.uwined independently of each other but
dre cowmbined in interactin, groups of factors.

Wne lineax proiile of the moisture content of the
material in the dryer simplified the method of presenting
tne results, but the effect of each factor on the profile
coefiicient was found to pe dependent on the values of the
other tnree ractors, the interaction FGuil being siynificint in
the amnalysis of variance at tne 5% level of probability.
Unfortunavcel,, tuls interaction prevented a lucid interpretaﬁion
of tie teusts resulvs, and the extension of the factorial
experiment to a tuird level, wiich is necessary for the
prediction of moisture content proiiles, was not considered to
be merited.

‘he nola-up anc vetention time of the waterial in the
dryer conformed to the model proposed by dSaeman and liitchell
for tane transport of material turough a rotary dryer, althoupsh
at low hold-up values the rate at which umaterial progressed
thiough the d.yer was increassed by a bouncing motion which the
material experienced as it struck the floor of the dryer.

_Under these conditions,'the experimental hold-up values were
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20 less than the corresponding values predicted from the

expression of Saeman and Mitchell.

ougrestions for Future Work.

The experimental results upon which the foregoing
conclusions were based may have depended considerably on
the small scale of the dryer used in the tests as the ratio
of the periods during which the material is being dried or
resting on a dryer flight is considerably less in the
pilot dryer than in commercial dryers of 10 fg} or more
in diameter.

Une method of overcoming this scale-up problem is
either to increase the rotational speed of the smaller
dryer or to decrease the speed of the large dryer. Although
in these circumstances the times during which the material in
the two dryers is exposed to the hot air stream would be
comparable, it would create other conditions which are not
comparable and furtheruwore, which are not consistent with
industrial practice. It is quite probable, therefore that
for satisfactory reproducibility of results and compatibility
with industrial dryers, the diameters of pilot scale dryers
should be greater than a minimum limiting value. |

In any future work, it is suggested that the diameter
of any small scale dryer be at least 2 ft. in diameter
although this would require using feed rates twenty times

as great as that used in the present work amnd almost puts
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such a dryer in the semi-production class. The length of
the dryer should be sufficient to give a satisfactory
difference in inlet and exit conditions.

It is difficult to forecast whether the application

of the factorial method of application to the operation of

a larper diameter dryer would lemd to the derivation of
simpler expressions as previous studies reported in the
literature have shown that the mechanism by which drying
takes place in a rotary dryer is rather complex and difficult
1o predict accurately. However, i1t may well be that the
effect of feed rate alone would be less pronounced but at

the same time it could possibly emphasise the importance of
treating dryer hold-up as a separate fuctor in rotary dryer
uesign. |

In order to determine the dominant factors in a rotary

dryer system and as a result predict the performance of a
rotary dryer, the following mechod of experimentation is
sugpested: -

(1) a préliminary two-level factorial experiment
treating the eleven dryer design factors given on
page 135 in groups of four

(2) a factorial three-level experiment to clucidate
any interactions produced in the preliminary tests.

1t is possible that to carry out these experiments,

factors which are peneraily accepted as being independent

of each other way nave tu be grouped together to form
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secondary factors.

However, until such an experimental programme is
successfully carried out it is evident that the most
reliable results for dryer design are obtained from full

scale industrial dryers.
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Nl Cin TURE

drying surface available (ft2)
active surfuace area (ft2)

empirical constants

surface area of particle (in2 or fta)
specific surface area of packed bed

(ft2/ unit vol of bed)

emnpirical constant

regression coefiicients

regression coefficient (1b water/lb B.u...
in)

material cascade rate (ft—ﬁ/ft2 min or 1b/
min)

specific hewut capacity at constaut preccure
(stu/1b °F or Chu/lb °C)

dismeter of column (%)

particle diameter (in or f%)

diwmeter of dryer (It)

diffusivity (cm/s or f£t/h)

feed rate (1b 5.D.s./h)

feed rate (1b B.D.o./min)

feed rate (i‘ta/ft2 of dryer cross secti iy
shape factor

mass air velocity (1b/h ft2 of daryer

cross section)
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wass air velocity (lo/h)

heat transfer coefficient (Chu/h ft2 °

C)
wodiiied heat transfer coefficient

(chw/h ££° °C)

mass transfer coefficient (ft/h)

mass transfer coefficient " (1lb/h ft2 unit
hunidity difference)

modified mass transfer coefficient (1b/n

2

£t unit humidity differénce)

mass transfer coefficient (1b mol/h ft2

atm.)

empirical constant

“ewpirical constunt

liquid velocity (1lb/h ftg)
latent neat (Chu/1b)

length of rotary dryer (£ft)
alr velocity coeificients
aw/d® = drying rate (1b water/h)

nass transfer rate of diffusing component

» (1b mol/h Tt°)
aw'/d® = drying rate \1lb waver/ld
G.0u5. B) -

constant drying rate (1b water/lb
B.D.b’ h)
nunber of flights

partial pressure of component (atw
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heat transfer rate (Btu/h or Chu/h)
heat transfer rate (Chu/h ftg)

rate of rotation of aryer (rev/min)

slope of dryer, (ft/ft)

teuperature (°C)

air velocity (superficial) (ft/cec)
overall vblumetric heat transferv
coefficient (Btu/h ft)

air velocity (ft/min)

velocity of material in rotary dryer
(in/min) Lo \

weight of wg%er (1v)

bed Toading (b B.i.s./ft° of dryer
cross section)

criticsal moisture content .(1b water/1D
Bedess)

eguiliorium moisture content (1o waber/
1D B.Je.)

weight of bone dry solid (B.v.wn., (1b)

W

S
aryer hnold-up (1b B.D.o.)

dryer hold-up corrected for air flow (1b)

flight loading (£t2/Tt° or 1b/ft)
hold=-up in dryer (lb B.uU.o./in)
percentage hold-up

heigzht of bed (in)

= moisture content (1b water/lb L.o.o..
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= radial flight depth (ft)

“f

an =  thickness of laminar film (£ft)

o - = viscosity of fluid (1b/h ft}

A = thermal conductivity (Chu/h £t °C)

¥ | = dynswmic engle of repose of materizl (deg)

(z&t)m = log mean temperature differential (°F or
°¢)

e = time (h)

O = estimated retention time (min)

N = retention tiqe (min)

Gn = retention time (h)

o' =  time (min)

P = fraction of surface taking part in
transfer process.

oubscripts

o = outlet

i = inlet

a | = air

saturation or surface

)]
0
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Appendix I

opecimen sesults of Drying Test in the

wxperimental Cfhrough-circulation Dryer.

wveries 1 pellets.

wrying vonditions:

Test No. 38

alr rate 720 1b/h ft2 dryer area

inlet air temperature 50°C

" " humidity C 00737 1b water/lb

ary air.

Llwe] wei_at ol | wel_ut of water | lwisture content of peliets
win ped (1lb, in bed (1b) (1v water/1h B.u.o.)
0 5+ 035 1-2%3 O+ 324
& 4+070 1068 0-251
3 44783 0-y81 0-256
4 4693 0+891 0254
5 4«03 0 -801 0 211
6 4513 0711 0 *1&67
v 4 426 0-624 0164
8 4548 0546 O -144
10 424 0-412 0+108
12 4.091 02569 0070
14 5+989 0187 0-049
16 3914 0112 0°+Cz9
16 5 0601 0 059 C «C106

Loisture content of pellets at

weight of B.D.5. in ved

end of test

152,

3861 -

%.802 1b
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appendix II1

Caulculation of Transfer Coefficients and ractors.

a specimen culcilistion of k , h , ., and j., is
(2 S h d

presented ior test Lo. 58 of veries 1 pellets.

ecxperimental bata

nir mass rate = 720 1b/h
inlet air dry bulb temperature (b ) = 50.0%
cutlet edir avy bulb temg.erature (toa) = 27.6°%C
.utlet air wet bulb temperature (tow) = 22.6°%C
.aubient air ary ould tewperacure (ta) = 19.0°%C
~ubient air wet bulb temperavure (tw) = 13.7°

atmwospneric pressure 769.8 mua ng

540 1b water/h

vonstent drying rate

wel_nt of bone ary solid = 5802 1b
Calculavion of k .
"
X is calculateda itrom the following biiic eguation
Eg
1 = k Ad -ou.-"\.ﬁi-;../’)
J'\Jc L a )lm
N = 5.40 1b water/h
I 2
A = 1_§'b4 ft

Calculation of (AH), .

QAH)lm-is defined by the equation:
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- H) - (H, - E,,)

(H H y eessl(ae2e2)
10g (HlS - Hoa)

Lo .
(Aﬂ}lm = ( 1S

Whe inlet air humiaity Hia is calculated from the ambient
2ir conditions usging vhe tollowing pyschrometric equation

veluiing humidity to uvie wet bulb denression:

L 08
h.w l'lia - L (ta tw) 0...\.’.'..(.t3)

i

woere  Ho saturation humidity corresyondin_ %o ty
ri'omn a psycirometiic-chart, the saturation humicity
corrvesponaing to a wet bulb temperature of ﬂ5o?°C is 0.00970
1. waver/1lb dry air.
* . 0'26 = N
. e : 0.00970 - = 150 = 15.
H 0097 50 (19 5477

ia
0.00737 1b water/1lb dry =ir

n

‘e inlet swturation hunidity H;_, is the saturciion
biuaiulty corresponding to the inlet air wet bulb temperctuive.
Lattei wes determined from the inlet air humidity (i.e

'

’T\

the ambient oir humicity) and the inlet air dry bulb heren b e,
in ti.ds test, tne wetlbhlb termperature corresporing to =
dry bulb temferature of_/O;OOC and a humidity of 0.C0737
1b water/1lb dry air was 24.0°C. From a psychrometric chort,
His o= 0.01867 1b water/lb dry wir
‘he outlet air hwalditvy HOa is computed from equation
(AeZ45) using the outlgt éir conditions of toa = 27«6 and

tow = 226

whence H_, 0.01488 1b water/lb dry wir
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Lrom a pysciroumetric chart, the saturation humidity
coriesponuing to a wet bulb temperature of 22+6°C is 001711
ib wsber/lb dry air. |

i.e. outlet saturation humidity

H

os 0.01711 1b water/lb dry air

(0-01867-0°00737) =(0°01711-0°0148&)
1130
log 33

0.005589 1b water/lb dry air

tence (An) 1m

cubstituting in equation (4.2.1) and rearran.ing,

K ~ 5.40
& = 0-005580 x 1354

2

=  71.%6 1b water/h £t° unit AH

Calculation of h .

(@]

h  is computed from vhe following peneral heat trancier

egquations:
« = h‘g A (At)lm eeee(iiecaty
v = l\IC X Ilh ’ a~.o(;x,o/.:¢;,‘>
= 540 x 5848 Cau/h
= 2158 Chu/h
A = 1%.54  £t°
AL) _ (5 = iy - (B3 = o/
(A%) 1 = T, <= t.
: log ia iw
t -t
oa ow
1 ‘ : - — - (o)
wnere tia = 50.07C
= 0%
tiw 24 C
) = 22.86¢C

Sow
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- 0
toa = 27'6 C
aeilce (At)lm = (500 = 24.0) go (82’7'6 - 22+:6)
log =75
= 12.74%

vuostituting in equation (u.Z.4) and rearranging it,

5158
g 1554 x 12«74

h

2 0

1831 Chu/h £t °C

Calculation of Jd*

ne wass transfer factor Jd’ originally derived by

e, uaslon:

K 50067 o
- \J" ...-(\u.c..‘f)‘,‘

dg
wunere che ochmidt number, oc, is evaluated at the avera e

filam tewerature.

#ilm sewperature.

liesn air vewperature 20:0 z 27:6 = 5.6
assuaing ﬁhe surface &ew_.erature of the pellets to be at Lhe
wet bulb teuperature of the air,

liean pellet tewperature = 220 2 22:6 = 2337

. - NeJ%
. o ineun film temperature 070

288 + 253
2
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Gulculation of oce.

oC R
PPy
rrom internstional (ritical tables,
o, = 0.220 (D £¢°m
273)
= 0.220 (o) - q.0za £tém
275)
| _ 0.001293 P,
P = T7+0-003678y X 75 owml

0-00129 79.0
= O~OO56% T3 v om/nml

= 0.00116 gm/ml
= 0.0725 1b/1t
srow international Ciitlical Yables,

M
8c =

0-0450 1lo/ft h

0« 045
0.0725 x 1024

0. LC6

osubstituting in evuation (a.2.90),

L8 (00u6)"®7

0.0710

Ja

Caitculavion of J, .

'he heat transfer factor jh’ analogous %o jd’ is yiven

by the equation:
. h
J = - 0'67 4 -
h. . _O G fr to-.(_.woﬂ,'A
b
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tihe rrandtl number rr being evaluated at the average film

teu erature of 54-000.

sValuation of kr.

P . O
A
cp = 024 Chu/1b
A = 001453 Chu/h ft °C
M = 0.0450 1b/h ft
.. er _ 0-240?024245
= Q.744

oubstituting in equation (a.2.7),

. 18+ 31
Iy = Oxxpxo %

= 0.0870

67

(Ge784)
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Appendix I1I

Correction of Transfer Coefficients for Bed Depth LEffect.

As discussed in wection 6.1.2 on page 45, the values of

h, end k  were modified for the effect of bed depth by

multiplying them by a correction factor which was defined as:

Area under log. mesn curve
Area under curve drawn through outlet temp

c.f.
driving forces at intermediate bed depths.
A description is now given foE the derivation of the
correction factors used in the modification of the values of

hg obtained in the tests carried out with the 1*5 in and 2 in

2 and

beds of weries 1 pellets using an air rate of 300 1lb/h ft
an inlet temperature of 60°C.
The experimental data required for the calculation of

the factors are given below:

Bed depth Temperatures °c
Inches " Inlet Outlet

Dry Bulb wet Bulb Dry Bulb Wet Bulb

1 0.2 2647 294 25.2

1.5 60-2 257 277 2.3

2 ©0+0 201 25.9 23%.9
average inlet conditions: dry bulb temperature = 60.1°C
wet bulb temperature = 26.2°C

33.9°¢

Hence average inlet temperature differential

‘-
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Log. Iiean Driving ftorce.

The log mean curve was constructed for the 2 in bed by
plotting the inlet und outlet temperature differentials on
semi-log graph paper as shown in Fig. A.3.1. From the curve,
values of At were interpolated at bed depths of 0+33, 0-67,
1.0, 1+3%% and 1.67 inches and substituted with the inlet and
outlet values of At in Weddle's formula, to determine the area
under the curve which is a measure of log mean driving force.

weddle's formula may be expressed as:

Area under curve = Xg — %, (yo + 5y1 + ¥, 6y3 + Yy
+ 5y5 + y6> oo'o(Aoao/l)
where X = bed depth (in)

y At (C deg)
The subscripts O to © correspond to the range of bed depth.

oubstituting the values of At from the log mean curve in

equation (a.%.1),

area under curve E 552 (33°9 + 5x21°3 + 13-2 + 6x6+25
+ 522 + 5x%21 + 2+0)

= 22.04 in C deg

actual uriving force.

A measure of the actual driving force in the 2 in beds
was obtained by plotting the outlet temperature differentials,
obtained at the 1, 1+5 and 2 in bed depths, against bed depth
and determining the area under curve from Weddle's equation.

The plot of At against 4 is shown in Fig. A.%.2.
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oubstituting the values of At, interpolated as

described above, in equation (A4.3.1),

ar'ea under curve =

. « Correction
factor

2 -0
20

1%+42 in, C deg

22.64
15+ 42

1-68

(33°9 4+ 5x10*1 + 5+45 + 6x4-2
+ 3°6 + 5x2°*7 + 2°0)

From Table 6.6, h for 2 in bed =

)

Hence, modified coeificient,

h' =

)

20

©°80 Chu/h ft C

6:80 x 1-687
11.5 Chu/h £t° °C

By constructing analogous curves for the 1.5 in bed and

determining the areas under them, the correction factor for

the corresponding heat transfer coefficient is found to be

/l '5980
From Table ©.0, hg
Hence, h'

g

n

7.39 Chu/h f£t° °C
739 x 1598
11.8 Chu/ft° °C
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anpendix IV

Calculation of Reynolds Number Re.

The form of the meynolds Number used in the heat «nd

wass transfer correlations was introauced by Taecker and

ﬂoagenzb and is glven by the equation:
e = ILE(J oooo(hoB./l>
yz

ror lest nNo. %0 of the ceries 1 pellets,
a, = 0700254 £4°
u = 720 1b/h
M = 00450 1b/h £t

wience ire = 812
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aAppendix V

valculavion of the ourface area and Voluue of a ifabloid rellet.

Lfue surface area and volume of a pellet is determined by
cou..sidering the pelliet to consist of two equal spherical
segsuments connected by a cylinder and evaluating the area and

voluiie of each part.

Fic A.Sﬁl

wuriace area of rellet.

Consider the pei.et shown in Fig. a.5.1
T . .
e [kC-D')g + ,-?]

0000(11.‘/’o/l>

LI}

area of spunerical seglent

TrAB e o e ok‘..'.‘..;)oa:l
..
—ET[EO-B)2 + AE] + b

and area of cyiindrical boay

..o total surface area

]

ceeefiade3,
For a weries 1 pellet from Table 5.1 on page 74
a = 0.406 in
B = 70°O75 in
C = 0161 in
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~ubstituting in equation (a.5.3)

+ « nurface area of celiet

T (0:086% + 0-406%) +
TMx 0406 x 0-075
0+366 in°

Voiwine of rellet.

17T (C-B [ 56-322 + 2]

Voluiie of spuacrical segment =

ol

® o0 .(:1.5.4‘)

ana  voluwe of cylindrical body =  IT4°B cene(4.5.5)
I
+ « Total volume = T (C-B) 50—322 + ﬁ2 +
_ 20 B
T A%3 I
T ....K;;.).C,

wubstituting the velues of oy B and C for a Series 1 Lelliets in
equation (sneH.0)

Voluue of veries 1 pellet = 00154 in5

Voide e of reliet Led.

the voida e of a packed bed of pellets was deteimined Dy
weighing, a & litre bewker ewpty, Iilled with peliets and
fiiied with water. i+he volume of the beaker was calculated
feom the wei_ht of water in the beaker. e.g. Ior the ceries 1
pellets:

welgut of peliets in beaker = 3410 gm

| From the physical properties of a oeries 1 pelret piven

in Table (5.1),

Volume of peliets in beaker = 20640 ml



183

Volume of beaker 4730 ml

ev'oiaa®e oi beci 4-730 ~ 264-Q

0*44-2



184

appendix VI

che nhalysis of Vurisnce of a Lwo-Level rour-fuzctor wcxperiment.

altuougn the cieory of the analysis of Variance is
aescribed‘fﬁlly in various textbooks 83, &4, the following
outline ol the theory wmay help to clarify the various stages
in the arithwmeticul grocedure used in the analysis.

The total vuriance V of a number of observations is

definea as:

=2
v o= 2x=3 ceee(ae6.1)

-1
where X = inaividual observation
X = aritometic mean of all the observations

W total number of observations

"Ssum of Sguares" of the

2(x - i)a is known as the
aeviations of the observations from their mean while the teimn
Ik = 1 refers to the number of independent values of (x - X,
used in obtainin_ the variunce and is known as the degrecs of
freeaom of the variance.

In a factorial cxperiment, the pro.ramme of tests
involving vurious comoinations of factor ievels  roduce a
range of values in tue dependent variable, the total viiriecuce
of wh.ch can ve estimated from equation n.0.71. furtherusore,
by considering tihe tests results in groups corrgsponcing o «
cnange in ievel of one or more factors, smaller variance. csn
be attributea to the effects of various factors wnd to

interactions between factors. Because variarice is wn a .itive
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property, the variance due to the experimentul error in the
tests can be estimated as the difference between the total
variance and tie sws 0f the variances due to the various
effects and interactions.

Lhe variance due to the effect of changin, a factor »
trom s, %0 as in a factorial experiment is estimated by
considering the resuits obtained at each level of a in two
Hroups. the variance due to the effect of » is then estluated
from cthe oum of vguares of the deviations of the two group

neans ii from the mezn of all the tests X.

i.e' v = Zﬂ' (Xi~ X) 0..'(-&06'2>
Py 1 ——a——
It -1
wiere ny = number of test results in ewch jrorn
Is = nunber of groups
olnce 11 = 2 in a two level factorial experiment,

the ouus of oquares cun be used directly as estimates of tiie
VarlailCes. |

jihe theory of tne "I test" used to test The si_niricince
of the veriances atbributed to the various effects and
interactions nas been outlined previously in wection Y.4 on
pases 127 to 129

The aritimeticul .rocedure, descrived in this ap.endix
for the analysis of Variance for a two-level four-ifactor
factorial experiwent, is that used Dy BrownleeSo. 1rre net: od
is illustrated by the analysis of the values of thne retencion

time of tihe barley in tne rotary dryer. the analysis is
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conuuctea on the loiaritiuic values of Qm given in Table 11.3
on Lage 141,

ane values of 10510 Qm_may be tabulated as:

31 R2' R1 Ra

m in o ) T I T i
.L/‘ L~y .L/l .D2 I‘/l .[‘2 J.‘,] 1‘2

<

14415 1454 1°0350 1°152 1:551 1:588 1+320 1+297
Tedolt 1477 14152 1.207 1.544 1.559 1.196 1.334

S~ B o T2 H 2
Ae39l 1394 270 10233 4415 4427 14307 532
10407 14400 12301 1-229 1430 1-401 1.316 1316

Phe values from the auplicste tests are now adaed to_eti.er

J.l.,| d
;!

L, O T
2879 2")61 22Uz 24555 3.095  3.747 2.516 2.6’)1

F

T1 . T2 T1 T2 Tq T2 Tq ‘32

no
(@)
Pt
ol
n
L]
3.’
r
P
u
N
AN
\V]
§S
o
N
B \V)
T
o
n
Qo
o
o
n
(o))
N
C
N
6]
h
C
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rour tables are vnen formed by swuming over each of the four
factuls I'yu,it ana L.
owiming over X

9
£ T2 T I T2 £ T2
2:080 5°+755 4813 4-821 5-940 5+975 5°+139 5279
oumming over G

n“,l R2 ' R’l Ry

£ oo T g T2

5:97k  6°108 4-758 4°990 5-646 5-622 5:19% 5+110

oumiing over R

&
t

Gq G2 G1 G
50121 5:320 5:011 5:778 5372 5:256 5.466 5.4,6

ounming over T

Gy Gy Gy Gy
5:840 4601 6+242 547 5°959 5°033 5075 5t/
5ix tables are formed by summing over the four variubles, 1y i,

R and T, two at a tiume.

——
=
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oumming over & ond a
Gy G2
T,I 10-4835 11079 21572
T2 10576 11254 21630
21069 22+35% 45402

oumuing over ¢ ana

n ..
1 z
+q Mreocb 9952 21572
Lo Y500 104100 218650
2550 20052 45402
ouwilng over r and 1
Gy 62
1 11455 11915 2%+ 250
n, Yo% 10410 20+052
100y 224355 4%.402
cumilng over u &na &
I 1 Ty
29 Te*Ooe 11208 25°550
n2 Y740 10,04 c0+052
ci*5o0 21572 43402

swas of oguares,

in ordexr

S(x - B)° -

Z:n (x; - k)

where o , =
Qi =
Lhe term 52/N is known as the

—

F1 F2
T, 10732  10°64G 21+572
T2 11098 10732 21830
21050 21.572 L e 40
suwiin. over i and J
G,l 10441 10+628 EMEES IS
G 11369 10-S44 cet 557
21+8%C 21+57: 43e8CE

N

Z(Die)_

Cols

2
S

suia of the inaividusl obse.Vve-Hions

[

sum of group opser

"Correction daue

TO Tiie ..exnl:

to facilitate the computation of the v .ric.s

tiie iollowing relavicnsiiDps «re wSea:

EEXZ _ §2

P
.‘..(AL.\/./‘/

L) o’\‘.‘--‘vo‘“

tions
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(thqj.
oince in this example, S = 43.402
and N = 32
the cqmq is
(43402)° = 58866675

52
The odum of bquares for the main effect of factor F is
calculated by squaring the F1 and F2 totals, summing the
squares, dividing by 16 and subtracting the Cqﬂq.
2

i.e. (21°630° + 21'5722)/16 = 58+866075 =  0°002080

The Lum of bquares for the other main effects are derived

similarly:
For G, (21:069° + 22.3332)/16 — 58.866675 =  0.049928
For R, (2%+350° + 20°0522)/16 - 58866675 =  0+339900
For T, (21+572° + 21°830°)/16 - 58+866675 =  0-002080

'he vum of oquares for the first-order interaction FG,
wnich represents the extent to which the effect of F or G
depends on the value of the other, i1is equal to the difference
between the Sum of wquares in the two-way Table for F and G
and the sum of F and G oums of bquares.

ice.  (10°4412 + 10°6282 + 11°389° + 10+9442)/8 -

58806675 - 0.002080 = 0.049928 = 0.012482

The oums of obquares corresponding to the other five first-

order interactions are obtained similarly.

The vum of uquares for the second-order interaction FGR,

which measures the extent of the interaction vetween any two
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oi tunese factors depends on the level of the third is
caiculated as the difference between the osum of wguares for
tine values in the turee-way Table for T, G and R and the
total of the wums of oquares correspondin:; to main effects of
£y G oand b oand G, i and GR interactions.

) 2

2

ice.  (5°840° + 6°242° + 5:595° 4+ 5-675° + 4601° + 5-033°

¥ 50271%) = 5B.366675 - 0-002050 - 0-049928 — 0+339900 -

0.000760

0012462 = 008054 - 0002868

The obuwms of bquéres for the other three second-order
interactions are determined in a similsr fashion.

vhe bum of oguares corresponding to the third-order
interacvion PFuuwl, which measures the extent any of the second-
order interactions depends on the value of the fourth variable
is calculated as tihie difference vetween the bum of cyusares in
thie individual values in the osuws of bguares corresponding to
tiie wain effects ana vne {irst and second-order intereactions
of tne iour factors = &

i (2.675° + 2.242° 4 3.095° + + 24527 4

000262 4 LeGhED, /2 - 58866675 - 0°002000 - 0+049923 -

0+3355C0 = 0002000 = 0-000046 = 0-0C0760 - 0-000008 -

UeOLOY 70 = 0000924 = 0.00421
In a fauctorial ex.eriment in which duplicate tests are not
performed, bhe bwa of wguares of the individual values
corresponds to the Total vum of bguares and the ol of wguures
of the iffteraction ruwi is uéed as an estimote of the

experimental error.



191

In tnis snalysis, the Total Sum of Squares is computed by
squaring the 32 original test values, summin, the squares and
subtraecing the thq
iee. (144157 + 1.864° 4+ 1.090% = 1.152° + +

V8272 4 15017 & 12532° 4+ 1+3169) = 5886665 = 0-49292%

’ne unesidual oun of squares which corres;ondas to the
expeilumental error is calculated as the diifference vetween thne
Lotal oun of ;qua:es and the sum of the bums of oguares uf the
wizin effects and 1irst, second.and tnirc-order interactions of
cie four variavles.

+he oums of wguares derived for each of the components

in tne aualysis are divided py the appropriate number ol

o
O

we_rees of freeuom to give the liean oum of Scuares or variz:
ihe results of the snnalysis of Variance may pe tabulwted

as

¥
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oource of Jeprees of oum of liean wun
Variance Freedom oguares of oguares
I 1 0. 002050 O 002GE0
G 1 O 049528 O C45y28
w 1 O 339500 O+ 235900
o 1 0+ 002080 O+ 0020560
PG 1 0+ 012482 0+ 012482
it 1 O+ 058654 0° 056654
T 1 0° 007022 0°* 007022
it 1 0+ 002688 0+ 002888
GI 1 0+ 000255 0°* 00026
ot 1 0+ 000046 0+ 0COC46
Pt 1 0°+0000C8 0+ 0000GH
T 1 O+ 300760 0+COU7H0
drel 1 0+-000778 0 +CO0? 76
G 1 0 +000924 O LGl
rund 1 0 -0004-21 0 ~00C421
Kesidual 16 0 04687 0 +0COSIS
Potal 31 0 «49292%

rhe sizniificance oI vhe Various main efiects and in.eraciinns
in tue sanalysis of Variance Qable are tested by coumpacing tle

nesidual ou of wqguares withh the oums of Lqueres corres.oialog

to (a) tue third-order interactions (b) toe second-order
interactions (c) the first-order interactions ... (d,; iic

main effects, in that order. Interactions or etiects ..«

L3N

pa—
"
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significent if the Variance natio, F, defined as

Lean owa of oquares of interaction
nceln wulil 0f bguares anesidual

1is greater than the value
01 i piven in mathewatical tab16587. The value of ¥
significant «t the S levél of probability with the
ap.ropriate deprees of freedom is 45,

1t cun be seen from the Table that the value of the F
ratio for the interacvions FGRT, FGR, FGT, FRT, Grl, GR, T
will ve less than 4+5 and anence these interactions ace not
sipnificunt. However, the interactions ¥FG, FR and i will have
ail 1 value greater tioan 4.5, and therefore thelr interactions
are si.nificent at the 5w level of prooability.

wilen an interaction is Iound to bé significant, 1t 1is
yQintless to test the significance of the main effects involved
in btue interaction as the effect of each factor tien deends
on tiie value of tiue otvher factor.

Consequently, the analysis of Variance ias indiccted inat

tiie interactions <G, rx and Q' are sipnificant.
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~upendix VII

lepression analvsis and Correlation.

N Tession

1n the analysis of ex;erimental data, it is often
gesirable to ascertain if a relationship exists between two
or more vuriates w«uG to determine the nature snd extent,'if
any, of tuis relationship. This Appendix gives an outline
ol the pasic tneory wsed in fitting a regression to a set
of exgerimental data and in determining the extent oi the
veluvionsnip ovetween .o variates. A more detailed
discussion is given in literature 83, 84.

1he metnod used ior fitting a straigat line to
experimentsl deta is tae rietnod of Least Sgueres. it is
a.stued tnat the vaiue of tihe independent variate, », cin be
wsasured accurately snd vhat all che errors cie in the
meas.rewent of the deendent variate, ye. The me. hocd 1s
cesi_ned so that the oum of oyuares of the vertical devisiiors
iform the line is & winimwa and thus the e.ror in .rediciin, one

property from a xkucwleage of the other is minimiscd.
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it Yq is the _.oiiched vslue of y, for a iven valie Xq,
Gaeln Jor fo lineanr paws

Y

1 Lo+ bx’l

Vineire a abc O 2w constinbs.

Eal

~he veluves of 5 and b are chosen such tunat the valus of
n : 2
o = > (L, = ¥:)° is a minimum
5= 1 1

n = nunoer of observations in datba
inadex

Zn i 2
Yy = — (8. + bx - yi) noo.o(ill‘{‘oq:'
i= .

[N
i

i
H]
(@)
»
-
a,

whe mniniwun val.e of i occurs whnen

o/
o

oo
o‘l;,

i}

o/
4=
O
/

2 Z (a + bxi - yi) = L

o
i
RN

n

2 2:‘ _,] }:j'Ka + —DXi - yi) = O 0..(42.‘_”.32;\!

S ool ecuation (La7.7; it follows thet

o

o
o)

N+ Nb¥ = ny = 0

n
wihere X = moa oof ¥'s = 2 X; o, cimilialy ow T
i=" ’
} n coo(Cuatte
. . i = S-f - b;{
cvou ecuation (w.7.?, it rollows chot
n 5 L , _
nux =+ X, T - X-y = O . ae (\[Xo"/'vo’;“
:E: i :E: ivi
1="1 i=1

oubstitubin_ ror a in equation (a.(..) and rearcen_in.,
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n
2o (% - 0@, - P

b = ceeo(he?e
EE: (x; - )2 (£e7:7)
i=1

The quantity b is called the hegression Coefficient of y upon
b'e

.The precision of the regression equation depends on two
factors:

(1) the number of observations

(2) the extent_of the scatter about the regression.

The deviation of the observatiahs from the regression
line may be regarded as errors. oince the errors in the
independent variate, x, are assumed to be negligble, the
error about the regression is caused by the deviations of the
observations from the regression line in the vertical direction.
Therefore, substituting the values of a and b in the expression
for L and rearranging, the following relationship is obtained:

Sums of Squares = f%: (y. - 5)2 - b %E:(x. - i)2

i=1 3 i=n *
eees(h47.8)

This is equivalent to:

Total oums of iquares sums of b‘quaresn )
7 S (x; - 0F
of y about mean of Errors i=1
- Il :
The quantity b° > (x; - 2)2 is the component of the
i=1

total variation in y caused by the variations in x and is
referred to as the sum of oquares due to Regression. The

regression is significant if the variance or hean Sguare due to
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so_lession 1s signiiicanivly greater tnan the liean sguare
w0 ul aie ression (or 2rror). rthe corresyonding ~nalysis
0i Variwsunce table 1s _iven oelow:

sNalyels of variance of legression.

owource of vegrees of sum of squares
Variation rreedon
. R} —\&
1 vue 1o ne ression 1 B> Cxi—-x)
v
n N2 2= 2
2 | .avous negression n -2 > (y; =9 = b ) (-%)
c=1 (=1
n
, ] —\&
o | rotel n-1 E: (SL—-U)
i=1

Jhe wrivometical _rocewure ior coanducting a regression
whalysis is now described ior the derivation of the e.unioi:

401

i

. -
llc i 1

wilch wey be ex Iessed in tae form:
~ ot = . + T 3 G
10510'“0 1quo aq o, 10510
1ne values oI Né .nG o used in tlils example cre Hrgen ficu

columns 1 :nd 2 of weble 6.2 on pa_e 5% Jhe analysio

is carried out on 10540 10k} instead of log,q i) wiich i

o

T Y

)

negative quantity.



X J

L a7 06212

et U 0 7255

AN P 07910

ot /o 0+ 8370

e*lv.o 0° 3958

2r 0575 0 9504

2t oS4 10457

29Uz 10115
x = N4y y = 6:8c41
x = Ze 7428 y = 0. 8605

fne arithmetic cowputations ure simplified by u:in_ t.
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L0liowing relavionsnins:

i=1 1
n —
i="1
- i)(ui - ?)

"

oC*3

219427

o

e

1="1
n
, n 9
2 .
vi -l > ¥
1="1
n
n 1 ]
R P | e
1.="1 =" d
0
712 & 2459117 4
+ bl ~ 4+ - ° ~
0058
2



no

oluidllarly :E:

n
=1

—

Ji T v/

=

. 1 .

.. § (x; = X0(y; = 7
L] L ] b/l
Now ¥y

[} ] () * “‘\,.)()5

a4

»s tue analysis was carried out

value of a, is 000244,

[IN
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it

n

60185260

0.180778

0+ 147911

2°4771 + 06212 + 25911 x
0-7235 + -.
10115

o+ 2°9420 x

19045116

21-9427 x 6-8c41

8

18+ 881967

0163149

0163149/ 5. 150776

0.502
10510 a, + bx
logqo a4 + 0002 X 207400

~1-6135

on values ol 40né, the true
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analysis of Variance Table

Source of Variance Degrees of | Sum of llean Sum
Freedom Squares of Squares
Due to iegression 1 0156180 | 0+156180
Error (about Regression) Y 0+006969 | 0*001162
Total 7 0+16%149

as the liean bum of bquares of the Lrror is very small
compared with the iean Sum of Syuares due to Regression, the

regression is highly significant.

Correlation.

The wum of Squares accounted for by regression 1s
b _éi% (xi - §)2. The higher the value of this relation
to ige total Sum of Squares of y and the closer the relationship
between the two variates. In the extreme case when the bums
of uyuares are equal, all the points lie on a straight line.
On the other hand, when the regression Sum of Squares is zero,
there is no linear relationship whatsoever between the variates
although a wore complex relationship might be obeyed by the
data.

fhus when the ratio of the Sum of Squares due to
regression over the total Sum of Squares is unity, a perfect
relationship exists between the variates; when the ratio is
zero, there is no linear relationship between the variates.

Tnis ratio is therefore a measure of the correlation between

»
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the variates. 1ts sqguare root is called the Correlation

voetiicient and is usually denoted by r.

Il
b= > (Xi - i)g _
1e€Co r = =’l 0000(.“.’/.9)
> 2
(yy = 3
1=1 +

wubstituting for b ana rearrvanging, we get

= (-G - P

r = i=1

n
> (g - DF
i=1

e s e 0(11.7010>

(Yi - §>2

i=1
Lthe significance of r is tested by comparin. the
couwpubed value of r with critical vaiues of r ygiven in

mavhematical tables.

-
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iesting of vifierence amons uwegression Coefficients.

in order to determine wihether the coefficients of two or
nore .e.ressions differ significantly a regression combining
all the data is derived on the nhypothesis tnat the individual
regression coef.icients are identical.

If these coef.icients are identical, the oum of Sums of
ogquare due to Regiession for each set of data will be the same
as the oui of wguares due to Regression in the combined
reg ression. Hence the difference between the sum of the
ae ression ouns of oguare for each set and tae combined
aglression oum Of cquares gives a criterion aporopriate 1or
a1 overall tesﬁ of differences among the individial
coefiiclents.

ihe uwetnod is illiustrated by considering the expressions
correlatin, the modificd i:eat transies coefficients of the
veries 1 pellets witn tne air rate. These expressions, .uich

are pgiven on pages 40 and 47, were:

. j
Tor the 1 in ved, hé = 0159 GO 70 N PR,
for tae 1e5 in ved, Bl = 0250 GO-07 OIS
069 .
and tfor Gie 2 in oved, h! = 0165 uO o9 eoealzaces)

g
These correlations, which were derived by conductiln, s

rei,ression analysis on the logaritummic val.es of h! znd & ..aj
. . (&}

be rewritten respectively as:
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1ogqg ' = 075 logyg G = 08584 N S
Togqo b, = 0067 loggg G = 000392 ....(aeni)

il

10610 11' 0.69 10510 G - 0.7520 .l-o(:&i&oé‘))
~—d
voere O+7), 0607 wnd 0°6Y are vhe regression coefficilents.
deom the values of h' and G ziven in Table &.>, from waich
~
e.uetion (neo.4) was derived, the following wums of oqguares
iney be computed:

n _.
S (Xi - %)
i="1

n
S5 @ -t = oszmus
1=

+ 0907078

]

n
> Gy - R - D 0673946

where = ].0{;,|O G
and ¥y = log,]O h;
~

osilwdlar guanitities may also be deriven for the oiuwl

sets of valies. ror the 15 in ved,

n 5
> (Xi - %, = O-544247
i=1
n _ o
2 (v -5 = 0-200451
i=1 N
n - - o
> (x -x(yy - ¥) = 00364855
i=1 | :
for the 2 in oed,.
n ) ;
EZZ(Xi - %) = 0.544247

n
@y -PF = 0:2906359
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n . - .
% (x; = X)(y; - 7) = 0:377311

Combining the three sets of data, the corresponding Sums of

oguares are:

n n _
> > Gy - X = 1995572
J=1 1=1 J
m = . No. of sets of data
Lm_n -
> > (v -7 = 1+089955

dJd
m n ) o
> > (y -x0@; -F= 146112
J=1 1i=1 J J

Combined regression cdefficiént
n - 1416112
c 1.995572
= 0+7096
oum of ovquares due to
Combined Regression= 0+706 x 1416112

= 1004794

sum of Hegression sum of

vguares for -each set 0+7430 x O°675946 + 06704 x

| 0+364855 + 0°693% x 0+477311
= 1.006882

bifference = 1+0006322 - 004794 = 0+002028

The oums of oquares may be tabulated as follows:
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snalysis of Variance for YWesting Differences

of .egression Coefiicients.

wovrce of Variance Vegrees of | buwa of hiean oum
¥reedom Syuares |of oguares
Conbined hegression : 1 1004794 |1+ 004794
vifference of iHegression 2 0002028 |0-001014
Combined nesidual 82 0+0531%3 |0-001014
Lotal 85 1089955

rean sum of squares of Di.ference

s tue I ratio of - - -
ab Lue < riean oun of oguares of wesidual

1.0 is less than the significant velue of 3:1 for F at the 5.

X R - S SR . : CTues o
level of ,robability ‘, theire is no diifercnce in the vilies of
tne regression coeiricients of the three heat transfer

correlations.

-



aAppendix 1X

Results of a Rotary Drying Test

kun 15 : Fq G2 ﬁ2 Tq

I'eed rate = 240 gm B.U.b./min = 317 1b B.D.w./h

Hold-up of barley in dryer = 0829 1b

... kxperimental retention time = 0‘82%.§76O = 157 min

Position in dryer from feed end (in) 25 6°5 105 145 185 22°+5 26°5 30+5 25<5

wt of dish + sample 299310 | 251074 | 255143 | 27-9858 | 274232 | 219725 | 218134 | 213447 | 199695

wt of dish + B.D.s. (gm) 18+8940 | 192735 | 19°0978 | 20-9432 | 211793 | 175022 | 17°-6017 | 173112 | 16°167

wt of dish (gm) 8.63%%7 | 8+8192 | 8-6340| 8-6474| 9.42340| 9-.6233| 8:7573| 8:1668| 8-5671

wt of water lost (gm) 70370 | 6+83%39 | 6+4156| 7-0426| 6°4156| 4-4703| 4-2117| 4:0335| 3-3528

wt of B.D.o. (um) 102003 | 104543 | 104647 | 121958 | 117453 8-8778 | 88444 | 91444 | 8+0496
moisture content (gm water/gm B.D.o.) 0-686 0-654 0+613 0+573 0+532 0-50% O-4%76 O-441 0+417
dryer loading (gm B.v.s./in)* 10263 104553 | 104647 | 122958 | 117453 88778 8-8444 | 91444 8+0496
material velocity (in/min) 2542 2+299 2+29% 1+954 2046 2+706 2717 2°628 2+985
average material velocity (in/min) 2°359%*| 2321 2°298 2°125 2000 2°376 2°712 2+673 2°807

Time per section (min) 106 172 174 1-88 200 1-68 148 1+60 143 18
Total time (min) 1-06 278 4-52 ©6°40 8-40 1008 11+56 13+06 1449 16+3
* width of each sampling section = 1 inch

* %

calculated from velocity profile along dryer.




