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PHL - DRYING OF TIBROUS AND _POROUS-GRANULAR WMATERIALS XN 4
TTHOT ATRSTRIAM

S U N MmARY

Before o hoi-air drier cen be designed to dry a given matewial,.
the offects of loading of metorial per unit ares of the drier, airflow,
air vomperature and hunidity on the drying time of the materisl wmust be
estimated accurately. Since auéh egtimates cannot be made from
theoretical conpiderations slomne, the effects of the variouvs Lactors on
the dxying time of o material are ﬁaually estimoted from tho vesults of
o sorlesg of drying tesis in which each faoctor in turn is varied while
the xest are Kopt constant.

Phis "classical" methed of experimentation of studying each factor
in turn agsumes that the effect of each factor acte indopendently of
whe obher factors. There is, however, no veason why this should be
804 ond tho wagnitude of the effect of o Tfector egbimated by this mebtheod
may e a funciion of the arbitrary constant velues chogen for the odhew
factors. If euch interactions between the effects of the various
faobors axre present, the classical expeviment caymnoet detect them asd
will give estimotes of the drying time of a materiel whieh will be in
errow to o degreo depending on $he values of the factors chosen and on
the nagnitude of the interactions.

" gueh interactions could be detoctod by using e programme of dArying
seete bened on the factorial method of experimenbation in vwhich the
gffost of oach feator in oveluoiod ovor the renge of valuos studied of
each 0of the other festoxs. A favy os io known, this method of onpori-

nonvesion heo nob boen provionsly epplied do drxying preblomg. Kb 40




employed in the present work to examine the possibility of there being
inte$actions between the effects of loading of material, airflow; air
temperature and humiddity on the drjing times of porous-granular, and
fibrous materials in cross-ciroulation and $hrough-oiroulation driers.
The porous-granulay matorials studied were 7 inech long, &+ inch
diameber porous~ceramic  granules, and < to0 % ineh mesh eoltey ‘the
fibrous material was brewers' spent-grain. ~ The approximate renges

of the various factors studied wers:

Adxr Temperature 120 to 210°%

Adx Humidity 0,01 %0 0.08 1b water/lb dvy eiw

Alrfilow 4 %0 13 1b dry aivfq.ft. drier aren)
. (min)

Loading'cf single layer to £ inch layér (crossm

Material ‘ circulation drier iests)

single layer to 4 inch iayer (through-
ciroulation dvier tests)

A preliminary btwo=level factorial-éxperimanﬁg involving sixteen
drying tests covering all combinations of the extreme values of the
reanges of the various factorsg; was done on each maﬁéri&lg the drying
behaviour of the material in sach drying test was chavasierized by
+he constant drying rato %%'lb water/(Lb dry soilid)(hw), the critical
moigbure content Wy 1b weber/lb dxy solid, and a folling-rate Constant
C (the slope of o plot of moisture content W againet the logarithm of
the drying time in wminutep O demeribed by the ogunation:

Wo G logyg @ ¢ constent). A fractional throe-level factorial
exporinent involving twenty-elght to thirty-siz additlonal tonto uag
desimed $0 elucldate any offects oz Interactions of 1o&ﬁingg o3rLlovg

alr bompoerature and humidity @ﬂ'%%g Wy end G which appenred, Lrom cn



analysisg of the values 0?-%é9 We and ¢ obtained in the proliminaxy
pixboon testy, $0 be plgoificant. The thivd level of eaoch factow
ptudied in this oxperiment was the medlsn of the factor range.

The wesulits of tho freciional three-level faotorial experiments
on the thvee materisle dried in the evops-oiroulation and thirovghe
civoulation driers -~ involving a total of three hundred drying tests -
are summarized iIn graphs ﬁhowan the varlationg in 10410,§ﬁ9 We end G
with changes in loading, slrflow, air temperature smnd hamidity. From
these graphs, the drying tines of the variouws moterials in tho corosg-
clroulation driey could be estimabed within & 16%¥ of the enperimenial
values, and the drying btimes in the through-eivounlation drier within
W 10%. Interactions botween the effects of the various fachtors on
%%g We and G were found 40 be emall, excepd the interaction between
the effects of aix semperaburs and humidity mn-%gg the magritude of
this interaction corrvesponded with thet predicied by the existing
theory of the comsiant dvying-rate peviod.

Prom @wperaena@ gained in the presont investication, & houtatlive
design is presonied for a small fractional three-level factovial
experimont suitable for obtaining deta Crom which predictions scoursie
B0 wiﬁhln $ 304 may be made of ﬁﬁe dvying times of povoug-granular and
Fibrous maverials in cross-civenlabion and through-eirculation driers.
The experimeant involves elevon dvylug vests which may be pevriormed

using on aivstrean of abmnospheric humidity.
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. 4

Diying generally mesns the removal of a ligndid (uweuwally water)
from o s0lid by thewmal means, as distinet from mechenical. mothods
guch as draiving, Tiltration or centrifuging. It is distinguished
from eveporetion by the eaquipment used, and by the faot that
. eveporation progesses in gmﬁaml remove much lexger gurentities of ?i
wober pevr wnds welght of dry solids then do dnying processes.

Dxying of am 'k@ﬁ&l mey be necessory o desiveble Lor meng
repnons. It may be necessaxy to fanilitale havdiing in Luxther
processing, ond ‘iza m«rmi; gatiasfoctorny uge of the Dinal products
thus soms producty, especlelly foodstulfs, must be dried to prevent
thely decomposition in storege, and sometines a hy-product is dried
to increase its commercisl value. Diyiug @f a materiel dincreases
the capacity of other egripment in a process by reducing the welght,
ond often the volume, of material to be handled; this reduction in
welght and volume may also allow considerble econcmy in storege
andd freight costses

There ayve mony typos of industrdal driers, oll of which dvy the
wetariel by supplylng heat to cveporate the waber in it, ond by
wemoeing the water wapour from the svrfacs of the materisl. Drlews
ey be dlassified according to whether they supply heat drectly by
hot gesesn, or indirvectly by conduction threugh o mebel wally both
clagges may hoe subdivided into batch, snd continwous-precgess delerd.

The seleetlcn of 2 Auicr for a given epplicetion depends meinly

o ‘the knd of motexdol 4o be dvded, Tor cugh 4ype of meboried ondy




2
a few types of driers ave switeble 3 thus glurvies srxe usuvally
dried in dium, OFr BpPXOy %ﬁr:i.emg grenules in through=clroulat ﬁi.cmg
yotery or troy driersg ancﬁ naterials in condinuous shocts on heated
rollers, The cholce of drier ds influenced by the hmdlmg
properties (e.g. sbickiness and pavticle size) of the materdal, ond
by its llebilddy to contemivation by contact with fwmace g&a@@o
The opema‘bm? @@ndm:g,mw chosen are restricted by the temperatvre
the m*e‘;emal Gan zstand hlmuﬁ deconposing, end by its tendengy
o ghink, creck, or Pfoxm dust duxing drying;;;

Uamal.lbr 8 Eew typos of ﬁs.'i@rﬁ app@ar capable of pmfimmg e
élmir@d dxy m-@ciucizo The fineld @hmm m generally based on a
considervation of the ap’&imm gize and consoquent copitel and
@pﬁ'ﬂ:ﬂ“&gﬂg costs of each, estimated from experimentel data cbteined
on, m&ll'@ﬂ@&lﬂ driers simlating cach type. Leborvatory diying
teats on tho wet materdol are almost invariably used, since they
provide, at present, the s»:‘implea‘o“; and most accurate method of
mm the optimun opevating conditions emd corvesponding duying
tlwe on which the chove estimatesof the size and cost of each type
of @xi@r eve based.

Thi.s %h@ma describes Fhe Limit a%ucms of theoreticsl methods
of predicting the dyxylng times of o material undeor veriows operoting
@énﬁi'ti@m in deiers uging throvgb=clrouletion snd crosg=girculetion
airflows, The limitations off evedleble cupiriosl, methods of
pi;aaﬁ.c'bing duying times exe elso disoussed; and a new empiriocsd

method, besed on en elbornetive progromme of dxying bests, is
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piv@p@s@ﬁg This methed is illunetrated by applying 1t 0 the
QGrydng of £librouws, nd porous-grapuler materials in both types

of  drd.cao
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CROSS=CIRCULATLON _ DETING

T the cross-clvoulation ov E:-m.‘ay drder, the wet ma:i%az'::“n,&)l ie
spreed on treys and dvied by passing a hot aivebresm over its suxfece.

This type of drier is commonly used to dyy smell batches of
materdels; It is simple in conatruction, versatile in operation,
and can dry o greod verdety of meterials including pastes, gramiler
paterials, and lerge mamfectured svticles such as potbery. For
dergesscale gperation, drying may be mede gontimous by loading the
troys on racks mounted on trolleys and moving them slowly aleng a
el through which hot odr is ciyoulated; the dey product is
removed at the other end of the tvmel.

The greot disedveniege of oross-civewlation drylng 18 that the
hot aivstveom conbects only the surface layer of 'l:h@_ wobt matexriol
on the trays. Drying efficiency (Ibs. water removed per AE:{:)Q duy
pir) s Hhus low, and moterisle dry slowlye In addition, only
shallow beds (vp So about 1% inches deep) com be dAried cconcwmically
sivce drying times increase encimously as bed depth is increeseds
Drying by this method is eupensive beganse of the poow dvying
efficiency, low output, and high cost of Lebour vequired to loed -
and unload the treys.

The main operabing vaydablos affecting the drying tims of e
material in o oross-civculation drier eve the losding of materdal
per wit trey-caen, and the temperetuve, humidity, and velocity of

the sirstream. The designer mast estimaite the effect of each of
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these vardeblos on the dvying btime, and henos on ¥he cperating costs,
E:‘@- thet the moas m@n@xﬂ,@éﬁ, doier con be built.

S{M&“ﬂm 2o, VidRel Tollows, tutlines @l@ _}?3-‘%@@’6 drying theory
cx@néemfmg the .@ﬁ‘@mis of the shove veriebles, and of the physical
éﬁxi;@tvgv@ @a:" 2 materdiel, on its duyleg time. Seotlon j. dlscusses
'&;hcé lilﬂ:‘ﬁ,s‘rﬂ“té;bimm of .c'!:z‘;si:mg theozy when used o predict the drying
'&:;'imé' @E“ & wakeriel. under a szp@@:ﬁﬁ,éﬁ sob of operating conditionss
Szibé@qmnt Sestlons 25,5 0 6o veview sveileble empiricel methods of

n,.n

predicting drying dimes, and illvstrate a new emplericel method wich

gives scourate predictions of duying times over a wider renga of

operating conditions than previcus methods have dong.




2: THEORY OF DRVING

Vhen o ssturabed motewiel, with fiee smuface noisture, is
m&:@aé& o an edpetrean of constand 'b@ﬂ;pﬁ;:*&'ﬁ%@@a immi.a’;ti‘fe;y and
'm‘;té'f;ﬁ:i‘;;;’ﬁ“ d:e;g’mg generedly p@@@@éﬂs for & *%;:lxrgﬁs at o consbent rota, i
efver vidleh the duying vete fells off contimmously wntil drying
«:9 ) eonplete,

2ado - Denwbent Dwyrlne Rote Peydod

Dupdng vhe congbowt doping rete perdod, the swrivee of the
mabendsl 10 kopt esbueated with water frem the interder, and
bohowes esentielly es & free w’&z:ia@ sonfeces  The duying raty
of '%.:h;@ matordal is thus the emme as ihe vede of sveporation from
& ;ﬁ'i‘{*:—:é waver swelace exposad o shdlse adr conditions, and is
d@@@aﬂ@m‘& anly on '{&w aly conditions uweedy differend meterdels, /
&m«mmz&s duy ab glignily diffepant reiss cwdog bo dliferences in
the surface axes whlch oank presenty 0 the slrvebresn.

5 .

2e2a  Pagiors AfTeating Tae Coustont Drying Rabe

Pty Sy

Tveporedilon £vom o water surfacs hop bec axplained {1)
as the Adiffusion of waider vepouyr through o stegnsat slr-film
'ac}ﬁa@amj to tlfgea m:?;e-:;:r:_ sweface, followsd Dy its wopid yenoval by
mizxing with the twhulent alvpbresm hayond. The rate of.
e;m?aratim iz coptrolled hy the robe of vepour diffusion through
| tae shr=film,

Ac@wdmg o the leow of Aflusion, the pate of vepour
c‘i:ifﬁ.m;},ma is ﬂ:}m@c-my:3,9@@;@@4;:&..@3&@3, o e aven of water awxfeos
evedictio fox ovngoyation end o the ﬁiﬁ‘ vensd botroon the

vapour prosweor ob e veter suyfecy & dn Tho alvstress, o




{
ie inversely proportionnl to the sir-{lln thickness. This
relotionship can be expressed by the equation,

aw _ . ) T
é};@ 1%(1)53 =2 Qa) dow }..’.l(luabi.on Jw

%l

where mr

4 = Mfiusion or drying rote I/he.

¥ = cgoefficient of mess transfer
1/ (he) (8q. £4) (atm. partial pressuve
difference)
A = deying surface avallsble Bae e

P, 7 vapour pressure of water at wabew/adr
interface atm.

P, = pavtisl pressure of water vapour in the
odrgteesm  atn.

The mass trensfor cosfficlent X ollows for the effect of
veriations in the thickness of the alv-Lilm on the drying rate
Although the thickness of the eiy-film connot be readily meamuwed,
it de koowo that an increese in edrflow decrenses ite thickness
with o consequent increose in the drying rate. TRouation 1 moy be
modified o include the effect of sixflow on the drying rote.

gg 3&.’%"3(138 = Pg) cos Eouation 2,

vinere X' .n = empivicel constonts

¢ = adxflow b dvy eiv/(sq. £ drier m*emmwsem%@n;
h

The volue of n verdes with the type of airflow (turbulent ov
lominer), and with its angle of incidonce on the wet muxrface.
For example, n is ahout 0°80 Lfor twrbulent flow parellel to the

surfone (2, 3), ond for flow perpondieuler to the surface a vslue




of 0037 has been reported (&)

The valune of K' for eny ma‘kemal‘ depends modnly on 4%
physicel structhwe (vhich affects the 'M‘fﬂl@@ ares avedleble
Por eveporalion) and to o losser exient on the dvying conditicos
usedl (which offect the thickness of the oir-film). Owing 4o the
complexity of the fa@'ﬁ@m dnvolved, X' cannot be scovrebely
eatdmeted from theoreticel considerations, end is wsuelly

determined esperdmentolly,

Effent OF Vet Surface Aves On The Constant Drying Rete

then a materdol is drying on & troy, the constent dyvying rabe
per unit avea of trey. surfoce increeses with the web surface aves
of the materiel oxposed to the alrstveam, The drying robte of a
bed of materiel thus depends on the festors influencing its suwrface
sven: nomely, the shepe, gize and suwwfase povoslby of its particles,
and thelr mammer of pecklong in the beds

The drying weles of wet suxfaces of verious shepes end sizes
heve been studied by Powell end Grirfiths (5), and Powall (6);
Powell (6) found that e spheve gave the highest drying wete for a
20lid of specified sven.

Decgause of the increaged avea exposed o the alvetream, & bed
af lowge perticles (grester them shous & dnch wesh) dries foster
thet a free woler surface covering the seme sven (?) = the duying
vote increaming as the perticle size decvenses. This incrsase in
deying rate is oot molnteined with pevticles swellew than shewd
L dach mesh, and the dvying vate folls off with dQeoveasing perdicie

adze. Shephesd, Hedlosk and Brewer (3), and Sherwoed end Camings (8),
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e"mz,wd that the deying sates of fine moatoerlols sucd os clogs and
sands, which fom foivly level beds, wore vistually indesendont
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in Equation, R == pPp dncresses with humldity; pg dopends on the
temporatvre of the wet purflace durdng diylng, this tempoeratuvzre
being a funotion of the temperatuve aud humidity of the airatream.
. The tempevaiture of the weot surface, and hence the effect of
pixv tanperature end humidity on the constont drying vate, may be
evaluated in texms of heal transfer as follows,

Lveporation from o wet surface depends on the supply of heatb
viich, in the dbsence of any othev source, mst comg from the
aivatreom. I the wet surface is colder {then the eirstream,
heat £lows o 1% by convection from the adrstream as given by the

squatione

g -s b(}A.('ba == {;S) coo E@A&tﬁ.ﬁn 30
whewe ¢ = vate of head transfer B.'T.Us/ .

hys = convection coefficlent of heat trenafer

BoToUo/ (e} {300 £%0) (OF)

eir temperature S

5
o
b

g = temperature of wel swlface OF
The temperatuve of the wet surfage xises end the vatse of evaporetion
increases wnbil the wot suwwrfese abtains en egilibriuwn temperatvre
el vhich the rate of healt supplied by the alrsivesm balences the
rabe of evaporation. The equilibrium temperature, known as the
wet-bulb tempevetvre, is & well-estchblished funcition (12, 13) of
the weloolity, temperature end hwwmidity of the airatmamg The rove

of eveporotion ab equilibrivm ia

E’éﬁ a TRy, = pa) oA, = ty)  coo  Bouetlon 4s

-,_ﬂ-...

vhore by o web-budb Sempereture (WoB®s), CF
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Pw = vopour pressure of water at the W.B.T., atm.

N = lotent heot of wabter at the W.B.T. B,T.U./1b
Shepherd, Hadlook end Brewer (3) used the vesulis of their
experimentel Jdrying T— o and those of previous workers »(2 o 5o L
15, 16, 17) %o best the use of Eation 4 to estimate the dxying
rate of a bed of satuwrated materiel :m & cross-cgirculation driew, _
They found that the caleulated values of the mess trensfexr @@@;ﬁ'ﬁ@i@%
K were expatlc, and that the heat trensfer coefficient hegove a mach
more relisble estim&&;e of the drying rate. The value of h@ voxd.ed
with eirflow accoxding to i:he. equation.

he = Oegazgy 08 coo Equaticn 5.
They rec@mmen&ed the folloving equation foxr the constant dxying

rate from a plane wet suwface exposed to a cross-cirvculation airflow.

A 5 poononn 98 a(by - ty) soo Equation 6,

Effects OF Heat Conduction And RadiationOnTheConstant Drying Rote

Bauation 6 epplies when heat from the airstream is supplied by
convection alone, and the swwifecs of the weot materiol is ot the wet-
bulh temperature, In an induatrial drier, however, heat radieted
from the walls of the drier or from the bottoms of trays, end heat
conducted through the traya, i’reqm@nlti!iy reipesthe surface temperature
and increasesithe drying rateo

- To colewlate the increased dxying rate which moy be expected
dve %o heat radiation or conduction, it is necessary to lnow the
surface bemperature of the material. Since its measuvement is

uenally dmprectiseble, this tempevature mat be estimeted by meons
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eopduction, by sonveotio

The deving rate is then colowlated by the equation.
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2030 Falling=-Rote Deyving Poardod

A wob mabteriel drdes ab a constont rete mwndil a criticeal
molature content is wesched when the flow of waker Lvom the
underdving loyers becomas insulficlent o kesp the surfoce of the
meseyial, satuvated; the duying rate then decreases continuously
until doying ie complobe. / /

A koowledge of the droying choracteristios of a material during
this falling=wate pexiod iz essential o the desipner of duying
plent, since this psricd uswelly congtltutes the mejeor poxyt of the
totad, duying pexiocd, and sinee 1% is in this periocd that Aifferences
in the drying charvecteriatics of different meteriols becone moss

marked.

2olre  Pogtons Affecting The Dryine Rate Tn The Falline-Rate Peaciod

When & bed of mabtavdeld dvies, woter wwet travel %o the murfage
of the bed elther as liquid ox vopour before it con be removed by
the alrstreom. During the constont duylng-rate perdod watew oo
veorol the susfaos es fast as 4t is removed in the olwstreen, ond
the dyying rate depends only on the alr conditions weed, es described
dn Sewtion 2.2,

Dueing the failinge-vato period, howevern, the drying rate is
controlled by the rate at which water moves to the swwrfece, and the
diying vate depends not ondy on the air conditions but also on the
mechondam by whloh he water 4.8 dvewn to the eurfeces

e pechentsm of water movemant in o maderdiel Queing dyvying ie
no® yob Mully wdesatoct, bt e is lnow o depond prlmoxdly ow e

sedature contend ond physlaal, shusture of the makeriel.  Sewvewal
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poesihle machoaniems hove been siggoeated, insluding Lhgid ond

vopens dlffeslon (18, 19, 20), gravity (13), cepilloxity (2, 21, 22),
apnveation (22), shxinkege omdl pressuve gradients (23), end
voporieaticon/condensation soquences coused by tenpovetuve grodicube
i the material (13)e

0f the cbove wecheniams cnly the movemeont of water by diffusicn
and by eopdllority heove vegolved adoguate theoreticel twestment o
ediow the preliction of the water digtwibution In o bed of material

duning dryinge
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2:5%s  Movement OF Vater In A Meberioal By Diffusion

Several workers (38, 19, 20, 24), assuming that durding deving
moisture nmoved throuph o wat xﬁaﬁamﬂ ol by diffuesion {80 by rondon
movensnt of the water molecules), developed theoreticel equations,
Por matorials of vardous shopes, walating the moisture conhent of
the mobordal with 1%s doving Bime.  These equations were based on
the assumtion that the rate of moisbure Aiffusion was proporvionsl

0 the molsture content gredient in the moteriel = this mey be

vopresenticd by the equation.

avr i“’"W

v £33 U e g o Ll(?ﬁg ";

o8 e o Gk
where g

< @ pobe of molstore diffusion

Lha wa“i,ﬁax;/ {Ib dry solid) {hw)
T’) prey "l-'-' R, ~5' o Ve rivrg ol -‘»}2 £ ey
0 = dddfusivity of weber D47 Tw.

YW o= molsture conbent of wobterdiel ot tles @
The waten/3h duy &5@1.;;&“

§

® s Glateoco from pidplane of meberisl in
giveotion of diflusion, 6.

Bouation & was integrated for vordeous fnltiel meisiure
distrdbutiong assuning that the diffusi ‘«f:v, vy remoined conatand
Horoaghovt the dx:y Ang perioda The dntegrated equations, which
give the vardiotlion in the everege molsture ass:m tant of the materdel

with e, ave complex and vediouns to eslowlate - for axample,
Stherwood {19) cbteined the egwition for an Anfinite slobh diving
feom one surdace only, end wilth an inltielly wnilopm molisture

S stwibution.

Wellg @ [ j:\@*:?;w& g m’“{h’i& . G2 N.&.

"3‘»‘}"&3 L] 1’"{.:_:’ = ‘f?“%& @ 25:9 v-‘.i

sHn Ga '\‘R};ﬁa&?ﬂa ?}o
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gro @ = dyying tme s

g = Anddiol woisture content ibas woter/Ib dry soll

Ve = finol (squilibrivm noisture condent) @

a = slob thickuness e

Later workers (25, 26, 27) found thet equations assulng &
gonstont molsture AITfusivity did ned explein the egperimentally
ghaerved dryving behaviouwr of o mumber of materdaels; thay suggesbed
that en allowonce had 4o be mads for a decroase in molsture
diffusivity with the molsture content of the materdel. The
complexity of the methanatics invelved provented any wseiful

[}

onalytical inbegration of the SAffusion couation weking indo

cooowt vorying @iffusivity. Ven Aveded (28), however, desscibed
an approximote nunerical method of dvteproabing the diffusion
acutbion allowing for vaviable modisture diffusdvitiesy ond Pook,
Cuafitth and Reo (27) suggested em enplrical grephicsl wethod of
representiog the variation of diffusivity with melsture conient

-

wiieh aould be used to work cut the molsture disteibution

Rds

8
wood glab at various times duering dryings

Hovgen, MoGawley ond Mewshedld (26) summazdeed the Limltations
of diffesion egquations by stabing that they could only be used Ho
prediot the duying behaviour of slow duying materials such os goep
and pasbes, ond Lor the last steges of doying olays, textilen,
peper and woels

They olso pointed out that dffusion equations Jdid not glve

2,

¢ - 41p 4 A ! ¢ £y ay, BB 7 A T o o - .
nebiafoctowy prodictlons of the melotwe conlentd gredionts coouye-

s

winge A thape phberlels dvring duyingy  Vhay thevolorg eumeloded
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thet the frequent ogrosmont between the predicted and expordimontally
ohsexvyed doying behaviour wos largely fortuitonse Sherwood, one
of the esrly advocates of the diffusion theory (18), latexr reoched
o sdmilor conclusion (29), ond also pointed oubihat the basic
assumption of the diffusion theory - that the rate of moisture
diffusion was proportional to the molstvre content gradiont in the
material « had sppavently never beon demenstreted experimentally.

Ceeglake and Hovgen (2) showsd conclusively thets waber movement
in a bed of grapular materiel was controlled by cepillarity and
grovdity, end not by diffusion; they demonstrated this experdmentelly
by showing that the wateyr disteibubion in e bed of sand during dyying
conld be explained by copillerdity and gravity but not by diffusion,
and by showing that coepillerity could mele water flow from a vegionm
of low molsture content to one of high moisture content - behawviour

envirely incongistent with the principles of diffusion,




FIGURE |

FORMS IN WHICH WATER 15 PRESENT
DURING DRYING OF A BED OF UNIFORM

NON-POROUS SPHERES (ACCORDING TO HAINES(30))

@,

-

—
WAL
M INDICATES WATER AISTS

PORES

STATE |

THE CAPILLARY STATE

( PORES COMPLETELY
FULL OF WATER. )

STATE 2

THE FUNICULAR STATE

( PORES PARTLY EMPTY, BUT
SPHERES STILL COVERED BY
A CONTINUOUS WATER- FILM)

STATE 3

THE PENDULAR STATE

(CONTINUOUS WATER-FILM IS
BROKEMN AND WATER. 15 RETAINED
AS LENS-SHAPED RINGS AT THE
POINTS OF CONTACT OF THE

SPHERES )
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2.6,  Movemend OF Veser Ton A Mebteried By Conillexiby

Several expevimenbers (2, 21, 22, 30) developed the capllloxy
theory of drying which ampleins the movensnt of water in o bed of
groollor materdial dwing dvying in toewms of cepillevy forces acbing
on the mater in the netvork of pores apd norrow commesting-posgegss,
called weists, enclosed by the solid particles.

The inditlel development of the capillary theory of drying was
due Ho Hodnes (50) vho mede en extensive shudy of water movemens
apdl Alatributlon in beds of wniform noOn=porons aph@?@szo He
distinguished thres forms in which wabew vm_agr be present in a bed
during Quying (shown dlegroumeticelly in Pigure 1), and fovnd thotb
watior movement couwld be described in torms of ceplllorlity.

Capillarity 8 a well-lmown phenomevson, in which surfoce
senalon foress asting on o Ligquid enclosed in e capillary profuce
e guebion, ko o8 o suotion potential, wivich is dble to support
the liquid in the cepilloxy dbove the general lioquid level. TP
the Liquid is water, the suéﬁi@n potential Py will couse the leovel
in g vodform copdllexy to rise to o hoight he glven by the equation.

Py = hg = 209 soo Bcuabion 10.

TR

wog

where & = surface touslon of waber  g/sec®
p = donsity of watew gf end
g = ancolexation dus to grewihy cuy/zse™
i°“

= pediuve of capdllexy @n

Bg = suotlion potentied Just bedow the manlseus
in the espdllewy @ vahew

e evobion potonileld By ob any other level in the espdllesy




L9

o dlotanse h eng. bhelow the pendsous s given by the equetlons

Pogalp+h coo Bauation Il

Yednes (30) found thok weber movenend in o bed of wiform
non=povons spherioed poarticles was due to mimilor susticn potentiels
deoraloping in the nop-undform interstltiald, copillawies - wober helng
suoked fyrom wopiong of low suction potentliol to these of high suction
podentlole

As com he seen fyrom Bgrebion 10, the suction gaizeam:ial axorbed
by o pore ar woedet o dnwersely proporbioveld bo ilbe vedivs, An
dnmportont vemult of this ls that ihe removal of watex frem o pove
3o contwolicd by the higher sustlon potentials exerted by the
nexyowey woists suxpounding it. The svotlon potoatisl wreguired o
sucle woker from & pors pogt the norrow wedets proteating 46 is know
B8 the entey muction potentiel of the powe,

The thepretical swotion potential P of » pore dovmed by
regulosly pooked, wnifoxm, NN=pOvous aﬁh@rﬁhml partdcles cen be
selonletod from o Imowledge of the geometny of the pores and weists
ancllosed by the perticles by the squabions

P o= Bes
- %&"&3 ) E@&Q@i@@ Lo
408

where b = o factor Jepending on the typs
of paoking of spheves.

r = yodius of sphocicel, perbticles o
T8 there is more then ocne type of peoking prosent dn o hed, tho
ebiddty of o pove ab the surfone ho suck woter Ffrom another pore ab

& Sapth héem below 4% ney be gelotilnved weing Bopatien 12 ond the

IR



By = P + bt coo Hgumablom 1J.
vhore P 5 entzy suctlon pobentiel of swrface pore om.

Po = entry suctlon potentiel of a pore
hiame. helow the suwfoece Cillo

When a bed is composed of granular moterdal with lrregulerly
gheped particles, the suctlon potentiels of the pores canuot be
palanlated but must be messwred experdmentally by methods such as

thoso described by Hoadnes (30), anil 0diver end Newitt (31).

Ghe Cepilleny Theoxy OF Drylng

Severel workers (2, 22) have given the Pollowing explenation
of the internel movemont of water duving the drying of a bed of
gronvler moterial, initially saturated o the caplllexy shate

When doying comnences, the water suvnfece resedes into the
wadats bebwean the surfose particles, forming meniscd which emert &
suction potential on the water below. As oveporation progseds, the
mendecl recede further juko the mexwower seotions of the swiace
wedsts, and the suction potential increases. When it oxcseds the
entry suction potentlal of the largest suwwfeace poves, waber 18 sucked
Srom them and elyr enters the beds

As dxying continves, the swotion potential at the switage of
“he bed contimes o ingrease, and the lawgest porves ab progressively
preater depths sxe ewptied aund thelr contents drawm to the swrlece by
the mendaci in the finer surlace wedsise

Duxdng this pexded the drying watbe is virtuxlly constant, and
the wobter in the bed da pordly dn the copdillewy stete end povtly in

the funiowisr states
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On fuerbher deyving, the entry suchion potentials of
progreasively smaller surface pores arve reoched, and these, and
gimilow pores within the bed, begin to empty with the wesvlid that
the dyying rate begins to fall off owing to the decye as.,mg wet

surfoce oxea aveilable for eveporation. This process of enplying

sucfoce ond internal pores conbinses uwatil the funiculer shabe

bpenks down ot the suwfece, and welber cen no longer be drown to the

surface by eapillery action.

Muether dxying of the pendulor wabter in the bed muat tale plage

from & sone of veporisoad jon which recodes iundo the bed = the water

vepor diffusing to the surfoce throvgh the dey capillories above

them,

Idwitations OF The Copdilexy Theoxy OF Diying

Paarge, Oliver end Newidt (22) considered thot water flowing

o the swface of a bed through interstitial copilleries would

3

sncovater o frdotlional, o viasous drag proporbional bo its vale of

Tlow.  They thns proposed o medified form of Bopation 13, conbaining

o feiotional term hp, which geve fhe mmless suobion pobantlal

vegquived to medrnbtain a flow of waber from o depth hicm. bhelow the

rA)

A S0y

Po 2 Po w0 @ by ene Rouatilon 1k,
h !n

vhera hp » frictlonel wemlstence o Tlow
sheouph hfen of bad om water

Theyr entimated the value of ke to be axpecsted v beds of
srhevdesl gronvlles of vavieus porticle sizes. They found that fop

QOOIRG r.:aﬂ‘i, sotes of 2071 %o 10°% am, rogdua, friotlonsd Poross were
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neglipgible and copillexy and grovitabtional forces were in
aquiiibrdun throughout the bedy Lfor particles of 1073 o 20°% Cie
vodins, groviteblonel end fxdctionel forces were unimportont; fox
wony £ine paxbticles of 107 cme wodius end smaller, gravitebtional
foxvoes weere negligible and both capillexy and frictional Lforces
wore Luportante

Liater woxrk by Newdltt and his co-workers (51, 32) showed that
gven the above moddfied capillary theoxry Aid not explain the drying
hehaviocwr of very fine maserials.

" Thus Oliver end Newitt {31) obteined resulis for siliea flouxw
of particle size 2°5 % 104 em, vedive which indicated that the
water in the hed was less mobile than predicted by capillery theory.
Thay suggented thoat the reason for this lack of mobility was that
the high suction potentials profuced in a bed of fine materiel
oould cause dlgsolved aix to eone oub of solutlon fomming bubbles
which disyupted the cepillary thrends of weter Jeading o the
swfase.  Vaber cowld not therefore be drawn to the suxface and
dxying proeceeied by dilfusion of water vapevr o the surfoce, pexrd
of it dngide the air bubbles.

In addition, Newitt and Colemen (32) fourd that waber become
immobile in the loter stoges of drying china olay, although 8ll the
pores were full of water. They postuleted thoat water wos edsorbad,
or helld by osmotic forees on the caplllary walls, and thua had o
vaporize inside the bed end dLffuse as vapour to the surface,

Covben and Newltt (9), however, recently fouvnd that the drying

beheviour of porons promies aoowld be seblafeotondly wreladned in

t



.g:j
tozms of the ceplllowy theory, Thelr postuleted Jdrying mechandan
was similor o that descwibed shove Lop RON-POTOUS granpules, bul
Yook into account the faot thet the copillaxy movemont of waker
gould take plese in the pores within the grenviles as well es in the

volds hetween them.
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The difficully of epplying equetions of this fype To & dyying
problem da the evaluation of the hy term. TWhile by con be
calonleted for o bed of amoll particles, such a8 sand, which hos o
plone bed-swrface (3), it cannot be resdily onlouloted for o bed of
larger parbicles (greater then sbout § inch mesh) Por which the bed-
surface s not plone; and the surface avea exposed to the airstyveom
is greater them the troy-aree. For such maserdel by mwast be found
erperimentolly btalking the swea A In Bquation 7 as the troy-eves.

Bven when the consteant dnying xate cen be estimated, the
duraticn of the consbont Arying-rate pez"iéd cannot be ealoulated
unless 1% is lnown how much waber can he removed from the bed bhefors
‘whe crdtical moisture content is reasched, ab which the congbont
faying - vate pericd ends. The cribicsl moisture content of a bed
of matberisl, however, im o complex function of the physicel struchure
of the matexrdal, ithe tray-loading ond the air conditions. Since
this has not yobt been evaluvated theorotically, the eriticel molsture
gontent of & materiel uwnder any sjgeni;i‘j.ed drying conditions must be

Pound experimentallye

3.2, Lamitetions OF Deving Theory Of The Fallins-Rabte Period

The greatest Aifficulty in predicting the drying time of a '
pabterdal, is to estimate the duration of the falling-rabte poricd.
Durdng this perdod the dvying rate depends medivly on the rete o
walch weker con veooh the svwface of the bade The drying time
incrosges repidly with trey=losding becamse of the gvreaber &i@'&'@n@@a
wabes muss %m:v@l {0 the suxfese, ond heoovse of the dLfflowlity,

oo the geoe of vepesizatlen wegeden bolow the swfage, of mupplying




26
heat to the lowor leyers of the beds Diying conditions have less

effect on the drying wate thon they have in the constant-rele peried
and the ﬁai& fastor influencing the drying rate iz the resistance
of the physicel structure of the moterdial fo the movement of waters

The difficulty in predicting the dvying rote during this period
dies in the vordety end complexity of the physicel structures of
different materials, in which water may be hold in meny foxms.

Thus water mey be present as free water in the spaces between
granuvles or fibres; it moy be loosely held in some way inside pores
oy capilla;riesg strongly held inside cell-=walls or adsorbed cn
poxre wells; or very strongly held as chemically=bound wabter of
hydration, Considering the variety of possible resistences to
water movement in even a single maberdal, 1% is not suxprising thet
no general method of predicting the duration of the falling-rate
poricd has yet been produged.

Drying theory of the fallingmraté period has been moinly
concerned with oxplaining the mechonism of mo:m“inme.mwem@n"‘u s aud
the resulting moisture distribution in & bed dvring drying. OF
the several mechanisms of molstuve movement mentioned im Section 2.4,
ady two = diffusion and capillarity - have been studied sulficiently
to allow reasoncshly accurete estimsies of ihe moisture movemens Go
be made

Rach of these mechanisms epplies 4o only a limited number of
maberiels: ‘the diffusion mechanism (Scotion 2:,5) 4o slow drying
moterials like soap end pastes end to the last stages of dyying

wool, olayn, tertiles and paper; ithe eapillary mechendsm (Seotion 2,6)
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t0 eama;'!.l particles in the approximate size range 10~ %0 20°% cm.
radivs. Although these mechanisms probebly ccour in other maberdiels,
Poivly lerpe deviations fyom the moisture movemend predicted by the
theory of either mechonism frequently ccour - possibly owing to more
then one mechanism cccurring simltaneously, or o the mechanism
@heiagfing in the gourse of drying.

The only theoreticel nethod of predicting the durstlon of the
falling-rate poried which has sppeswved in the dryiag literature
has heen the uege of inbegrated diffusion equations. The Limitations
of these equations {discussed in Section 2.5), however, indicate
that predictions cobtained by this method may be greatly insccurate.
To edditlon, these equetions connot be applied unless the diffusivity
of water through the matewiel iz knowng 1this wsuvelly has 4o be
Pfound from an expevimental drying test.

Owing to the doubltful accurvagy of the Zbgve theoretical
equations, and since diying tests ere raquived whether theoretlical
equations axe used or not, the duration of the falling-rate pericd
wadler verious operating conditions is usually fommd divectly from

drying tesis on the material in question.
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ho  EMPIRIGAL UETHODS OF TPREDICIING DRYIVG  TIMES

An oxperimentel dxyiog test 1s uwesmally mede by duying & ey of
»ma'i;@:z@ial vader constont conditions of aisy temperature, hunidity end
'e;'@l@e:?i"byg and weighing the tray at dntervals o determine the m:@.za'é;wf:a
toss; o drying ourve of molsture content of the materdel ageinst drying
'ﬁ;‘-:'m@ con then be plotted, fvom which the deying time hetween eny molsture
émﬁmﬂ;m con be obbainsd. |

The individusl, effects @.f" trgy-looding, alr bemperature, hvwnidity end

wolecity on the drylng time ave fouwnd by condueting o sscles of dyyiog

sests o which each foctor in thurn is glven o nunber e:xi‘ different values
in succesalve tests whille the other footers ore kept constanto

Throe moln pethods of presenting e éx.pw:&mmi:sﬂ,ly detormined effects
of the ebhove feur factors have been uvsed, the purpose of esch melthed
being to fogllitote the prediction of the duying time of the test material
wpder ony conbination of operating conditlions within the 0:&. selmontelly
*&@ﬁ'h@d renges of cach footor.

The frst methed is o inézmzaora‘ba the effests of the vordous ;’ag;'tom
in emplyical egquations, This method hos been used by several workers
(2&;.“9 33, Bh, 35, 356, 37) 4o descxibe the falling=rate pexind of a verdety

_ &f’nm*terialﬁn The equations usually wrelate the drying zate of the
mhcmmi with dve ‘:é’:a:a@ woiature condent (W - W@)o Ao esomple of thin.
'fa‘;m:t@“ of aquation is thab glven by Simons, Koffolt ond Vithrow (33) for

the duying yobe of royon yoxm.

%% 5 000031 & 2°8T(Hy = Ha) (W = We) oo Heuation 15

o+

whers %‘g o duylng yate  dba waber/ (% dry eeldd) (hw.)
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Hy = saturation haddity of alr coxyesponding to wet-
bulb temp. of alvstveam Ib water/ib dry alv

Hp = homldity of airatieam w

This wethod of predicting digrlong times is limited in
applicotion since it is nob alweys possible $o expross the
experimentel results in sn empivical equation.

| The second methed of pregenting the effects of the various
factors wes used by Bde and Heles (7) to predict the drying times
of vevious chopped vegetables. The methed was bhesed on the
theoretionl, velationabip (shated in Baquatlon &) that the drying
rote of o sucfoos-wet matexial is proporitional to the web-bulb
depreasion (G = by) of the aivstréam vsed.

Tn this methed o standexd drying teat was mede with the tray-
loading of material, alr btemperature, humlidity and velooity ab
sboanderd valuwes, and the veosulbing duying cuxve of W against €
was re=plotted with the time ce-ordinates mulitiplied by the value
of the wet-bulb depression of the aingtreom uvsed. This graph wos
taken o represent the drying cuxve walch would have heean obtained
u&:‘i,ng an alratrcam of wnit web=bulb depression and srbandaxd
gonditions of ailvflow and tray-loeding. To prefdict the duying
#ime vnder auy proposed operetbing conditlons, the drying time
ghown on this cuwve was divided by the proposed wet=bulb depression
- of the siveslrean, end by sepowate covrectlon faghows o allow for
dlfferencos in the proposed ailr veloclty and trey-loading Trom
the stendord valusse

The disndvendnge of this melthod is thet 46 con only be agg;@iiexﬁ

o vory web materdals duying dn the constenb-rabe pexded er in the
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fieat stoges of the folling-rote perdod 1€ molstuxe com bo easily
wemoved. 1% doos not epply at lower medsture contents vwhen the
duying rabe ig not propertionsl to the wol-bulb depression.

fhe thixd methed of proesenting the effects of the various
fambors 18 in the fomm of nompgrephs. This method was used
extensively by Amcxicon workers to predict the dxying times of
varions vegetobles (38, 39). The nomogrephs predicted the dyying
winee for each materdal adb a stonderd tray=londing and air velocity,
ant for voxdous web=tulb temporotuves ond wal<bulb depressions. To
allow fox the diffcrent dxying behowiour of the vegetebles ab high
and low moistuve contents, Hwo nomographs were given for sach
maderdial « one for molsture conbents down to G0l 1D wabexr/1b bone
fizy golld, the other Lfoxr moisture contents bolow this. Coryrestion
Teutors 4o ellow Pov verdaticnsin olr velocity and twoy-loading from
theixr stonderd values were given for each nomographe

This mothed of predicting drying times may he epplied to elmost

eny metoriale
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bodo The Cloesical Mothed OF Bxporimentation

ALL these emilrical motheds of predicting duying times appear
+0 hove been hased on experdumental. programes planmed by the method
Brownlee (k0) calls the "classical method of experimentetion®s By
Thi.s method, the individusl effects of severel fectors o a process
are determined in a series of tests in which each fochor in burn is
vexded while the resgt ave kept constent. There exe two serious
objections do this methed of expewimentotion.

The Sirst objechkion is thet 1t assumes that each factor exerts
its effeot independently of the othexs. There is no fundamental
reason why this should be so, and quite often the effect of a factor
depends on the volues of the other faclors - the factors ave sedd to
interoct. /

As an illustration, assuming that o process yield depends em
two factors A and B, then the effect of changlng factor A from its
noxmal velue Aq to & new velue Ap nsy produce & given chonge in the
progess yield when factor B is ab o velue By, but a different chonge
in yield when Lagtor B is at a valuve Bo. 2

The classical methed of expordmontation obvlously comnot detectk
woeh dnteraptions between fogtors since the effect of each factor is
d:a-témmi,n@ﬂ at only one value of the other fagtors. To geb a fedr
ogaossment of the effoct of a particvlar faotor, the other fastors
much also be verisd over thelr Dull ronge.

The second cobhjection to the classical nmethoed of expecrimentation
is that dn determiming the effeut of aagh factow, the ether faoters

et e kopt consbont ab exbliwary valves. IF any of tho fastors
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interact, the estimoted effeot of each depends en the @énsﬂ;an'i; vedvues
chosen for the otheys. An estinate of the combined effect of all
the foctors alfesting o process will therefore be accurabe only if
the dinteraction is smoll, or if the propossd desdgn values of the
vordious foactors are glose to the constant values Lor each used in
the experimented. tests. A grossly inscovrate estimete moy be
obtained iT the inbteraction is lorge and the dssign values of the
vordous foptors ere approviebly different fvom the constent values
nged in the tests.

There is fortunately an alternative method of exporimeniation -
the factozdal method - which con provide a solubtion to the ebowe

difficulties in estimebing the combined effect of a murber of fagtors.
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a2 Tha Foacborial Meothedl OF Baxpaerimentation

The factordal method of expevimentatlon, which wes originally
developed to analyse the wesults of spriculturel experimsats by
Pisher (41.), and Yatea (42), requires the offect of eoch fanbor em
a process bo be evaluated over the range of values chosen for eoch
ot the other Cacboxs.

In a preliminexy study of a precess 1t is vewally safficlient
b0 test two values (levels) of cach fector; thersfore in a
‘:umt;m el experimont to determine the offects of three factors,

A, B and C on o precess, elght tests covering all combinations of
Paotor lovels would be requived. Denoting the lower and higher

levels of each factor by the subsoripts 1 and 2 these toabs wovld be

A’B B‘ﬁ (33 *ﬂ”’d }32 C{ﬂ Aa 33;{*] {J‘ﬁ Ag 'B;g C.ﬂ
‘A‘?) B’ﬂ Cﬁg Acﬂ 1‘)3 Gn Ap 13,.;:; Gg A? ?.32 Gz

The fastorial method has three madn afvenboges over the
clasaical nethed of oxpervdimentaiion.

2) lMore previse estimotes of the offecte of the verious
fagbors may be obtained from o given nuwber of tesits,
g&m@ the symmebrdical progrewmme of tests reguived by
this methaod allowa the vesult of evexy teat to be uvsed
many tines 4o detommine the effect of esch facbess

) Hince the tests requived by this methed cover o range
of wvalues of each fagtor, interactlons bebwean the
Pantows con be detected, and the conclusions drawn
feom the tests are valld over o much wider zenge of

gparating conditiong thon thore ghiadnsd by the
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S
alagszioal mathode
@) The tests required by this methed provide an estimete
of the empevimentel exror (necessaxy %o test whether
the affect of a fagtor is veal op dug o cwporimental
ervor) without the noed for duplicete tostsoe
The hove adventoges of the factoviel over the classical method
of cxperimentation may be illustreted by considering both methods
aa opplied to an experiment to determine the offect on o process
yield v of changlog three process veariobles &, B and ¢ fyon thely
noxmal levels & By €y o some new values ds Bs Goo
In the classicel expociment & test ls made with the fagtors
at their noemal levels A, By Gy o find the yleld (‘A"h By G4 Jy
obtained vndor noxmed condlitions. Yo estimebe the effeot of
Tactkor H, o second test is mede with A of the now level Ao and the
othor two fagtors sElll of thely novmald, levels Iﬁnﬁ axac (3,,} e LG
towt moy be denoted by &p 1-3,3 G‘»,ﬂ and the yield dbtained wnder those
conditions by (Ap By Cq)y.  The difference du the two yields is
the estimated effent of Ao  Thns
Effeot of & = (& Bq Ogly - (A By O4dy
Similexrly the effents of foctors B end ¢ con be found fvom teste
Aﬂ By Gy end A‘B Bﬂ G vespectivelyo
(&g By Oy = (44 Ba Coly
Bffest of O = (&g By Cgly » (A By Coly

by

Effent of B

Without an estlmate of the experimental erwor it is, howaver,
impossible to gey whether sny of these effects is reed, ox in due

B0 enperdmentel cxvor. Since the oxpordmontal eryer enmnob Do
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estinoted from less thon ww obsexvabtiong, eaclh of tho tostes musd
be vepsaked at least onse, 30 thet & sotel of eight tosts must e
MRS,

Tacgh affeet is thus estimated ag the diffexence botween two
moeng, eoch of which is the mean result of two teats.

This experiment gennot debeod intevestions hotween the factors
= thus the effect of & with B at By moy bs quite different frem its
effeat wi“é;h_ B ab Bo bt the ewperiment cen only estimote the -@ff@m:
of A wicth B of Bye

In the factordal expexdment the lght Sests showm on page 33
ave meda.  To make the following discussicn of the oxperiment easier
o waderstand, the tests mey be viswelized as the co-ordinates of

he edght o pners of & cube whoae axes exe A, B and (.

A, Ba?y. Ay BLC,
B /, f

o e - Jrmusdh ; b
’{}\! Bi C”i A ALME}E e
<y '
. : )
;!.ﬁ‘s.B;&a e g A28, Oy

. e

A BLCE {’{g 3, Ca

The effect of A is ogtinated ag the difference hatween the
average yield of the tests in the Aq plene (doo. the sverege of
(Aﬁ By Ggly,s (&4 By Colws (&g By Gyly sad (A By Co)y) and the
swerege yleld of the teste dn the Ay plane (i.@. the averege of
(Ag B.% Ggﬂ):}?@ {Aa :Eg"ﬂ Ga)yg (.&2 :82 Gga ):(}' ond (Ag Bg Ug)y}o The
renscing bebind this estimnte of the effect of A is that, o &

flwnt eyproninetion, the offest of ohenging fxem A, G0 Ay 40
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independent of the velues of B and € ugeds The diffevennss in yidlds
abbedned :i,:s;'n “eate ab the corvesponding corners of the abe in the Ay and Ao
pﬁ.m@é ore therofowe aﬂl oohsidered as independent estimetes of the effect
off Ao A

The effects of B ond C ore estimeted siwilaxly.

The adventage of '&;he Pactoriol experiment in giving more precise
egtinaten of the effccts of a muber of fosctors for a glven mwber of tests
ia dllustrated by the faot that in the present experiment the offects of A,
B and (3 .m?e each estimated os the dllfforonce betwesn thé meen yiclds cbtained
in Wwo sots of fovn Sests , while in the clasgical expeviment theay warg
oatinated s the difference between the meen yields cbteinsd in two zebs of
two boste. eoh experiment reqguired @i@h’b ;t;e&'i;sa The é&p%‘i@ti‘i‘lﬁ' af e
foctordal aexperiment liles in the fagt that the reswlt of ecach test is umed
mayy times gver, while in 'tzlw clossicol aperdment only the results of the
stendexd test is used move then cnos.

In eddition to estimoting the wein effenta 4, B and ¢ the fectordal,
cxperiment om detest interections bebween ithe variocus factors.

To estimote the intervection between the 4 and B faobors o the four
yields 1n the Gy plene ot the top of the cvbe are averoged with the

eqrresponding fowr yiclds im the Cp plane et the bottem of the ovbe. @ofe

(A@ By 4 Iy (.[&13 By Gg)y
5 :

& (‘A‘J :81 );}" (4

indicating thet the yioclde sve avereged over G. The four eaverogss ovey

o}

-

G obtedneld axe. '
{aq By)y G, (Ao B4)y C  from the front face of cube
(A Baly © (ho Doy T fxom the beek fooe of ovbo

the ddfforenae betwea the two Srent face averogos estimoke theo
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effent of & at By, ond the disference botwaen the baok 1200 avarogos
' @étimmé the effest of A at Boe  Since each of the ebeve SFEEREan
wes the meon yleld of two Sesbe, the cxperinental ervor con he
eatinmoted cnd com be uvsed o test whether the effent of A ab ;E‘S,a
1o slepifleoently diffevent from the effect of A ab Bo (iﬁh@ mathod
or mwlﬁﬁg thie statistical significance test is descyibed wder the
Mnadysis of Verdence)e I thess two offects differ S:i@;)&iﬁﬁ,@mt.‘g
thore s sé;i,d o he an dnteraction between A and B.

The interactions bebween the othev foctors con be estimeted

slmi,dacly.

Ty Mnedvais OF Verlanoe

N

Owing to the great expense involved in constimobting o fulle
seode chenical plant mé in exporimenting on en exioving Pull-senle
plent, censidercble sunz of money froquently depsnd on e conclunsicns
drowmns from o Limited asuder of exporimental tesis.

The @:?ﬁ}}i.’t&.“'ﬁ,m@i'k'i;&}r may ke two sevdous fypes of exvor in
iunterpreting bis expsrimentel resulbs: he may pronounce an effent
oy Loaberasticon Yo be resl vwhen in faot it is nok, with the vesult
that further expensive testing 4z undertakeny or he may overlook
an effect or interection which is weel, with the possible vesult
that & mﬁ;ezﬁ,e:e process mey be overdockeds The chence of meldng o
wWrong, @m‘mims:i.«:m ip greatly incressed, omd mental ;jﬁdg@mmﬁ of
expevimentel. reaulis becomes almest impossible, when the offecta av
;m'i:em@tﬁ,oﬁa $o be congidered aye approxinately of the f:zamo magnd. tude
a5 the GERPOMIBMNTEL @D,

| Fortvnately theve ere stetietiesd dostes of significence which,
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when weed o enalyse expovimenteld date, coar identily the slgificsnt
effants ond Intarestiong, ond aleo indicatd the probability of on
dncorract concluslon. |

Tae progremns of tests used in a footoriol axpeviment is
designed se thot the effects and intoroctions egtdmated from the
tost results conm be anelysed efliciently by o statisticel test of
sigpificence knoun as the “inelysis of Vovience",  The 'tﬁ@ozreinicm;ﬁ,
‘hogis of the mmalysis of vaclence can be found in eny standexrd
1 shatistical texthoolk (&3, ki, 45, 46) bub the principles of the
enalyris mey be ontlined in the followlog mommens

The varlous conbinations of experimontal conditions weed in
the sexles of tests malking up o fectordeld cxperiment generally
penduce o ronge of volues dn the dependent vordsble mossured in the
cbeste. The scatter of the valuves cbbained mey bo measured hy the
stetistical cuentity knowm o8 the “"veriance’. In addition to the
total veriance of the valuss obtained, smaller veydionces cen be
abbrdbuted to the effects of the variouvs fagtors and 4o inberestions
betwesn them.  Vaxdence, however, is an oddidive quentity and the
total vardance is oqual to the sum of the component varionces, plus
the regidual verienoe wilch camnot be attributed to eny definite
cavsey this residuvel vordaonce is used as o moasuve of the egparie
mental erwore

The methed used o test vwhether the effest of a certain faotow
can he comsidered signlificnnd, 18 %o postulate that the effcct does

not exiat, ond to see vwhethor on this hypothesis the chaerwad

M FPrerenos botmaen the vardoncs abdtributed to this ¢ffent and tha




euporlmental arror varlence ocon he resscovbly cmpoebed to etowe by
chance,  Intevoctlons hetween the favtore ore tesbed mimilaxly.
The differenco bHetwsen the two vorliancss is colouloted by the patie

Vardonoe due to elffeqs ox interestlion
Varionce due o expaesimental errow

k)

and from tebles of B (47) the probebility of en equelly lovpe velve
of ¥ oocaering by chence (L.@ when there is no real effsod op
Interaction) can bo found. Before an effeot or indevection is
comsidared significont this probebility must wsually be below an
"'ax'bi:i;mxy leval of 5% By cheosming this prchobility lovel (ex
significonce lovel as 4% ls sometimes called) thowre is o snellen
;itlmn 5% ehance of belog wrong in assertivg thot an effect or doter—
pobion is significant.  Other significenve levels e.g. 107, 1%,
Qe1% mey, however, be used, depending on the depgree of certainty
'quuum in the eonclusicus drevmn feom the experdimant.

The methed of condvebing the ansiysis of vardence for the foupe-

Pavior, bwe-level Lactoriel experiments uwsed fa this thesis, ls

degoribed in fppeondix 2.

Digadvantopes OF Tho Pastorial Methold Of Bxperimentadtion

| The madn disadvantoge of tho foactorlial wethod of experdientation
da thet the mwber of tegts reguived vopidly becomss cxoessive 1f thors
are more thon a fow Tagtors o he teagted: oven if eoch :E“af:ri;é:c ia
tosted at only btwo levels a factordiel ezperiment for n factors

roquires 2 toste; o six Tagtor expaviment therelfore requires ’3.6 &

Bl BoSEs.
b dpetvontage of the sluple twe-level feotorlel arperdment e

that cdthopeh 4% idaendifice the siguificont effeots and interoastions

[
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bobwaan the factors affecting o proocess, 1% glves Little snformotdon
on the yelationgbip bobween the value of the dopendont varlehle and
the velues of the mignificunt facturs ilovolved, Do define this
velationahip o more ¢loborate factoriel eupoviment eocompessing ab
ioast three levols of coch Ductor ds wequiveds  Such an experiment
roquilres many mere teste than the two-level experiment - 3 instead
of 2”‘3 which fox o four factor experiment would be an incveose frem
16 to 81 tesbsg,

Two moltheds of empervimentation have been developed o yeduce
the sumber of btosts wequixed in a miil-foobor Tactorial asqp&xima@h

o nanegeable proportions,

Fragtional Pecboriel Experdmenta

The first method wos haged onr the c}:hsa:wa'i:ion that a congiders
gble peoporhion of the tesbts required in o large foptorial. experimont
pre wosted in eatimating the experimevntal exroy 0 an WNECOSIO]
degree of procision, and in estimating high order interactions
(1.0 Anteractions inwvolving o lavge muber of Fashors) wich are
almost cortodn o he lunsignificant. By seorificing these high owdex
Interactions and some of the precisicn in eatimating the experdmentol
srow 4% was found (48) that ouly a selected fracticn of the complete
fastoriel exporinent need be done to obbain sebisfhciiny eetilmnbos
of the meln effects and low order Intarsotions.

Sunh Sractionel experinents hove been fowod veoful in the

peelinminayy explovation of o lowge number of factoras o pick cul the

Fentors worthy of further study (49).
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The Secuontiol Mathod OF Dsoendusnbotion

The scoond mathed of roduekng the number of bexts regulired in
a wmlbi-footor foctoriol experiment is to conduet the experimat in
e serdes of swall groups of deosts - the tests in ooch grovp being
planned fron the results of the previons grovp. In addition to
reducing the number of tegts required, this sequentiel mothod of

experimentotion often plves more infomation then the 2dgld

progromne of Gests required by the conplete facterdoald

s

thils da
possible booowse the scope of the investigabticn can be narrowed
after eoch gbage to study only the significont feotors in gresten

ond grenter debedl; moreover, the tests can bo stopped ot any

stoge whon anfficiont deta on the significent foctors hove heen

obtainads

In prantice, @ ckperiment Dased on this method of exporinenbs
atdon would probably stoart wilth a smell, two-level fectorield
expariment testing some of the fexbors, or with & feeoticnal factoriol,
eypoviment teating all the foctors. In wsibsequent steges of the
axperdment, dosigndilicent factors would De lept constenwt, further
fagtors might be exomined, and signdficant factors woeuld be tested

ot more laveds.
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hode  The Swope 0F The Present Tnvestipatbion

A dwo=level, fagtémial axpordment Lo used w0 cwoming éhe effeots
of loading of motexdal, olr temparaiire, howidity aed velooddy on the
drying timen of fibwous, cod porovs-gronvlar maberials dn

a) e oross-ciyculetion drlem.
b) o Hwongh-civenlation drior.

From the infovmation gained in this erperiment concorning whe
affects of the ehove fagtors, a more cloborete fvantional, thres-leval,
faotoriel expariment is desioned to provide the data necsssowy o
allow the deying timen of these materdals to bo predicted wader any
sob of opeyabing conditions within the expevimentally tegbsd wvengss .
-0f tho above factons.

The acoureay of the predichlons based on this expexiwent is
camp&wed'with thae proboble aocuvacy of predictlons bosed on 8

corresponding classicel expovdmente
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Su  THCERTUENTAL, APPARATUS AND  FROCEDURE

Bode  Depcwiption OFf The Fapexdwmewtel Cross=(izowloblon Dulew.

An experimental orossecirculation drier was bwlli for the
drying ests. A sheteh of the {rier is shown in Figure 2 and o
photograph in Pgure 5o

4 Pon profuced o steedy aixastream which was hented and
humidified $o the desirved temperature and humddity, and passed
across the suwface of a btiey of 'hi':.@ wet materdal; the DEOERASH
off dxying was followed by recoxrding weight-loas of the material.

The sirflow across the oy could be vexded by altoring the
fon-gpsed by meens of o nine-position sterter (rough contrel), ond

a vheostad (fine control) fitted to the D.C. fon=motor. AlrFlows

from 3 o 15 Ibs dry ein/(8q. ©h. drier cwomsesection) (min) eould

3

be meinteived ascross the troye. The aiyflow was moasvved by a
A% dnch dlemeter ozdfice plate im the 5 inch diemeter inlet pipe,
copneeted o on inclined "UY tube water manomeber.

A 1/16 inch mesh coppor-gonze pertition scross the duct ot the
fan outlet dlsteibuted the airsbtream evenly over the heaters.

Eight indepondently controlled I XV, electyic bexr heaters, one
of whlch was controlled by a "Suwvic" theymostal, could heet the
alratresn to any temperature up to 280°F ond malutain 1% within
4 0°5FY,

The hooted sivetveanm pasgsed up o rising duct, designed %o
provent rodiation from the heatars veaching the ivlet thexmometers
ol wat materiald in the fest seobion. Touwr alurinlua boffles which

mined the alrotroan to glve 1% an oven taupevedure distzibuniion atross



FIGURE 2
CROSS-CIRCULATION DRIER

&

SCALE

okt — e »
O 4 3 11 pcHas

L) ™
Fe il

| AIR INLET S MAINS STEAM VALVE 17 COPPER GAUZE

2 FAN 10 STEAM CONTROL-VALVE 18 HEATER BOX

3 FAN STARTER 1l THERMOSTAT CONTROL 19 WATER RESERYOIR
4 FAN FUSEBOX 12 WATER MANOMETER 20 BALANCE

5 FAN FINE CONTROL. 13 THERMOMETERS 21 DOOR SUPPORT

6 INDICATOR LIGHTS M WEIGHING PAN 22 WET-BULB WICK
7 HEATER SWITCHES {5 DOOR 23 STEAM INJECTOR
8 THERMOSTAT 16 AIR, OUTLET 24 CONMECTING TUBES

FROM ORIFICE PLATE




85
pm

FIGURE 3.

EXPERIMENTAL CRDSS-CIRCUUATION DRIER.
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FIGURE 4

CROSS-CIRCULATION DRIER
REATER BOX WITH COVER REMOVED

1. STEEL CONNECTING -STRAPS
2.'SINDAN YO " DUCTING CONNECTING TO FAN
3. | KW, ELECTRIC BAR HEATERS

4. THERMOSTATICALLY CONTROLLED HEATER
5. BRASS SUPPORT FOR HEATER

€. HEATER BOX COVER




of the heniewrs, stosm Jeun obos , by ramuwing the dop straps holding
A% ot the ends and woscrawing the vop hoavd fwom the aa:?,éi@é of the dust.
The fan gontrols, steom voldves cud heodeyr saltches wers mowntesd
e o control panel, ond thoe contwol element of the "Swavic" themmostol
wag mounted in e alratiream at the inlet :,g the test as@é“fgzl.@n of ths
.j:ﬁl’.‘iﬁﬂ?u Seporate red lights on the contrel penel indicalod when the
A Ce electrdoliy fox the heaters, the R0, olestricity for the fon,
and the thexmostetically contwolled heoter were in use.

3

5.2,  Oelibraticon OF Contiod, Tustrumants

a

The wreedings on the dnclined "UY fube wabter senoweton indloating
the alzfloy across the test tray were colibrated in Ibs doy elr pessing’
{8q. % cross seohional aves of the best seotion) (min) by wereuwsling
FSLONE a;T;yf‘:E‘Zﬁ,ﬁf.m wrrongh the deder by woang of n vene soemometer hald
dn dhecwilet duet of the dyder.

The themmomstens vero checkad npoiust o stendoyd thoaomomesss.

The wet-bulb thexmometer readings were chooksd ab verdous
bemperativeon and adyilows by finding the ﬁ:@naébsspézea*:in@ homdlddty ot
soom bemperature by means of a aling pgyohrometer, aod celouviating
From o payehvomatide chart (13), the wetebulb tempoveture of ¢this aiz
wion heoted dn the deier to o given bemporaturg. The wal=buil
thermonssers were found to read up to 2P high at high temperatiuwes
-anQ tow airdlows; oorvections to the observald wobt-bulb tomperatures

werre calouloted for the various alvdlows and tomperatureos used in the

0%  Expsximsntel Progodune

PR T o e L RS s A e

The fon wan oborted ond the fen-specd won adjuebed 4o glve the




o

Sastved olxilow; this alyflow wos mnindained gteady ducing the
drylog Lc:,.yi,ngr maniiad operation of the zhoeostat,

Sufficient heotors were swltchedorioboat the sdrateesm to Just
below the reguired tempovature, and the hexmostatic wily controlled
heobter was set to make the final. temperature adjiustment.

If neceasary, the hweldity of the alwstvesn wos wcodised by stosm
injection., Before opexobting the steom injector, the steom Line o
the driey wag purged of condensabte by opening the steon molns-valve
with the steom control-valve olosed (see Figure 6); vwhon the Line
was olegy, stosm wor adwitéed to the dvdler by oponing the sleam
etotrol=valve, snd the hunidity of {the slvstreom wos meiantoined ob
the desived wolue by moznuwal opopation of the steam control-velve.

White the deior heobsed wp, the test tray wos counltorpoised on
the balonce with the dmior closed. The twaoy was then vemoved apid
the yoguived loading of wet matericl wwas spread cvenly o Ate  When
the air condivions dn the dxder hed miobiltired ot the required
temparatore, humddity and alxflow, the troy wes roeploced on the
balomoe pan, the deder wes cloged, and the timer wes storbed.

The progrods of doying was followed by no_;&:mg; the veight of the
'ma.*i';@zrial o% regulor futervalds = wsually Pive winntes foo the fiyret
hovy, ten mimbtes for the next four houwn, ond twanbky sdowtes fox
the remoinder of the test. The test was stopped aftar elght to ten
bouys or sooner 1f the weight jouss beseme less than 00001 b dn Gen

minwbes: e vesiduvel modsbtiwre dn the materdold was detomndned by

over daying duplicete aomples (spproximately 50g. for cokey 60

Y Lor

2, L
"u',\'lo [

poreniestranleo gronnlens Bm. fow bwevere’ spet-gredn) for heanmby-

Fowy bours &b 19090,




FIGURE 5

CROSS-CIRCULATION DRIER
SIDE ELEVATION OF
RISING DUCT

| BAFFLES
2 WEIR
6 3 DRAIN
~ A WATER SEAL
TO PREVENT
AIR LEAKAGE
5 CONDENSATE
TO DRAIN
& STEAM INJECTOR
7 COPPER. GAUZE

FIGURE &

REAR VIEW OF RISING

DUCT SHOWING DETAIL

OF STEAM INJECTION
SYSTEM

THE ARROWS INDICATE THE PATH OF
THE STEAM THROUGH THE SYSTEM

| STEAM JETS

2 STEAM INLET

3 CONDENSATE OUTLET
4 STEAM TRAP

5 STEAM SEPARATOR

6 STEAM MAINS-VALVE
7 STEAM CONTROL- VALVE
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Prepentation OF The Resulss OF L Devinge Tash

A speuimen of the datn obtedned in a drying bdest s glven in
Appendis 4. |

The woigat of bone-dxy a0lid (B.1.8.) in the moferial used in
“the tost was coloulated from 3ts fined welght and reosiduvel medaturs
" consento By aubtresiting he wodght of BoDe B fram the vobal weight
of material, the welgh® of water in the materdal and hence its aversge
molatuce eontent W(lbs water/Ub B.Dh 8. ) wos @éiitmﬂ,ath ot the vordous
fﬁ:im@a during the test. The dvylng curve of molabuwre oontent W ogedinat
deying tine &' in mins. wos then plotieds

The conatont drylog xvate wos found by measuring the slope of the
Jinesw portion of the drying curves

The form of the welationsbip betveon the nolsiture content and
the dxying tine in the falling rote peried was found by plobbing
wordous transformations of the test dabe such os log W agedanet log 873
Vi agedinst log €3 log W apodnet 0°%3; wndil a lineoy reloflonship vas
foud betwean the transformed verdebles. Thoe slope of the greph wos
voed o chewrooberine tho oxeot relationship betwesn the transformad
vordoblen so that by stating the bransformation vsed aed the slope
abtained, the deying time belwesn any molsture contesta in the felling
oo perded could be calowleted.

The ordtleal molgture content wap found from the drying ousve

of VI ageinet %



6o CROSS-CYRGTLATTON DRYING RESULIS

Golo  Drving of Porous=Ueromio CGrenules

The first povoussgronulos material tosbed vas pbr@u&xa@e@ami@
gramiles qnﬁ‘ the poreelain grade FLO memactored by Doulion Indvstcial
Poveelains Lid, , Tanwoith, Steffs.  This matoxriol was chosen o8 xap=
regsensalbive of a porous-granular meterial of howopeneous physioal
gtruatuee, with particles of weiform shope and sige which dild not
shrink or breck down on drying, and which couwld olso be convendently
dried in a through~circulotion drier.. The prentles were gylindeicel,
% dnch long, snd elthough of % inch nominel dlomstor, they apered
slightly slong thelr axis. Thelr cvevrope dimensions were %.in@h X
by % dneh dlameter at one end tepering o 15/64 inch dlamebor &b the
other end.  The maxinvm pore size of the moberdial wag 7<310 microns.

The bulk deasity of the dry moberial was 46 Ibs/cub, £%.

Ereparabion of the Grenules for s Duving Test

The gs:*émuules' viere soaked in distillied water for & standord perdad
of twenby=four hours, then allowed to dvain for ten mimnbes, end mosh
B the excess swfoceo moistuwre wes romoved by rolling the grenuvles i
& dry cloth bafore they were spraad on the best-btroy.  This prosedure
deft the groowles w:i:ﬁ:h an approxinobely constent dnddlied molsture
sontent of 0,296 1b. waber/the B.DsS, (the maximon molstvre conbent
ehtained wos 0.310, the miniwum 0o 272 Ibe woben/Ibo BoDoSo Yo

Distilled waher was uacl in prefevence to tep-waber to seok the

grepules pince these ware re-used several times and there was o pos-

"

BIbility of the dlssulred salfa in top-water deposdting in the poves

of the granuies, thue progressively chamging the drying behevloww of




A9

the moteriel during a sevies of deying tesbs.

Diving Conditiong Used Tn The Dm;i@g Toghs

Sui‘ﬁ;&bl@ experimental ranges were chosen for the fovr favbors -
loading, airflow, air temperature and humidity - whose effests on the
drying times of the porgusmce::cémic‘ gronvles, coke and b:v:*ewamg spente
groin used in this investigation were to be studied. Thess rvanges
were detormined from a series of m:*el:i.nﬁnary deying tests on all thyee
moberiels in the cross-circulation and ti:rou@z=eir¢ulatien drienrss
The rmgeﬁchosen gavé measuroble dﬁ.:i‘;f‘e:w’émea in dreying times but avoided
excessively long or excessively short drying times. In addition, the
ronges chosen for cach material and deier were approximotely the sems,
$o facilitete comparison between the drying behaviows of the various
naterials and the deyling performance of the two driers.

In this Section, and in subsequent Sections, the following nomens
clature is uased to denote the dwxyving conditions used in a drying test.

Dy, Dpp Dy = duy<bulb temperature of airstresm °F |

W,g o W 59 Wo = web-hulb W t o i
Hyo By hupidity of airstream ;Lb water/Ib vy adx

& H
u

Lqs Loy Ly = dxy loading of materdial Ibsy/sq.f% twey ox
basket avea
airflow Ibs dvy air/sq.Pft drier crosge

Gyp G2
P seotion) (min)

#
#

Subsoript 1 refers to the windimum velue; 2 to the middle velue; eand
3 4o the wmeximun value of the respective Loactorg.
The ranges of the verious factors used in the cross—oirculation

deyving teste on the porous-geramic gramles are shown in Teble 1.




EABLE . fo

entrrmria g

Dy = 130 Wy = 9% Dy = L.h0(single layex) Gq =

8

% W

Dy = 170 Wy =306 ILgpe 2.62(Finch 7 ) @y=

Dy = 210 Wy =117 Dg= 3.85(4 dmoh * ) Gy = 13

]

ggggs Prom Tobls 1 s 4t moy be noted that the elfect of the alratvesm
hmidity on the drying time of the gromules was dobemnined by testing
a wange of wot=bulb tem;pem.ﬁmfea and nob 'by tosting a roange of dbsoluse
adp humdziﬁbiessg The adventage of studying W, fém‘ﬁmr than M, a8 &
Tagtor affecting the dxying time of the gremules, is that by studying
W the experimental alr hanidities %o be tested éam be stated simply

as volues of D and Wy 37 1 4w .s'i;v;d:‘s,@d s & pgy@}é@mé{r‘;ﬁ@ ghort has %o
e congrlied to f:ma the values of W to be uzed in the dyier o .@c:»watsm
pond with the required air humidities at each valuw of D.  Since the
method of pyredicting drying times doscribed in this Section is
empirdcal, it is immeterial whether the effest of Wy or of H, an the
drying time is determined. To illustrote this, the effect of W om

the dvying time of porous—ceramic granmiles ond coke, and the effect

of W on the dxying time of brewers® spent greln, havebeen studied im
both eapexdmentsl, ﬁm_ema |

6, 2, Preliminery Two-Lovel Fectoriel Erperiment On
‘ Porous-Ceveamic Granules

The extreme values of the four foctors given im Teble 1 (J.e. levels
1 and 3) were wsed in o prelininery j@mf@wlw@l Pastorial experiment
luvolving sixteen dxylng tests. To mivimise the chense of bies in
the dest remults dus to possible pmgmmilﬁ@ changes dn the groamules

wlih wee, the dvying tests were mede dm xendem ewdewe.  The drying


mailto:det@rm.a0d
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surves obtalned dn this cxporiment ave shown in Figures 7,8,9 and 10

and the deived resulids swye sbhown in Toble 2

TAWLE 2: Resulis OFf Peeliminoexvy Two-=Level Fectorial Bxperiment
On Porous-Ceramic Granules

Tast 1 ; ] a1 i i
Cc;;zgg::mm g% :3"©glam%% Ye ¢
DRV 06 0173 06749 0142 =06 429
DqWqli4G3 003200 1o 0569 Qo136 =0u 420
DyWalgGy | 0.€063 00 2122 - -
DyW 5, G o 4Ok 0. 6665 001852, =00 405
D, oy Gy 00 3,600 Lo 2001 Gel3L =0 363,
Dyl 4Toq Gy . 03660 3. 5635 0,122 =0, 388
Dl 4T, Gy Q. 1371 1. 1370  0.134 0. 577
DaWialaq s s 5085 L2893 0: 2,25 =038
Dy¥i4Tin 00 0145 00 161k 0,381 | '=0.258
Dg¥yLon g E 00041 & OoBhhdy i 0. 130 0o 250
DATPEED 00053 =0, 2757 - -
Dq¥iylialsy 0. 0354 002875 Qo d37 =0 271,
Dl gl 00 U566 0. 9679 0.180 =3s 273
Dl Tigly 003320 201206 0250 =0 302
Dy aTixCy 00 (Y40 Do 64,35 0375 =0, 259
Dallzlaly 1 0.3080 | L0537 L 0179 <00 505

ot

ezl p

I | .t .

The vordous ¢uantitics shown dn Table 2 wore devived ag follows:
: ' . & . .
The constant dvying rate s Was calonlated Crom the slope of the lineor

portion of the deying curve of ¥ againest €° and the oriticsl moistive
gonbent W, was token os the molsture csontent at which the deying curve
departed from Tinearity. The rabe conster’ ¢ iz the slops of the Linesr
portion of the cuxve of W againat 1og) B’ (see Pigure 41). This
trangformation of the test dodba was wsed to desordbe the reletiondbip

batvaen W and 2 dn the folling-wato pirled slune, whan pletted, 4%
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gove the besﬁ; opprordimation o o stredghi 'i;mm of the vsrious trange-
formations tied (soe, for esxenple Section Sok). The linear relolion-
ghip hetweean L')‘ and log, @)@" ‘}1@1‘:1:3 down o a meisture condeot of |
approximetely 0.04 1b water/Ib B.DoS. No atbewpd wos woede to ©ind
o suiteble linecr tronaformation of W and € a% veluee of ¥ less then
060l sincs W, Tor the gronules ab room bempevaiure wazs fovnd o be
apprm;imtal;y Col5; A% is thevefore pc}:m'i:léss $0 dry the granmles
helow this moisture content sinee on atending ﬁrxé:sy toke wp molsture
Trom the obwosphere to reacsh ?%*@ 2 0009,

Nota: To allow Lor variebions in the initiel molsture conbend
of the gromles, 80 in the cmwes of U against dogg O (Figuwre 19)
Was heasuned from a standesrd initial moisture content W = Q,206;
thie measurencnt of 6 was taken as the inbercept of the Linesy
povtion of the deying curves of W ogeinst & (Pigures 7 o 20) with
a dine pavallel o the @ axis through W = 0,296, This mothod of
menguring 6° neglests the short curved seoction of the doying cuvve
at the begianing of a drying test while the granwles hest wp to the
web=bulb temperatore of the airstresm. It also nsplects the fach
that Guering this heal-tp pordod, condensation caunsed an initisld jnovesne
an Wﬁ?iﬁ‘._gh"@ @:é the granwles in tho DWiy tests (see Piguve 9). |

NNH w*i'i;l be noted that in Teble 2, no values are given for W, ox
G dm the DyWsl

5y ond DW 312..“@,# bapto.  Tho weoson Por this ie that

)
the constont deying rates wore g0 slow in these teghs thet the falling-

W

mabe peried wag nob reachel during the tesis. Hinoe on Aoslysis of
Toxdonoe of the remilis of a Lactorial oxperiment con cnly be mede iF

o gmplete seb of remulds do evedlable, enly the constont duylag-rose
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results covld be anolysed by this method.

This Anadyeis was dong, not on the wolues of %9 but on velues
of Logy g%e The yweason for using logarithms wos that from theoretical
considerations the effests of the varlous footors on the constont
drying rate were oxpected to be of the form of & product of several
functions thus:

a
ae

By telcing logazithms, the correction factors for the vexicus faptora

= £(oi) £(e) £(u)

would be sepavated into additive functions thus:

aw
18 55 = log £(DW) + Log £(G) + log (1)
In proagtice, however, the functions may be of vardous complexities,
and vexious other interactions may be present, depending on the

matexriol being dried.
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. L . o v _ 1008w
TABLE  J: Awelyais Of Verlence 0 Logyg T For
L)
Porove-Ceromic Grantles

Soures of Verdance Sum of Squares
D | %o GBLTL TN,
W o | 0o 2745760

‘ T, C 0.863691 =
G 0. 65612801,

™ | 0,1221853 =
T (0 0002925

nE ‘ L 0,0065691 =
Vil : C 0,00071.83
we ﬁ _ 0. Q0NHEET
T 0. Q0L 5104
WL 0. 0000KO,
el i 0o 0000211
DLG 0.0003515
WL 000002299
Residual 0. 0012522
Pobal 3,9127180

To 2implify the sxithmetic of the Avelysis by aveiding the use
100w

of negative logerithms, the Analysis was done on values of Logqo 5
{column two Pebleo 2). Such a transfovmation of the original Logesxdthms
does not elbtexr the resulis of the Analyasis since cij,;ﬁ’:‘i“m‘aﬁc@s within a
growp of muwbars ave not altered by sdding & constant quentity o eesch.
The methed of conducting the Anglysis of Verdence is described im
Appendiz 2, The resulis of the Anelysis ave showmn in Teble 3; effects
aud dnterestions significant ab the 5% probebility level belng
ddlontified thus

The Avalysis Indicelsd thal the IW and DG dwberactions, end the
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L meln effedt were aigmificent; din other wowds the constent drying

rote con be defined by the relationships
log, ok o £(T) v: £(ne) + £(u)
“981098 ] = 3L,

thile Analyses of Vardence of bhe volues of W, and C were not
posgible beoaunge no vellues for these vama};leﬁs were obtained in. the
33.31‘13&3 tests, dnspeotion of the valueé of W and C in Teble 2 indlcobed
the following points:
() The oxitical moisture sontent W, eppears to be weffested
by D, W and ¢ but inoreages with losding.
(b) The rate constant C appeavs to be weffested by ¢ end W
but i’f}. de@reaseé {(becomes less negative) with incresse
in loading. I% also deoreages with :_'i,nw@asé in D at I“‘i} s
butb "é,n@mmes with increase in D at Lzs this dndioates (

a DL dnd beraction.

6.3 Fractlional 1T "’hmemLewel Peotordel Bxpexriment
Ol POrou8-( ertiiiG Craviles

4 Tractional three-~level favtorlel experiment was used to study
in more detail the factors showm by the pm,@.minamr two-level, experi-
ment to bhove gignificoant effects on %%9 Wy and Co Tn the enlovgod
a&‘p@:z‘m@ﬁhs D, W L and G were each testefl at an odditional level
(level 2), whii.@h wes midway between levels 1 end 3 (sse Table 1).
the purpose of this experiment was o confirm or discredit the rosults
of the prelindnery two=level emperiment, and to provide enough expori-
mentel dota to ellow reesonsbly acourate estimates to be made @:ii‘_ the
prabable valuss of 2@9 W, ond G for any voluss of D, W, L and ¢ within

the cxporduentally tosted monges of these festors.
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The frostiondd three-level f&@'&@ﬁ&l experdnent lavolved &1 tesbn,
Including the 16 tests done for the preliminary bwo-level experiment.
These &1 tests -(&hm in Teble &) wrepresent approximately helf of o
coiplete thies-level Pour-fastor experiment (81 tests); they were
selected to give informobtion specificelly on the signiflcant offects
and interactions of the veritue fectors on =x g‘ég W and ©3 tests giving
dnfoyrmation on insdgpificent effects ond interactlons were omtied.

- Since of the thyee dependent vawiobles -— %9 Wy ol G = %% wan
the most affected by the volues of D, W, L. and G used, the enlayrged
experiment was designed peimorily to evaluate £(DW), £(DG) and £(T.) in
ﬁa@ r@i&%iozxsluip Foge %% obbaihed from the Analysis of Verlence of the
wo=Llevel Pactorial sxperiment resulis:

loggas = £(O) + £(06) + (L) oo Eauation A.
The experiment was designed, however, in such a way that the tests
involved also gave lnformation on the effests of D and L on €, and on
the effect of I on W

To fanllitate the prediction of 35 wnder any duying coudlflons

withiin the eciperdmental ranges of D, W, I end G, the vaxious funotlons
in Equation A were ovaluated as coyrectlon factors €to be applied o
the vallue of 10gyg 45 obained in the Dgiglyly teste This stendaxd
tegt was r@pi:l,@m;@:d thres times to ensure an acouwrale velue of

1084 %%5 the everage velue obtained was ~1.1433. mey therelfore

ﬂ@
be predicted from the ralationship:
10210 Sk & 101433 + £(0) + £(06) + £(1)
The velues of the corvestion feober ${IW) for vordons levels of

D snd W wave ebteined from the velves of logg - gy 4 Table § as the




VABLE 2.3 Values of ‘g% for pammm@wmﬂié;

21

granwles deied dn the
eross=glrouletion dvier

48 4Gz TyG5 |LoGy LgGp Loy |LaGy TsBp Ll
D,W, | 0. 0473 Qo140 00145 0,044 |
D,7,| 00502 0, 0145 0,0277 00439 |
Dy¥5|0,0063 0. Ok 00053 0. 0154
Dy 0. 1663, 0,096 0,0909 003305( |
Dyl | 00789 01422 00 2100|0,0395 0.0719 0,1200{0,0268 0.0485 0.0725
Dyt | 0.1158 000334 0, 0631 0,0899
Dy [051600 00 5660 0.0585 01320
D, 0. 2800 0,0766 0,1288 0,1855 )
Dy | 0a 2571 005085 00 0k0 051090

TABLE 5: Velues of Log, Olwéw

56 for porons-goremic granules dried in
‘ the ovoss-circuletion dvier

(68 TqGp TGy [Lgly  Dplp  Lgls |iglq  InGp  Laly
DyWy | 0.6749 L.0569| 001614 0o Glslshy,
Dy¥ig| 0:7007  |0u36L4 0okt 0.6425
DV 1002122 006665 | 400 2757 002875
D, 1. 2203 0.6955 059566 11356 |
Dilp| 0o8972 103529 103222005966 0,8567 Lo0kL| 004281 0.6857 0,8603
Dyl 10639 05237 08000 0.9538
p.¥, 1. 2080 15635 0, 7679 1.1.206
D Lolik72 - 0,882 1.2099 Lo 2684,

Py | 13570 104807 0 6435 3057
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for porouss=ceramic granndes, drisd in the

erogssglroniation driaer

:E,a,ﬁ G“ﬁ

IE»‘% QZB

&

G
4

LY

LG

278

TGy Ty

379

in(%

Dy | 042
])@ F’[ 2

DA

Q ) 3}1558

s 13

Qs 153

1
3
O

0o 175

- Q. 481,

0,190

0o 1837 |

Do g
Dol 0333

D@Nﬁ

. 155
0250

Qo 145

(}O 12‘%;"

0375

0.182 0,172

00163 0,160 0,166

0o 165 0265

0o 178

(e 192,

P S K

Ny
f 2

0o 158

Py

0. 122

D 135

D165 0,172 Q160

0,180

Qo 75

Q. 190

0075 |

TABLE 7: Values of Rebe Constant ¢ fox porous-ceramio granules deied
in the crogs=cilzculotion dyiex

1.:3.;3 G;k‘} &.ﬁ G-?. ,L.xﬂ GE 5L 2&;& L 2(}2 i 2(55 i&fs("i% T.,lﬁi:}f? L 5@3
Dty | =0o&28 00510} =00 256 =00 250
DV 3o 350 s e 0, 281
DWal e Do 405 - =00 &4

w00 5FO

«{3s 3)7@6

w00 585 =00 366 ~0. 353,

T ey 3 254}- “’Qw 5@‘5 Lo 52@3.

e-“@m f’?ﬁ@ ‘*Gm 3?1.(3 “‘*Qa 3}1,

=3 309 =0.340 <0309

=l 256 =0, 287

"-”Oc 8853

o 561

=0 577

w00 S

"'3@8 538

*’Q@ ,:':'Ptﬁ!ag c’@w 356{,} “39‘0 ;3?,5?

=0 275

={Js 299

(o JOZ

‘“"0@ 3@3




b
averege differences hetwaen the values in the various DV sows and thae
wolues dn the corcssponding LG ocdlumng in the Dolbhrow. As an gxoapls,
the correstlon Tactor Lor DWW, wos galoulated ess

0, 6789 = 08979 = «0,2222
100569 = 41,3222 = =0, 2683
Qo 160l = 0oh281 = <0, 2667
0o Blidy = 0oB60% = =0 2158

PR hwte Sharti® s iF o)
Average mo=f), 225

}

i

the enperdment was designed in such a way thet the velues of £{OW) for
the vorlous lovels of D and W were cach determined as the average of four

independent measurensnits, The values of £(W) dbtained were:

2
I

RV

=0:2025  DoWly = 0.0856 Dy = 00287
DyVWip = ~0o8251 Dol = 03,0000 DaWp = 0.2655
I)uﬁWﬁ = =0,6793 133&"[3 =0, 0765 3;)3\? 3 Q. 1998

i

These values are shown graphically in Miguve 124,

he velves of the correction factor £(DG), which estimates the

oreq
J

o

= \‘![ ) o o - N b -y
ahanges in l@gﬁﬁ g e to deviations in olrflov frow Go, were obiained
from the wvalues in Tehle 5 by messueding, for cach lewal of D, the syvarage
differense belween velues in the Gy end Gz tests ot corvespounding veluen
of T, amd W3 the difference thus ocbtained was then subdivided in the
rotio: differcunce betwesn Gy snd Go tests to dlfference betwsen Gp and Gy
teatse

For exempie, the DiG; end DGz velues of £{DG) wexre obisined by
> 1 195
taldng the Gq to Gy differencos ot Dg Loe

10569 = 0,6749 = 03820

Qm 6665 = Go 2‘3 2(3 = 0@ -8.}55&35

Q. éi&?.ﬁ = (o 6'%&{« = @Gé&&‘%ﬂ

i‘)w éitﬁ-,:{sg{:- o @m“ﬂ&';‘ﬁ gg\a & @)m g{,ﬁf}@

09@8?5,3 @ ("-”Qaa"éw £ @o Mé‘ﬁig

enpmederEynie

Avopopn e 04527
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QU587 was then split vp in the rotio: diffevenve betwesn the Gy el

o tests = =0,2011 o d&iffevonce beitwaen the Gg ond Gy bests 5 0. 2000,
The volues of #(DG) for DGy ol Dy (?55 wewe therefore «0o.26L4. and 0,1883
rogpectively.  The other velues of £(DG), which were obteined sdmd Loy
WOras

i)ﬁ‘ Gﬁﬁ = el 26&‘}2{« Dg&a =0 25@5 :{)ﬁ@«ﬂ (o 21.62 . )
Dyl = O DoGa G PGy O
Dy@5 = 01883 TGz  0.1622° D3z Q.1523

These volues are shown graphicelly in SMlguve 188,

The wvalues of the corvection factor £(N.), which estimates the

219} L . - . .
effant on logip e of Aewintions in loading from Lo, ware obbeined frow

the velnes in Toble b by messveing the sverope difference bobwean ihe

e

L ond Ly tests at correspondimg walues of D, W and G doae 0.6749 -

o618 = 0uB155, 100569 = Qub6hhh = 0.4425 eto.; this averene Aiffarencs

3

(0o 450k) was Givided in the ratio: difference bebwesn the Lg and Lo
bests to the diffcrence between the Ly end Ty tests. The velues of
£(L) dhiained in this way wewes

Ly = =0,2769 g =0 Ly = =0.1735
dhese velues ore glven grephlcally do Bleawss (20,

TFrom en exeminsiion of the valves of Wy in Poble & it is appavent
that, as indleabed previousily by the prolininewny two-lovel expesriment,
the values of W, show no definite trend with chenges in D, W ox & bug {
inceease apprecishly with inovease jo loading. The velues of 'W@ in |
Teble &, everoged ovew Y, Lg ond Ly weve: Iy = 0137 Lg = 0,167
Lo = 0.1833 these volues ave shown geaphicelly dn Figura 4 4B

Exemlination of the volues in Teble ¥V confirmed the findings of the

rrelinivory two-deval axperiment — that the rote opnotont C wes effested
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FIGUREI3A
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oy "‘ehe velues of D ond I but wedfevted ny the value?s O:E‘ G- eméi Wo
The volues of O in Tsble 7 wore therefore mf@mged over G and W Low

the vordlovs levels of D end L3y these valuwes of ¢ were og Pollowss

13.311% = =), 2{.@‘5 D.a:‘:ﬂg: & (o 884 Dﬂi& 3 = =0, 260
Déﬁa;& = wﬁnﬁ"ﬁ‘ DQI;Q & ﬁ@@ﬁ‘wtn Dgtxﬁ s = ?;7?
133&3 = =0 371 133;&2 = =l 343 Dﬁ.ﬁaﬁ = =0, 295

These volues sve shown grophicelly in Tguve 158,

Goli, Method OF Pﬂ'ﬂ@:ﬂi@mﬂg The Dyying Tinme 0F Porouns-Ceremic
G%f*mml@a L 'the GE"O’BW(}W&&?@'&BJ ahEon e

v w experd mm’l;a,l, vesulbs given in Seoltlon 6.3 way be nsed o the
;»’;"pil.lmfing nonner to predict the dxying time of the pmecrasm:@mnﬁ.c gramles
Srom £ in tial molature contend W{, to o final molsture conbent Wo when
drded wder specificd conditions ¢f D, W, T, and Go :

(2} ho conatemt duying rabe 'g‘fé ig celeulated from the expression:

V&m G5 © - 101433 4 2(00) + £(D6) + £(L)

the oppropetate *{s‘&:mw of £{DW), £(1G) and £(1) belag
found foem F:lgmz'@é 128, 178 and 120 rospeytivelyo

() The criticel moisture conber i We wadler the asg)mli‘i@ﬁ CRyIng
conditions is found fyon Figore 138.

(o) Em:; durobion of the constont duyiag wote perioed 0} in mimsten
(meosred from & stonderd molebure conbend Woe = 0,296) 48
found fxom the cwprasnions '

8 = 60(0.296 = W)
a

(@) The velnw of the wate consbent ¢ eprvopriete to the spesificd

dswing conddtions 4o foumd from Pigire 1538
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(@) The drying tine @’1‘0 in mdoubes between Wy emd Wo 8 glven
by the e;mj;r.m»a@:i.@no , |

logqg Ot ® 1ogylp" + Wp ~ Vg
o

(f) The c‘lrging time @) bebwesn Wy end Wgq 48 glven 'ﬁw e
m@uamm}ﬂpo

@' = 60(W; - 0.296)

&
&

The total d:@ylz&g time dn mivutes between Wy end Wo 46
therelore 8% = @T 8yt
Notes e method desoribed in. steps (2) o {(£) mey be vsed %o
.pﬁé@i@*&:' the deying vime of the gramles fxom am initlal molsture
conbent Wy in the constant rebe pericd bo a final molstuve content Wy
in the f&’ll‘mg rate periode '
Voo mh@'ar prediotion w@'bl@mq my avigey these mesy bo deslt with

am m&l@m& g

(a) Daey:mg may be all in the congtont drying mabe period doas
Wy ond Wy ore greater them Wy In this case, the diying
time can be Pound wimply Svem the weletb i@nﬁmg

® = 60(Wy ~ Wa)

aw
a6

(b) Duying mey Yo all in the Palling-vate perici. In this cese

the dvying thmes Cwom Wgy o Wy (@iw ) emfl Prom W o o Wp
) o be Pouwnd From sa'&:@p@ (2) to (8), and the dxying

e from J.ﬂ b 'sﬁ.“% Twom the eqEetien S @%w@ ® %’?‘3'
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Tomple 0F The Application OFf The Prediotion Method

Predict the duying time of the povovs-ceramic grovvles used in

this investigation, from an Ivitiel moisture content of Wy = 0,250

to o final molsture conbent Wo = 0,080, vhen drded in the oxosge-

girauletion dvicr at o tway-losding of L = 3.85 with ody cornditions

D= 210, We 417 end G = B,

Sodution
CARTYTIR T A SRR

(e)

{0)
(e)
(&)
(@)

: &y A )
J.-@gqg‘“ﬁ@ = e nﬂg&ﬁ B f(:ﬂ‘{) o f(DG‘) “* f(L)

= m'ﬂo.ﬁ;ﬁj 5 00 200 e (}9216 = 00@7‘25‘
= 103333

therefore W
4o

= 0.185

= 0 ) 02{5
W

S = 600296 = 0,183)/0.046 = 148 minutes
G m =, 895

l@gg,a 0 @{é" = :L@gﬂa 0 148 +{0:080 = 0,183)/(<0.295)
= 2519
therelfore @T" = 330 mimites
@,° = 60(0,250 « 0,296)/0,046 = = 60 smates

The deving time from Wy = 0o 250 %o Wy = 0,080 is therefore:
= 330 « 60 = 270 mlmvbes

Thls value agrees well with the expeorimentolly detormined Suying

time of 285 wioutes (mee groph DgWslaGy on Figure 8)o
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6.5 Drying OF Cokw

The seocond poraﬁaagranular material tested wes o domestic grode
¢f coke obtained from the Bokery Depoxtment of the College. The éﬂ!ﬁea
which wos appmx:‘uﬂately 1 inch mesh when veceived, was crushed in a
Jow-gxusher, snd the frostion passing 5 ioch 'm@sh and retained on + dnsh
magh was used in the drying btests., Coke of this particle size was
@hna@nl o8 yeprepentative of o pmx'@mmggrainulaz' moterdal of drvegulex
physical structure but of approximately the same pariicle size as the
19@rous=;@®x'anﬂ,c granmules tested preﬁ’zli:_-wa;,‘!y g noveoveyr, like the POLORE
ceranic grenvles, the coke did nm‘:: ghrink or bresk down eppreciobly em
drying, and it was also in a form suiteble for doying in & through~

ecirculotion dvier. The dry coke hed a dulk density of 23 Ibs/ovb.f%.
lethed OF Frepaving The Coke For A Drying Test

Methed Of Prepaving The Coke Foxr A Dxying Test

For cach tent, "a‘,;he appropsiate walpht of dyy coke was sosked in
digtilled water for twenty-four houwrs, then ellowed to dvein Lfor twenly
mioubes on a & inch megh sicve, and its eiceus éurfa@e moisture was
vemoved by rolling it in a dry oloth befovre At wos spread on the Hess
treye This standord prosedure 1eftv the cole with an averege iniviel
molsture content of 0274 Ib water/db B.Do8o wiich, howaver, vorded
aomerhab fyon test to tesbh - o minimum of 0,233 end o moxiwm of
Qo 314 I t%g;ﬁ;@x-/ l‘bi BoDoBo bedng cbiained. Sivse a cmsll propertion of
he coke brolke down on hendling, the duy cole obtained ab the cad of
voch test wes nloved o vewova perdicles melles them & dnch mesh

bofore FO-1BRe-
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The Dyrying Couditions Used Tn the Tests

The renges of D, W and G vsed in the drying tests on coke were
the seme os those used in the dxying tests on porous=cerandc grenules.
T addition, the ronges of bed depths sthudied were approximetely the
‘game for hoth mabterinls p but the range of I for each moterial was
different since the two matorials hed dlffovent bullk densities. The

ranges of the vaylouvs factors weed in the tests were as follows:

TABLE 8 .
Dy = 130 Dy = 470 Dy = 210
Wy = 95 Wy = 106 Wi = 417
Gy = 5 Gy = 9 G‘:§ = 13
Lﬂ = Q77T I‘g = Jok7 Ia:ﬁ, = 257
(single loyer) - {3 dnch layer) - - {4 inch leyexr)

8.60  Preliminoyy Two-Level Faotorial FBxoewiment On Colow

Levels 1 and 3 of the four fagtors D, W, G and I shown in Table 8
were tested in a twe=lovel factoyial oxperiment lovolving the sixbeen
drying teats shown in Teble 9.  The drying cwrves cbbeined inm these
tegts ave shown in Figures 14, 15, 16 and 47. The velues of %_‘g‘% ad,
W o gilven in Table 9 were maasured graphically frem these curvas in the
pane woy o8 were the corresponding quantities in the povovs-garanie
gronvles Sestn (mee Sentlon 6.2)s Of the vevdons 4roveformatlons of
the test dote lxded, bthe z‘;ﬁmﬁs of W againgt log 8 (sce Mlayre 18) gave
the best a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>