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Gowmpsrison bee been usde of the drving properties of five

LifTerant yephable watenizle sithough ward b‘.s‘ otk pf ene sizﬁ- uﬁ:& :.m. tisl
moistures =anteuﬁ»m5ée iz difticult. The effect of thevfoiloWinv variables
on ihe Grying ratss of the materisls hos been discussed: the.nature.bf ihe

muborizly ihe wethod of préparation smd size reductivm: the loaniugs,

-

saidities and aiy velesities practised; the prac%icdbility
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. f r.gi.ta.,...m Gf tne bed and recirvoule t oa of the sir: the reais‘c'zz‘mc‘e of the
The stouracy of varicas meitneds of predicting dryipy times end
’raiagk%as been ethln;d. A graphical method {or the design of confiﬁﬁ&@é
iulti;st“" through circulation driers is'pre&ented.

Jeawuead .

The Crvwing choarvacteristics of fresihly harvésted Ascophylium

nodosun, Fuous vesiculesus and F. serratus have been inve'tlﬂ ed in 2
tbraaén«cl vlation deyer. 411l tests vere carried out with minced sesweed: -
Verisbles studisd vere bed &epth {D.5~6 in. approx.), air temperature
(100-22003.}9 2ir wet-vulb depression (30-115°9), air mass velac1tv {511 1k,
gq.0t. win., and static pressure drops of sip through beds of wetl mnd drw
‘weed. Bedudbptn experinenis hQVb given eguations relating drying times,
éonstant‘drying rates 2nd outputs to losding. The.output versus loadiég
enyve shows 2 well-defined optimum value for each species of scaweced.
impiricel eguations have been derived, relating dr ing times (betiween

detfinite/



definite water content limite) and initial constant dr-inc raies t» air

moss £low. It nas psen shown that the drying rates, at average water
contents of 5.0 to 0.2, 2.7 0 0.2, end 3.5 to 0.15 1b./1b. of bone-dry
solids (for s.nodssum, ¥. vesiculesus and P.serrvatus sespectively), ore
directly proportional 2and the dyving tiwes inversely proportional fo the
wab-bulb depression of the air. A study of the uaster content of various
layers in o seswesd bed hes seen mede. A typical drying rate versus woter

. content curve is shown, ond a mechapisn of drying of deep beds nas been

" postulsted. A section is included dsaling with the prediction of appréximate
drying times snd rates.

irewars’ spent erain.

Bravers’ gpent grein hog veen dried by through circulftion of hot
gir in sinzle lavers awi in beds up to 8 inches in depth.

wha effect of air besperature (100 to 220°F.), and sir velocity
‘{6.63 to 22.2 lv./{sq.85.) {min.)) on the drving rates of single 1ﬁy°rs has
been studied. 1t hes beenm To.ud thot the drving rate is proportional to
tne total moisture rotio of the layer, sad that both jemperature and
#elocity heve & anrked effect on the proportionaiity constant.

A wethod of predicting dryiﬁg times in &eep beds, basad on the
results of the single lsyer tasis, is proposed mnd discussed. The accurecy
of this wmethod hos been checked sgainsi actual dryving times in desp veds
gnd found to be within I 11.5%. |

The resistance of deep beds to the passage of air has teen
investizeted briefly.

Sugar/



the rate of dryiugvof single layers of sug2r beet cossettes has been
studied, ond has besn found to vary markedly with temwperature of the drying sir
(140 to 220°F) and to incresse slizhtly with o fourfold incresse of air velocits,
viile husidity changes have little effect. The rate of dryine has ceen found
to be proporticnal o the total moisture content of the cossettes.

A method of predictiug the rate of drying of crssettes in beds up tn
9 inches deep is given, for velocities in the ranze 6 to 21 1b./aq.ft.)(min.),
for temperatures of 140 to 220°E, rod humidities up to 4% R.H. Ths ececuracy »f
the sethod is showun to be within L 15%.

Ohservations have also been made on the variation of internal

tensereture with change of moisvure conbent and air temperzture, and on the

evidence of omramelisation.
Carrots.

The drying of carvots hos been investigated in single 1ajer testa.
The effect of particle size (slices, cubes, and strips), teaverature {110°F to
160°%), hasidity (up to 45% R.E.), and sir velocity (8 to 15.5 1b./(sq.ft.)(ain.))
on the drying rates of sinzle laye:s hes been studied. The drving rate is
propertional to the total moisture coutent of the layar. Calculated times of
drying of deep beds, hased on single layer experimental vesulis, Sre within

L 1 of the zetnal times.
Yeas. '

The drying rates of peas, in single layvers and in deep beds, have teen
studied 2t different 2ir temperatures (110 Yo 156°¢), humidities (6o and 405 R.H.)

and/




" and air velocities (8 to 25 1b.d.s./(sq.ft.)(min.)).

\,bservatz.ons have been made on the evidence o:t’ case hé\x'dening end
2nd the inflvence of humidity upon it.

An approximate predietion m.,ihad based on s:mrrle—la_]er results, is

o
i

proposed for the dryz.ng tines of deep beds
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1. IHTRODUCTION.

The process of dryimg imvoives the removal of
& liquid‘frbm e solid by %&erm&l meana,;&ﬁ distinet from
mechonical m@thadb ¢f dreiming by filtretion or cemirifuging.
Pryiag and avaparé@i@m car be distinguished from ome snodher
on the basis of the types of equipmeni imvelved and by the
fact that avap@r&@i@m proceases generally remove mueh lavger
guentities of watéx peé unit time then de dryimg precesses.
Dehydr&tioa iz @ i@rm uneged to deoseribe dryimg, bud its uvass
is largely wéa%rieted &é ﬁh@ drving of foods, fruits and
vegetabliea,
The\raaaoma for drying are many and ®mey be
classified as :s- | |
i. T eore hendlimg im future processimg.
o To permit satisfectory use of the fimal product.

3o To reduce weight and velume with comsequent reduction

in freight cherges.
4, To ineresss the capacity of obther equipmemt im the process.
. Te prevent dgcomposition durimg slorage.

6. Te enhamcs the velue snd uaciwnimess of wazte or by-

producta.

| ‘Dryimg nersmally has & fized pesition im relatiom
to the other unit operations of & particular process. Thus
it freguently fellows filtration or cemtrifugiang énd precedes
& grirding or paékaging operations Sometimes it takes place
beforo extraction:in ordervthat more concentrated liquors

result/



result, but it is usually regarded as a finishing eperation
before ﬁreparatian of the produci for tramsport and sale.

. There are many'diffe:ent methods of drying, and
any one method wmust be chosen with the view of giving both
highest efficiency ard the most suitable fimal product.
Considerations vhich must be made when choosing a drier are:-

1. Temperature which the material cam stand and its

deterioration properties.
2, Size, shape ond surface cherascteristics of the material.

3o Imiﬁiai moigtbure content and fimel moisture comibent
required. ‘

4. Type of operation (batch or continucus) and approximate
bime o

5o C@ﬁdiﬁion of fimal preduct.

6. Capacity‘of drier and space available.
7. Heat end power supply availableo

8. Caﬁital and running costs.

Sonétimes the cost ond efficiency of a dryimg precees
may not matter since the value of the material may be so gresat
thet it is of primary importance that the product should be of
good‘quéli%y and unaffected by the conditioms im the drier,
Within @bése limitations it is usually possible to design a drier
for a given meterial to oper@te effieientiy both from the
hardling and operatiomal cost viewpginta, provided that the

characteriatic preperties of the substomee are known. Seme

knovledge/



knowledge of drying behaviour ¢f the material is geﬁexaliy
éﬁgeztial fér the efficient design e¢f such & drierw &ﬁd.inde@d
‘exbensive tests undertakem before $he &@@igm ptage éré gfdten
wove tham camp@mﬂaﬁed fer By the fimel resulb.

Meny workers have twémﬁ 0 predict the ﬂrynm dimas
oy retes f@?-va?ﬁaua gsolide for e givem st of air comdidions,
Th@sa_W@F%@fé have succeeded %o soms ozbomt hubt dryimyg ip sush
& c@mpi@x pﬁ@@@@@ whet mo uwslverssl theery or pweﬁicﬁﬁ@m
methed has ﬁe& been pud Tforward. Yaber may be beund with

o
i

gaolide inm @.vaa@ rariety of vayso, @.g. &8 fFree welber on 6B

exposed surd Qb9§ %@i&e@u granzies or ﬁék ELE inside 1iving

cailﬂ‘e&ciea@d %y{m permeablic or impermosble %emhwameg'“
on walims @@ weber of hydration. Compidering thease com-
binationas ond the verying exztentis %o which they mey secur in
different matveriels id is meot surprisimg thet deryimg robes vary
so widely. ‘E% iz fortunate that many materiesla can be classified
in groupe wﬁﬁch_dry in the seme menmer although ad slightliy
different rates. Ao e result of the complexity of momy

dryiag prohiams, %t-ia frequently simpler and more accurads

to conduct ﬁ&beraﬁery er pilet plant dryiag tests on the
mnterlal, ta snpply the information meaemaa@yo

Rany factors are imvolved im thease besta, ‘end the

provision/



provision nf dete which is complete amd yet aimple €® use
is & btask of some difficuléy.
The wark here reperted deseribes experiments
intended te assess the effect of the most importamt facdors
in drying veget&ble materiels end imformstion hes beemn obtaimed
whereby reasemably accurate solutions cam be worked out for

gimiler materials.
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2. ' MASS TRANSFER.
{a) Thé.Boundarx Layer.

' Whem air flows over a solid surface a velocity
gredient is set up et right angles to the directiom of flow,
beceuse of the viéooﬁs forces acting withim the gir,etreuma
?he drag force wesulﬁing from the retardation of the air at
the surface is trensmitied thrdughout the whole of the air
stream ém& éﬁer@fewa the velscity gradiemt alse exténda through
the whole of the air. At progressively greaﬂér dist&ﬁceﬁ
from the auéf%ceg hovever, the effect of the drag beccmes
amglggrl&md; fer all practicsl purpgﬁes, con Be regarded a8
being c@nfﬁéed t@lthe surface and knewn as the boundery layer.
| In amy plame &t right &égles to the directiom of
flow, the ?él@ci@y within the layer will vary from zero ad the
surface to Ug, the velocity of the undisturbed atream at ita
ouﬁer edge. VYhere the boumndary l&yer thickness is small, ‘he
flow is mtreémline and the veleci%y;&t sny distanee from the
surfece ia af&iﬁ?leufumc%ion,af %haﬁlﬁistaaceo

A Emewledge of candiﬁiomsiﬁn the boundary layer ia

aeéega&ry to calculate the reanltamb drag force of the surface

en the air atream smd in the calculation of heat and mase
trensfer coefficlents. A Such expressiors as a¥e yvequired to
derive the éhickneas and velocity of flew ad emy poimt have
been aum@awiaed bj Coulsom and Richarda@ale

(b) Mass Trapsfer through the Boundary Layer.

If mess trensfer takes place as a vesuld ef a

conesntration/
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concentration gradient between the Ffieving air end the surface
the whele of the resisbameeé bo transfer cen be considered as
lying vithin the boundery layer. - If the concentratian;
nng hemee the waete of mass trensfer, oere small it can be
shown Shat the vai@eﬁ@y end thermal boumdary layers are
unaffected amd that the besic equation for mnes trapefeor is

> [ _ oh

21 (h-P)udy = D32

o J/y=o

Vhere

E% = Partial pressure of A at a distance 5 from the

surface.

Ej = Partial pressure sf A outside the mnss trenafer

houndery leyer.

l'a Distance in ﬁ&e Y direction, g?eaﬁ@r than the
' thickness ef:amy of the three Boundary layers.

16 i85 mot p@ﬁaiblé te obtaim a aimpie relation
commectimg PA end y, 80 tﬁaé integrotion is mot possible. I%
hes been shewn, however, that an ezvemsion ef Reymolds Amology
c&évgive relastions for heat and mass tramsfer between &
surface and & turbulent streem of airo

{c) Moss Trangfer Theory.

Th@.péacess of mass drensfer sccurs whﬁn,viffthe?e‘
~is & c@méeﬁ%ya@ﬁon gfadient between two substances, there is
a téﬁ&enéy for each comstituent to flow im such & direction esn
to raduge the comcenbrabion gradient.. The ﬁransfer, if bebwesn
a'aalid,amd fluié‘fi@wing in streemline comditions éu &

direetion ot right smgles o the comecendroticr gradient, ig

effected/
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effected as & result of the random motion of the molecules.

e

)

In s turbuleht‘fluid, this mechanism is supplemented by
transference of material by eddy cufrentao

| The rate of tramsfer of A in a mixture of two
cmﬁp¢nenta,_A an&ln, will be deitermined met only by the rate
ef diffusion of A; but by the bohavicur of B. The molar
rate of tramnsfer of A, per umit ares, due te melecular

diffusion is given by Fick's lawa,

X"

No = = Dus.
A AB* 3y

Yhere
,v“ = Molar rote ¢f diffucion per unit area.

Dag = Pitfusivity of 4 in B, & physical
proﬁefty of the two compomerts.

' Cﬁ = Molar éamcen%rd%ion ef A,
y = Distance in the direction eof diffusiom,
When the fluid is turbulent; eddy diffusion takes

place in additior to molecular diffusion resulting im an

| aC
Nap = [Dﬂﬁ + By a;

increase thus:

Yhere
F p= Eddy diffusivity.

Chilton amd Calbnsna have deduced & mass transfer
factor  which is expressed in the forwm
. h P 0-67
J = D‘ Bﬂ] 2 #‘
> D
u. P

Wﬁere/



Where
PB = Logarithmi¢ mean of the partial pressure
m
of the inert component B,

= Total pressurs.

= Mags Transfer coefficiemnt.

P
h
M = Viscosity of fluid.

€ = Density of fluid.

L) = Gas phase diffusivity,.

U = Mean velocity of fluid,

This is snalogous 4o the expression obtaimed for heat
tronsfer and is & suitable method ¢f correlating mass transfer
datn. Verious werkers have applied this methed to the
solution of preoblems, gemerally pletiting against a
sodified Reymelds number. Gillilamd amd Sherwood4 studied

. the evaporation ¢f e mumber of liguids inte am eir stream
flowving up & tube and by imtroducimg the Schmidé number, vere

able b0 brimg the psinte of all the liquids e the same line,

] i
“the egquoatiem of which waas np . P&m ( ) .023@

b

o nercam———

{(d) Mass Tramsfer from Plame surfac@s.

Early work by Hinchley and Hﬁmu55 on the evaperation
rete of water imte a tamngential stresm of air showed that this

rate was preoportiomal to the pressure differenmce (Ps - Pw) where

Ps is the vapour pressure of the water and Pv the partial

présanre of the weter vapour im the air. Powell and Griffitha6

studied the veperisetion rate with more systematic work inm

better equipment, as alese have Wade7 and ?asquills. The

relatioushipa/
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relationships between the evaporation rate and the partial
presaure difference and eir flow rate wvere the same, and on
the basis of those findings, Sherwoodg has piotted the results
of Powell and Griffiths im terns'ofithe Roynold-'gr6§p Reo
The imfluence of'the Sehmidtwgronp wae ascertained by lLintom
and Sherwoedlo‘for the ratos of solutionr of bemzoic acid,
cinnemie aéid, and B ~ naphthol, all relatively insoluble
' materigl@, in water. |

Maisel ﬁnd Sherwnodll kave shewn that turhulencé
in ar air stream im comtact with spheres is eharacgeriaed by
its scele ond intemsity. The scale (Vhe size of the eddted
had little éffectnan the meass transfer whereas the gntegéity,
whichlis the local flvctvation of velecity, in;reased‘tho Be o8
tr&nsfe? mmgkedlyo

{e) Mass Tramsfer inm Beds of Solids.

In the above work it was found reasomable to assume
that both jgamﬁjﬁ were spproximadely equal %o the frictiomn
term e u These ceses all refer $0 comsiderations of the
viscous drag as entirely im the form of skin frictiom, When
attempis are maede to apply the relations o cases where

additional df&g, ceuged by eddies as a result of fluid

ebatruction, is set up, the J -~ factor and frictiom term are
ne Rongér equeal . | Thus it is with beds of granular solids,
or evaperation fro# cylinders sr spheres.

deaon, Thodos and Haugenlg have imveatigéted the
constant drying r§t®e of beds of cebtalyst pellets a&ﬁ have

correlated/
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correlated the data bé e plot of ‘jn and ‘j" versus modified
Reyholds number Reo This work was extended to low Reynolds
mumbers by Wilke ;nd ﬂopgenla. The work oh spharieal and
éylinﬂriéal,hhapé;, was carried further by Taecker and Hoﬁgehl4
for Raschig rings, partition rings, and Berl saddlei; giving -~
the szame type of félatien but displaced slightly frop tﬂe
graphs obtained %itﬁ the former sbapego |

Hobsor and Th0d0315

investigated the trahqfer rates
of owghnic liqmidé which had been absorbed onm spherical pellets
and extracted by & stream of watber flowing up through the bed.
Foer the two aystems studied, methyl ethyl ketome/water and
isobutyl &lcnhOI/water, the j factor correlation lay on the
genefal line of Gamsgom et 510, although the wvariationm in-the
Séhmidﬁ group wasAof the order of 2,000, A further systen,
beta-naphthol/water, vas tested by M'Cume anmd Wilhelw'®
with similar resulis. | -
Bifferentlﬁeynolds pesbers hed been used ;n aoﬁé'

of the tests and Gamson’ "

introduced & modified Reymnolds
ﬁumber in an attempt 4o cahs;lidate ell the axiﬁting data.
Date for other comwmercial packimgs were made to fall om the
plot for spheres by imserting e shape factor in the Reymnolds

number.




3. MOVEMENT OF WATER IN A SOLID BY DIFFUSION DURING DRYING.
Eveperation fromw a surface cannot proceed far
before the surface layers ef the piece become drier thanm those
beneath them, If there are communicating pore spaces in the
piece; the Qurf&ee may be supplied by caﬁil}arity with moisture
from the imterior. When capillary transfer ceases, the
rest of the interhal moisture must reach.the surface by diffus-~
ion, end this proéess must continuwe during the remainder of
the drying. It is a complex phenénenon, as yet not fully
understood, altheﬁgh the rate of woisture diffnaien éontrols
the drying rate down to low moisture contents, more tham any
other simgle factor, omd as such heas received extemsive
treatment . | Diffusien can be defimed as the spontaneous
im@erﬁixing of molecules caused by the random thermal motion
of the particles concerned and temding to ¢ake place from high
concentratidn areas 19 regioms of low céncentrationa
The general differemtial equatiom for diffusion in .
one directior has been defimed aa:‘

% - 2[5

Vhere :
T = Water coatemnt @ = Time

D = Diffusivity of the liquid through the solid,

X = Distance from middle of the solid im the

direction of diffusion.

Sherwaodlg adepted the diffusienr equatioms to the j
falling rate periced for the case where the surface is dry or
at its equilibrium moisture content amd the solid hes @ uniform“

initial/
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iritial moisture distribution,

Thus V- We = "'DG(J'E) *9D9é%)j.
Wo— Ve Tr“ €

nd

Where .
Ve;%a% = Average moisture coutents at any time 8, at

the start of the diffuaiomal flow peried, and at equilibrium
with the at@osphereo
D = Liguid diffusivity, sq.ft./hr.

s One Rhalf of the thicknese of the total
diffusional layer, fi.

L

Tﬁis assumeé that eveporation is Sccurrimg at dwo opposite
feces of the solid, and vhem omly ome face is free for
evmpera%ion;L is the totsal thickmess of the solid layer.

The absve eguation assumes thoat D ias cémuﬁamto
This is rarély trve and D has been foumrd e very with meisture
cortent, temperadure amd humidity. DBoth Béﬁeman,
end Stammlg and Hougem, BMcAuley and Marshailgﬂ have referred
teo this wvarietion sand the latter workers have summerised the
lxmltationﬂ of diffusioen equstions ir drying and their
restrictions %o certeim clesges of materials amd certain

0

vimes im thé dmyiﬁg cycleo . Hougemn e% ai auggested further |
that for materxais wvhere the water 1s comtained im cell cavitieg
and inter gageeac? ia pxasem& on %he surfece, thad gravxty
and eapiliarzty cemﬁreiied the liquid movemenb,

Ven Aradeigi kas developed & graphical methed for

taking inde account the vaeriatiem of diffusivity vith moisbure

conbent/



content inm dryimg hydreophilic solids to low moisture comtenis.
Ho aasaumed that shrinkage ond the presemce of teupefaturo
gradients méy be meglected without unduve error simce drying
in the low moi#ture region vas beimg dealt with, In the
study of diffusien, if the driving force is vapour pressure
then the rate of moisture movement is referred to as
permeability, and diffusivity vhen.the potential i; vater
comtent, | | | - |

The relation between D, the diffusivity, end P, the
permeability is: | '

ipsctherm.

D= .‘5..).. %% ' where gﬁs Slope of vapour pressure
T

Vem Arsdel then wrote the diffusien eguavion

fer perm@&bnitysw 3T ! 3 [P 3 ]
it T R
Where 8 = Mess ef dry solids per umit veolumeo
Hle then eveluated aspproximste mumewﬁcal selutions
of the gencral diffusiomael equatiorn for the infimite slab,
long cylinder and sphere. The shapés of the dryiﬁg rate

curves were foumd to bear no simple relatiom te the quantitative

change of permeability, and no prpcadure'fer deducing the latter
ic_knowno .
" The work of Peck, Griffith and Rae>> took into
account the resistance offered by the sir film at the euffuee
of theispéeiaen being dried. Due consideration was also given
to the chanée im diffusivity and the temperature of ihe slab,

the/




the effective srea availeble for diffusior and heat transfer,
end how thesze factors affect the dryimg schedules. An attempt
vas made t@useparate the effect of these re?istances due to
the air filﬁ frem.ﬁhat of the solid itself, The results
made it poséible to predict the effeet of.velocity by drying
,éeveralftﬁiékneasés or the effect of thickmess by dryimg et -
few velocitieso |
Tﬁe wor& of Shervoodla'for special shapes weas

continued bﬁ Hewmaﬁaa for other shapee smd it vaé maintained

that bhe félling rate‘cculd be‘frequemtly expreased_with fair
accuracy by a azmple equation: |

o | EY) =~k l-ss)

Yhere K is & func%nou of the c@nstant rateo

PIC Y

é/fs/

The falling rete may wlso be @xpremaed in terums of . heatl
trensfer equatioms and
/@/y} = A (B=8)C~48)
o &L Ali-4e)

For materials ebeyling this cquatiom the dryimg time varied

direetly os the sguaere of the thickmess,

By diffusienal law

@\g .D??“?’ /ﬁ/;/ #/e

Agnin this only refers to pileces where the length is large

comvnared vith the thickmess, and where the dryimg time is large.
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4. MOVEMENT OF WATER BY CAPILLARITY DURING DRYING.

Moyement of water may be govarned‘by other
wechanisms besides diffusional movement. Méisture held in
the intersticea of solids as liqﬁid covering the surface and
as free moisture im cell cavities is subject t0 movement by
gravity emd éapillarity, provided'that'pasaageways for
continuoua flcw are present. In dryimg, liquid flow due to
capillarity applieas to Eiqaids net held im sclutiom and to
all meimture abeve the fibre saturaetion point, a8 in textiles,
paper, leather, and te all moisture above the equilibrium
moisture ceﬁtent at atmespberic seturation, as in fime powders
and grénuzai selids, such as paindt pigments, mimersls, cleys,
seil, amd semd.

Vober may thus flew from regioms eof iai concentdration
to these of high concentration if the pére sizea are suitable,
and for thié amd_éthe? reasens Ceaglske and Hougen 24 suggested
the capillaﬁy theory. The importamce of the pore space
between granular pardicles was first peinted eut by Slichterz5
in commection with tﬁe_m@igture'ﬁo%eaent in soils, and thiz

vork ﬁ&s medified smd increased by Hainesaﬁ, wvhe showed the

various confnguraﬁiema ponsible im beds of spheres.

W&en evaporatien takes place from a bed of sPherea,
the weter in the weaists recedes beﬁweea the top layer of

partxelea/
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perticles; amd an increasing suetion potential is develeped

in the liquid. When the menisci of thesme cubical waists heve

receded {0 the narrovest sectica, the suction potontial

at the surface equasls @
4326

r€g

Where
& = Surface tensiom.

P & a'Badiua of sphere.
f = Density of 1iquid.
g = Acceleration due to gr@vity.
| Fnrthér evaporation iesults im IZ, increasing 80
' thet the menmimei om the surface cubical wsiats‘will eeliupme,
and the larger pores willtépeno As steadily imnereases,
ﬁhe entry suctbiom of progressively fimer zurfacé vaists will
be resched, so thad the menisci collapsevinto the adjeceni
peres which are thereby opemed. | |
Vhenm the bad iz composed of granuler material with
particles of wized gizes, the puction p@ﬁeﬂ&ﬁaﬁ canned be
calenleted bet muast be measwred by agt&wﬁa;such as ﬁﬁése given
by Heimes amd Newitd et a}gg.- ) |
Am drying pr@cesds; pregressively fimer weists
cellapse, and the resultimg openimg of péres Qﬁé waists also
takes place. 'Themﬂ iz slse collapse of further full vaiats

within the bed adjoining opem peres, and the consequent opening

of adjecendt poreds.




Vegetables canmet be catisfactorily sun dried simece
decompesition eccura. They vere dried on a large scale im
the second world war and the most impertant in this country
were petatser, cabbages ard carrots. nyimg wvag carried
cut under combrelled cocnditions, employimg a forced draught
of heated air resuiﬁing‘in nuch werk being denéycu all
aspects of the subject, im perticular ot the Westerm
Regional ResearcﬁvL&bGEatary of the UoSo.Dep&rﬁmemt of
Agriculture. A cemprehemsive accauntza haz been publiahad
of a systematic investigation of the dry;ng rates of different
vegetables,

A vepabtable plece, whem exp@m@d 3¢ am air sbtreem,
hehaves &8 & w&ﬁem‘murfmee and may be c@ﬁpawe& to & fine
grained sponge fall ef waﬁega@o The moisture iﬁ~%ha sarfacs
layers evaperates very rapidly and dthereafter the surface may
be fed for & time wilh water by capillarityo f&is flow of
w&ﬁexvim repleced by diffusicnral flovw avér mest of the drying
time and m&y_h& sccompanied hy dﬁffﬁgﬁ@m_af'seguble sugare end
salds Lo bthe imbsrier &wigg e a eencemtr&ﬁiom'gmadient being
Be% uUpo It has alreedy bsemn stated thaet the drying ef
regetables is difficuld 4o explaim by @iff%sé@m equations
dus be the shrinhkage effecd whiech chamges the diffusivity
grestly threughount éwyimgev The presence of!%émper@ﬁure
@ff@é%@ end the faed thad é&ﬁ@r is presemt as éqlutionﬁ
fuerther cemplicstes the applicetiom of diffusienm theory,

puamtitative/
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Quantitative measursments of the actual diffusien
of moisture within a piece of vegetable during drying are ex-
tremely difficult to maeke during drying eving io distortion
of the pieces by shrinkage. The only published results are

30 vho disseected thick slices of petato

those of Ede and Hales
during dryimg, snd detormimed the moisture comtent in
successive layers. Gemerally similar pictures of the imtermeal
distribution of woisture have been fournd durimg the drying

81 end fer wood by Batemam, Heff and Stummlgo The

ef moap
latter comeluded thad cepillarity, liquid diffﬁaion and vapour
diffusion were comérelling influences im the drying of weod.
Capillary ecomirel imvevi&en@ above the fibre saturationr poimt
and diffusion combrol below, while vapour may occur at both
levels and 41ffuse e the surface umder vapenr pressure
gradionta.

Vam Ar&&elgi asrrived Ey caleulation at meisture
distribution curves in the low meisture remge of the same
type az the shove wovrkers. Thus it is %ﬁat the form of these
curves is comsistent with the lawas of dﬁffumi@# aad the
cﬁéﬁge in diffuesivity st lov meisture levelss |

The rates of dryiag 6? B80WEe COWMROR végeﬁa&les have
been determined by E&a end Eaﬁeég A wet bulb &epre&aion methef
&f correlating the dryimg date for use in prediction of dry- |
ing retes asnd times hes beenm proposed. This wae besed on ;
the fact thet t¢he dryimg time wes propordtionsl 4o the wed
belb depresssicn. The same Gype ©f reletion was found b§

Cuipepper and %@@mgg and Smitﬁ33 fer the dryimg of Keiffer

pears/




pears. The drying timesz of different segments of these
peers vere found to be apprqximately propertional 4o the
specific surface.

34

. Guillewm found that the dryimg time of prumes

could he expressed by & logarithmic relatienm

9“2:= j%' ﬂéﬁlﬁg
= 020565 (%Y

Vhere $ = Adr demperature °r,

v = Air veloeclty

B = Relotive humidity

Thin work was cemtimued by Perr385 who calculatod
the thermal conduetivity of the prune surfaee using
messurements of imbermal tomperatures during dryimg. He
fouvnd dhat the surface Homperebure did not remain st the wed
bulk tempersivre fer say apprecisble ﬁi@ég but rese shendily
owing 4o the high intermal resistance o8 c@mpaéad with the
surfecs permeability. Bryiag vadbes weare f@ﬂm@ %0 Be wi-
affected by chsnges of humidity belew 400, simce helow Ghis
valuwe the eguilibriuve meiature combent @ﬁ@w@dAmo great chargse.
| Caﬁhm@?egﬁ has survaeyed thef&rying~ef sgriculdural
preducts while $ho trectment amd conditiens of dryimg for
cCOmBoR V@g@@a%ﬁealh&ve beem summeriged in manusls om food
38 39

delydration by Vom Loepecke®® and Merrie®> Mershall

has
publizshed & ;@mpreheami%@ account ef the dryimg rates of

Gelvdrated/




delydrated foods, presenting a summary of temperatures,

loadings, air velocities ssost suitable for each typeo

Gardner and Mitchell40 bare given data for tbe
drying of sub-*!literal seaweed and bare postulated a prediction
method for times and rates based on the proportio&ality
to wet bulb depression findings as reported by Ede and Hales30«
This basis for drier design has been stated by Hendry and Scott
to be && accurate as other methods with the additional
advantage of simplici ty«

The drying of grass has been studied with regard to
the effect of grass structure on drying rate42© The danger
of heat damage was emphasised and in a later report by Bailey
and Hamblin43 the development of a procedure for testing grass
driers was outlinedo

T&® drying of grain has been reviewed by 0x1©y44,
but recent work by McEwon* Simmonds, Ward and 05£a11©ghsnéK,
has applied more fundamental principles of chemical engineering
to the problem of drying &t wheatgraia®

Microscopic examination ©f the cell structure changes
ha® been made by Reeve4m for carrot® and potatoes* He noted
that when potatoes are blanched or scalded bOfoE*@ drying, the
starch in the tissues is gelled and cell shrinkage is limited®
When carrots are dried, the outer sells initially form a hard
shell which opposed the shrinkage of the interior cells and
caused rupture of some intermediate cells® It was found that
if carrots were dried at temperatures exceeding XOO~C there
was some internal vaporisation of water which could generate

enough pressure to rupture the internal tissuesO
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6. THROUGH CIRCULATION DRYING.

The oast houans'in;'hich hops are dried, are natural

48 has

through-circulation drying chambers. Burgess
discussed the subject u£ length and foumnd that &, the drying
time frem 80 to 2% at a constant air temperature ii givem by:-

! Tes5Ll | 6250
B e | e
o =gy [Fea 5%

Where H P = Vapour pressure of water at temperature of
- the dryiﬁg air, ins.Hg. ’

P = P&rtiql pressuore of vapour im atmesphere,

'in_ﬁ ngo

L =« Loss in weight during drying, ¢z/sq.ft.
' floor surface.

8 = ﬁrying Yime, wmin.
V = Exit air va-iecit.y, £t /mino

The desiccation of sgugar beed has been atﬁdied by
Dwem4go Sﬁch facters as ?eeﬁsﬁancé 20 air flow, effect of
ﬁempératu?e, air velocilty om drying‘%imes of conseﬁteu oa the
laboratory and plant mcale, and degree of inveraioi and
caremelication during drying, were imvestigated.

Sceﬁtso used a %hrengﬁ draught of air %o find the
effect of temperature on gress drying, snd éoncluded that the
Baximam temperadture was 300 - 350°F, above which blovholes of
gcorched grass were evident.

Marshall and Hougen®® showed that, for the through

circulation drying of e wide variety of materials, the constant

drying/




drying rate could be givem by the exprension 3
oY/
¥ = f¢ (s =Ha)
Vhere G = Air Velocity,
Hs,Ba = Sutnration and air hu-iditie- .
k varied frem 3 to & for clays and pigments, 25 to 100 for
granular aolida and 110 to 220 for fibrea. Using the same
rmethods, Gamsen, Thedos and Hougenlg found, that for the drying

of wetted éatalyst pellets,‘in the turbulent sir flow region:
i oSy

14/ = 042 a. Gr A”@
46 e, £29'9¥7
Where @ = Drying ares. Sq.ft. /euaft. of bed volum

€ = Bulk demsity of dry granular bed, 1b/cu. .
oo

Op = Average particle diameter, ft.

- A#fp= Log mean of inlet and outlet humidity
d:ivimg,farceao

Wiike and Heugenlalgave eipreasioua for tﬁa conatont
drying raote Qhén the fisw was streamlime,

The dryimg of vegetables has already heer summarised,
and aslthough most of this work was dome by cross flow air
circuletion, some through ciréulution work is reported.

Brown, Kilpatrick and Vaa Arsdel28 have presented
némographic deate for the drying of white potato strips
(5/32" squere cross section) A umiform air dxatrihuﬁ:on was
obtained wnth a perforated sheet which gave s subatantial
pressure drop. Marshallsg has glven, an aceount of tiwmes of

drying at certain leﬁdinga,>air temperatures and velocities, for

a/




& range of foeda, fruits and vegetkhl;a. Ha anggested that
drying data in the conatsnt rate period were more reliably
correlated by meana cf & heat tranasfer cootfieient rather tham

e mass transfer eoetficient:m

AjV—u(ta t,)

Latent heat of vaporiéuﬁion of water.

Vhere: A

A - Heat ﬁransfer‘ceefficient;_btu per hr.per
8¢ £t

A = Ares of evaporation.
tq = ‘Air temperature, °p,
ts aiTemperaturé of drying surface.

Edé and Huiesaa h@vé described testa onm vegetablé
and.fruii déﬁyﬁr&tién with‘through draught drieras. ?éuit
wes found te be more suitable for drying by ihia method tham
vegat&bias which shrunk and matbed, raﬂultingvim uneven air /
flow with ceomsequent difficuldy of meimtaining steady test
conditiomso \

Gardner and Mitcheiﬁéo predicted rates of‘érying
¢f common sub—litioral seaweedm. Fromd emd atipe were found
o ke adequétely &e&lﬁ with by through dryimg, altheough
shrinkage and end @ffecta were omce more evident.

Kraybilxég‘@veﬂﬁigmted & process for delydratimg meat

im & two stage th#wmgh cireculation drier using freab minced
| 58

méaﬁ, end Coles carried out labewaﬁory and plamt tests om

the through dryimg of viscose staple fibre.
Allertom, Brewmell amd 35%354 stndicd the bagie

mochanism/
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wechanisn and . messuredthe experimenteal rates of drying

of reoteary vécumﬂ filter cekea. Tests verQ'performed en porous
beds Compoaéd of glass bulbs, crushed quarty and a bimary
mizxture of glase balis. They havé pontuiated e drying

mechani sm wvhoreby & marrov zone of vaporinution moved down
through the bed; leeving a2 dry bed above. ..Since the air

was at lev temperature (85 = 95°F) snd large surface area was
exposed; the air left %be bed virtuslly saturated vith water

at iﬁe aﬁiaﬁatic natuxa%ieﬂ temperaturee | |

T&é:sarrelaticn vas based om the follewing relationuhip==
' £ ” » -y’
R .f;f “hos = H#,) /e
o B

Yhere:

E = Vaperisation eff'ieiemcyo

‘p = Rate of éryiné lyaﬁqaft.)(min)}

/4 = Meximum rate ef drying 10d{8q.ft.) (min).

&’ = Mass velosity of air, Ib%(sq.ftcjihr)o

ﬁﬁs = Humidity #t adiabaticvagtnratian tempersture,
| | 1b/1b,

/4, = Humidity of emtering oir 1b/1b.

Y = Dryimg factor, sq. 24./Bro.

4// = Mase of liguid per umit ares, 1b/aq.Ft,

<] =% e 0 4==0°
and ) o 2,72 (Re) O°Z18(p ) ~0-3080(yiy -0.30

Reéults éf meny tests esitablished the likelibhood of o
“proportionelity to thickness” drying lav os stated by Marsheall

and Friednan55, which may be atated:-




TS g 1‘5 =

stated:= :
_ G LAGkW). 4, Si-1¢
g = 29 77—17)=
¥ T Tk as) '/ -

Where

= Time in falling rate period, hr.

Latent heat of vaporisation of water

BYRU/1b.
Heat transfer coefficient, m”’/(nqigts)(h

l, = One Balf thickness, ft.
A

"/,t

Mounfié!dss investigated the drying of wheat in e
batch throuéh circulation drier, and recent work of more
ebmplete n&turé by HcEwen, Simmends and Ward45'on the drying
of wheatgrain has beem carried out. The se vorkeré have
developed both & Qathematical end grephical method for '
prediéting th§ drying times of deep beds. The metheds are
baéed on tie work dome om single layer teasts for different
temperainres, humidities amd air flews.

Thus for comstant rate dryings

8 = ”/Mw‘{é)
’ me%)

Falling reate drying

Gz = 55 loyg.

And the velue of We can be found from

(e-i) = ffm’*;”"

Where | }1‘= Weight of dry graim in bed, 1lb.

)/ = Average moisture comtent im bed, 1b/lb.
A = Ares of bed, sq. ft.
(r = Mass air rate, lbo.d.a./(eq.ft.)(hr).

/é’,g, = Humidity et saturatiom; humidity of
entering/




entering air, 1b/1b,
B = Rate comstent, Br.” b,
A pew type of through cireulatisn drier hes beon

described by Lowe el &105?

gy With a conveyer which moves
lemgditudinally and laterally, thus cousing ﬁhe material

%0 flow alemg the drier in e spiral mobiom. The obvieus
adventege im bed mixing snd these workers consider that such
& drier will have wide applicatior in imduastry.

Bréugh@@m and Miekﬂ@y58 heve proposed & design method
by simuiating dhe conbinueus varistiom of sitock and gas
properties in a dryimg test ir & baebtch driers This oniy
wvorks om the basis that e drier hae been designed amd that

the time of dryxmv of a certain material must be found for

the c@ndnﬁz@ns of dryimg expected im the driers




SECTION iz,

1. Apparatus.
2. Experimental praeedurés

8. ‘Prelimimary tests,
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1. APPARATUS.

:ihree through~circulation driers of varying sizes,’
were used in the teste. |
(8) The firat drier (Fig.,1l) consisted of a centrirugal fan,
directly c&upled to a doco meter, which hlew %ha.air over eight
1=kw bar'e?ements into a plemuﬁ chaﬁber and themce upwvards
through a }érticui duet (12in. square) in which the basket
of wet ﬁ#t§riai rested on steut wire gsugs. The 1id for the
‘drying eh&ﬁb@r hed a 6 in. diameber ?emapex outlét uufmonnted
ﬁy an aihéiminﬂ,c@ne, and was counterpoised for repid opening,
The arié?;yaa lagged with % ir.: asbestos millboapd.. Wet and
d¢j bulb thermometers were fitted at the air inlet below Ghe
basket amd in the Perspex cyliﬁﬁer outlet. Wat;r ﬁaslanpplieﬁ
%6 the iickg from exbernal reserveirs, ﬁhrough’glues tubes.
Théjigiéﬁvdéf.&ulh %emyematuﬁa’v&s‘regulaﬁed hy‘& Sunvio
ﬁhegﬁostat an&;reluy whi ch coﬁtf@li@d éne of the heaters. Ao
aupyle@eﬁﬁéry 3~-E¥ heeting element situmated in the inlet fam
duect permitted preheatimg of the sirs
| The air velocity wes varied by & nims-point starter
vith fine cenﬁroﬂgby & geparate rheoetat. The ﬁir flow wasn
meaaured.by en snemomebor which wes a push fit 1£ the tep of
the aluminive cemne. The Hhumidity of the iniet air could be
increased by e steam imjester which could be adjusted ﬁannally
by & steem valveo

The stetic presamée befof@ the basket %&3 measured by

& pressure tube commected 6 sm inclined manometer, readimg

ap/
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up te 2 imo. wate¢_gauge. : Tﬁe béaket for the wet material 9 in
deep approxinaﬁeiy 1i'i§. sguare vas constructed of sheet
aiugininmlwith.a.floorof l/ld»in. cepper gauge -frengthancd by
& sﬁouter P in. gauge. A gﬁdm@ of asbesteos cerd prevented air
leakage round the basket.
(v) The second drier (Fig.2) was on the same principle as the
first, except for the following details.

(1) Tbgndryxng chember vas much smaller (0,471 sq, ft.)

(2) The.fan and heaters (4xx - 1 kW) were situated
“direetly below the test section.

(3) The exit air could be recirculated to the inlet lime
to the drier, the .degree of recirculation being
controlled by & series of baffles,

This drier was usé@ only for recirculetien tests, since
the ﬁemperature cémtrol vaa relétively poor compared with {the
firsd drier; because of the small size of basket and since the
air velocitf‘variéd over the test aection,

(¢) Cértain.dis&dvantages had been evident with the fermer two
driers &md iﬁ an effort %o improve drying test vafiations and
the range af aperéting conditions a neé throngh«circulation driey
vas designed. {Fig. 8).

qumerly'the air wes measured at the outlet by
anememeter; which had Geverdl disadventagesn:

(1) The eir left the bed at widely verying temperatures and

humidities ond ecorrectiomn had to be made for this
before adjustment could be made to the fam speed in
order to keep the imlet air flow comstent,

(2)/
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(2) The reeading wes not imptantaneous.

(8) Insertion of the anemwometer caused a slight inerecase 14
back pressure with comsequent decrease of air flov
over the period of measurement,

It was therefore decided to measure the air flow by
prese&re 6rop measurements over a 3 in. diameter orifice in a
6 im. diameier inlet pipe, im which the air was at stmespheric
temperatare.and humidity. The pressure tappings were
conneocted téian inclined menometer so that any variation in
naRcRe ber regding wvas rapidly noted and adjustment of the fam
speed made.

Noem—uniform flew of air over the drier ecrose section
bad becm previvusly moted amd therefore instead of a sharp

change in directiom of air flow, & smooth bemd vas incorpeorated

between ﬁhe'herigontal heating section and the vertical drying
chamber . The erogo=sectional ares of the drier wae comnstumnt af
1 £f4. sBquere.

En'ﬁrdar %o imncrease the sir capaecity a larger fan was
inserded &m& incrééae in drying temperature wves obteined by
having 18=1 kﬁ ber heaters in the lagged heatimg section,

An attempt vas made e decreass bypasaimg of eir round

the érying basket by fitting the basketi into e U-section
aluminium jéint in which was an asbestos gasket.

In order ¢o out down loss of heat, the drier bedy
vas lagged wi%ﬁ 1 ir., bthick magheﬂia lsgging, the heating
sectiom beigg constructed of 3/éino,8indany@ board end legged

vith asbestes pads,

Thin/
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This drier gave greatly improved‘aif flow
cbaractaristica;- a wider range of operating cdnditions; lesq

heat loss; more raﬁidvdhd accurate control of air flow.

2. DISCUSSION OF EXPERIMENTAL PROCEDURE.
Loading :

The depth of bed is & most important variable in
dryigg by,through.cireulation. Linear neuznreuént of the bed i
inacecurate for large particle sizes thiie a ﬁasi. of wet loadig
in 1b. wet material/sq.ft. does not consider ehahges in initial
fmoisture retio. Loadings have therefore been n§asured in 1b.
d?j‘materinl/sq.fﬁo This systes would be inconvenient for
industrial uwse unless the water ratio was known,iand therefore

mhe of the former two methods would have to be used.

Feighingas.

| The progress of each experiment was followed by
wveighing the sample at regular imntervals. |

| Ideally this should be done instnnt&néeusly wvithout

éeﬁovai of the aample from tﬁe drying chember. This
ﬁéces&itates & variable correction for the npthfust of the air,
e&rors in sir measurement being reflscted in errors im veighing:
The sceuracy dem&nded by the experiments, and im partienlar

in single layer tests;, required the sample to be withdrawn and

weighed en & balance. This resulted in a slight heat loss -

from the basket for the period of weighing. v

In/



In the present work, the Saskét vas removed and
weighéd on a balance of 30 lb. capacity, calibrated by 0.005 1b4
VWeighings were estimated to 0.001 1b. with ; good degree of
accuracy. |

"Moisture Content and Semplinmg.

After completion of the drying tests, samples were
takeﬁ at thé sidéa and corners of the ded. fhe cemposite sample
was thorougﬁly mixed and groumd in & Christy amnd Norris 8 in.
laboratory mill to pass a l»m.m° soreen. This powder (Approx.
10 g.) was ﬁeighed into aluminium dishes (2% imn, in diameter x
7/8 im. deep) provided with tightly fitting lida,'and exposed
fer 8 hrs, A(Tempo 60=200°C dependiﬁg on meterieal) in & vacuum
oiena The dishes were ¢20led and reweighed, the loss in veight
being attributed to.waﬁe?. The mean of duplicate determimation
vas used as a basis for caleuletions.

E

X @&i@gaééiuzzgggﬁgrgo

| The fam was started, adjusted te give thé correct
spemomeber or orifice plate resdimg, the heaters switched om and
conditions allowed %o stabilize at the deéired'temperatnreo
(1545 wminutes).

The eméﬁy basket was counterpoised on the balence amd
the desired ﬁmaatity of material weighed imto it from a fixed
height vith randem packing.  Prior te the test, the inlet and
outlet teﬁpératureﬂ veie recorded and the atmospheric humidity
taken with a vﬁiriing hygrometer;ub The static pressure was

noted with the drier closed smd the empiy basket in position

The/
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The besket was inserted in the drier, the timer
started, and the drier closed. The initial static pressure vas
noted and the exit temperatures checked each minute. The basket
wma removed, weighed, and replaced at regnlaf intoﬁva!a, sormally
' 5 minutes for the first hour of drying, 10 minutes for the
‘second hour of drying, and 15 minutes thereafter., Before
cloging the lid the timer was return;d to zefo B8O ihat the
meaaurad tiée iﬁterval (5,10 orlb minutes) represented the
sctual time the material wes im the drier.

Aneﬁometer readings wéré taken 2 minmutea before each
veighing to‘allov the exhaust toﬁperature to steady after the
interrupticn; coused by the removal of the basket for weighimg.
Anemoneter ré&dings for air flow were taken several times
between ecch waighing se dthat immoediate comtr@l of air flow wes
passiblea | r

The exp@fiment wué generslly concluded when tﬁe lose
in weight waﬁ less tﬁam 0.005 1b. over & weighing peried, alth-
ough this ffgure depended %o large extent om the leading used.,
insingle layer‘teats the fignrevwaa 0,002 1%b. or leas, '

mpersture ond husmidity measurements.

¥With the erigimal drier, umeve® air flow at the bottom
of the plemnum c&amﬁer caused the iuleﬁ’dryobulb‘ﬁhérmometer to
read & few degrees too high. Radiation from the.heaters vas
aiso thought to have amn effect on this temperature. The
out let temperature which was sccurate, was therefore
measured before starting the t§st, and the inlet value used

threughout ﬁhe test ¢o messure temperaiure fluctuation., From

this/




this, it vao'efident that the thermostat coqtroilod the
temperature'tc withia + 1°F. although te-pefatuie distribution
wdé'iebs even. Semetimes the wet-buld temperatures were too
high beeausé'of low air velocity past the wicks. When this
eccurred, s check was made from the hnliditj‘vslnel obtained
from a sling psychremeter. .

A similar pfocedure was carried out for the small
drier, where air variastiom over the croes sectionm and radiation
from the heaters slso sffected the imlet thermometers.

¥ith the redesigned drier mo such fluctn@&iéna
soeccurred, aﬂ& tﬁerefere the only chesck carriéd out wes ome of
humidﬁ@y'eompariaam betveen dvier tsmperaguwgs and externmal
whirling hygrometer temperstures.

Alr velocity meesurenend

For the first bwe driers, the exit air velecity wesn

ebteined by messurimg the time tohen for 1000 feed of air to
be vecorded on an acmomemeber im the outlet duct,; amd ﬁhe’value
obtained c@éreé%@d by the calibratiocn factor fer the imsirumeni
The mass flow was calenlated from the srea of the outlet duct
aend the mir‘&emﬁity. Leakage of air toek place reund the lid
or door amd.maaa bBalences on $riel rums vere mecessary im order
te get am accurade value for the imlet oir velocity.

- With 4he mew drier the air flow wes readily wmeasured
o8 the imlet lime by pressure drep readings ever & 3 im.
diameder G?ifiee plate im & & in. diameter linme.

Galeulatgon of results/
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Calculation of regults

~ The bome-dry weight of the seaveed wvas calculated
from the final weight of the product and its moisture cemtent.
The water content of the asmple (lb.water/lb.B.D.S.) was then
found a; eaéh time of weighing. The curves of water content
vs. time of drying, were then plotted for each rum, and the
drying timoé of rejuired meisture contents intorpoiutedo
In deep bed tests, the comstant drying rate was

measured as the slope ¢f the straight lime éection of the
drying,plet; Ingtantaneous values of drying rate at othker
points were measured with & tangentimeter.

| The curves c¢f water comtenrt vs. time were horndlly
plotted as obteimed,; showing the variation im initial wmwoisture
coentents, bét for ease of cokparisen, others were plotted
'aiarﬁiﬁg from a constant water content by snbtracting & congtar

time from each ﬁime 0f weighing.

3. PRELIMINARY TESTS.

Interzption of Dryimg.

Th€>rate of drying eof cutalyéﬁ pelletulz and of L.
cleustoai atipe4o has been shown to be Iittle-affected by the
time lost when the sample vas removed from the drier for
weighing. ‘Thia wvan comfirmed by tests on the‘varioﬁé
materials used in the present work (Figo. 4).

The result ef the imterruptioms was thet, slthough
the materiaiaﬁemperata?e fell during the 15 seconds when

weighing/
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w@ighimg, drying did continue during this time and slso
sl%gﬁt sgitation occurred ovimg to disturbence. The first
facter would tend to imcrecse the drying time smd the last
twé-wouid decrease ito

Repeatability test.

This test was conducted to find how cloasely tests
could be duplicated under identical conditions of loading,
ai% velocity emd humidity.  The result of suck & test on
"br;iers“ egentwgrain can ﬁe seen im Fig.5. The curves are
alﬁost ceincident, cerroﬁérating the findinga of Gardmer and

ﬁiteh01140 for Lo_clongtumistipeo'

Eniﬁial weber rotie chomge.

Initial m@ﬁ&ﬁmgeiratia Bas boem found to vary im
vegetable materialse, makﬁmg'cwmpﬁriﬁen of dryiﬁg teats
difficult, Brows and Kilp&trickga and Gerdner and Mitcheil
b&§e encountered thie @ﬂd have mads‘small time correcitioms in
erder %o base each ﬁe@%A@n o common iritiel water radioc.

Thus throe tésﬁg were carried &ﬁ'differenﬁ initial
waéér ration f@r;brewéra° spend g#éﬁn at almosd the seme loade
ing, eir velocity and humidity. "Fig. 6 shows that the curves
of water comtent v time are coilncidemt, & time correctiion
béﬁng a&dedAﬁb ﬁhé last two to allew fer their lower water
content. It is evidemt, therefore, that the amount of previous

eir drying does not affect the drying rates in the later stages
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SECTION III.

EXPERIMENTAL VORK.

Through-cirbnldtggg drying eof seaveed.

(s} Ascophylium Nedosum.
{(b) Fucua serrstus.

(¢) Fucus vesiculosus.
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INTRODUCTION

The moin reasons for drying seaweed are to reduce
tramnsport costs, to emable the ﬁateriai to be stored without
bacteriel decomposition, and to allow it to be compounded more
easily with other products (e.g. animal foeding-stuffs). The
extraction of the constituents ef seaveed is usuvally preceded

by drying and grinding. Search for & cheap amd efficient

metheod of drying has revegled that a through circulation
‘conveyor aryg§ ia'probably best for sesweedo

Previou@'wark in this laboratosry hee been comcermed
primarily with the sub-littoral weeds Lemimaris cloustenri, Lo
digitata and L. @acc&awiné. Preliminary studies om the drying

59 and

of these weeds Rave beem carried out by Black & Duthie
MeLeam & Whi%eaga tardner & Mi@chell40 have investigated ¢the
through-circulation dryimg characteristics ef the above

seaweeds ond have suggested s graphical methed for predictiag
the drying times and rates of sceveed bedso Hyndmen, McEwem

& Mi%cﬁelisz have conducted testa om & mizxture of L. cloustoni
stipe and frond and have also cerried out initial investigations
into the drying of the littoral weeds Ascophyllum nodosum, Fucus
vesiculesus snd F. serratus et different bed loadings. The

- 6
effect of agitation of the bed hes been studied by Rankin 2 for

the abeve rock seaweedso

The use of rotary dryers for the drying of seaweeds

{

hag met with limited success, owimg to the excessive mucilage com

tent/

|
|
{

f
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content of the weed. Gardner, Mitchell & Scottoa, using a
radicactive-tracer techmique, have showa that Lawminaria
cloustoni fromd did met receive uniforn treatment in a pilot
plant rotary louvre dryer, simce frond particles stuck te the
inside of the drum. L. saccharina frond a¢ an initial meisture
content of 50% has been successfully dried in such a dryer.

A rotary dryer has been described by Clark et alo5

for drying
Macrocystis pyrifera, a seaweed found off the Califormiam coast,
from o moisture cemtent of BTH te 40-85%. brying to lower
moisture content (5-15%) wae effected on a conveyor dryer with
& seaveed bed=depth of 2-3im. Gardnerlz has described a

test on a large-—scale gress drier (Pehrson Dual Process) using
L. cloustoni as feed. This dryer bBad a pmeumatic drying tower
followed by two rotary dryimg amections. A description of

some of the imdusirial uses of red and browa seawveeds and &

|

comparisonm of the methods of dryimg secaweed with these used for

grass and vegetables, has beer made by Mitchelllso

BAW MATERIAL

Mogt of the seavweed used was hervested im the Firdh

of Forth area with a few semples from the Obem area. A two-day
pupply of weed was harvested ome day and despatched that day,
srriving et the laboratery the following day. Tests on the
weed were thus completed withim 48 hours of harvesting.

A. rodosum, F. vesiculesus and F, serratus belong to

the Fucaceae faéily of the Pheeophycese group which covers a

lerge/
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large srea of the tidal rocks of Great Britain, aad all attach

themselves to rocks by a disceid heldfast or hapteron,

A, nodosua occuri on roeks and boulders from bigh=w3t04

nark to half-tide level amd is sbundant en rocky shores. It is |

~ distimnguished by air vesicles or biaddera formed at intervals
on the whole plamt, the fromnds of vhich grov from 12 t§ 60 im.
in length, and are tough and leathery.

Fo veaicnloa#a is 8 rock-weed growiag up to 3 f4. in
length with the fromds %=1 in. in width. It has & flat thallus
vith & distinet midrib»andvbranchea cut in ome plane, with air

- bladders formed at iniervals on eigher side of the midrib. The
- need.greva freely on rocks and stones between high and low-tide
marks,

F. serratus is of similar form to F. vesiculosus with
the distimction that the air bladders are absent and that the
nargin of the fremd is nerrated.' it gfowl to a ;aximum length

of 6 ft. end is very commor omn rocks from half-tide level to
lew-wateor mark,

The size of the weeds harvested was about 1 ft. in
length for F. serratus and F. vesiculesaus, and approxinafely
2 %, in the caae.of A. nedegum, i.e. considerably analler th#n

!

the largeat plants.

The dryer used has beem described im Section IX (Fig.l

it operates by meams of o centrifugal fen blowing air ovsr

eleetrie/
R ———————m——————
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electric heating elements and thencoAvnrtically through the
static seaweed bed contained in s remevable basket.

The experimental proeedur§ was simildr io that
described in the above paper; with ome major exception. Im
previous tests & mean air mass fIQ'_Qna taken throughout the
vhole test peried. Thia was not completely satisfactory since
eny change in flow made comparison of tests more difficult,
Hyndwan, MeEwan & Mitchell® have therefore constructed a
triapgular chart which can be naadAﬁdmméintain the ajr maess
flow at & steady value throughout a test. The chart relates
the exit dryAaﬁd vet-bulb températures t0o air veloeity.o By
measuring the two temperatures, the true air velocity at the
flesired mass flow can be read from the chart, and then any
ad justment in fam speed réquired cai be made,

The prepered weed was weighed into the basket with
randoem packing, end the bed levelled of f without any unmecessgary
pressure being applied. HNo grest changé in colour during drying
wvas noted, but whoen nicam injection was used to humidify the
inlet air, the celour of the weed césmged initially to bright
green which gradually became darkeriés the tesy preceeded.

Identical shrinkage and matting effects to those-
described by Gardmer & Mitcheli® were noted in all tests, caus-
ing part of the sir o shorﬂaeircuig the bed,

Tests on the effect of one variable were performed

consecntively/
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consecutively s¢ as 40 reduce to a minimum the seasonal variation
in the biologicel mature of the material.

Effcct of operating variahles,

~

(1) Bed-~depth - The obvious advantage of through-
circulation drying is that the drying air is much more eéonomieally
usad than in trey drying, l.e, cro:a—eiréulation drying, since

mors intimate contaect 1s made beotween the air and the particles of
the bed, Thus in contrast to cross-ciroulation drying, much

heavier loading is poemsible.

The minced weed wes dried by air ot 160°F at an air mass )
floy of 7.5 1b./sq.ft.min., using thermostatic centrol on ome of

the heating elements, |

{s) Asecophyllum modosum

Fig.l indicates the values of Semperature and humidity
for inlet aaﬁ exit air sand of wvater content versue dryimg time for {
& typieal déyiﬁg‘?nm en A. nodoaum, Tﬁe tine required ¢o dry the
minced weed between a water ratie of 3.2 and 0.15 wes plotted

sgainat the dry losding Ldo The eurve, in which drying time rapldly

increases above 6 dyy loading of 2,0 lbo/aqaft., hos the empirical

equations
8 = 77,5 = 27.9 log, (2.62 = L;) for L, <20 (Fig. 3}
The censbtant deyimg rate plotted against the dry loasdiug

gives o curve represented by the eyuation:
) e s.41a”? (Figo 4) ;}
The output of commercisl dry seaveed (0,15 Ib./1b.B.D.S.)

2
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from seaveed of initial moisture a.é.is ;xprosled ass
R =(1,/8) x 69 (Fige 5)

A plet of output versus dry loading shows a well defined
optiiun value for output at Ld - 2,0 lbo/ sg.ft. (a{ in. bed-
deﬁth), above which the output decreases n%godly. All further
tests om the influence of other drying variahlcs vere carried out
at slightly below this loading.

(b) Fuscus vesiculosus

The drying time (T = 2.7 - 0.10) versus dry loading can

be represented by the eguation:
0 = exp 0.67L, + 3.28 (Fig.3)
The constant drying rate versus Ld can be expressed as:

T -1
(gec o 5.4 Ld

( Fig.4)
The output of commercisl dry seaweed (C.D.S.)(0.10 1b./1b./1b.
B.D.S,) from minced weed of initidl water ratio 2,7, has arn optimu

valuve at L, = 1.8, the equation of the curve being:

d
R - 6681L,/0 (Fig. 5)
(e) Fucus xeirntns
Fige. évshowa typicel curves for water comtent versus
drying time for bed-depth t?sts or F. serratus. The equation
for drying (T = 3.5 ~ 0.15) versus dry loading is of similar
form to that for F. véaiculosus:

& = exp GoTSLd + 83.37 (Fig.3)

The comatant drying rate versus Ld has the equation:

(%gl:= 5.4 La”!  (Fig. 4)

The/




The output of C.D.S. (0.15 1b/1b.B.D.S.) from seaweed of initial
vater ratio 3.5, has an optimum value ot L, = 1.25, and is re-.
lated to_Ld by: o

R = 56Ld/b (Fig, 8)

(2) Air_Velocity = In this series of tests, the air
drf—bulh temperature vas maeintained constant at 160°F and the
air mass velocity vas varied from 5 - 11 1b.d.a./sq.ft.min.,
each flow-rate being kept’ateady at the predetermined value
as in the loading tests. This method of control was independent
of any variation in inlet air humidity, but did mot include &
eorreetion factor for any ‘edge effects' taking place in the
tests, or ehnnnelling of the air=siream,

Figo. 6 showvs the results of three sériea of testa for
A. nodasuﬁ, F. vesiculosuas and F. serratus respectively. The

curves may be represented by the equetions:

8 o 4796” %°7® (A, nodosum T = 3.2 - 0.15)
8 = 3856~ 788 (p  sesiculosus T = 2.7 - 0.1)
K 5316°1°038(F. serratus T = 3.5 - 0,15)

These equations are of the same form as those obtained

by Gardamer and Mitcbell4o for L., digitata and L, cloustoni frondd

in.vhich case the drying times were proportional to the - 1,17
ané 1.40 powers of the aii;veléciﬁy’xeﬁpectiwély,'for the gpproz@
imate renge G = 4 = 9.5 1b/aq°f§6mino -;Theie~éigure§ are |
confirmed by those of other i&rkﬁrno The 'minimum time® of
drying for hbp-'wn. found bj Bnré@is48‘to be related to the

- 0,39/
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Convernély, it is seldom ecomomic to dry vwhole plants or

-43- .

0,32 pover of the air-flow, whi%é Brown & Van'Arpdelzs found
that the velocity index for the drying time ;u- = 0.4 for potate
strips. Coles53 obtained an index of -~ 1,25 for the time requir:
ed to drj viscose staple fibre,

From Fig. 6 it can be seen that no great decrease
in drying time caﬁ be effected by increasing the Qir-flov.
above 16 1b/sq.ft.min,

The data for comstant drying rate versus air-flovw
is represénted by a straight-line plot (Fig.?7) for each seaveced,

giving the equations:

=3

(%3)c « 0.41G

az) s
(be e 0.466G

(ﬂ)

_ \28/¢
Allowing for the change in loading, the value of

s 0,526

the comstent dryimg rate for L.cloustoni ntipe; is higher than
for fromdas or fockaweedao This is due to the soft flexible
particles being compressed, preveﬁting free.acceus of air
through the béd; Obvicusly, the deeper the bed, the ﬁore
coempressed are the lower layers aemd the more resistance is

made to the drying air., This compreasibility factor largely
controls the dryimg rate. The smaller the prriicle size then
the more compressible is the bed. Thus, while small particles
ere the basis of spray-drying end eir suspension techmiques,

they are ﬁrobably no@ suitable for through-circulation work.

végetkhles/
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vegetables (e.z. seaveed stipe, carrots), due to the

excessively long drying tines reyuired. In industrial drying

a cbmpromlse'is made betwveen thoe size of the product required
by the consumer end the economy née#ed in drying tiie.
Consaquenfly in #eu'eed drying, stipes bave been sliced at an
vdptinuﬁ thickne#s, whereas fronds and rock-veeds have been
minced to give auitablé particle sizes of approximately § in.
x % in, x 2/32 im,

(3) Temperature and humidity - Inveatigations of

the effect of temperature and humidity heve been made by
seasuring the time of dryimg, for & fixed loading emd air
velocity, against the wet-bulb depression of the dryimg air.
For the three seavoeds under tesd, it-vua found that
¢ cc I/(td = %w), i.c. the drying time wes inversely pro-
. portiomal 4o the W.B.D. A geries of tests was carried oug
for each seaweed, the dry-bulb temperature alom: beimg veried,
thﬁa gﬁéiag different values of W.B.D. (Fig.8), slthough the
abaolmté humidity of the dryimg air was that of the oimosphere.
An &@%empt vas wode o vary the wet-bulb depression,
vhile maintaining the D.B.T. comstant, by stean injection inte

the eir gtream. Van Arsde&ag

found in the dryiag of potato
balf-dice that 2 rise im sirutémpernture ot comstant wet-bulb
~depresmum inecreages the rate of dryimg. Thié vas edbbributed
te the facﬁ that im the lov moisture emd of the run, when

internel diffusion controls the rate of moisture removal, the

higher intermsl temperature of the material inereasmed the rate of}
|

' internai/ : ——EE—
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internal diffusion of moisture. This theory should also apply
to the drying of seeweed, but in faet did not appear to when
stean was injected to raise the wet-bulb temperature of the
air. This anoﬁuly vas apparently due to congidereble matting
of the bed taeking place imn the steam injection bests, and to
areas of the basket mesh being elogged with mucilage, both
rganltfng ir an increcac imn dryimg time. When tests using
véry lov wet-bulb depressions were asttempted by steam injection
i{ vas found ﬁhat the wveight of the seaveed bed increased
ini&imliy due to condensation of water-vapour on the lower
layerso. Tais condensation ceased as the bed temperature rose,
ond graduslly the velght deeréaSed es drying co#mencedo

Né greeot reliance eould therefore be placed om the
findings of the tests in whieh this hoppenmed and variatiom of
WoBoD, byAaktaring the D.B.T. vas alome found to give egcurate
resalévsg.

The drying rates versus V.B.D. for I'. vesiculosus
at average water ecortende of 2;7 to 0.2 1b./1b., gave a strmight;
line relatiomship passing $¢hrough the origim,

| i.e. d¥/de = K{t; - t_) where K = constanmt.
Sipilar resulta have been fﬁund for A.nodosum and F.serratus
{Seo Table 1). |
Table X.

Seaveed T.1b/1b, Ldlb/sqofta K in equation
{(for comnstant
drying).
A.nodosum 3.0 1.718 : 0.04
¥. vesiculosus 8.7 1,52 0,05
F.aerrates 3.5 1,30 8,086
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Bolow this'range 6£ vater contents (0.2 lb/lb;B.D.S.) the
"D.B.T. becomes imcreasingly important, as has already been
-afnted, and the Y.B.D. will ﬁherefore‘not be direectly
proportioidl te the dryimg rate. -
Drying ﬁecbanisme

A éonatant drying-rate period wvas ohserved for the
bed-doptﬁarof ehove 1 in. This rate is largely governed
"by the amoﬁn% of wvater which the drying air ean take up, and
this “wdﬂer capocity’ depends on the degree of saturatiom of
4he sir. Allerton, Brownell & Katz®? found that in the drying
of filta#«dakes, dryiag took place in'a narrow zomc of
vaporiza%iém wvhich gredually moved up through the wet-bed,
vhile Simmonds, Ward & McEweag found that for vheat-grain
drying, this zone extemded throughout the bed of méﬁerialo
An examimation of the layer dryiﬂg of minced F.serrotus (Fig,10)
aﬁggea%a that the szonme iz deeper them im the ease of filter-
cakeo drying; the depth beilmg controlled by the woter capaeily
of the air ond its velocity. Fig.l0 shows that the water
coniéata veried aidely throughout three layers during drying

and that meximum devietion occecurred at an’&ver&ge of 1.5 (1b/1b)

wvidth cendeﬁgation taking place imitially im the upper layer,

" Thus it cenmot be snid that thers is a true comstont
drying rate (Fig.lc);‘:fathér is there an average pasimum
rate of évéporutiono ﬁThis rete is mainteined comatant for the %
period kmowa as the constami-rete pericd, by combination 6f high

'ratae/ %
|
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rates of drying in £§é ioveé ldyeis a;d lov;rateo in the upper
layers imitially, this being reversed in the letter stages of
the period. The falling-rate period commenees when the depth

of the dryinc zomne begins to deercase oﬁ reaching the top of

the bed. The drying air 1is therefore used to a less effieient
dpgree,vits exit tempersture imereasing and 1ts outlet humidity
dearenningQ Drying is then largely eontrolled by the rate of
interneal éo%eﬁent of the moisture ﬁo the surfece of the material
The dryihg rate of.tha'eogpcsite seswesd bod ia.malnly dependent

upoa the air dry-bulb temperature and therefore the particle

suﬁiace temperature. Partigle asize slso controls this rate, snd
ebviousiy‘%he lepger the pérﬁicles, the lomger will the woistare
take t¢ meve %o the surface amnd the longer will the falling-
fate peried last. .

It wust be edded that the wueilage content of roeck-
seaveeds ﬁés a greeat effeet om the drying period. It Bos been
found that the veed, on dryimg, sticks together amd prevents
reaéy sccess of air ia certaim parts of the bed, This indiqétes
thed the-agitatiom of the bed at imtervals would be very

beneficial to drying, tonding to expose fresh surfaces to

the air, wiih conrsequent shortering of the drying time.

_ . Itria evident that the lover layers are dry and
ere being suhjeeted to thg full heat of the ﬁncoming air in
the latterAatqges of dryiné. This &3 nnde;irable and in many
dryera the flov of air is reversed about midvaybﬁhrongh the

dryipg process.



Fig II shovs o plot of dfylig rate versus vatér
con%éntrhharaeteristie of three seaveeds under investigation.
The ¢urve, although for aideep bed of material, is of similar
form'té'tyﬁical'curves'fof'unit layers, ahﬁving the marked
éhnnge trou“°eons€ant-raté° drying to falling-rate drying
at a critiﬁal value of water comtent,

In conclusion, it seems that high air-velocities
and air.ieﬁperatures may be used im the initial stages of
| dryihg,‘wﬁiie the surface of the particles is covered vith
moilsture, and in the fallimg-~rate period lowver air-veloocities
ahd higﬁbr eir-temperatures are suitable., Economy of the
drying air'may be made by agitation of the bed, reversal
of the air-flov and recireulation of the sir espeeislly im
the laiter'sﬁages of drying whem the air has not reached its
meximum "water capeeity’, om passing through the bed,

Static pressure tests.

Stetfie pressure-drops acress beds of wet and dry
seaveed have been mecsured by Gardeer & Mitehell4°.

Similar measurements have been made for A.rodosunm,
F.serratus and F.vesiculosus., Examplies of the limear
relationship found by a logerithmic plot of static pressure-~
drop versusvair~flov are showve in Figs.12 and 13. The family of

straight lines all have equations of the form:

Q = a.Gn .
wvhere & and m are experimental comstemts, and 0 = pressure-

drop im im., of vater/ft. of bed-depth.
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‘ The veiécity indai {n) tends to a constant value
(approximately 1.8 for both vet amd dry mimecod F.serratus) st
‘the deapost»loa&ings (7 in.), es does the statie prossure-drop

per ﬁnifﬂofl bed;depth. The results of these tests ean bo

used in the selection of fans amd design of fimishing bins.
Bgaations fﬁr ﬁrgesurendrops for the deepest beds

ere derived from the aiarage value of the exponents and are:

o - :
0 = 0.0!5G1°8“, for dried F.serratus.

1°81, for wet F.serratus.

emd . = 0,0306

The graphical method proposed bf Gardaor & Miteﬁeli4o
ia fmirly're;iahle for roek seaveeds. This method is based om
the unit wet-bnlh depression curves (Figsul4 end 15) for drying
tiﬁes aﬁd }atee versus va%ér'conténtao |

Certain optimum values for variables have been found

by bod-depth and air-velocity éxperiments (Table II).

Table IX,
: : o Air-flovw
Seaveed Bed~dopth in. G.1b/sq.ft./min,
A.nodosum 8.5 (Ld s 2.0) 10
F.vesiculosus 3 (Ld - 1,8) ' 10
. Foserratus 3 (Ld ® 1.25) 10

Above a dry-bulb temperature of 226°F, statie beds
of roek seaieeds are scorched, and temperetures should never

exceed thi valus,

Design of multi-stage &hrongh-cirenlation'drycra

for/
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for A.nodoéum, F.vesieulosus and F.serratuas cam therefore

be made on the primeciples laid dowm by Gardmer & MNitchell.
Shiinkageland‘edgé effects are thought ¢o be negligible, vhere
wide conveyor belts are in use, wvhile deepening of the beds
on ecompletion of shrimkags. (at approx.RT = 1.5) should be

economic, siace better use is made of'tbe'drying air.




SECTION 1V,

EXPERIMENTAL VWORK,

Ihrough-~cireulation dryinpg of brevers’ spent grains
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Introductions

Brevers' speat grain is the veste material remein-
ing frem the brewing process. It containms 75 to 807 wvater as
received from the brevery, end has a percemtage composition, on
& dry bagis of := o0il 4.7; pretein 18,65 fibre 20; carbo-
hydrate 52,8} ‘aah 4,5. The wmaterial is widely used es cattle
fodder, because of its fairly high proteim content. The dis-
adventages are two-fold: (1) The seasonsl demand, (2) the
instability of the wet materisl, with subsequent decay.

Seversl methodms ef preservation are nvailahlees,
inciuding the exclumion of air, the addition of common sald,pH
control by treatment with HCl, or dryimg. O0f these four methed
arfing appears (o offor the mest positive protection, beasides
the advantage of aiding tremspert. The removsl of ebout 80%
of the water by cemtrifuging is pnséible, but would imcrease
capital charpges.

Summary of Previoupg Work om Graim Dryimg.

Although there has beem recent work on the dryimg
of grainﬁe’ag’?o, there is little published work on the drying
of brewers®’ speanl graimn. Simmends, Verd and EcE€9m45 have
investigated the drying of wheatgrein and have pe#tn;ated &
method fer'approxiéa@@ prediction of drylimg times, besides
giving comprehemsive dats on the effeet of a wide renge of
varisbles on drying rotes.

Test Preocedure.
The/
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_ The fan was started, adjusted to give the correct
air flow, thg'heuteré évitehcd'on and conditiens alleved to
stabilise at the desired temperature. 2&0 eotreot alﬁunt of |
Vmixﬁd and cooled spent grein was veighed into the basket, whic!
?QQ then inserted in the drier. The initial static pressure
vas noted and thevinlet and exit temperatures checked.
Uniform air flov wes maintained by regnla} ad justment of the
fan speed, since bed resistance decreased giving greater air
flow as drying proeeadedo‘ The basket was weighed every
5 min. until the loss of weight ir conmsecutive time intervals
vas less then 0,005 1b. The dried material was ssmpled at
the cemtre and cormers of the bed, fimely ground, and the loss
in welight takem afiter 8 hours of drying at 60’c uﬁder 29.5 im,
vacuus.

Shallow Bed Tests.

In through circulation work om the dryiag of deep
beds of materisl, the behaviecur of the imrdividual pleces is
not apperent owimg to the variaetion ef temper#ture and

ﬁumidity at different points throughout the bed. The

difficultien of drying am individua!lpieee, because of ita
amell éize, erei- |
A(l) Acenrate meamsurement of wmoisture reneva!, especially at
| low moisutre ratios.
(2) Choice of an individual piece as representative of the
whele bulk. |
ir/
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If, hewever, o shallow layer is dried, the drying

characteristics of the individual pieces can be observed and

. the abeve difficulties are eliminated. Hemce, tests were

cornduected on brewers®' spemt grain en heds ons-guarter of an
inch in depth, in order to study the behaviour of the

separate particles dnring dryiag.

Effect of Varying Velocity Temperature = 160°F, G = 6,63 to
2.2,

The effect of varying the veleclty of the dryimg ai
througk a shallow leyer is net generally groat, and the effect
muat be contrasted sharply with its influemec in deep beds. j_
In the iritial stages and in particuler where there is much
surface moisture, the rate of drying im deep bels depemds
largely on the dryimg capacity of the air. Obvirusly, if the |
velocity and hence the velume of the air is incressed, then
the rate of drying will imcrease. 1In the drying ei shallow |
layers the effect of increasing the air velocitly is to increas
the drying rate for ar initial short period by removiung any

surface moisture more rapidly. The imcrease of air volecity

also aids the transfer of senrsible heat to the material,

In materiale where most of the moisture is internally bvund,
the effect of air veloecity is not great (VWheatgraim; peis)
but with bret0735 grain, vhere there is a large perceatage
of surface moisture and the remainimg moisture diffuses
readily, a distinct difference in drying rate should take )154

with variation in air flow. For the four air velccitiesn

B — I"'Ilild
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studied, variation in the time of drying was censiderable

between 86 ond 288 ft./min. Hewever, sz fmcresse of air flow
from 218 to 288 fit./min. resulted in omly a very small decrease
in drying tiwe, suggesting that some limiting velocity is being
‘apﬁroached above which no signifieant decrease in drying time
will be obtained by & positive change of air flow. Alseo, at

the highest air velocity, "spouting” of parts of the hed took

place, reasulting in bloewholes which alloved some of the air to
shert eireuit tﬁe bod resulting in slight increase of drying time

A semi-leogarithmic plot .of water ratio (T) VS time of£
drying resulted in a streight line over almost the whole test, |
japart from & short building-up peried and a tailing-off peried.
The value of the gradient of the straight lime (-m) increased
vith inmcrease of air flew (Figo.ll).

Effect of Varying Temperature.

A sariea.nf runs vas made at comastant eir flow and
varyirg drying temperatures. (G = 11,4 lb.d.c./(sq.ft.)(min) and
Temp, = 100 = 220°F). The tests were completed whenm the ambient

air bumidity remeined almesat comstant. Siraight lime plets were

sbtained from log T vs. Time in drier, and the slope of these
lines varded significontly with temperature. (Pigs. 111 and 1v)ai

Prediction of Drying Times.

-Frem o plot of log T va. &,
log, T = -89 + k
T
(A 4,0=0,FTat ) log, 55 = -u8

01’3 s’éloge k aooooooouoooocnoacouooo(l)
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Hence, as found by Simmonds et ale45, the drying time
of a aingle layer is given by a simple axﬁren-ion relating time
(2) to the moisture contemt limits (To ond T) end a rate constan
(=) which can be correlated vith temperature, with a slight ad-
justment for the effect of sir flow. This correlation differs
from that of Simmonds et al. only im that it is based om total
moiéﬁnre content instead of free moisture content (i.e., totsl
minus:terminﬁl moisture éontent)o The marked cimilarity inm |
the equation is interesting in face of the very different
characteristics of the materials (of. wheat grainm and brewers?®
spent grain). The woerk on wheat grainm is the only atrictly
comparable wﬁrk to be found in the literature although such type:
of relationship ere citedas for the drying of deep beds im the

falling-rate periocds. Treybal1l developed. a simple equation for

thg drying time in the falling rate periecd, assuming that drying
#nto was proportional to moisture content throughout the comstant
rate period. Attempts to relate raté of drying in the falling
rate period in terms of heat and mass transfer coefficients

- have met with 1iéited gucceas, owing to the change of internal
resistances during drying. For the éame reason gtudies invelv-
ing the use of a diffusivity §r concentration term have resulited
‘in unwieldy wathematical selutions, too complex for use im the
drying of small pieces of material where three directvional
diffusion takes place.

The/

o




. the accuracy of vhe fimal selutiem. With this im mind, "stendard

The more empiricel appreach to the presemt problem
pre#ents & brief, practical solutiom, with a good degree of
accur#eys. The value of m can be read at the desired temperature
(Fig.1V) ond adjusted for the different air flow valuwe. This
value may then be aubstituted in the equm. (i) and the drying
time calculated bstveen {he desirsd moisture ratios.

Deop Bed Tests.

These tests were carried out mainly width speat grain
preduced from the brewing of Ale or Beer. Tour variables vere
studied, mamely, leading, air ve}eciéy, temperature, and the degr<
ef sgitadion of the cempoesite bed. Amy complels investigaticn
would imvelve an extremely large namﬁmr of tests amd it is there-
fore usual to choose cerefully the tests %o be carried out and to
get them at an opbimum. It is eum&emar§ to essume that if o
variastion im drying rate takes place &t & certeim lopdimg end

temperature with twe differemt asir velocitvies, them an almost

properbional variation will resuld with the sawe air velecitien
bud at o different loading smd tempersiture. Witheut such
sssumptions &s this memy more imvestigations would he mecossary

with resulbant complications snd perheps little less imorease im

values eof easch of the varisbles were chosem:-Losding,(Ld) = 4 im,
Bed depth = 2,17 1B.B.D.S./sq.2%.

Tempermﬁure/




Lad 57 L

Temperature, (td) = 160°F.

Air wvelecity, (g) = 0.5 in.w.g. = 7.86 lb.&.a.Aaq.tt.)(-ia.)

; Hormally agitation was met used, and tests were
caériéd out: by maintaining twe of the variables s§ the obovo.
values end varying the third, ‘ _
‘ r (Fig. 5 and Fig. 6)

ing Loading

Temperature = 160°F G = 7.66 lb.dos./(Sq.f6.)(min).
Bod Depths = 1 im., & in.y, 3 imoy, 4 in., 6 in., 8 in.
Twe bases, dry loadieg (1b.B.D.S./sq.f4.) er bed depth (im.)
vere available inr the leading %risls. Both wvere used to some
extent, end although the former is the more précise term, 1%
wag found that with any variatiomn im initisl moiature content it
was difficult %o obiain constant dry loadings by maintaining the
initial wet loadimg constant. It was found, hovever, that o
reagenably good relaitionship held between bed depth amnd dry
loading, and that 1 in. bed depth = 1.85 12°B°PeSo/pn o6, The
bed dried out and normelly shrusk from the basket sides to form

& compesite stracture, up to & bed depth of six imches. Abeve

this value there is evidemce of ready collapse of the bed, and
'of“conrae in the sgitatiocn tests the bed structure is completely |
.bréken down. Plets of‘moisture content versus tiﬁe of drying are‘
shown im graphs and these graphs have been related to an imitial
:ﬂoiatuve content ef 3.8 for cleaver iilustratien~of drying rate

variations. The nermal comstant and falling rate dryimg perftioms

are/
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'are‘evident on examination of the curves. The constant drying
‘rate varied with loading according to the equation

Fig: 8: (%%%) o B.41 Ld i ..ieeconeecccecncess (2)

A étr;ight line relationship was found for the falling rate
‘period-of the types-loge Te-m8& + C, in tkg region of moisture
content 1.6 to 1.0 down 4o 1.6 o 0.08. The values of the constes
® have been pia&ted againgt Ld, and are indicatéd.in Fig.T by:-
_ : : . v .

oconoooeooooonoooooaooe'ao(a)

-3 = 0.0303 Ld"
this equstion is omly relevant to s temperature (td) of 160°P and |
an air mass flow {(G) of T7.65 1lb. d.aa/(sqefto}(mima)o |

Now, having found & relation for the comstam¢ drying
rate and the falling radte with veristion of loading, if corractio%
fori%emperature, air velocity esnd agitation cam be wade them a |
possible method of p:eéﬁc%ion of drying rates and times cen be |
abtéined; for & given set of dryimg cemditioms., The tests om |
these other varisbles were thorefore conducted for this purpose. |
Effect of Verying Tempersturse. g

Bod Depth = 4 in. 6 = 7,66 P22/ (o0 26 ) (nin.) I

Temperatures (%d) = 120, 140, 160, 180, 200, 220°F.

The upper limit of temperature (220°F) was set by the |
teﬁdency of the graim to char above this, the lover limit by

the prolomged drying time,

Plots of moisture content versus time were of similar
form to those of the loading tests, exhibiting the same type of

relationship/
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relationahip.

Constant drying rate varied with tomperatnro as in Fig.9, and
( ) = 0,028 td - 1,97 .....;...f.,........,....(4)

In the caleulation of the comstant dryisg rate values from the

experinenﬁal ruadihgs; it v#a assumed thdt‘tﬁe relation

(2, 1 - Constant, held at all test temperatures. The

corrections for ulight variatiens in loadings thus toak the form:~

( gz)_g”}ﬂ ‘%%5) . Lde

Ld mo'oogvou.aooo'-ooooooooo(s)

Plets of the drying time in ¢the falling rate period versus legar-
‘ithm of the moisture contend shewed limesr relatiomships,
the’vafi&%ion in @ boing velated to tempersture as follownsz=~

(FigolO) loglo (;) 5!‘1 (0000664td+ 00560) Vo_noooo_oooo’woco.oo(ﬁ)

uTﬁe inlet abnq}@@g”humidiﬁy1thr@ﬁghoat the tests remaimed at an
'alééeﬁ.cbnéﬁaﬁt‘§&laé of 0086 Ibwwaéer/lb.dry air, and expurimené
al %ariation# in the lcading were less %han‘i 1% £rom the standay
;vaimao

Bed Depth = 4 im. Taﬁperatuve = 160°F

6 = 5.86,7:,66,0.32,10.75,18,17 1b.dry air/(sq.ft.)(min
The lowest velue of sir f£low wes limited by iﬁe speed comtrol of
the fan end the highest was set by the bed sﬁabiliﬁyc Above the

highest valge, at low meisture contents the bed developed blow-

holes amd also vas wmore semasitive renﬁlting in collapse of the

semi/
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|
|
semi-rigid sbtructure if subjected to a slight mechanical shock. i
Valuen of the comstant drying rate vere plotted againstf
air mase f!ow, and as theoretieally'proved, wae direétly Pro=. .
portional to the flow:-

3T ‘ '
;(Tig) Q YE 00350 G 0000000000000 000006060600e0e00 (?)

From Fig.12
The rate constaent ®m was related to G:- _

From Figoll B = 0,00178G + 0000810 oaaoéoooao-oonoooooooo(s) E

Again, the abeolute humidiﬁy'at inlet was constant, and)

the veriation im loading was small, although values of (%%%)

and ® were correcbed for slight variatiom im the loeding,

Agitation.

S P A it

i

Bed depth = 4 in. Temperature = 160°F. G = 7,86 1b/
{Sqofto){min..

Degres of sgitatiom = 1, 2, 3, 6 agitations/hour,

The bed was agiteted by hard sbirring at fixed
iﬂﬁerv&la after weighing, for a peried of $hirty seconds. After’
eaéh égi&&ﬁﬁaa pericd the bed was carefully levellied, otherwiae %ﬁ;
unéven packing led to loeal high air flow uiﬁh conseguendy for-—
m@iian of hlowhoiaaa From an oxamination of the graphs it is
gpﬁarenﬁ that the effect of agiftation iz net te aigﬁificuntly |
increase the comstand drying rabte, but te imerease the duraﬁioﬁ |
ef the constant dryimg-rete peried, or im eoffect, to decrease the
eritical moisture ratio. Farther, it is prebable that the drying
¢ime could mot bo lowered very much beleow the time obtaimed for ﬁhﬂ
test with six sgitatioms per houro

Gne/
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One agitation/hour belew the critical moisture ratio
results in o decrease in dryimg time from 117 min. to 90 min. (r
8.5 t0 0.1). But it is evident that much depends or whem the
ugiﬁutiun sceurs. Obviously agitatien after the eritical wmoiaturg
eoﬁtent has been reached will have more effect thanm an agitation
in the comstant rate periaed. Thue it is mot of primary importamed
to agitate early im & ﬁesﬁ; Ideally, drying of the bed should tal
 plé¢e completely iz the comstamt-~rate period, which would reduce
the dryimg time to ercund 82 mi?ntaue

Ret#ryalvuvre drying works om such s primciple and e
apéeiai tyré~af drier developed by lLowe et ai.ls 2lso works on
t&é‘eﬂus$ant agitetion primciples Ome great benecfit of com-
%inuoué bed mixing apért frem ecomomic resaona; ias that the final
.péoéuet hes & wore even moistuvre cemtent. It is likely, however,
‘%héﬁ vithk a m&temial zuch ap brewers' spent graim, where the bad
”reddily collapses, that an ordinary conveyor drier would have
enffi;ienﬁ vibﬁations for cemstant agitetion of the bed with

resultant incresse in efficiemsy.

Comparison of Greime.

Temperature = 160°F. Bed Depth = 4 im. G. = T.68 Ib,
da/(Sq.ft,)(ui#

Grair Types:- Beer, Lager, Stout. ]
Only & limited number of tests have beer comducted }

_ for comparisen but it seems likely that the packing density

determines the relative dryimg preperties. The packing demsgity

is/
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is least for stout grein end most fer lager grain, and hence the
drying rate ia Iowvest for lager and higheat for stout grain,

Pr Times.

ediction of Dryimg
| It hod been thought thet a possible methed of dryinmg
time prediutaén could be presented from the d@fa on the deep load-
ing tests. However, om attempting asuch Q @eﬂﬁod, it was found thab
ﬁréﬁiéﬁﬁonw vere as much as 80% im érrat;'owing te the many correc
tion factors imvolved. Therefore, the results from the lcading
teats were umad‘to check an alternative method based om the
@&&ERQWmiayar tests, end the account of the method is givenm
‘ﬁer@&fﬁere

In the drying of deep beds of material %Eere is almosb
»miégyé & cometent-rate drying peried. Throughout this period
the exit sir humidity is comstant and e ﬁmaé halence givemi-

'(%%%i = Geho (Hy - Hy)

Ideally the exit humidity value, Eg,‘wanld be the
»a&%ﬂr@tiwn value at the imled wet-bulb tempersture if adisbatie
d?y&ng.%eok piaea;v in gotual practice, this value enly attains
aﬁﬁu&v?sﬂ of aatuwatién in the present experimemtal drier. Thig'
is due to sir "shorteircuitimg® the bed, both round *ﬁﬂ‘ﬁﬂb@3@95 f

 36i§$,§ndv§$ the edge of the bed. This defect of through-cir-

cﬁla@ion;xoiﬁyﬁaﬁ §¢hﬁ'fannd‘im othor casen,90°%0 ana is most

ds vhere the static pressure before the bed

apparent in deep |
is high, end where the shrinkage and matting of material is

greatenst.



If s vapourisationm zone is considered (Pig.l) as

54’45, thén as this vave

paatulaﬁedrby previous inveatigators
of vaporiiation passes through the bed, the drying rete rqn&iné
constant until the top of the bed is reached. fhe temperature
at the top of the bed should then be ;t the inlet wet-bulb
$empérntnré ef the air, if saturation hed taken place. Saturatio)
does not in fact take place, as given by the readimngs at the
drier exit; but immediately at the tep of the bed the air will be
saturé@éd ﬁrAgearly 80, the bypass air mixing to give the nh-
satureted value at the exit. As this top layer dries, the
teﬁperéﬁéma_increaaes until %% is ﬁt er near the irlet dry-bulb
teﬁperutnéa at the emd of the test. A mean temperature between
the imlet dry end wet bulk temperatures should them give & close
apprbxiaﬁtion to the moan temperature ef dryimg of the top layer.

ﬁith this temperature fiszed, thé drying vime of the
ﬁop lajéﬁ mey be calenlated es im the single leayor teasts. This
time eof drying may them be added to the cemstsnt rate drying time
to oﬁtaia the total. This gives only the time to dry to s

eértain vater ratio in the top layer, budt it iz thought that,
tovards the end of & test, the moisture gradieat ithrougheut the

bed will be imsigniffcant.

The prediction method assumes that:

() there is mo imitial 'building up' period.
(b) there iz mo imitial condensation on the cool
grain in uwpper layers.

|
{c) the air hasfree access to all paris ef the Bed. E
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In practice, the inci.aae of drying resulting frem
l(a) andA(b) is small in cemparison with (e¢). Agitation teats
have shown that without substantial bed mixing, the air‘doen nod
came"iﬁtb éentaet with the particles readily. Thia results in

& substantial errvor between the calculated and actuni values

and Aoﬁe attompt has been made to surmount this by imtroducing

a correctiom factor based on the results of the agitatiom tests.

ﬁﬁﬁﬂﬁﬁfmégmrikﬁiQQ?Q%mggﬁﬁﬁéo

&l) ?rom‘Figo IV read off the value of m, fhe rete cemstant, at
Vﬁhe desired log. mean tomperature of td and tw.

{2) ?éomtﬁign 1V find the air flow factor x at the deéired air
mass flow, and multiply m by x to obtain the #orreet rate
:ednstant,.mla.

(8) Find the critical moisture Tc from the equation s—

) ] Ld.

(4) Find the time of dryimg at comstant rate.

o o I To - To
e % @ Ho - H,

(8) Find thé time:of dryiag of the top layero

‘a _ 3 Te
5 =5 Log, Tp

(8)/:
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"(8) Total drying ti P
(6) Tetal drying time = 9, + 9, =6,

(?)_Huitipty 8, by corroction factor of 1.36 te ebtain @,
Exemple.

tﬁ - 2;97&1b‘/(;q.ft.).‘ G = 3.6515'¢“'

/(.q,ft.)(niu.)
td = 160°F. v = 85°F. T = 3.5 = 0.1 1b/Ib,

logomean temp, = 118.6°F. m = 095 x « ,76

® = L0712

Hs = .0262, By, = o756 x B_ = .0196, H, = .0087

Hy = Hy = ,0109,
Te L 1.85 x .0109
‘ve?g x 209?5
8 = 2.978 x 3.111
t  7.656 x 01090

= ,389

= Y1l .
; 0p = 111 + 18.8 = 120.8
o : . R o a 175
e Log 238 . 188 | % “ |
072 e 0.1 : and since 8, = 190, % error
) ) ) e . - -709$
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Prodiction Timen.

PABLE I
T = 8.5 ~ 0,1
Ldo ‘ .Tamgeratnre Air Flow ¢, ) % emrorog
(1b.B.D.S. F 1b.d.a./ 'S IS4 ;
B et 3aq.ft, 1 (min)| (min)
minmo) ‘
1.548 160 7.60 100 | 94.8 | -5.5
2,165 160 7.56 117 | 121 +3.4
2.975 160 7.65 190 | 175 ~7.9
4,718 | 160 ' 7.65 303 | 272 ~10,2
2,183 120 7,70 203 | 208 +2.6 §
2,080 140 7:66 165 | 153 «7028
2,182 180 7,60 104 | 107 +2.9
2,166 v 200 T.58 17 85 +10,.4
2,242 160 5,86 136 | 149.6 | +10.0
2,00 160 I 9,82 g0 | 100 #11,1
2,138 160 10.75 9 88 +11.4

Yeble I represents e summary of the actusl amd

predicted values of dryimg time for o number of loading tests.

The predicted velues are withim + 11.5% of the setual.
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Static pressure drops were measured by taking the
draught‘gauge reading when the bed of spent grain was in
pesition end substraciing the reading which vas ebtained with
the émpiy basket im poﬁition et the same air flovw rate. Plots
of stadic ﬁremﬂure'drsp versus air mass flow are given in

Fig.1l3 for four different loadinga.

i

Spaaghva gtudied the resistance to air flow of beds of

dried vegetables, up to depths of 386 in. end air flovse of
3?»1?9,fto/ﬁin. The following equation was found Yo hold:-

R
0=¢, V/, b
. 1 cz‘
vhere § = Static pressure drop im /2t. of hed.
ci,ca = experimerntial constants.
b = £6. of perimedter/sg.ft. of bin croes-section.

R = experimental exponemt.

A simpler expression, § = @awovn, was suggested vhen

b was greater them unity, where ¥ is the air demsity (lbo/cﬂéf@og

The expoment m veried frem 1.60 to 1.82 for differemt
veget#blsa, and 0013353 gave & value of 1.6 for & bed of
viscose a@aple fibre.

The valiue of m iz from 1.T8 %o 1.88 for dried smeaweed
stipe snd from 1.75 to 1.92 for wet stipe slieces. The @verage
valué of m for the few tests comduncied of Brewers' spemt graim

iz 1.8},
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SECTION ¥,

EXPERIMENTAL WORK,
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Introeduction

Vegetables are dried mainly to proévert spoilage durin
aterage,'ﬁut drying may aleo be desirable prior to the extraction
of valnabie congtituents. In either ease. the mods §f drying is
impértant and must not'intlnenee the properties of the material.

| In the case of sugar beat, comteinimg 77% water, the
éoot‘may be dried when harvested to prevemt deterioration of the
sugar content and allew a prolomged extracsioﬁ seashn extending
even up to the mext harvest period. Also, siromger ead purer
juices result on extreetion from dried beet cossettes, thus casin
evaporation loada.

fhe eemposi&ion'of gsagar beet has been studied by

Heriot 73 angd Mi%chell’éo
Table X.
Souree FTater Sucrose Ash Organic Fibre
' Non-Sugars , N
Heriod ) 78,0 15,0 . 1.0 195 4,5 r
Miteholl 78,5 16,7 0.7 1.3 4,8

The material dees met readily conduet heat and must
not be expeéed teo high drying temperetures. The type 6f drier
usad ﬁuat be e#éahle of large oa{put and eonditions produeing
i§vor§ion and caraemelisation must be kmown since these seriously
affeet th; econemyréf the brocess. | The amount of invert sugar

f@ré@tinh doperds upon the duration of the time of drying and

the/
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' the temperature of the drying air in reiation to the moisture
content of the material at the various stages of drying.
Caramelisation depen@s upon the témpernture of the dryiag air
in relation to the mo!stu#g content.

Production of Invert Sﬁgar.

Under certein conditions of moi#ture, temperature and
acidity, suerose will decompose giving equal perte of.glucoaa
end fructope {invert sugar). During dryimg, conditions are
fevourable to this proce§§ of inversiom, moisture ond aecids being
present et e rolatively high temﬁerature. flovever, although the
aéidity increaseé, the moisture decreases as drying proceeds and f
rapid drying gives less chamece for loss by inversiom, |

" Owen?? found that mear the end of & seasom, whon the
beets were more acid, moré imversion occurred. He stated that
the drying of sugear beét,offers favourable conditions for the
Qétivity of entymes and micfo-organisns, since iﬁ the process
| ihe beet passes through all rasges of optimum tempereture for
these agénts; It wvas shovm that sugar loss was slov up %o a
beét temperature of 85°F snd them there vas a marked loss.
"1e§ts indicoted ¢hat the percentage imvert sugar in dried |
. cossettes was cbout 2% at a surface tempefature of 206°F, Afterf
208°F thero wes a further phase pflianraion end caramelisation
before 220°F is re#ched.A Iz the present investigation the
ﬁrying temperature vas normally EOOdE, thus keeping the material

temperature below the caramelisation point.




Production of Carsmel,

Decomposition of sucrose by heat results in less by
' formation of caramel, which also hinders sugar productiem owving
to the presence of a dark extract, Obviously, the lowver the
temperature, the les§ chance there ias of formation of caramel,
The principa] aim in sugar beet drying is therefore to control
o8 far as pessible the physiolegical changes resultimg ia sugar
loss, Owen found that ge iong as drying was carried out rapidlg
within 14 hours at a temperature of net more them 212°F at the
end of the moisture rem&val period, no deleterious effects i
ensued. It seemed that conditions were coemducive to caramelis=E
ation towards the emnd of the test, and althougi sulphur dioxide
mey be used to give beet cossettes of good white colowr, it was

thought better te aim at the ﬁroductian of white cossettes by

drying alemeo

Preparation of the Beet. j
The root wvas cleaned thoroughly and peeled. Differe

| cceseﬁte knives were available and the "roef ridge" type

-~ was ehéaon, giving a cossette of 2 im x 0.4 in x 0,256 in. These
cosgetteas were gemerally of good white colour, ahd any of pooy
~ shape were rejected. For the gingle layer tests the pieces '

‘were arranged on the basket =o that approximately the mame

nusber of cossettes was tested. Random packing was employed

in/




in the deep bed tests, the bed being levelled off defore drying.
Cheice of Drier:

The requirements of a sugar boét-dziar may be listed
as:-
(1) Economic and inexbennive-dryingo
(2) The use of cemparatively low dryiag temperatmre (200°F), w
(3) Fast drying.
(4) Large output.
Iray or tunnel driers have the disadvantage of lov production
rates with comsequently higher ecosts. Retention time in such
driers is great since the air hes difficulsy in'éirculating roundy
all the particles. These types are used primarily for materielsm
wvhere cosd is;af secondery importance to quality of the final
preduect .
Paneumatic driers car give high drying rates and efficieneiesvttq
snall particles where high heat tranafer rates to the>interior ofa
the material are pocsible; The waterial can be dried inm & few
' seconds, but suger beet would probably heve to be recycled te
bring it dovn to the desired moiasture content. The particles
woeuld possibly have to be smaller itham the preseat cossettes, and
alao the danger of overheating is great; with subseguent sugar

leas. It temperatures are reduced to prevent this loss the

15

efficiency of the system dcterioratoé aprkeﬂly§ Gordon kas

stated that recirculation of the feed is undesirable, while

Bailey/
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~Bailey ond Hamblinés reported that grass buraing occurred ia

76 otstea that the

‘high temperature pheumatio driers. Gurdnér
Bein spplication of pneumatic driers for seaweed frond would be
a8 an initiel drying stage, sec that in effect tio driers wvould

be essential,

~ Through~circulation driers have a wide applicatien in drying
meny materiala, with or without preforming. They have the obvion
adventages ¢f simple comstructien, good efficiency because ef the
intimate comtect between eir and particles, ease of air re-
circulation, high cepacity, ard ability to comtrel retemtion timo
sud temperaturesaccurately.

Botary louvre driers Bave the same advantages as the above type,

‘with the added virtue of continuous bed mixing, giving a more
uniform PrOdECﬁo. The capacity may net be as high for the same
. fleor space althougﬁ drying times are slightly lessa.

Other types of driers sre unsuitable from the viewpoin
of type of feed or low ocuiput.

It was decided to use a’throughaeireuiation drier
because of ite relatively eimple ccemstruction and since agricul-
turaiAgr&sa driers of this type coeuld he easily converted for
drying ether vegetable crops.

Apparatus.

The tesat drier has been deseribed im Section II and

‘the/
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the test procedure is similar to that used in dryimg brewers’
npent“grain, the cossettes being placed in a basket, and air at
the desired temperature, humidity, snd velocity ciréuléted
through the bed. These values were closely controlled throughout
each test and readings of bed losding were takem at regular time
intervals, |

Resiatance of Beds of Cossettes o Air Flow.

This aspect has been studied by:Oven49. Observations
vere made om the consolidation of beds up %o 12 in. thick, for
wvhich renge the amount of coumsolidation wvas negligidle. Tests
vere also made on the effect of am air veleooity on the resistance
of the ma&eriai; thickness of leyer being cenatant, end also om
the effect of thickness of layer on resistance, the air flow
‘ramaining constant, The effect of moisture comtent om these two
‘v&riablag'waa elso inyeaﬁigétedo

The cossette sizes used in Owven's work were 2.2 in x
0.4 im. x 0.2 in}faa eoapsred with the size in the present serie

of 2 im.x 0.4 in.x 0,25 im, i.9., almost the same dimensions of

>0058ﬁtt880 Thus, it wvas thought unnecessary to deal vith the

problem of statie preéﬁnré drops, but mecessary to check some of

the values vith thoee from previous work. The values ebtained

verified the fiadings of Oven, whose results were summarised by i

|
|

the /




the foileting formula for solutiem ef pressure draﬁ probleuns;:~
' W = (0.,00156 V - 0.09) T |
‘where
¥ = Water gauge in iachan.

V = Velecity of air in ft. per min., over a 1 sq. ft.
basket area.

T = Thickness of layer im imnches.

There should, of course, be a temperature correction
it vélumeu instead of veightu of air are used. This difficulty ;
can be surmeunted by plettimg pressure drop, not against
velécity, but againat the sir mase flew (Ib.air/(sq.ft.)(min)).

Natural Heat Rescticmna.

The liberatiom of heat has been detected during the
dmyiﬁg of sugor beet in mass, as with mansy egricultural ecrops.
This ggneratibm of heat in suger beet dryimg is smell, but
because of ﬁhe sccompanying phyeiological processes it is
 importnnt on. sccount of the less of sugar dn}ing desiceation.

These processes invelve exothermic oxidatiem of incompletely

oxidised acids, but it is difficult o distinguish betweon the
individual effects of the verious mechanisms. In the drying
of some crops these natural reactioms are deliberately

accelerated te imcrease dryimg efficieacy, but with suger

heet the aim iz to contrel tham'in order to minimige loge of

1v:
;

sugary. The xeatraint:of these changes, such as oxidation anrd

respiration/




respiration,has been successfully attained by Owen, using a dovJ

uopnént of the wase drying principle, analegous to drying grass
in the stack. If the action of oxidation and respiration were
pot controlled they would involve decompesitiom of less complex
and intermediate products and fimally of the completely
metabolised sugars. |

Diffugion of Sugar snd Other Comstituents im Solutioen.

There are’other substances besides water whiech changai
'ipuaition in a particle beiﬁg drioed, The water im vegetable i
Qaﬁter exists as a solution of sugars, selts, and other |
couatituemta,'andtduring drying sowme of thess substances migrate
within.the piece. In living vegetsble tissue only the water
" will diffuse readily through the walls of the 1livimg cells.

Scalding, or blanching, to which many vegetables are guﬁjocted

before drying, changealthe make uwp of the cell wells, ao that L
‘not omly do they permit more free pessage of water but also &
allov sowe of these dissolved substamces to pass. The reason

substances migrate is that & concentration gradient is set up

iomediately dryimg starts. At this time water is evaperated

from the surface layers, setdtimg up e gradation of moiature

content throughout the piece, each succeeding layer from the
centre being o little drier. Simce the liquid in the cells is
R, - , |
\
a solubion, removal ef part of the water leaves a more 1

concentrated solution behind, thus constituting & gradation of

concentration/
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~ concentration, highest at the surface and lewest at the cemtre.
This gives & driv&ng feéca for diffusion of the soluble subst
towards the centre of thé piece, but since this diffusiom only
takes place at a reasonahie-rate in solution migration will occu
ig the early stages of dryimg, in perticular vhere the moisture
- content is high and the material has been scalded before drying.
Such phenomena have beon observed in the dehydratiom of potatoes
by the oceurremce of "brewn cemntres™; but there has been ne
.quantitntivo'aﬁudy and therefore the conditioms which produce
such centres canmot be édéqustely defined. It meems likely,
according Vo Van Arsdels, thet the browning takes place mest
vrapidly at an average moisture content of 20 to 30%, end occurs
more slowiy a5 the moigture combent is rednéed below this
critical range. Toe high a teﬁperatura wheh the moisture content
in thé centre is at this criticsl range probably accounts for
heat demage to the éentfe of the piece reanlting»in localised
brownimg, Conditions which would cause rapid evaporation frem
‘the surface would ceuse & steeper gradation ef comcemtration,
providing & higher drivimng foroce, but at the same time these
conditions would uborteﬁuthe time duriﬁg which migration could
take place. The imdividusl effocts of the opposing influences
have not yet been owaluéﬁedg

There/
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There was little indication of browning with Deet
coepsettes and it was evident that the nature of the matertal, the
temperature of drying, and the fact that mo scalding was done,
had much to do with this. Of eourse, although ne browning was
neted, some migration efraugar may take place, but it is probable
that thia,is-nﬂt great. The matter is of some importamce, since
migration of sugoar towarda the centre might result im protreacted
extraetion times, ponsﬁbiyfwith greater loss in the asubsequent
diffusion proceas.

Shrinkago.

The sbvicus advﬁnﬁage of shrinkage is kpaee saving in

storage. The mamsor in which vegetable matter is dried affects

the degree of shrinkage as well as the constitution of the product

Henrce, slov drying givesiﬂ préﬁucﬁ of smaller volume, while fast
drying gives cne @flgreataf volume but of easier recomsiitution,
A very demse piece loees moisture much mere slowly im the fimal

moisture range tham a piece which has retaimed a larger exteraal
sige. Thue the sxztent of shriakage im sugar beet drying is of

miner impertance, simce it has beer eateblished that drying should
take place ae guickly as poasible %o prevent sugar loss from
inver€ formation caused hy prolomged subjection to elavated 4

temperatures at lov meisture contents.

The drying af.grain has been related in wass to singlc

by McEwen et 81D and it seemed likely that |

layer experiments




such a correlatien n%ght be poasible with sugar beet ¢ossettes.
In a geries of tests the consetier were arrsnged on the floor of
the.drier_basket, at an approximete wet loading of 0.715 1b, and |
dried with close controgzdf temperature, hnﬁidity, and air
veloéityo

Temperature Tests-. Temperature = 140 to 220°F, G = 11.4 1b./
— (sq.ft.)(min]

The results ot‘the temperature runs are seen om rig.I,
aud the graphs approxim&teAfo twoe straight-line portions withinm
the range of meisture raéio; tested. The resulis axre similar to
. those for wheatgraim &nd'upemt grein. However, no second streigh
line relation wos foﬁud #iﬂh wheatgrain, and although evident wit:
brevers'’ graim} could be megiebbed since it ocecurred in the Iof
woisture regibn towards ééépleﬁien of the test. The resulis were
therefore pletted (Figea) &8 rate constants iy snd ®, vs tempera-
‘tnre, and intermediate meﬁsture ratie Tim vs temperature (Figoa)q
Thisg gives & simple nethod af predicting the drying times of aing]
layers at ome perticular: valne of axr mass flov and at |

temperatures between 140 and 200 op,

1 2o

@1 ! ﬁl lﬂge Tim sesoccessvsesuee (1)
1 Ti ,

02 L] ; loga """“"T 2 @000 e000000800 (2)
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The above relafionn are simple and give good results
down to moisture contents of less thanm 10%. As with previous
work totel meisture content has been used because & more suitable
correlation is given, althbﬁgh McEvan et al. obtained a
‘satisfaetory solﬁtiou wi%h e free moisture content correlation.

Ay Velocity Tests.

Sipce the meterial is of the type vhere moisture diffus
‘omly slowly to the inrfaée it aeems probably that variation in
aii flow would produce only o slight difference in the drying
rate. The tests,eorroberaﬁed this for e r#mgvof aisr mans flows
of 5.81 to QLﬂ'lb/(aqefta)(min;) and & graph of G va m;, showed
that feor s fnurfold.incxéaaa in ajir flow the resgulting imorease
in the value of =, vas from 0,080 to 0.037 (Fig.5). Corrections
for eir velecity were thérefora assumed £0o be approximately inm
the same proportion fer air tomperatures other than tﬁé values af
which,these tests were egndﬁeﬁed.
Rumidity Serisso
(1) Comstant D.B.T. (180°F), verying W.B.D. (40 - 80°F) (Fig.6).

In the humi&itﬁ tests steam was injected‘to4give the
desired humidity., It was evident from the range of values eovar%
by the tests that there Qan no uépreoiable change in {he drying
 rate with chamge of humi@ity aﬁ comstant dry bulb temperature.

28

For beds of wegeﬁablea Browa et sl feund that for a givenm in-

cf%ala/
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increase in the wet-bulb depression, the change in drying rate

wes substentisal, vwhile in comtrast Perry, Gillou34’35, and their
co-workers showed that the rate of drying of prunes abové a |
moisture content of 0,20 was almost independent 6fv§e£=bulb ‘
depression as long as the relative humidity of the drying air was

30 nd Gardner and Mitchell¥® have

less than 40%. Fde and Hales
reported that the respective drying rates for potatoes, carrotas, |
cabbege, and seaweed in deep beds were proportional to the wet- E
bulh depression, and on this baszis presemnted a meihod for the f
prediction of dryinrg retes for thgee materials. McEwen and
O“Callaghan45 state that the rete comstants in the dryimg of vheet
~grein were unaffected by humidity changes up teo & relative
huaidity of 70%, The present work omly covers relative humidities
rp tor40% but there ie me great change in the rate-constant valuen
end indeed below a moisture ratic ef about 0,30 the rate-constant
iz unaffected by humidity. This is im accordance with most work
on the drying of vegetable materials where the influemce of
humidity im the low meisture regidns is negligible, especially
vhen the equilibrium moisture combtent is low,
(2) Conmstant ¥.B.D. (75°F), varying D.B.T. (160 = 220°F)(Fig.T).
Incresse of air temperature has geperally been obaerved 
to inmcrease the rate of dryimg et sll moisture content levels
(4,6,7,1o€)
‘ Vheatgrain vork has shown that for the same

relative/
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relatxva humidity = change in the dry=bulb temperatnrc effects ﬂ

a significent chemge in the rate-constant value, It is
difficult to compare the present work with that of other in-~
vestigators sincs most work has been done on deep beds. Vean

Arsdel® has stated that it seems probable that the main effect i

of & higher dryiﬂg'teﬁperatnve aust be 4o increase the rate of §
internal diffusion of moisture. In hig investigations the
diffﬁuion rate was the céntrelling factor omly during the low Iy
moimtﬁﬁe end of the rnﬁa If such an effeet were true, the
diffusional flow frow the imsterior of a sugar beet ceséatte nust
éée;ha é&im infﬁnené@ on the rate of drying. It has already

beeﬁ seen that heat is not easily transferred throughout the

‘beet and simce mo scaldiagkwas done this alwo imcreaces the
‘difficuiﬁy ef fléw of moisbure through the cell walls by
diffuéﬁon, once the Burface woisture has been removed. Again,

if diffusion ia the lawgéat single factor in the change Qf drying
rate, it.can be expected that the variables vhich influence bhe

gas film eoefficienﬁs'ot heat and mass tremsfer will mnot

influence the rate of drying. Air velocity ond chamge of

humidity at any one tamperaﬁure have little effect, and it may
therefore be compidered that the rate of flow of water through the i
6011 valles ig of primery importssce in the dryiag of beet, this

fatb being markedly affected by the temperature of the drying air.

Brying of X)ee.p Beds. .

in/ . o g



- 82 -

Drying of Deep Beds.
In these tests the effect of loading, air vmiocity,

and temperature on the drying times and rates vas studied. The
standerd values chosen for each variable were:~

. Losding, (Ld) = 4 in. Bed Dep%ﬁa.a 2,25 1b B.D.S./8q.2%c

Temperature (td) = 200°F, ;’ o

Air veloeity(G) = 1 im wego = 10,8 1b.B.D,S./(sqcft.)(min}

Ede and Hales have weported irregularidies in the dryia

of some vegétahlea, porsibly caused by bad spreading, wal-diestrib
ti&nvéf air;vor even to pertial blocking of the drying bed area
by small pieces produced by stfipping achines, which temnd to
puék dowyr and offer high resistance to the air pessage. This is
uniikely %o happem feor cosnéttea vhich arg firm and of uniform
size, formimng em even:parous bed. For the same reasons,; ne
eviéénee of holes made by air blast was uithessed. Edge effect
ia ef éome gignificance in the dryimg of deep beds; aldihough
not having such great influence as with'leafy materialg. The
larger the drier, the less the preportion ¢f edge, hence this
efféet is mot so marked. Tﬁe edge effect in wheatgrain drying
tests appears te be negiigibie because of the easy movenment of
the reund pardticles ﬂveé ene apother, helped comsiderably by
motion induced at the weighimg intervals. Often the effect of
agitating the bed is t¢ increase the drying rate} not oaly by
sxboaing fresh surfeces to the material, but slso by reducing

the edge effect to a mirimum,




Effect of Varying loading.

The test conditions were:—~

-

Temperature = 200°F . 6 = 10.8 1b.d.a./(sq.)(min).

‘Bed Depth =1 in., 2 in., 4 in., 6 in., 9 in,

It was found that for beds ef 4 in. and asbove, a comstan
raﬁe period occurred, the durdtfonvof:this peried grewing with
increasing bed.deptho From a séai«logarith-ic plot of moisture |
ratio vs drying {time straight line relations were found to hold
(Figas).. The dryihg times are mueh greoater then those reported
by Owem, for the following reasons:

{(a) Owen dried the mass in st@ges, the first at a much
" higher temperature tham im the present series, with

succeedingly lower temperatuéas tovards the end of

the run. Fo¢r systemstic exsminatiom of the drying

properties it iould appeér necessary to dry at a

steady temperature.

(b) The élightly increased thickness of the cossettes

" inereased drying times, .

From a graph of loading vs drying time between two
definite moisﬁﬁre}eentent'}imits it i3 evident that there is
propertionality withim the scope of the iesta.‘ This is mainly
caused by the packimg properties of the beet, which has already
been shown to have negligidle consglidation effect up 40 a 12 in,

bed depth. A% some higher locading, when the material is compress

ed/
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compressed, there may be an optimum. There is seme evidence
that thias mey be at a loading of approximately 10 1b. B.D.s./sq.fi
i.eo & bed depth of about 18 im.

Effect of Varying Air velocity.

Temperature = 200°F. Bed Depth = 4 in. = 2.85 1b.B.D.S./sg.24,

G = 6 to 21 1b.d.a./(8g.ft.)(min).

Air velocity has cemsiderable effect on the dryimg
raﬁes of deep beds, primcipally because of its effect on the
constant rate period. An imcresse of velocity increases the
value of the imitial rate ef dryinmg and at the seme bime reduces
the'perisd of comnstant raﬁé drying. It was foumnd that a positive
change of eir flow from 85 £4./mim. to 288 ft./min. decreased
@ﬁé drying time, botweean meoisture ratio limits of 28,5 to 0.1,
from 185 minutea ¢o 85 minutes, i.e. & decrease of 37% for just
ever 8 threefeld iacreaze im eir velecity. Adir flow is therefore
of some importance inAﬁhe drying of deep beds, aend in a commefoi&l
cerveyor drier could be kept high in the imitial stages, reducing
gradually to the end of dryimg where i% hom little effect. The

constant drying rate verieds-

% . w 0,40 G oge.geooin.»tococ.ouo.(s)

" (ef. brewers® spent grain)

Effect of Varying

Temperature.

Bed Depth = 4 in. = 2.25 1b.B.D.S./8q.ft. G = 10.8 1lb.d.a.
(mg.2t.)(min).

Temperature = 140 to 200°F.
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.The.teat fe-ults have been plotted on Fig.X0
Temperature, as in the shallow lﬁyar tests, affects the drying
ragé'thfoughout the'whele test, both by ev&pornting more water
from the surface as the tsmperaturevrieea, and by increasing
heat transfer and internal diffusion of moisture. Thore is a
likelihooed of some proportionality betweem 8, the drying time
Beﬁween definite moisture ratios, and the vet.bnlb depression.
Céé‘;;lézn Bégséon(td -~ tw) for moisture contents above 0.15.
Comparisen Betveen Predicted end Actual Dryimg Times.

The method adopted for predictiqn rates is the same

as thet used for brevers' spemt grain and agaim the second rate
congbent was neglected for the ramge of meistﬁre ratios 3.5 to
6,1. Below this latter velue, m, would be brought into use.
For tests in which there is me constant rate dryimg period,
nligh€ sodifications must be made te the prediction methed. Im
guch caszsee there is mo critical moisture comtent, and the air
will met be saturated, henée the outlet temperature will be
highér than if a comgbant rate peried éccurred. Thus the rate
constent will be lower,; resultiamg in higher prediction times, |
The modified rate~constant value was found by'aubstitnting the
value of the imitial moisture ratio in the equation

T, o 6 x (B - HL)
m X Ld

Resﬁltao Drying from 3.5 to 0.1 * No conmstant rate peried.




I I l

%f/bf/bﬂ of i [femperalyne ——

| 1

/;"g. /0.

'4/ = 2-25 /%//-‘

g =08 /"//A'r-:’/‘//:z,»J

o 140 °F
o 6o °F
a 180 F —_
X 200 F
éo o /20 /60 200 . 40

ﬂ/;y//fy //;pe, min.




- 86 -

\ . . ol
Bed. Ld. G td tw o, op 3 érrorJ
4 in. | 2,234 10.8 | 200 | 99 1315 | 181.5 |+ 14.36
5 in. | 3,149 10.8 | 220 | 99.5 | 115 | 1 - 3.5
6 in. |'3.789 1.8 | 200 | 98,5 | 128] 132 |+ 3.1 |
9 in. | 8,075 10.8 | 200 | 98 150 | 150.8 | + 0.5
4 in. | 2.815 6.12 | 200 | 08.5 | 131 142 + 8.4

* 4 in. | 2.323 15,7 | 200 | 98 102 | 193.6 | - 8,2

* 4 in, | 2,248 10.8 | 180 | 91 137 | 158 + 15,3

* 4 ja. | 2,827 10.8 | 160 | 88 190 | 173 + 0,59

% 4 in. | 2,967 | 10.8 | 140 | 82.5 | 220 | 240 + B.1

Obgervaticns of Caremelisation

A few tests were condmeted to find evidence af this suger
lasé, in the range wﬁere coramelisation is first im evidemco,
i.2.; ot temperatures of 190, 260, 230 and,ZEOGFo Each test
wag comtimued until some of the pieces showed signs of browning,
these pleces dthen beimg m@iecﬁgd for meisture conteny determins~
ticen. It was foumd that omly im the experiments at 210°F and
220°F afber 80 mimutes of &rying was there any degree of |

caremelisation, although if the test ad 206°F wes comtinued for

upverds of 2% hours, some pieces shovwed the charecteristic signs.

The moiature coptent of t¢he pieces vhich showed such signe was

between 4 amnd 5% .
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perature of Material.
It has beern stated that sugar beet is the type of

material where heat ias not easily condueted to the interior,

In order te¢ verify this the imternal temperature of the coesetteg
vas me#snred throughout seme typiecal dryimg runs. The readings
of weight, temperature, amd air velocity were made at the usual
time imtexrvals, and before each weighing the intermal temperaiturs
was taken by inserﬁing & calibrated thermscouple into the
cossettes. A timoatémperatura graph was obtained from milli-
vaitme%er readings and by extrapelating the curve to zero time
the temperature, corresponding o the particuler moisture
comténﬁ, was found. From F;go 11, i% cam be mcen that the
temperature drop between the surface and the imterior of the
p?eee is large, much grester than for many other vogetable
mé%erials, although in some cases vhere a tough outer skin is
férmad during dryimg, the temperature differemce may be of

similar propowrtions.
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Introduction
Processea for preserfing vegetables must create and
naintein conditicas in whiph they will remain stable, and it is
difficult to accomplish this without csusing some anormality
aﬁ one stage or amother. Quick freezing can arrest physiological
chéngea, but this is a difficult technical problem, while it
destroys th; make up of the material without, in fact, inactivating
all unstable chemical sbustances which ﬁay be inherent.’ 'These
can undergo slow oxidation or other changes in the frozem state
and cenm react rapidly om thawing. Some of these difficulties
also arise im dehydretion where the vater is evaporcted, imstead
of being remdered leszs available by freezimg. ’The temperature
of the drying eir muet be below some critical vaive above which
the material is unstable and readily oxidisable, but if the
%enpefa&ure is too low, there will be sufficient time for
chemicnl‘changeg or for the grevwth of micro-~organisms. The
temperature must therefore be closely comirolled. Damage to the
meterial must alse be képt t0 & minimum vhen subdividing it. It
has been found that it is im the borderland betweem the raw and
cooked states that abnormal chemical activity occurs, and to eross
this region quickly, scalding or immersiom in boiling woter, is
carried out for e few minﬁteao
Hearne and T&pafield%gwith dehydrated pptato, and Gooding

and Tueka§§4witb dehydreted carrot, have noted the possibility of
in-peackage desiccation for reducing the moisture content below the

pormal 5% and hemce imcreasimg storage lifeo

The/
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fhe outstanding value of carrots as food lies im their
very high content of pro-vitaﬁin A kﬁ—caroteno)o They contain
about 6% of sugar and modefaée;anbunts of iron,calciun'nnd‘vttanil
Bl’ but have littlejfalne ﬁs énti=scorbntics._ In proceassing
cerrots, the aim is to avoid the Iénching out of sugars, the most
important soluble nutrients, ahd to preserve culinary qﬁulity and
the pro-vitamin A. | |

- An analysis of raw carrot showed the following composit-

ions=

W&‘&e’l‘o.........vc.. 8802% 'AEhGOinOOO'Douoo-o 100%
ProteiBeicscescces 1:25 Carbohydrates....; 8.3F
Fabosoosssesnssese 002% Fibrecesssccocosoe 1'01%
Preparation.

Thé material was thoroughly vashed and peeled, in this
case by seraping. The peeled and trimmed root was cut imto
sultable sizes of pieces, according to requirements. The pieces
were them immersed in boilimg water for five minutes, taken out,
and the water drained from the pieces. The scalding water vas
ugsed for subsequent batches of carrots to prevent excessive
leaching—-out of sugars. The best weay to prevent such loss is
by scaldimg im s&eumga, Goodinéﬁ%as shownAthatlosaes are thus
cut down by more tham 50%, aithough the sppearance of steam seuidé
ed'deﬁydrated carrot is umattractive compared with water scalded
moterial. About 0.25% of sodium phosphate was

sdded/




sdded to the scalding water to prevent darkeming of the cerrots

because of the presence of iron im the scalding liquorTT.

Sgdragc Prqgertiesgl-’

.The main cause of deterioration is the loss of caroteme;
,Thé smaller the size of the pieces, then the more surface area is
j'presohtedato thé air end the more deterioration there is., Dried
cavroé povder freely exposed to the air at érdinary temperatures

‘;hﬁeé'ita caroteone completely im about 100 days, through exidetien

: §§ §aioh0ae, and its colour becemes pale brown. It has heem faund'

that the storage lifeé of dried carrot is pfolongad considerably

thﬁeug& protection of cerotene by the additionm of 23% of starch to|

the seald water.

Effsct of Shape and Size

of Piece. G = 11,28 1b°d'a°/f-q.tt,
s ﬂino)

Temperature = 160°F,

Dryimg curves for five different sizes of cerret piecesn
afé given im Fig. 1o It is plain ﬁﬁst a small diffevence in mize
CaR cBuse & Very lafge change in the dryimg time, It has heen
shown that fer certsim materials the effect of change of
thickness may vary, sccording to the dryiag lew governing.

2
) _ 41, Te — Te
By Diffusionsl law | Gf s ﬁﬁﬁ loge g??”:f?:;ootoouo'eooo(l)

(i.e. Drying time proportidnai te the square of the thickness)

By Pfogortd@na}i%g/
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By Prﬁgortionalitz

Ps L (Tc = Te) | |
, . log 5!5 ~rre;
hi" Ta - Ts @ T < Te o.coco.a(g)

(i.6. Drying time propertiemal te the thickness).

The time of dryimg ef carret ﬁlieea fron e moisture
ratio of 8 down te 0;1 is propertionel to the 1.42 power of the
thiekness in the ranée of thickness 1/8 im., to 3 in. The resultﬁ

30

of Ede and Heles show & somewhat similar relatiom although

the dryimg times in their work were greater. McEwven ot a1, 48
found that there was strict proportionality betweem drying time
apd particle diameter, im the drying of wheatgraimr. For the dry-
ing of soaveed stipe, Gardmer and Mitche1l?® found the drying
time in deep beds varied éa the 0,523 pover of the thickness,
Altheugh the tetal nﬁrf&ca wag not exposed to the air astresn,
these workers considéred that the fractional amount expoeed

was possibly similar’in‘eaeh case and that, therefore, it was
possible %o compare ﬁhe effect of slice thickness with a certain

degree of accuracy. Marshall and Friedmans5

have drawn up s
 table ef materials ebeyimg the ebove twoe laws, but vegetﬁbles
are mot imciuded im the able. The behaviour of differemt piece
sizes of vegetshle is difficult te essess. It must be noted
that the original dimensions of the material are met necéhaarily

the comdrellimg fectoers im the rate of drying. It is the thickne:

of the mearly dry pieces which is eften impertamts thus, if

carret /




w8

carrot dice and potato dice of exactly the same imitial sise
sre compared, there is only about half as much solid matter in
a carrot piece; if therefore tﬁe composition ef.the materials
vefe otherwvige identical, as drying nears completion t&e.potcto
piece‘vonld.be much.thicker and ditfpsion voﬁld be uhch -ofe
graduﬁlo

The effect of length of strip is also evident frem
Fig. 1 7/16 in. cubes amd 7/16 in., x 7/16 in. i'e in, stripé were
éoupared. The drying time showed an increase of about 30% in
the imitial atages of drying. The decrease of surface area
ebtnined by joiming cubes to form long étrips is of the same
erder (2?%)e This is to be expected for the initial stages of
drying #here surface evaporstion is taking place. It has been
menﬁioneds that in view of the extreme distertiorn of vegetables
upon &rying, and the occasional formation of intermal shrinkage
holes, there is mo poimnt im attempting theoretical calculation'
of comparative drying rates in the low moiPture range.

It was decided, to use tbé 7/16 iﬁ. cubes for later
tests. This size differs from that uséd by the Services (Strips
of 38/16 in. x 5/16 in. croas section;fsudopted mainly because
of the esse of recomstitution. It was found that 7/16 in. ‘cubes
reconstituted satisfactorily alﬁhoﬁgn it must be emphasised that
Bo comparisons were made with other sizes.

Effect of Temperature.

temperature: 110, 120, 130, 140, 150, 160°F,

(1) Yaryiag dry bulb

G = 11.28 1b/(8q.f%.)(min.)

Yon/




Yon Looseck087 states that at noe time should the temper-
ature‘of the product exceed lﬂaof; althongﬂ Gooding and Rol2&6
now regard this as being exceosivel& high. This weans that the
actual drying temperature could remaim above this value for a
_large part of the drying time, since ii ia only in the low
moisture range that the dry bulb temperature and the'surface
temperature of the pieces approach coincidence. It is much safer
40 keep the temperature below the critical at all times, te
ensare‘reliability of product quantity. The air temperature wvas
therefore set at & maximum of 160°F.

Ede and Hales used & wet-bulb depressiom method of
correlating dryimg deta for carrot strips, and for'the calculstioﬁ
of probable drying times. This method proves toAbe somevhat
approximate, especislly vwhen the dryimg times %o meisture eontenﬁ#
below 0.2 are requirédo The method of zciutien used by McEwen
et sl and found to hold for other work on brafern' spent grain |
and sng@r beet is simple and of known accuracy (undir 10-15%
error). This method is certainly accurate for these materials
down to 2 moisture ratio of 0.1, and is fairly accurate belew

this in deep bed prediction times. With such a solutiom in mind, .

the carrot cubes vere dried at temperatures ranging froa 110 to
166°F, at comstent air humidity amd velacity. The results are
plottéd in Fig.2, showing the straight line relation holding,
from & semi-logarithmic plot of moisdure ratic vs dryiang time.

The/
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the contrelling influence. Ede and Hales and Gardmer and
Mitchell have reported propoertionality at moisture levels above
0.2, vhereas McEven et al found that there was mo correlation
boetween the dryimg rate et any noiuture éontogt and the wet

34,35 and their co-=

bulb depressien (td - tw). Perry, Guillous,
wvorkers shoved that the drying rate of prumes above a moisiure
ratio of 0.2 is substantially independent of wet-bulb depre.uioJ
provided the reletive humidity is below 40%. It has been

30,394

noted that the drying rates of common vegetables below a

moisture comtent of 0,10 %o 0.20 are little affected by vet bully
depression. Te investigate this further, a few confirmatory
vests were carried oub.

(3) Different dry bulb tewperstures. Constant ¥et bulb
depreseion.

Table II
+d tbw . H, 6 (10 = 0.5) & (0.5 -~ 0,12) @ (10 -~ @)
140 60 0,019 138 92 22
150 100 0.0308 125 S 71 21
160 110 0.0462 110 65 20
170 120 0.0678 ' 107 63 21

There is & difference in drying time st moat
noisture levels due to change of dry bulb temperature, It is

clesr/




‘constant, the drying times vary coniiderahly, below & wmoisture

a8 that used by Ede and Hales. It msy be better in this

that only & large inerease im the value of the absolute

Effect of Air Velecityo

smaller/

- 97 -

clear from the results of the two series that wet buld
depression has an affect only duriang free evéporation at a sur~

face. In this series, although the wet bulb dépression is

ratio of 6.0. The drying time between T = 10 and-T = 8 is

slmoat comatapt indiceting the validity of a relation such

instance to use a vapour pressure correlatien of the type used

in the drying of wheatgraﬁn. Examination of Table I ghows

humidity of the dryimg air effects a substantial decrease of
drying rate. The effect is small in comperisem with the offect
of dry bulb temperature eﬁunge, apd it is thus possible teo |
predict the drying time fron a kndwledge of the dry 5ulb

temperature alome, provided thet exceptionally high Rumididties

do noet vocuy.

6 = 8, 11,28, 13,80, 15,52 1bod.a./{3q.26.)(min)

t, = 160°F.

d

CLiaow 0 L. An amelysis of the resultsshows
that a two-fold increase of air velocity effects a percentage
decresse in drying time betveem T = 10 = 0,14 of 8% over the

whele test and sver ithe lower moisture range showa an even
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smalier chamge. Tierelore if drying is continued te lev
moisture ratios, this percemtage variation will decrease still
were and have but amall effect. However, seme allewsnce cam
be made for the change in the value of the inte conatont frem

the figures quoted im Table III,

Table IXIX.

€ oty 8 (10 -0.14)
7.98 160 84 162
31.28 160 90 165
13,90 160 82 149
16.852 160 82 148

The test at G = 11,28 vas at slightly higher humidity
and on s different batch of carrots. This probably accounta
for the uvagxpected incresse in drying time. Disregarding
this reading it seems that there may be mo advantage im inersae-

ing the velocity beyond a value of about 14 lb.d.a./(sq.ft.)
(min). This cammot be taken as comclusive, but similar ob-
servations hove been made on who#tgrain, seaveed and other

materiels.

Desp Bed Teszbn
Effeet of Loading
Diced carrots (7/1€ im.cubes) were dried by air at

160° F ond en eir maes velocity of 11.28 1lb.d.a./(sq.f¢.)(min).

The bed depths investigated were a simgle layer, a double leysr

2 in/




. nod easantiaz that exit air saturation takes place during a

. $2

2 in., 3 in. and 4 in. leyers.

Drying times varied considerably from the single
layer to the 4 in. layer owing to the occurrence of a constant |
rate drying period at bed dppths of over 2 inches. It is poteJ
trom Fig.6 that the 3 in. béd took longer te¢ dry tham the 4 in.
bed. This was apparently due to using a different batch of %
carrots in thiz one test alome, which were obtained towards |
tﬁe énd of the seasor and vere rather dried up. They had &

moisiure content lower than the other batches even when

scalded, and had a tougher core.

many_ééfg tests ave required. The few teats carried out wexeﬁ
used to:bheck the prediction method as outlinsd by McEwen et o
and’ﬁsed for brewers spent graim and sugar beet.

The comperison of ﬁredicted drying times and actual
dryiﬁg'timéa i§ given im Table IVs hAgreement is to withinm |
10%.‘ Because of air bypessing the bed in the deep bed tests; i
aa&uration efficiensy of 70% was_obﬁained. It.is posaiﬁie tha

the dir flow wes elee too high for saturation to occur, fer it

constant rate pericd.

Efféét of Agitatione

A btest was wade om a 2in., bed of diced carrots to

find/

. S
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find the effect of agitation, Agiintiepa vere made by hand at

10 winute intervals from the start of the run. It can be seen
lfroa Fig.T, that the effect of ugitgﬂion on the drying rate, _
st thie level of bed depth, is negligibloo It ié pPrbable that,
at‘vary deep bked depthz, egitation will expose fresh surfaces

thus increauing, not the value of the conatant rate, but the

period over which it extendsa.
Prediction Times.

Table IV. (A1l times were teken for the range
T a8 - 0,1) i
using log. using ariith.
‘mean temp. mean Lemp.

Bed Losding Inlet teomperatures ' ol
Depth Ld. _ Qd Qp Error QP Eriw
Inches.f 1b.B.D.S, td tw min.} mind % |minf %

. ] /SQaftc. :

Double | 0.372 160 85.3 210 | 238 +B.8 [231 [+10 |

Layer i

|

2 0,731 18¢ - 88.0 ‘229 258 |+12.81242 t+5 J%}

3 1,293 189 87,0 2799 12865]-3.768 1263 mg.{’:(f'

: i

4 1.89 160 85.3 | 254 [278.7j+9.74[261 +2msi

There is & significent difference between using the

logarithmic and aritﬁmetic mean temperatures fqr cu1cu1ation of |
the rate coastant; m, and the results obtaimed with the

arithmetic mean show clogser agreement between predicted and i

¢baerved veluesa.
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Tatroducdbion.

The drying of peas fs very widely practised to prevemt
their decemposidtion and great care is takem to preserve culimary

guality. apd colour. Blair and Ayrea?g have developed & techrigque.

in vhich peas are soaked im & 2% solutien of sodium carhomate {
for am hour bef@rexmnniﬁg to improve the colour of the fimal {
product. This soaking preocess has beem applied before dehydrutiom%
wﬁth'goodbreaul%ao Von Laeseckeg hos outlined the comrditione of
drying for satiefactery preduction of dried peas amnd hes given
the mosd suiteble condidtioms of losding, temperature omd humididty. |
’Eﬁegﬂ hes epplied & low temperature vecunum dryimg process %o peas,
comasisbing of the sublimetion of lce contaimed in the frozem mates |
ial snd its deposidtion upom & celd surface., The quality of the ;
final product wvas influenced by the temperature of the materinl [
aﬁieaaﬁ stage of the precess. It was foumd possible to improve /
the quﬁiiﬁ& by puncturing the skim, for without this there vas g
incomplete exponsion om recomsbitution, givimg e product ef imferic
quaiiﬁyo

MeCamee amnd Widdowaeéy%ive an analysis for dried peas:

Vater 8.7% Carboehydrate 21.3p

Sugarf{as invert)2.4% Sugar(ss glucese) 47.6%

Total nitrogen 3.45p
Bitting®’ has reported the snalysis of shelled peas,

in three size-gradez (mee Table I)

TABLE I/

.




[N

TABLE 1.

Grade Total Proteir |Sucrene | Starch ! Pentow Fier Ash] Unded

Sﬂlidm I-¥:8::¥x! bermis

edo |

Fobin |
Poig 14,23 3.44 0.52 5.57 [ 0.75 1,68 1.0351.64

Sifted 22,00 5.31 4,99 10,23 ¢ 0,98 2,81 1.36871.G1

#arrovm ‘
fad 22,82 5.13 0.04 10.48 § 0,98 2,18 11,0211 .40

Single Layer Tests

Edeso hes reported that carefully freeze dried pean, on

recorstitution, are of the same quelity as fresh pees. Unforduwnu!

=1y, ab the time of the investigation, the only relisble supply

of pess of unifeorm quality amd sizse were dried pesas of commerce.

Théae vere therefeore sosked end used in the drying tests. Whiic |
certain fundementals of the dryimg process can be founmnd im %his
vay, the results wmay not be epplicable te the dehydrationm of |
ireah pe&s since water of rehydretiom is almosd certaimly boumd
in 8 different way from @haﬁ‘im fresh (or scalded fresh) peas.
The low water content of the coeked pean was evidonce of bthis.
Hovever, drying tests using this moterial would provide & com~ |
perison with other vegetable drying conducbed ir the presend W@yj

Temperature Tests

Temperature = 110 to 150°F. G = 11.3 1b.doa./{8g.f%.)(mirn.)
Phe results are pletted in Fig.l ond Fig.2. High
temperatures give high dryimg rates, but the product quality

is poorer, because ¢f case herdenimg of the skin. This results

in/
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Effeed of Alyx Velocity

Temperature = 150°F, G = 8,12, 1105, 23 I1b.d.a./
(BQth‘e)(ﬂino)

The.xaaulta are pletted im Fig. 3. Imcrease of air
vslécity increaaem the imitial drying rate when aurf&cé | %
avapormtiém and skin dryimg occur, but does mot appreciably
affacﬁﬂthefdryiﬁg rate in the later stages. ;
» vThe ability of the alr to remove moigture is grester aq

|

higher-éir fiowa, thus iamcresaing the imitial drying rate, and

siﬂéé 1t is the rate of modsture diffusiom to the asurface whieh ‘

ias the eanﬁralii@g factor thereafter, it is reesonable bo expecl

i
that tempér@ﬁure of moterial amd mot cir veloecity will affect %he’
|

i
1
i

drying rateo y

i

This hes been mobted ir the drying of wheatgrninguber@L
L . 7
drying rates were uwnsffected by change of air velocity .

Effect of Humidity. (Fig.4)
Temperoture = 130, 140, 150°F. G = 11.5 1b.doa./(ag.fto){min.} |

Relstive humididy = 40%
The plots of log T va time of drying exhibi¢ the seme

c&aéac%erﬁa%iem as the temperaturs cCurves. Although the relative

humiﬂﬁ%& remained comsbent, chemge of dry-bulb tempersture also

changéd the velue of the rate comsatembt. The change of rade

constant with chaenge of humidity was negligible, up %o 40%
r?ela%iée bumidity (Fig.2). Thip agrees with work on vheatgraia

and with previous work by the pressnt imvestigetors.

it/
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¥t would appear, om resolving the effect of temper&turﬁ
humidity, and air veloeity, that the ultimate drying rate of peas
is depémdemt upon the rate of molsture diffusion bo the outer
suéface, and that Shis rate of flev dependa-upon.the temperasture
%o wvhich the imterior of ﬁhe pean is heated.

It hReo besn steted that case hardeming teok place w»ﬁ.'ei;.?ftfi
im.éhe famge of temperature situdied. Von Loemeeke37 hes staded
that ﬁﬁé relative bumidity should imitially be approximately 400 |
to roduce 8his effech. Presesmt observetioms did mot confirm thiw‘
possibly beceuse of the different wode of dryinmg, the change of |

iﬁiﬁiaz-mwisture rotvio, and because no scoldirg wes domeo

 Bffect of Veryimg Leading Ld = 2,44 to 8.12 1b./sq.ft.)

Tempersture = 150%F, € = 1165 1b.de.ao/{mg.ft.){(min},

| Ehe @ccérfence of imitdal murfaée evaporation emd skin

dwyiag»ﬁé&nﬁ Hhat e@ésﬁa@t rete perioeds vere followed by slow
dryi&g.wi%h the resuld that the oubtled temperasture increased
'rmpiﬂiy.th@re@§$@?e The deeper the bed, the longer was the time
of drjiég¢ The resultas of dryimg beds up 4o nix ipches in depth
have béem plotted im Fig.8. The pevceonbage difference in dryin{g5
time betweeon the Zéwger leadirgs ie smell which imdicates that
ba@s‘afape&ﬁ Hay ba losded deeply. Simce, commercially, a bhard
shrunken preduct is required, iﬁ is mecescary to dry slowly.

This mecessitates the ume of low drying temperatures and high
humidiﬁie&,laﬁgg@sﬁing thet ias prectice, heating of the imlet

eir could be by direct stesm imnjsctiom amd $hat reciremlation of

agir ceuld be uged.
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Agitavion should make Ii4¢lc differemce t6 the t;mea
of dfying,Aamé way demage the skims of ithe péaﬂo Agitation’resuii
in a mére-unif@rm moisture coabent, budt this can be atteined by
al&érméﬁe'ap grd down draughts in 2 commercial comveyor driera
Prediction of Drying Times

Exemination of the single leyer amd loading tests igs
%eceaﬂ@éy.héfere e predicétion method eam’b@ devised,

' ?ﬁi@ method must be differemnt frem that previously
puh fégﬁamd fer brewers' greim, sugsr beed, end carrots, sinmce &L
pr@poé@ieﬂéii%y betweer Arying vabe and moisture cemtert does mol
exist throughout the vheole best. Streight lime relationships
baiéé.é Eoisture ratic of 0.0 were drswn om the scale of log 7
va 8, @é inte@se@% the 1ime T = 0.8, The drying time Dedbwesn !
. 1.8B9 end Ogéﬁlwaﬁumaaau?eﬁ and plotted agoainst demperature (Fig.o

From the values im Pig.8, the gradient of 4he lime drewn from

the intersecbion of the rete constent lines with T = 0,8 ves
‘ealculated. .Tﬁia gave o value of mg which ves plotted vs |
ﬁ@mpeiaﬁure o Fige 7o

This gives & pogaible besis f@g the predicitiom of
dryimg of deep heds in which there are %&pe&“&ryimg phases:- i
{1) Cwmﬁtaﬂ%mrmﬁe drying, with surfsce evaporation and skim dryi%
{g) Fagiéag r&%§ phage, with mainly ekir drying.

{8)Faﬁiing rate phase, vith drying of perticle interiors.
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JABLE I1. (T = 1.5 = 0.1)

Beé.~ | I—-&e | , tde‘ ' tn 6o 8a op Error.
_in} ig:ém 1 ° op i,: g;‘i‘;) min. | min. %

5  6;8$éA' 150 éé,s 13.5 | ess | 271.8| -3.49
‘6  »3oxzi .'150 ' 86.5 | 11.5 205 | 284,7] -4.80







I.EBATURE OF #aTERIAL

Chemical analysis alone does not help greatly in determining the
through=drying characteristics of vegetable materials. It may, however, indicate
bhe tempereture limit to which the material may be subjeoted without harming the
constituents. Rather is it the manner in which the constituents are bound into
the cellular structure which determines the drying rate.

It is gemerally possible o predict whebher 8 material is suitable for
forzing luto a through circulation beds Thus leafy watsrials may be unsuitable ;
since the total surface area 1s not readily exposedes TFirmer, more definite ?
particles are much more suiftable. Stickiness of pieces is debrimental,
resululn? in matting end preveunting free access of air to peris of the beds
OJVLoﬁslyp porous materials will dry faster than hard demse pieces since flow of
water by diffuslon or cagillarity is much more easye

The ability of the material to keep the surface supplied with moisture
from the piece interibr will deteraine whether high air velocities are
practioable, particulerly towards the end of dryings The duration of the constant
rate period is also partly debermined by this property, allied'with the total
moisture content of G he materiale |

Lhus it is that chemical nﬁalyéis in drying work has been studied by
workers ko determine the effects of drying on the important comstituents, rather

then the influcnce of the coustituents on the rate of drying of the materiale




Some of the materiale wsed in this vork required mo
prep&ra&ion, while ethers required peeling; suhdivtsion, or
scalding, éepeaéing on their imitial size and the type of produc
nade. o

ﬁbr sugar beet amd earrote it was meeogsary te cleon
~and peel the rools before subdivision =0 thet accureté compariso
of %teats could be made. The effect of the Roayer of skim waea to
set wup aifeéia%amee te the flov of wabter by diffusion and henece
deereésé the rate of drying o that the time of dryimg imercaased.
Several pie&eé of modterial with skin alttoched im simgle loyer
dryiag would have upset comperative t@sﬁs, &nd henee those
vége@ahléélwere peeled %o avoid this possibiliey.

With segar beet, earrotes end seaveed; different method:
of suhdiviaieﬁ-were foand mecessary. Vith scaveed, mimeing
appeare& to sgueezo oudb & fair amounnt of liquid %o the surface 8i
the pieee, end in faek, o emeil pereen%ase of - the wabter was 10a%
oa mineimgn. This tended %0 decrease the drying ﬁime and some%hﬁm
of the eéﬁé'effeeﬁ vas obdeined in cudting sugar beet end earrots.
oving té-exposmre ef? fresh, moist surfaces.

‘The mealding of carrobs had t¢he effect of imereasing
the imitial water retio and Ghe eell walle were mode more
permeable, Eaabling nore rapi& drying $o take plgéeo These
factore éééé incidental ¢¢ ¢he real purpose of ecalding, ygiqh
was te preme%e eapier reeonstitn&inn of the produet. One |

wm e TN \r\/\ '\-’“"\."\j—n‘zr\"”\»"\ T e TN e T
'detrimental resuldt of scalding wvas that the vegetable surfaee.
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becone maeﬁ nore meist amd abtieky, remu!ting in eatttng of heds, J

- and indeed chopped, scalded cabbage has been reported conpletely

unsvi&able for through drying.
Some%imga vege%ables_require chemical treatment to
retein their eolcur during drying and storage, notable examples
baing~sul§&nr dioxide treetment of apples amd sodium earbonete
trea&memﬁ ef peas. No precautioms of this mature have been taken
in the p?ééaa% vork.
IiI Size Reduction.
' The op%ﬂwﬁm perticle size fpr beds of vegetobles %o ho
dried by &h&emg% sirculation is usnally detormined by &he size |
moad caévemiem% for subsequent use ond the size giving op%imuﬁ
drying p?bper%ﬁe$ ap determined by deyimg rate teosts, Amether
ceaaiéérd&iaﬁ is whetheyr the pascking demmity ¢f the bed pbwmﬁ%a
free pﬁss&ée of air, The ideal bed for thrﬁugh deryiny is ong
~c@mp§sea of very snmell, but firm purtielos giving fost rotss of
diffusion of vater from theiy imteriors. Unfortumadely, this
jdeal is wirdtuaslly ibpossible %o atiain in practice.

| The optimem cut sizme for each material was detercined
‘experiwéﬁﬂaliy.  Seavweed was e¢ut imbo o sulteble size by '
miﬂcing'aﬂd examination of the &eat results shoved bhat am
opbimun deéth of Bed waes obteimed. This optimum was lower for
minced weaweed then for unecut material becauwse the increesed
peckirg déﬁeﬁ%y'remuiﬁﬁd in partial blockimg of the bed ot bed
depthe lover theon mormal. This did mot meen Bowever, that

mimcing wes bad, for the optimum Loadimg vwas as higk for the

e —————————————————————————




- 118 -

minéed matefial, vhile the onﬁﬁnt rete was increased; Bravera'
spen% grain did not require further anbaiviaion, the bed being
8 mnss of small, moist, seft, ill defined perticles vhich,
although dryiag ropidly, were really mot idecl for through
cirqulétign dryi@g. Sugay beet amd earrots were much @oro
suitable materials simce their particles vere firm. The
stondard beé& cossettc choesem was 2 inm x 0.4 in. x 0.25 in.;

of roof fidge'cross section. THe carrot pieces have been
discuésed_iﬁ Seedien 6} Thelaéleetion of on op%iﬁnm size mnst‘
imc;ués coﬁﬁiﬁeraﬁion of suééaee characteristies ond packing
effae&eAand denglity, in addﬁéion te k&viﬁg a partiele ' smell

enough %e dwy sw?fﬁcienﬁiy r&pidlye

Iv Ogtimum Loading

Loadxmg testa vere corried out for all materiela; and
for the three types of scoveed studied, optimum volues of
_léadiﬂg vere found sbove and bolow vhich 6ho output rate fell.
The effeué of nmekiagfﬁés ai?eady béén mentioned,raud it weso
%hongha pro%&bke that this wes ‘the ean@rolling §actoro Howover,
the packing deasﬁty of b?ewerd spent grain waa hig&ar then thai
of meawesd and yoet no optionm loading point emerged althoughk a

: gafge? range ¢f bed depbhs wae studied. It waélnptéﬁ that aeawea’
was much ééfe prome %o a@iek'uﬁé mat, preven&ing‘free #ccess of
‘air 6 some parts of the bed. Evidently, it was the combination i
of €he packing aﬁd matting effe?tﬁ vhich geve an aﬁprosinate4
optimum leadimg. UWith the materials of more rigid strueture,

cut iato ierger plessas, the icading-time gfaph vas more linear




then for bedas compesed of asmall frreguler particleu. .'!ho
ahape of the pardiclies im the bed was very !mportant, soft
flat leaves drying very slovly compered vwith round particeles like
peas vhere the point comtaet allowed eir to flow readily te all
parts of the surfoce. |

The ﬁp%igum loading values were obt&ian for perticul ar
values of ﬁémperature and air éelocity. AY highor temperaturds
end eir veloeities 1% is probeble that optimum loading will alse
be higﬁera4' _ 4

?heoretieally the consfan% drying rete varied with

léading in't&e following mamneri

éﬁ:) -1
(% e - 60.«;.(5; Hl,) = K.L4™

. The cnaétén%, K,wvas approxzimately the seme for the three seawesd:r
 snd Brewera' speat groim and ves 5.2. This compared with the
 .%hee§etic&§‘va3ue of 8, éﬁe discrepaney being due to the exit

: ﬁhmidi&y Rever stbeining the msﬁura%inn velue s,

The effect of air temperature om single lafers of oll
tﬁeAmatériaie, with the excoption of the seaveeds; has bsen
studisd. | |

. The gemeral temdemey in o s9mi legarithmic plet of
watber ratio vs drying time is for e very short initial building- j
ap period to take place, usuelly of up to 10 mim. duiation in

¢he present work, except for peas vhere the period waes as much

IIIlIllaﬁ‘-lIlllllllllI--"-""""------—-F-------J




83 70 min. This vas taken %o repreaent a period of initial
surface drying, and with peas vas a wore prolonged peried of
‘ skin drying. I¢ vas, in most cases, of sueh proportions as
to be diseounﬁed from the tetal drying time of the layer. At
all lovolatbf temperature studied, there followed a “rate
constont” peried vhich lested for the greater part of the
drying ran. . The value of the "rete constant" #ariad aigﬁ!fican;
iy viﬁhvﬁeﬁperature aai the variation from materiml to material j
-at 8 tamﬁératufa of 150°F waas
Dravers® epemt greim: 0.143  Sugor beet:0.027 Carrotss0.0292
vPeass 0;0091 |
There eon be little accurate comporisor of materiel
composition and its effoct, simce the size, shape and water
raﬁié éflihe pieces voried greatly. However, there wves such
Variancéj%ﬁat it vas evident that brevers'! spent greim, with
its small ﬁd#ticles end leose sirueture, dried mamy Qimea faster
thoan sugaf béé&, earrots, and peas. Teas dried ruch more :
sisvly becense of the somevhat impervious skim and ﬁhe very
compaed étrng%ure githia.
| l ¥ith brevers’ spent grain and sugar beet there vas o
éiﬁtiacﬁ.”gaiiing off"lyeried,.at water ratios less tham 0.5,
vhich apprexina@edAté a secemdary limeor semi-logerithmie
relatioﬁﬂhip with sugar beet over the test period. The
"ﬁailing éff“ periOd could be neglecﬁeﬂ tithont undue error,
provided the fimal weter rstio was mot redueed Selow ¢.1,

perticularly with Brevers' spemt graia, in the ecleulation of

. - i ) .ML ) .
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deep bed dryiné times. It was conéide?edwthut'if could be
ipclude& ih éugar beet predictions. | "T;iiiig oft" péfiode
exiated.vith the other materialas, generally belov a v#ter ratio
of 0.2, dlghough they hove not been comsidered in the prediction
| methods; since drying times were not calculeted below 0,1 water

ratio,

(B) Deep Layers.

" Incirense of air temperature in deep bed tests had
the effect 6£ incressing thé drying raté. The enthalpy of the
air was greater, allewirg greater trannfef of‘nensibla heat
- for ﬂsé in evaporation. ,The?coneﬁant rete increased linesarly
. with ﬁirrwet;bﬁlbjdgpreésion for the three seaveeds, brevers’
spent graiﬁ;{ahdigugﬁr bect, as was to be expected im a period
where free surfdce evaporation is predomimemt., In these casea,
' ¢the comgtant rate is aciually o combinationm of surface and
intern;i drying but, &s stated;with surface drying predomimating.
An examination of the prediction method shows that since wet and
- dry buib témperatures are higher, then the'ﬁean drying temperatu
of the top Iayer will be higher and the rate constant for the
failing‘rate will therefore,b& greater, A similer effect will
oceuf in drying deep beds of carrots at various %emperatures,
but it is likely that free water drying at the surface will not

predominate with beds of peas, owing to the presence of the skin/
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VI. Effect of Air velocity.

~{4) Single Layers.
o The effect which change of air velocity had on the

drying rates~of aingle iayers of the test matéfiala, has been
reported. From the very nature of the materials, the different
.inflnehce on each couid be "forecast: So it wvas that witk
'breverag spénﬁ grain, vith its abundant sufface moisture, thai
increase of air velocity resulted in‘a ahafﬁ increase in the
~"i.m‘.tr-‘j.tzal‘chr:,*:‘mg‘ reate; sugar beet showed less imitiol imcrease;
carrobe, haviﬁg &»ﬁﬁch higher imitial moisture ratio than suger
beet, displayed a moré m&rked changes; only 6 small change
‘oecu?%ed in.tﬁe ﬂryingiraﬁesvaf pesz at differeat air velocitien
-'ewing to there being mo free water surface.

| Since brevers’ grain had its moisture in a relatively
free ﬂtaté, the increasc in drying rate with sir velocity increes
vas mointeined o o marked degreé up %o the point &% ﬁhich
fluidisstion or "Spoutimng" of the bed oceurred. Any fepﬁlting
' blowholes aliewed byp&asingAaf air and conseqﬁently the disturbed
grain which had beem ﬁaape& ub dried at &‘sigwex rate, tﬁqu
.dacféaéing the &ve?age drying rate. The air velecity at which ;
’thia secﬁréed wvas regerded as &heimazimnm &llovgble for sinmgle - .
layarmg‘ After imitial surfece drying;in sugar beet und corrot
tests, the drying égta‘was affecteod slightly by change of air
veloecity. The vnlué of the:raﬁe bonetaut for sugar beet

éhaaged_from 0.030 vhen 6 « 5 1b/(89.2%,){min). ¢o 0,037 when

G/ ‘ ' — , —J-----i--
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6 = 21 1b/(8q.ft.)(min). A similar type of change was evident
with the dryiag of cairot cubes. At low levels of wvater ratio,
 where internal diffusiom was cpntrolling, the change was very
small, and this was ccrroboraﬁed in tests on peas where such
control occurred., The temperature of the interior of the
pieee‘wal‘imporﬁant‘in such cases and it appeared that surface
‘tsmperatare, and hence the imternal temperature, would be
‘.iﬁctéésad very slightly by en imcrease of air velocity,
reanlting in & greater rate 6f drying.
(B) Deep Lﬁ:e?ﬁo
The comeﬁanﬁ ratve ¢f dryimg has beem proved to

‘inerease im propertiom o the increése in air velocity,
Theowetically, during comstant rate drying, the ﬁir should legvc

the bed aseturcted with weter vapour, and

/32) _ 606 (He - H;)  lbowater
K;a@' ) T e /1b43.n.s.)(E
c .

- (He - Hy) ond Ld are constant
Hemce or = KG vhore K = 80 (Hs - H:)

‘The neteal and theoretical velues are summarised belows

Material ' { Temperature Loading | K actusl |K theoretice
Ascophyllum ' o o '
nodosgum 160°F 1.78 0.4} 0.80
|Fucus vesiculosus 160°%% | 1.58 | 0.45 0.69
Fucus serratus 160°F 1.40 | 0.52 0.75
Brewers’spent ° ’ ) :
grein 180°F 2,08 0,35 ' 0,60
|sugar Beet 1 200% 2,25 | 0.40 0.85
—

=



The difference in the actua; and theoretical wvalues

of K may be explained by the faot that a percentage of air
bypasses the bed end aleo beceuse the air which does pass
through the whole of the bed mever quite attaims saturation.

The effect of air velocity om the falling rate

period was'gaverned by the same laws 8s in shallew bed teasts.

" VII Effoct of Fumidity

(A) Simgie Layers.
Teats on the effect of humidity have beem carried oud

om sugar béet, carrotas .and peas.

At comatent dry bulb temperature, sugar beet amd
carrets gave the same drying rates in low moisture regions,
al¢hough the hﬁnidi@y wvas oppreciably chamged. A chauge of
r‘&umﬁéity at high wmeoisture levels, ageir with dry bulb demperatuy
constant, r&sulteﬂ in & chamge of dryiag rate, particulmrly
with cerrots vhere the water ratic was greater tham with suger
baet o peas. This suggested scme agrecment with the wet-bulb
depression theory of Ede and Hales where the raete of drying of
a free water surfiace was proﬁortieaai to the wet-bulb depressic

In tosts where the dry=bulb temperatn&e vas variéd
and Yhe wedb~bulb daéregaion vags comstant, the initial dryimg
rote was comstent, especially with cerrots, but it graduelly
increaseé‘@wing to increased dry bulb tempereture. It must be

noted thaot although ths wet-bulb depression was constant, the

e—
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mbﬁdluﬁé,hnmidity changed. The change of rate constant with
chenge of humidity was megligible for the drying of peas, up
to a relative humidity of 40%, although the initial drying raid
varied very slightly.

It could therefore be concluded that if a material had
e maisﬁ‘éurface eoxpesed to the air stream, and if the humidity
of the air streem were chemged, the rate of evaporation from ti
. surface alad’ehaagesa ¥hen the surface has partially dried,
the drying rete will be nlmost unaffected by the air humidity,
but affected merkedly by gir temporature.

(8} QﬁggmLﬁveré;
With the comstend rate period,; the humidity driving

foree affectod the wate direétly, since theoretically,

f8ry  _ 906 x (Hs - Hi)
39 P ' i’d k

“ Lzsuming Ld and G cénaﬁan%, the orly variables are He and H,.
s = sdiabatic gaturation humidity st the inlet wet-bulb
temperatura. |

Hy = inlet humidity.

If then inlet wet-bulb temperature is consbtant and

the imlet dry=bulb temperature decreases then Ha remains consta%

and Hy imcreases. Hemce the humidity driving force decressesn,

. . . T N
vith conssguent decrease lﬂ'(%é)’o
? | 5 |
if the inlet dry-bulb temperaiure i8 comstant emd tho

inlet/
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inlet wet-bulb tempersture incresses them Hs and Hy both
increase. The increase in Ho, however, is gfeater than the
increase in He and the humidity driving force is therefore

" less, decreassing (%%) °
c

For the falling rate period, [ aT
v : 30 = af
The rate constant is efainéted at the mean drying
temperature of the top layer. This is taken os the logarithmi:

or arithmetic mean of the imlet dry and web-bulb temperatures.

If the bumidity is imcreesed by imcreasing the wet-bulb
| ' ary -
temperature ﬁheﬂ the falling ra%e{(sﬁ f,g#ould increase simce

the mear tempera@ﬁr@ is higher. If the humidity is igc?eﬁaed
by & drop ia dry-bulb @empérature, then theorétically the
‘ Eailimg rate weuld decie&ee, because of the drep im the
mean dfjing %sépefa@ure of the top laygxo -
VIIT Agitation. | -
| There is little object in agitating simgle layera of
matériml, since prectically all the surface is exposed t&‘thé 1
air stream. |
For deep‘beﬁé, & preliminery ezamimation of the
| par&icle.siza, shape ond structure usually gave the probable
~beha§iour of theArate at wﬁich méterial dried, with or witheul
agitéiiéno A!thbngh ne aegitetion tests were comducted om
seaﬁeéd,'agitutiqn éould almost certainiy have an effect, wsince

~ %he ﬁateria! vas 80ft and pliable, having & reasonably high

water/ - |
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water ratio. This vas confirned by the fact thnt seaweed
exhibited am oplimum Iouding vhich was probably caused by
matting of the bhed.

The iwportance of agitating at the correct moment
in the test hds-been'néted, there being little point in
egiteting within the conmtant rate periﬁd compared with the
falling rete period, aa tests on brewera' spent grﬁin have
shown. Morecover, with this materiel, navmore-tbqn 8 agitationn
per Br. were necessary, simce above this value thore was no
significant docrease in dryimg dime. It was thought probable
thaﬁ 2 vibrating éémve?or waaié'giva, or conld be ndapbed %o
give, sufficiont mcvemant %o csuae adequ&ta agitation of the
materialw Beds @f sugor beet cosne%ﬁea, carrot cabes, and
peaad, within the range studied, showed litdle variatiom of
drying rete with agitedion. Possibly the vibration whioch
oceurred during éeighimg intorvale wvans sufficient to agitate
the beds of msierials. |

IX Becirculation. |

The awmount of air which cen be recirculated depends
on $he temperature amd humidity of air Ieavwiug the bed. I1If
air inlleaving during iho low moisture end of a rum, themn it
can be recércuxatéd immediately.. It m&y,ba necesgsary teo reheat
the air if the'ﬁempeféture is low or the humidity is near
éataraﬁien.' The drier @pst be designed first and perhaps

pilet plemt triaia made to give the necessary imformation to

——EE———
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determine the smount and comdition of the recirculation air.
These deteiis could also be obtained by calculation from the
prodicted drying retes.

Reeirculation tests on seaweed and brewvers' spent
grain showed that, for the low moisture end of the run, sbout
80% vecireulation could be attempted witho#t significontly
decressing the dryimg rate. Peas were more suited to re-
circulation ¢han the other mstericle Sested simce high inlet
humidities are required for satisfactory product gquality,
They elso dry very-mlawly giving only slight changes between
inlet and outletd bumi&ﬁty valuef,

The amouﬁ@ ofireciremlation nay best be determined,
therefore, by plant tesis on temperature an# humidity gradients

within the drier.’




of vegetables has been given by Spaugh
2 = (C,v/c, - B)"

Pressure drop over deep

A genoral equation for preasﬁre-drops over beds

c

where =

c

2
V =

i?

b o

B -

72

PeDeyinowegs/ftobed depth.
Expormintal constants.
Air veloeity, £t./min,

£4, of perimeter/cross section-
ol area.

velocity index.

A gimplified form of this equation beld for e

auaber of vegotable materials:-

rowained conmstart.

(9 = ce®) ‘where & = Air mass velocity 1b.d.e./ .

{8g:2%e)(min.)

If the porcsity velue was kepé comstant them C

Any veriebtiom in the velues of the

experimentel consdtants bebtweern different loadings was

normally due %o & chamge im pororidy. Values of C and n

for various meterials, from present amd past work are:.

Mabterial B Co
Onion flekes 1.80

Strip potetees. 1.82

Viscose staple fibre 1.50

Dried L.cloustoni sdipe 1.83 0,011
Fresh L.cloustoni stipe | 1.80 0,027
Dried L, digitata stipe 1,83 0.018
Drisd F.serrédus 1.82 0.015
Fregh F.servaius 1.81 6.030
Dried F.vesiculosus 1.75 0,019
Fresh F.vesiculosus 2,00 0.014
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Sugar beet tonts by owent? showed that the following equation
held | |

8’

(0,0015V ~ 0,09) Z

vhere Static pressure drop in w.go

Bed thickness, in.

ST - I
L]

» Air velocity, fto/:nni'no.

The size énd shape of the cossettes used in this
work wvere somewhat similar te¢ those used by Oven,.and it wes
confirmed that this cquation gmée reasonable results for
pressure drop o%er the beds tested.

45

MecEven, Simmonde and Ward have presented data im

 graphical form for the resistamce to air passage of beds of
graaulss materisle, inciuding peas. Their results formed

the besis of the following correlation.

7 048 2 : 1 '
n 00475 e b o Re ), £, (X ), 2
H, = 8,475 x 10 W EE?; d ‘a‘m); y ( b), 2( :___:x)’ea(e)

Pressure drop, iR W.gs

)

where "
L = Bed depth, in
d_ = Equivalort diametﬁf;vin;
Pa . Air vipcosity, ,
a = Air demsmity.
£ (Rem)= (Re)n'Re/(loo)n°1°0
fa{Xb) = (0.40/xb)2e?§ o
fg(;ﬁgg)a

e_
fg-(e) = Unity for peas.

Shape factor.

Some/




Some difficulties were foumnd im the method of
preparation of the bed in order to obiaim a constendt poresity.
The moat veliasblie method, anrd the methed used in the presecan
wvork, was %o pour thé materials imto thoe basket from a fized
hoight end diaturbh as 1ittle am possible. ¥hat sneasurements
of wressure drop es were made in preosermt tests wewve alighiliy
low compared with the imformation given by McEwen ¢ @l-

vans due 30 zoms air bypessing the bed and bhus reogiasdoving o

higher velue of air flov through tho bed tham bhe eciual walun .

Exitenasive tests on carrot dice were med conducted
bkecanse of prspayatioan difficuities end lack of zuppiicn &b
vhe end of the secassm. Approzimate selution of the preanuvc
drop problems weuld probably heve beem givem by ome of %he
simple correlstions but adsption of Rﬁaeaggequaticn a0 wadc

by McEwem gt al might also be attempied.

(A
Yin:t oo
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The prediction methods finelly arrived at were chosen
from ¢ mumber of methoda detailed inr the literature:
| I Diffusion theory.
IX Emsg transfer éalcnlaticnse'
I1Y Némagraphé boesod omr dryiamg dests.
IV Webt-bulb depressiom cerrelation,
V Single Iayer bhasis, .
VI Simulation of déief conditions,
The following pagesiontiine these vays of desling
with the»pvoblem; gi#ﬁng réaaons why they may or may nodt apply

to the materials under study.
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1 Diffusion Methods.

(a) Van Arudelgl, vorking on approximate diffusional solﬁtidns
to drying probleas, hés directed study towards the moisture
diffusion principle of Sherwéod and Newman, and certsin
wodifications of it, rather than to the pore flow fheory of
Ceaglaske and Hougenzé, becouse the materials (vegetahlés) resemblaed
solid gela in s@ructure. Many workers have postulated a

solutién to the diffusion equation, and have shown that the
predicted drying rotes of some industriél solids agreed reasonably
vell with the experimental rates. Divergence is maost apparemns

in ﬁhé region of very low meisiure contemt. This means that
diffusivity slters comsiderably, and is a fumction of moisture
contend. The mathometical complezity of the solution is
considerable and no really sotisfactory analytical solutions

bave been found. Van Arsdel has solved the equation apﬁroximmtaly
on the basis that the potential producing diffusion is a comn-
centration difference and that diffusivity is independent of
meistuie‘centemac Shrinkege and temperature gradieants vere
comgidered negligibis, Fér~the type of materials studied *n the

present investigatiom it ia apparemtd that such assumptions

cagnot bhe made. Vhile it may be taken that concentration differ-hg
erce ﬁéoduee@ diffusion in a vegetable material, the diffusivity
varieavconsiderably with moisture content. Im addition, shrinkage

and temperature gradiemtas Cccur.

(b) Peck, Griffith ond Rao>~ have attempted to differentiate

betveen/
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between the surface air fiim and internal resistamces in the
dfying ef rectanguler balga wood slabs. They have also givenm
some céasidera&ion te the variation of diffusivity, slab
temperature, area uv#ilable for diffusion and heat tramsfer. It
shonld be rememberéd that in each of tﬁeue investigations, uni-
directicomal diffusion vas beimg studied. This is net the canc
wi%ﬁ t&e éivérse shapes and pizes tested in the presemt work.
Three directional diffﬁsioﬁ takea ﬁlase.in such test piecéa, the
rate verying widely with chonge of moisture content. Even if

& rolution of the ebove ¢type were fortheoming for o siﬁgle plece;
the wariaebien of air'ﬁempeéature from point 10 point in e doop
Baed thr@ug&@ﬁﬁ drying veuld remaim 40 be comsidered. The effect-
ive sree for diffusion mn@vhe@t tremsfer would alse chamge in av
c;mp@sit@ bed.o | .

On comgideration of the effeect of all theae variables ¢
is praﬁéhle'@hm% & sélnﬁisn based or the moisgture diffasion iheor
wvould be %00 complex for the dryimg of vegetehle matariQISo
IT Msss Tropefer metheds.

Merehall amdiﬁemgemﬁs cerrelated the comastant dryiag rate

ié‘@bwoug& cirenlation drying of eolids ageinst the dimaneionieax
ratias; {a) A modified Reymolds number {b) The Schmidt number,
The expression was simpiified and the dryimg rets was found %o

very with the air flow %o the nﬁh pever, multiplisd by the

humidity drivimng force. The felling rate period was found to

give curves of the type

This/ A \
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This type of eguetion only holds for certein cases and
indeed does not hold for most vegetgble materials.  Again, for
coﬂstant rate dryimg it.w&s aasumed that particle diameter
remained comstant which, in the present cﬁae, it does not do
throughout the cempaaite bed. The duratiom of the comstant retol
pericd cannei{ be coleulated from this correlation amd for the
fallﬁng rate gerioé; the critical wmeisture content is mnot known
unless it is determined. experimentally.

Gamson‘ Thedos and Houg@n12~c0rreiaﬁed the j numbers fTor
hea@ and mass transfer wnth various heat ond manss tremafer termas.

hzs is generaily page:ble for bthe conagtantd rate peried, but in
%ha felling rate ?@rioéy’ﬁifficuiﬁﬁea arise bocouse of varictiong
in héé% and moes transfer coefficients; diffusivity, partiele
size end drivimg Tevee,

Allerton, Brownell and E&t354 have a@édied maags trenzier
in the drying of~féi%er cakes of crushed quaritz and glaess ballé
éﬁdvﬁosﬁuiated & Yvaperissation z@meﬁ of drying meving up through
the bed. 4 correlaticn was srrived aé imcluding the driviag
forces, the j nuwber, snd the Scﬁmidt rumber, The latter two anﬁ
the par%ial pressure of water om %the particle gurface vere token
t@ be comabond, which is mot true iam ﬁhe present vork. These E
vorkers in fact only claim that the correlation is valid for
'thraﬁgh érying from surfaces of crystalline; non-adsorbinmg, non-
p;rous, insoluble particles im porous beds.

IXI Nomog

raphic Methods.




Brown, Van Arsdel und Lazaggbave correlated and .nn-ari.ed
dota for the drying time of several important vegetable materials
in the form of nomographs for eagy practical use. Normal drying
teats vere made om the vegetables;, i.e. var:ution of loading,
hulxdity, and air velocity. A nomegraph was comstructed for the
drying time, st o particular value of loading and air velocity,
relating any Swo moisﬁure contents within the studied range to
the air wet-=bulb depressioﬁ. Corrections were made for cheange ofi

-lééding and air velocity, end the dryimg Vime was subdivided intc
(a) the time $o dry down %o 0.1 t0 0.2 moisture ratio (b) the tim
to dry helew this moisture redioe.

The experimental fagﬁors uged to eorfec& the drying times
for change of loeding were found by keeping temperature and
véleciﬁy comstant. It was assumed that dhese proportionality'
féct@ré would bs the seme for & differemt temperature snd veloei%;
This is an aasnmptieé vhich may hold ior certain temperatdure, |
loading and velocity ranges bud it was comsidered that thin methe

. of selutiom of the ﬁreﬁie@ian of time ef dryismg should be held jn
réﬁérva to check other mé%ﬁads vhich did not depemd on this

mﬁéumpﬁian. Brown et ol cleimed am accuracy withiam 20p for thig

webhod, P%
iv WatuBulb Depregeion Meﬁhcds. ‘

Ede andvﬁaxesao have correlated the rate of drying end biw

of drying with wnter.content on the basis of unit wet-bulb

depreasioen. Corrections of a somevhat similer mature telgggse

I

ﬂaéa by Brown, Ven Arsdel and Lazar, bave been made for/

R
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for variation of lohding and air velocity. The use of vothuih
dapreaéioa is an accurate measure of the drfing capacity of the
air only;vhén in comtact with free water surfaces. Most cut
surfaces of vegetaﬁles béhﬁve as such only for a iinitod tiﬁa,
and normally; after initisl surface evaporation hae ended, ths
aﬁrface cannot be supplied with water from the interior fast
enough to meiantain it as e free water 6uffacep 'Theae workers
u@aﬁe that, provided thet due sllowance is made for the ;ffactd
ef.the eut surface Eeéoming dry, the weit-bulb depression cam be
used as a means of eorreldtien and 5pproxiﬁa£e prediction of
déying times. While the greater pard ofAthis vork was comcermned
wiﬁh eress flow drying, gome tests have beem conducted for the
suitability ef certain vegetables for through eirculation work.
Tﬁe solution is appreﬁﬁmate, ewving ¢ the use of air véloeity and
léaaing Eactors; ag vith Biown et al.
Gardnexr and Hiﬁchelléa have sdopted the above methed teo

their wérk on the through circulation drying of snb-littorel sep-~
Vweeds. Obhviocusly 1% suffers from the sém@ iimitetions as above,

%ﬁe asceuracy ef prediection fallisg off rapidly below & moisture

ratie of 6.2 since the solution fellows constant rate dryigg
principles. Tbeseiwar&eré have formed & graphical method fur_tha'
| degiéé for conbimucus multistage driers. Simce the moisture ra@i}
:;vaiue for atsréd seaveed is about 0,18 compared with belowAﬁoiv
;ar veBetables, the prediction vas tkat‘much more accurate amd it
Qéa therefore thought that, from the point of viev of uniformity,
thio/ |

———
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the same mothod couvld be used foer the littoral zgaveeds,
Apcophyllum Nodopum, Fucus Vesiculosus end Fucus Serratus.

YV Sinele Laver Besis Hothod.

Slmmonds, Ward and McEwen 45 hinve investigated the rsies
of drying of single layers of whoatgrain, finding the rates %o hef
p@@p@wﬁi@maﬁ to the free moimture cembent ¢f the greim. This
alloved & simple wmebthed 4o be devised for the cealeulotien of
single layer and deep hed drying times.

Thin wethod of known accursey {x 10%), apd it therefore

seewed bhot 37 & veletiom could be foumd for retes of dyryimg im

?z:c}

singlo layer emperiwmemtn for ithe ramge of materisls E@hﬁiﬁ&, the
mebthod wonld be wmost spplisable %o deep bed dryimg. A w@difi@a@ig
of the wmethod hen been mode by MecEven and @“Saii&g&&méﬁ Tor use
in o semi-graphical msolubtion of the prodblem, &pﬂliaabie 0 asingle
stage driers. This methed breaks up & deep bed inbe s series ef
loyere and treats esch as o single shollovw layer. The intermed-
inte comdition of the air between each layer wmay be determined
by a mass boalance. The meisture gredient frem leyer %o layer is
found at chepon increments of time and the sbsolute aceuracy ie
‘dapémﬁem@ on bhe duration of these inecremembs and the number af;ﬂf
layoers in the bed.

Botl the originel end semi-grephicsel solutions &éve betdber
acéuracy‘tﬁam obher webhods for the prediction eof vege%ahle dryu

ing timem and 1t therefore seemed probabia that & method deveiayer

' tha aingle leyer basis would provid@ an aéaquate aoluﬁion for
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the materials studied,

)

VI Simulator Method.
Thig method, outlined by Broughton and Mickleyﬁs,approacheJ
the problew from a different sngle. Instead of giving design duta?

for the.constructionvof & econveyor drier, they present a method

N ——

vhereby, once a drier has beem designed, the drying time or the

T

rato and comnditiens of throughput cam be caloulated. The con~
ditibns of.drying preposed im the operatiag inst}uctiong ere !
simulated in en exporimental umit amnd the %test is comtinued until |
drying is eomplétaa | | ,
| Vhile such & method does mot help initial design, it ia

abpare@i that it would merve as a veluable check on the doesigm and
@peiatia& details fcfmulated by single layer or wet-bulb
depression metheds.

Proposed Design Methods.

VI Sgaveed: A. modosum} " F. vesiculesusy T serratua,

Under comstent entry sir comdivionms, the drying time may bq

célculated from the besic upnit wet-bulb depresaion,cnyve an
gtaved in Sectiem YIX. .

Gapdner and Mitchell have detailed & graphical design
mebhied feor muldti slege tﬁvéugh civculation driers. This method
is baged on & water cemtent vs time per umit wet~bulb depresaion
cCurve, ‘
| Before design, the follewimg points must be considered:~

(&) The mezimum temperature should be 225°F, since scerchiag

gceurs/ | J
—ﬁ




occurs above this tewperature.

(b) There is no great reduction in overall drying time ueing air
velocities above 10 1b/(sq.ft.)(min.). However, the constant
drying rote varies limearly with air velocity, so that &ighewu
velocities could be used in the congtant rate stage with
interstage veheating of all or part of the sir for use in

subsequent stages. ¢

.4

\

(¢) The minimum initial bed depth should be 3 im. simce the autmi
rate falls rapidly belew this value. Indeed, ¢his is an “
optimem velue, although with sufficient agitetion this valua

- would probably be higher, j;
]

(4} Shriakage and edge effect may be megligible if vibration is
eneugh te keep the bed structure loome by preventirg mabbingy,
The advantege of this sethed iz the case with vhiceh the |
i
gsolution can bo derived. The 1limit of accuracy of o web=bulib

depresaion type of correlatiom has clreedy beemr discuassed,

}
|
The method attea?ﬁﬁ to deal with multisiege drying, with i

the charscterintic veristionm of air comditions from point to point
E

wnﬁﬁan the drier, wheraas most other metheds prediet the dryimg

time under cemstent sir cenditiona.

The outline of the method for a double atage drier is ssa

fdl&evsz@

{1) Prom the besic dryimg curve calculate the water content vs

time curve of the lever belt umder the gzven conditions end

plot it on 2 reversed time scales
(2) select sui%able'%ime increments and interpelate the termimel

vater raﬁi@s for each increment from the cuwrvoe.

{3) Calenlate the water picked up by the air pessing through each
!

increment/ ) |




increment of the bed as Ld{To - T1) 1b. 1ater/
: . ¢ 9 ) 1h, df’ air.
(4) Add the water picked up to the inlet air humidity to give the
humidity of the air lesving each section of the lower belt.
Assume a comstent W.B.,T. for the hot air and obtain the D.B. 1
ond hemce the W.B.D. from the psesychrometric chart, }
1
(5} Prom the basic drying curve and the appropriaste W.B.D. computd
the vater content of the seaweed on the top belt as %t reach]

ea the end of oasch successive time imersment.

(6) Plot the water ratio/time curve for the upper belt until it
intersects the corresponding curve for the lower belt. This
intersection gives the water comtent st ths turnover and the

drying time om each belt (Fig.l)

1I Brevers' apemt graimns sugar beot; carrois; peas.

There are several metheds for the calenlation of the dryiun:

tize under comstent emntry air comditions, and @hase have beem

deacribed in the text:

(a) Qy’calculatﬁem ond supmation of the comatent rate and faliiag
rate drying %times.

(B) From the nemographs (Figs. 2,3,4) based on cometant rate and
falling rate equations (Appemdix 8).

(¢) By & modification of the graphical method described by McEvexn

| and 0“6&11&@&3@46, as followss

A deep bed may be mepreaen%ed by & number ef thin layers,
' a&y ¢ at the smirapse and 5 ab the exlt (Fig.6).

Conazder on int er?al sf %ime 2,

" Then st the emtrance, at the start of drying, for the bottom leyc

dr
391 = M, T,

ﬂhe/

ﬁ
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The woight of weter liberated per mimutbe = HO $1 To |
The imcrease im humidity of the air, A = M L, To/ G
From the incréase in absolute humidity,ﬁih of the drying eir is
passing through the first leyer, conditions at entry teo the seecound
layer cen be located. Similarly, couditions car be found et entry
tog‘aﬂd exit from, each subsequent layer. The woisture ratio con
be cmloulsted for each layer end & smeoth curve of water ravio vg:‘
nunber of layer cam be draws for dhe time period, 8. This proced-
ure ia repeasted for succeeding time indervels, in order %o @b&aini
s plet of moisgture distributicon with time and position through@u@}
the bed. ‘ |
The above methods apply only te single stegs drying whero !
&ﬁs'aiw entering %hé bed ie &b & coungbent Semperadture and hamidiﬁJ
Tﬁey san, hovever, be adapted to wulti stage dryimg. Consider
s double sbage drier of the type showm im ¥Fig.l. 8Since canditiﬁag
ot endtry te the firgd olage remein steady, the drying curve for |
this sbage cem he foumd by sme of the wetheds stated above, and

plotted on e reverse vime scale. The air tomperature and Rhumidii;

8% imled to the sscomd s%aée een them be calculated. Hence, agoi:
by one @f.@he ahove meﬁ&@d#, the dryimg curve ior the mecond sﬁag#
con be pletted as 8ﬁéwa by Gerdmer cmd Mitchell, and the imter~ |
séa%i@m ¢f the curves for the first and seccnd stages givea the
veter ratic st the tﬁrnaver peint amd the dotal dryimg dime,

TIT Simulabion cheek.

Theo siwulater method may be used to check the resulés of

any/

|
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aﬁy design of o wmultisbege dryimg system. For a double stage
drier the time of drying of the firat stege can be oasily‘cheeked}
since entry conditioms are comstant. By aiéniating the
céndi%ioﬁs at inlet to the second layer in sm experimental wait
tﬁg dryiﬂé curve fer Shis Isye? car be found, co;seqhentlj
giving %ﬁe‘imﬁe?@ecﬁioa velue of weter ratio and the time of
drying;

Scale factor.

The mcale factor must be snmalysed to take sccount of the
difference botwoen iaborsbery and irdustrial opera&ionso

30 . : . .
found in cerdainm eases that weak spots

Ede and Hales
oécmrred, ia';'ﬁhéaugﬁ eireculation dryiag test, ir the vegetable
bed cauvsing cir ¢o flow @ﬁ?aug& these pards preferentially.
Gardner énd Mi%cﬁeih4ﬁ c@uélude&,ﬁa.thei? work that agitation Gux
ing’@he wéigﬁimg intervels wes aufficient te prevemd formadion of
weak parts. In the prosent werk, this eccurred semetimes im &
badly paéked seaveed bed, bud wsuslly no chonmnellimg wes meticed.
The meaui@e of the bvest were digregarded vhem thiz was noteéed.

The shrinkage of the bed eway from the vells of the basket
wes ovident with all the materisls excepd ?e&s. in full acale
pr&etic@'ﬁﬁe edge offeect will have much less effect simce the hod
perimeﬁé? ﬁer unit aree is iesgc The predicted dryimg time from

- xabexaﬁsfy seale plent should therefore be comsgervative for
iﬁdﬁa%rial plant. Conduction of head from the wells o bhe
material/

“ AN
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caused by a conveyor could give sufficient vibratiom to prevent

s

(5}
|

material should alse be of less effect in the larger plant.
It would seem that these two effects are in oppesition,

aLthougﬁ shrinkage is of greater importamce. Cohtinucus movement

thias

SR PR




AGiX 1

Typicel) test reedings:

Faterial:  Sugor beet. Pest lo.: 5 ‘Daate: 15-11-55,
Variople: Bed Losding Loading: Adrflow: 164gn. et ) (min. )
Tize  Inlet tomp. o) outlet temp.(°F) Weight girflow Starie
(min.) GL.B.T. #.B.T. U.B.T. i eBeTs (16.) = {in.v.g.) (in.v.e )
0 200 96.0 158 9%5.1 24.060 1 -
10 200 95.8 9.5 90 22.395 0.. G0
20 200 9.2 96.8  92.2 20.405 0540
30 200 97.8 97.5  92.5 18.357 0.50¢
40 200 98.0 98.0  93.0 16.453 | 0. 440
50 200 97.2 107 92.2 14.558 : | 0.400
60 200 97.8 115 B0  12.8%0 0.360
70 200 98.2 125 93.2 11.330 0,330
B0 200 98.0 134 93,0 9.962 0.250
46 200 55,0 147 93.0 8.978 | 0.770
100 20 8.0 156 93.0  8.252 « 0.744
110 159 97.5 164 93.5 7.707 | 0.728
120 200 G50 0 9.0 7.305 0.725
130 200 98,6 175 94,9 7.018 | 0.222
140 200 98.0 179 4.2 6.824 0.218
150 200 93,0 181 94.1 6.679 0.214
160 200 7.5 184 9%.8 6580 0.21¢
170 201 9.2 184 95.0 6.510 .o
180 200 93,2 185 9.6 6.46%  0.207

1% 200 3.0 185.5 94.4 6.425 Q.20




APPSEDIX 2.

Results of Test Ho. 5.

Moterial: Sugaxr beet. Test No. 5 . Variable: Bed loading.
Aversge moisture content of product = 545
Bone dry solid = 6.425 -~ (0.0545 % 6.425) = 6.075 1b.
a2y o delaygpnyster (oA ps.)
o 17.985 2.9
0 16.220 2.67
20 14.330 2.36
30 . 12,322 2.028
0  10.378 1708
50 £.483 , 1,395
60 ‘ , 6.755 1.112
70 5.055 0.852
86 : 3.887 ' 0.638
50 | 2,903 o 0u0
100 ' 2T 0.356
110 1.632 0.269
120 ‘ 1.232 0.202
130 0.943 0.155
140 0.749 0.123
150 0.604 0,039
160 0.505 - 0.083
176 0.435 ©.072
180 0.388 0.064

190 & 0,350 0.058




APandil 3.

Coarar:

Homozranh Section 14, Mg, 2,

(o) To_find the constant drvigs ra:te,

( ) 1b.uster ‘
\ 7/ (1b.8.5.5. ) (uin.) |

‘Tne ejuation is

Solutions

]

Join the value

. G [o-n]

id

to the [Hoa;'li] value to cut the reference line.

Join this point of interssciion to the Id valus to give the required

figure of

&
r‘»‘-—/

on thaet scale.

Lo - 2]

(i:-) To Find uhe consiont yote drnmr' time, Lo win,
- . N 14 ['to - }‘c]
The eguation is e

So}.ut;i.om
Join the

scale at the e valusg,

ePauh 3schion Lsc, . g,

o find the critic zl water ratio, |

§Lw- G Lwo-u]

(%% (value' to't

the {:‘o - Tcl ‘Figure, ‘cutting the 6

(&

4

'
.

lz,‘. iater
/] Ca av.un.)o

it

The equation is (é%
. i - é C
golutions
Join the m va..ae to
on that s;'c 1@4

Section 1X, Fie, 4,

To find the

The equation is Gvf = =

solution:
Join the £

tha @f seale.

m. ¢

falling rats dryving time,

log
Be

111
isure to the ‘¢

. i.e¢.

(zﬂ) /

tne ( ) value 1o give the Te maﬂm
26 &

4 Tc/sz

/T , value to give the €. value on




for g,

for ;. -

for '

=

R

(}"Z’y

C ot -buld

bone diy solids
Try loadings
commercial dry solids

2,

to%al water content;

-mass eir floy;

- output rate;

tulp temperatvre = D.B.T.
st - " = T.B.Ts
tepression =  W.BeDe

Tate congiant

- wate constant in deep ved tesis;

..ebgolute humidivys

$ime of dryiags

‘réfers to actusl time.

in shallow layer tests;

18,

lbu : BOBCSO/QQoftQ

ibe 7

1b,%ator/To. B.D.S.

LA, ¢
1s.

op >

o /(52.88) (min).
D8/ (Squ2. ) (ar)

1 rofers to cond. ai siact of lat £.r.0.

1 2 znd 7"

s

-

a

7 w " totel time.

P * predicted $ime.

10 ® firet falling rate periods

2 n " second . ow "

e ® " congstant rate period.

..1,- " *iat feTeps

2 ® " 208 foTepe

e ® ® orizinal conditions

f # i final @ 2 1w L ] " L4

e " eguilibrium ¥

@ " ® oritical "
wdeme ¥ " internediate conditions betuean lst & 2nd fallins rate period.
e - " " constont rate poriod. s = standerd condifions. .
1" 1g f.r.p. o= oxperirentaky W

2 “ " 2nd f.,r.;p;\;*f/"fw { e

‘, : e

H

it
|




for i - 1 refovs to ihlat alxr conditions.
¢ ¥ ¥  gutlet " "
8 " * saturated" " | - i
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