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Abstract

Experimental apparatus was constructed and used to determine
the drying characteristics of grass. Thin layer samples of Italian and
Perennial Ryegrasseé were dried by through-flow of air under controlled
conditions., Samples of grass were also split into leaves and stems,
and these were dried'separately. The temperature, humidity and velocity
of the air, and the maturity, length of chop and species of grass were
varied. A computer programme was'written to process the recorded
experimental data.

It was found that the form of the drying equation varied with
the air temperature. Above 200°C, drying took place entirely within the
constant rate period. Below this temperature, the drying rate was
proportional to the moisture content. At temperatures below 80°C, up
to three such linear periods were observed. The constants in the differenf
equations were correlated with‘the experimental variables. '

The results have been interpreted in the light of the physiology
of the grass. The melting of the cuticular waxes is shown to be responsible
for the increase in drying rate at high temperatures.

Mathematical models of two types of drier were developed as an
aid to design. The models were tested by programming t£em on a digital
computer,

The sfatic deep-bed drier model was validated by simulating
laboratory experiments on hay, barley and wheat.

The rotary drier model was validated by simulating aifarm grass

Ve
drier.
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IOXAGH CONSCRVATION 1Y GRASS DRYING

l.1. Introduction

llan has always tried to preserve the surplus products
f his worl for a tiuie when Lic may bhe in neecd. For many
centuries, the traditional wethod of crop conservation,
hay-raking, was used without questioun, In the last fifty
years, however, new ideas in fodder conservation have been
acceptod, nlteit to a lirdted extent, by tho farsing
corinmity.,

The lhiph=teuperaturce drying of roun;; leafy herhapge was

. o Yieed 2ord . a-(83)
first introduced in Briiain on a coumercial scale in 197240 .
Althouph fariers were slow ‘to accept this new idea, Ly 1951
thore wore GHU iustnllatioﬁs nroducing over 200,000 tons of

. \
dried grass and (recemn crops a yoar(L)’,

but as post-uar
rationdnge vas reduced, rany farmrers chanped to imported
concentrates so that the total production of dried jrass in

I0GE was only 80,00GC tons. G0 of BDritain®s fodder is still

consexrved as hay in spite or the advantapges of driocd grass.
H .

1.2 unidanentals of Iodder (onservation

All agricultural naterials must be dried so that they
can be stored during the winter for feeding to liveetock or
for sawing: atra later dato, If the moisture contont is too
high, the material will rot, Jdeally, forage materials
should be stored at a noisture content of not greater thaq
125, (vetv basis).

The easiest way to dry forage vmterials is by making

hay in the field, where the drying power of the sun and the



atmosphere can Le used. There are, however, many dise-
advantages in this wethod. It takes soveral days for the
saterial to dry, even if conditions arce favourable. The
sunlight reduces the content of carotene and other nutrionts
in the grass, whilst tho meven drying of the leaves and
steris shatters the sheaths at the nodes and souwe of tho crop
1s left in thio fiold as the hay is being lifted.
Silaro-naking overcones some of these dii:dculties, but
the unpredictable nature of the process, topgcethor with the
lossos incurred, reduces its appeal as a fodder conservation

mothod,

Jede The Advantases of a Grass Dryinge: Sysben

In a ;rass drying systen, grass is cut at intervals
varying frou four to eighit weclis. several crops can thus

Lo taken fro.u a sward in one scason, The grass is chopped

as it is cut, and is fed unwilted into a hich teuwporature
drier. The woisture content of the freshly cut grass can
be as high as 90, (wet basis) in wet weather. In the drier,
this is reduced %o about 11U, .,

The systewm has sevcrnl advantages over haymaking and
silake production:
(a) The contont of nutritious materials in the grass
increases with regrowth to a waximum about four weeks after
cutting, ond thercafter it docrecases. It is thus advantag-
cous to crop grass aiter four to six weeks rerrovih, Grass
is also a crop which is very responsive to the application

of nitrogenous fTertilizors, By cutting frequently, the

naxiwum Lenefit can be pained from the apvlication of

fortilizers,
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(b) The use of an artificial drier ensures that the
congervaiion jrocess is independond$ of Ghie weatheor
conditions, llazuwaking is notoriously dependeni on the
veatheor,

(¢} Dricd grass is wuch casier to handle and store than
hay oxr silage. The crude product can be ground, wafered or
nellotized. It is also ruch more uniform in gualiiyv,.

Feod concentrates such as molasses can be added to the ueal
before pelletizing, to produce an evon belter product. It
is casy to blend jelletized grass wilitlh: suchh feeds as havle:,
to ¢ive a Lalanced dicte.

{(d) The pgreatost advantage of grass drying is its ability
to presorve the nutricents of the fresi: material. Dolt 7
saxr8: "bried grass nust not be confuéed with haye Xt is
in no sonsce of llic word & roughage feed and should not
therefore e classified with liay. It is a concentrate,
highly digestible, very palatable, rich in protein, vitanins
and udinerals, and can be subastituted in a dairy cow's

ration on a nutriwent basis",

Tho hipgh difpestibility and crude protein contant of
YOouny, [rass arec maintaihedtﬁuring the drying process. he
couparison of‘losscs and foeding value bebtween laymaking
and grasé dryin{; is shown in the table bolow(78). The
superiority of dried grases is very clear,

Irrespective of the temperaturc at which tihie drier is
operated, the crude protein digestibility and the carotene

content areo maintained at almost the sane level,
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Couponent Loss of Component as a l'ercentagoe
of the Toial in theo r'resh Crop

Yay Dried Grass
Dry-nmatter 20 ]
Ciude Protein 20 6
Starch Lquivalent 33 3
Yrotein Fquivalont Jo 3
Carotenc | 100 10
Vitamins Lo -0

l.%s The Disadvantares of a Grass Drvings Svstem

Grass Driers arc expensive to instal and operate. In
1949 a swall unit of the jmecumatic type cost £10,000.

This fipgure does not include the cost of field cutting
raclhiinery or pelletizing and bagging equipment, which can
add L6,u00 to the capital outlay,. Labour and fuol uale
thé operation of grass driers costlv,

Dried Crass can Le produced on the farm at about 220
per ton. of this figure, about 28,0,. is capiltal deprec-
iation. i .6, is fuel, and 8.9 . is labour. Soue farms
have experienced difficulties with thie operation of field
machinery and packapging equipnient, but izuch dovclubment
worii is being. carrled out to inmprove these items, Very
little attention, however, has been paid to accurate desipm
nethods which are neceded to reduce the capital and oporating
costs of the drier itseclf.

The rate of growth of :;rass varics throughoui the year

as shown in figure lrl(77)¢ This is a graph of the yiold
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of ;rass, cut at six-weelkly intervals, against tiue of
cutting. Ii can be seen that there is a peak of yrowtn

in 'ay. If the drier can dry at a maximum rate indicated
by the horizontal line A\, there will ve a wastapoe ot gfass
in ay and a shortapge {row July enwards,. There will bLe
poerilods, therefore, when the drier is working twenty-four
hours a day, and is s5till unable bto cope with all the prass,
and others vien it will be working enly a few days in the

wecelis

lee Grass Driers

Three types of (rass drier have been rrodiuced. The
first type ix the simple tray drier (fig.l.2). lot air,

- O . . . . P
up to Wi .y is passed thirou, 1 bed of grasu which ds

Alrout one foot thick, e rross is usually arranged in a
tray and encliosed in a caisincti. when the 'rass has dried.

rufficiently, it is removed wud is rerlaced Ly another
batch, {ypical cvaporative requireasents are 2600 litu/1b
dry-rmatter, but this figure can be reduced to 1150 Btu/1b
by rccirculaition of some of ihe hiot air,

in ihe conveyor tyle (figeleld), the grass is carried
on a perforated cun§inuuu5 Lelt throuprh a strean of hot
air whiich flows at right—angics to the direetion of notion

nf {he pross. Sceveral passes of the grass through the

air may bLe used to give a hipher theruvial efficiency and to

reduce spaco reguireuents,
‘ihe pneumatic or rotary type ({fif.l.%4; is the most
popular, and there arc nany desi;ns on the ::arkets. This

is also Lho uost expensive iyre, thoushh costs are falling.
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The rraas is chopped into lengths of about four inches
and fed into a rotating cylinder throurh which hot gases
are rassed in the same direction as the pgrass, i.o. it is
a co=flow systan, The grass is kept falling through the
hot air by lifters on the inside of the cylindor.‘ This
action also advances the pgrass through the drier until it
becomes light enourh to be carried out of the drier by the
airstroamr. Tho different rates of drying of the steus
and the leaves are thus balanced by their different
reosidence times. Vory cffective contiol systems can he
applied to this kind of drier.

Various types of fucl are used in grass driers, but
oil is nost conron for rotary drierc. Blectricity and

cas are sometimes used in tray and beli driers,

1.6. I'mevious worlk on Grass Drving

In order to improve the design of grass driers it ig
neccessary to know_thc drying charadteristics of the grass.
Little researxrch scems to have been done in this f£ield.
Most workers have been concerned with testing existing
driers, with ficld ering of herbagé. or with couparisons
hetween difforent treatmonts to grass to improve its field
drying characteristics, |

Scott(cz) investigated the effect of drying air tem-
perature on the scorching of the grass, and on the rate of
cvaporation, lic confined his axperimenté,to mat drying

and concluded that the best air supply temperature for mat

driers was BOOOF and certainly should not exceed BSOOF.




At higher teuperatures very definite local scorching
occurred, Ifle alsc izaintained that the o ficiency of a
carcfully designed low tewperaturc drior siiould be alumost
cqual to that of a hiph teuperaturco drier.

Whitnoy and 1a11{%1) anda Wnitney, Agrawal and
Livingston(sa) dried alfalfa leaves at teaperatures up
to 1400 and investiratec the offoct of stomatal opening.
They claimed that the drying process oboyed the first order
rate equation and that the rate constant increased
logarithmically with the temperaturo.

Belt(7) discussed i(he rclative merits of different
varieties of grass for drying and concluded that 4he wost
sultable wore the pastwre types of poerennial grasses. He
also maintained that the hilgh teuperature driers aro nore
efficiont than the low temperaturo ones, Byers and
Houtlcy(ll) havs eoxamined the natural drying of alfalflfa
(lucernc) and have interpreted their findings in texms of
the biclogical struéture of the plant. Cashmurc(la) was
disappointed that the quality oi dried prass was not aé
highh as had boen hoped, but lie peinted ouié that prass does
not suffer irouw case-hardening.

Jones and Palmor(BS) analysed tho natural drying of
fodder crops with special ouiphasis on the watér movenent s
that occur in tlie living plant, Padersoen and Buchele(Sz)
investigatod the drying; of alfalfa hay, particularly
considering tho effects of iechaniecal trecatments,

(56)

Raup exanined itlie effects of drying and storage on

the food value of dried grass. Baguall(q’S)inVQstigated
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the drying of the alfalfa stem and concluded that the
principal impediment to rapid drying was in tlie geoueotry
and structure of the plant sten.

v : N
(52, 29, 28, &) agrec that the use

All researcliers
of cfushers ard crivpers as well as steoauing and the
application of cheuicals inerease the drying rate of foddor
by altering tho effective structure and geometry of the
sten, These treatments, however, add to the cost of
producing the grass and noed extra equlprent.

Although wuch worl: has been done into those aspocts
of fodder consorvation (ficld hay making, siechanical
treatments, drier tosting), there is a pgreat shortage of
accurats design data on the artificilal drying of pgrass.

It was decided that rescarch should be undertalken to obtain
rmore of this data in ordex to facilicatq the design of new,
cheaper and more relilatloe driors, It was hopod that the

results of tho work would also enable a mechanisy of drying

to e proposced L£or grass.
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2+le Introduction

lesecarch workers in driing have tended to spocialiue
in investigating the theor: of drying, or in the design
and developuent of betier hardwarc. In many cases, the
theory is based on experiumental results and not derived
from first priuciples. All drying technology, however,
is hased on experimental oéservationé and on scale-up
teclhniques., In this chapter, some of tliec theories of solid

drying that have been proposed will he explainoed.

2.2. loisture Retention in Solids

When a nwoisture~containing solid is exposed to air,
it will produce a steady pressure of water vapour in the
airc. The wvapour pressure depends on many factorgs: Lhe
nature of the uoisture and the nature of the solid, the
teuperature and ihe noisture content of the sdlid. The
uioisture content which produces a particular vapour pressuro
at a certain btenperaturc is lknown as the equilibiriun moisture
content foxr thosc conditions.

liost solids, however, arc not in equilibriuam with the
air around thom., The moisturoc content in excess of the
cquilibriuvn modsture content is imown as the free noisture
cantente Some solids are not well-behaved during drying:
extra woisture is generated by cheuical tieans, for eiamplog
break-duvwn of water of drystallization, It then becomes

difficult to distinguish woisture fromn the products of the

decomposition of othor constituents,




There are two ways of expressing nmoisture content:
on & woet basis or on a dry basis (mv and @t resrcctively).
o

o = dedrht of watexr rewoved b drving to "bone-drimess®
o= e SeCy >
wolght of solid loft after drying to "Lone-drynass"

see (2.1)

n, = /{1 + n) ' cee (2.2)

Both wm and m., can-be expressed on elther a percoentage or

a decinmal basis,.

2e Do Ang Mochand sus

The obJjoct of drying a solid is to remove sone or all
of the water frow it. There are three stages in this
process: (i) the woisturc is moved frou the intorior of
the solid to a point where it can be vaporized, (ii) it
1s vaporizod, and (iii)} the vapour is woved frowm tho
vaporization peint to the air, The lJast part way involve
moving the vapour through sone of the dry solid before it
reaclies the surface.

The canner or rmociianism of wovement of moisture depends
oﬁ the state of the wolsture and on the nature and structuro
of thie matorial veing dried,. ljany mechanilsms have teen
proposod to explain the drying plicnomona observed in
different situations,

If the nature of the mechanism which controls the
drying is lmown, certain useful conclusions can be drawn.
For cxample, the external variables which govern the drying
rate will be those which govern the cdntrolling mechandst,
If the drying is controlled by a mechanism inside the solid,

then the rate of drying can be changed by altering the solid
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dimensions or teu;erature, whereas changing; the properiies
of the air will have no effect.

Sote drying mechanisms are discussed below.

2 ."4 [ Diffgsign

Sherwood(éh) and Ncmmm(!'s) wverae the first to suggest
the drying nechanism which has come to be lmown as the
diffusion uechanisi, They proposed that thoe rate of
rovenent of the moisture was a funchion of the woisture
concentration gradient in the solid. This can de described

by the cquatlons:

2
%—% == ._:_3__% (one dimension) e (243)
or
oc r $1 dirensions) 24)
3t = DY ¢© (three dirensions) ... 2.4
' 2 2 2
where the oporator V2 = '?- + Q—— + :-o--:;
x oy «

c = concentration of water at time f and position x
(xy ¥o z in three diuonsions)
X,¥sZ = spatial co-urdinates
t = tine

D Diffusion Cooffilicient

A similar equation can bo written if the umoisture is

giffusing as a vapours:

? 32;; 2
3%=Dv axa"‘DvVP

cee (2.5) .
wheoere

P = vapour pressure

Dv = vapour diffusion coefficient,



2,441, Solutions
The above cquations have Leen solved for many initial
and bowundary conditions and many solid shapes. The
solution is penerally in the forw of o rapidly-converging
series. Tho simuplest c#ses are those for which lhere is
syumetry about a point, line or plana. The differential
equations for a constant diffusion coefificient arc of tho

cenexral form(ﬁ).

- (@* 2 % .
n %;fz' [ l:: ?g; at : ees e ("’6)

wvhere r is a spatial co-ordinatc which is everyvwhere
perpendicular to the boundings surface and whose
oripin is at the centre of symuetzye.
i = 0 for planar syuuetry
= 1 for axial symmetry
= 2 for spherical sytnetry.
Assuming that no shrinkage occurs, that there is a
wniform initial woisture concontration e, and a cbnstant

surface molsture concentra.ion Cyo the solution for an

infinite plate 1s(%)
i 3 (2 1_) =
C = §~. X It .2 )
C = 1’2 =0 {(In+l)*~ oxXp [ T X } (‘__'.7)

where ¢ = mean uoisture concentration in the plate

C = dicensionless mean nolsture concentration
S - c
—— 8 '
= c - ¢ see (208)
o s
cg = moisture concentration at surfaco.
X = diwensionless time = S -JDt/V

S = oxposed surface areoa of solid

V = Voluue of solid
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6
The solution for an infinitely long cylinder .is( )
- — 2 '
C = 1 oxp - Zn }{2 ees 2-9)
n

whoro Jo(x)'is $liec Bessel function of :ero order

an ara the rooits of Jo(x) = 0

The solution four a sphore is(é)
-ld 2 g
- LA 2 -
C=6 > exp (- x°) eer  {2.10)
.”2 n:l d

For very large values of Y the three cquations (2.7), (2.9),

(2.20) arec approximated by

- ML q
C = i exXp ( ""P X ) ses (0’--]1)
2
R
vhore & and @ are constants aee (R.11a)

2e5. Canillary Action

Anothor widely accepted mechanisu of drying is
capilliary Ilow. Coaglslo and Hougun(13) introduced this
idea wo oxplain tie drying of porous solids end beds of
granular material in both of which there are continuous
networks of very small passages. If the nmaterial is
saturated whon drying starts, these are full of water which
is said to bo in %he capillary state (see fip.2.3). As
the water is continually evaporated from the surface of
each capillary, the surface tension forces draw ore water.

up to the surface to replace it.

Alr wmoves in through the larger pores to replaco the

water that has moved out, A8 air spaces appear in the
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water system, the state changes to the funicular state
in which thexe is still a continuous network of water
throughout the bLod.

When the forces due to the surface itension at the
nienisei at the top of the capillaries can mo longer suppoxrt
tho woight of the colwm of water, it hrnak§ up and the
pendular state is rcached. The water is held in lens-
shaped rings around the contact points of the particles(ﬁl)

Thoe speed at which the water roves through the
capillaries depends on the frictional charactoristics of
tho Yed or(material.

2.5.1. Matheoatics

Ccaglsko and Hougon(l3) derived forumumlac for the
suction or prossuro deficioncy in three typos of pore space
in 2 bed of uniforw spherical particlos. The shape of
the pores depends on the wethod of packing the spheresd
In a tetrahedral space the suction is 12.9 G/rp wherce O
is the surface tension (dyne/cm) and r, is the particle

radius. In a rhouboidal space the suction is 6.1.%;,
P
and in the nodoid of revolution that occurs in the pendular

stnte it is 4.1 %—.

The tetrqhedgal and rhowhoidal spaces occuxr al the
two extremes of Lacking cefficiency of uniforin spheres.
In practice not all the particles are the same size or
shapeca Tho poros,.thoroforo, have a suctidﬁ whosé value .
is~?ctween those for tetrahedral and rhoisboidal spaces.
The.anthors predicted the nmoisture distributions in porous
beds of solids more accurately than Shoruood(éu) did, but

their methods were based on empirical results,
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'
Ceailaske and *icqling(l4) rropesed an cquation for

R

stcady-staie {luw in jorous beds, wihich was sinmilar to

Shervood?®: diffusion equation:

i'.W ds .
v a2 = — ——"—) N e e \2.12)

whero v, is the velocity in the x-direction

il

nerizeability

-

density of [(luid

suction

v
1

o include the effect of pravity, the cquation is odified

Lo

k
D d . N
X p o ( p P tec “el3)
hpis coneralls suctlon=depondent, For unsiecady—~state

flow, the authors ex ressed the suction as a linear function
of the coucentracion of water

c=as +D ) eee  (2.1h)
S

where a aud b arc constants, and used the equation

¢ i-’.“ a2c ‘
—— e i "——" [ 3N 2 (2.13,)
,at ffs "

where Fs = s0llid densibye.

This is almost ddentlcal to the diffusion equation;
it seens lopical, thereforey, to treat diffusicon and
capillarity h: the saiie equation, Howeveory the depcendence

of the diffusion and capillaritr coefficients on tewperatufe

and other factors nay not be the sane.s Ceaplske and

idesling also showed that the fluid flow in the pores obeved
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Darecy¥s law.

|
2.00 Varour il Diffnsion Mechandsi

Llen the water has reached the suriace at which
evaporation tales nlace, and has been cvaporatod, the
vapour aust wove into the bulih of thie dr:ing aire. The
chhdnism T whicii 1t moves in the pores of tho dry solid
(if the evaporation surface is within ihe solid), and thas

L whiclhi it moves in the air surroundinyg the solid, are

Milst the resistance tu the evaporation process

ibtself is very

v

srall, the siructure of the air at the
surface of the solid offers ver: considerable resistance
to thoe movenent ol the newly=veleased water vapours
uillilaud(27) has Jdeoscribed the process ver:y fully,

e veloeit: with which the air flows over the surface
of tlie solid increases {rom zero at the surface io
Laxi: u: value at sone distance frow it. Thie distance and
the t:pe ol velocity gradient depend on the nature of the
surface and on the properties and velocit. of the air;
sanles of velocity pradients are shown in fige2.2.

in lacdinar or lajyer flow, the air moves so that all the

particles travel along swmooth curved trajectories and there
is no bull: rovement of air across these trajectorios. Thus,
an: uovenent of water wvapour across the flow rmst be by
soleccular diffusion, and is very slow.

“hen the air is in turbulent flow, thore is very

considerable cross~mixing in the bulk of the air so that

tle velocity reaches a maxiuum value at a very smallvdistance
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fron the surfacc. Thus, when water vapour cnters into
the turbuient zone, it is rapidly dissipatcd, Thero
rermains, howevor, a thin film of air which is in laminar
flow, near the solid surfaco. and this offers a consideorable
rosistance to the passage of water vapoure. The transfer
of the water-vapour across the turbulent =zone is said to be*ﬁ
~oddy diffusion, whereas in the 1éminar zone, it is by
molecular diffusion.

In la:dnar flow, the Ltransfer of water vapour is

described Ly the cquation

@y b dp 21
t = 13’1‘ ‘ dz LI ] (l--l't)
abs
wliere !
[
~-—; = rate of transfer

= partilial pressure of water vapour
D = Diffusivity (Diffusion Coefficient)

R

il

Gas Constant
Tabs = Absolute Temperature
z = distance

The film resistance re is given by

1 zf (pb)lm :
rf = kf -— Dm ...o (2.15)
where
zf = £ilm thickness

< = film transfer coefficient

i

m Hean Diffusivity

(pb)lm = Log Mean partial pressure of air.

Where there is a turbulent zone as well as a lawinar
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zonc, the total resistance is given by

zf (Ph) i
= Tiurb T Tr = Yiurb * D

12}

. (2.16).

o]
!
Tf‘k*

&

&

whero
Teurh = resistance offered LY the turbulent zone.
urh

It has been found(27) that for cvaporation of jure

liquids into an air strecam in a wetted-wall towexr

L. - (903 + 2L 108 eee (2017)
I - D’
& t
wvhiere
Dc = Toweor Diameter
e = lleynold's Nunber

The relative proportions of the resistance duc (o
turbulont and laninar zones are 2073 : lBE/Dt

Very often the dri;ing ¢if a saturated solid surface
can bie approxinated by the evaporation of water from a
free surfacc(ay). The Inperinl College foruula {or

ovasorition fron a free liquid surface as verified by

Hinchile:; and Himus(33) is

) - | ‘ 2
W = Lvapovration Rate = &‘5 p{ i cas (2.,18)
is stil1ll air 50

(ice/u? nhir)

where Py and p are the saturated and actual vapour pressures
of the vapour (mum i),
I there is airflow, then

W

(VeU3L + OoOlBSV)(pS'— p) ves (2.19)

where

v = velocity of air (w/sec)



W

‘The l'owell and Griifith rormula(JJI is
7 0.77 v 2 0.85.‘ (‘) 20
W o= 2,12 x ' L I)S(ps - pi{l + 0el21 v i 2420)

where

w4 = npvaporation Rate (rr/sec)

I

L Lenzth of surfaco (cwi)

8

1 Breadth of surface {cm).

S
liowever, a nore fundamental approach to the problen
’(‘ - . 3. - .2
153 Sutbon(U)) hased on Tarlorts theory of edd: diffusion

-ives

50 e
v ob I.SO - vu‘?

oo 2.21)
there are various difficulties with cvaporation over
a lar;c surface since the condlitions are not constant,

Lut thoese can be overco:r ¢ Ly taking average values.

L)

2e7e Arvlicatlions of Theory

The drving characteristics of rany solids have Leoen
investi -ated and it has been found that thedlr drying curves
are ver: siuilar, The drying curve can be divide: into a
nunber of sections,

After an initial heatinp-up period which is represented
in fi;.2.1 by AT, there is a constant-rase period (BC)
during which the resistance to drying lies entirely in the
drying air. Generally, the surface of the #solid is very
wet, or in the case of hy¢roscopic solids, the moisture
content is groater than the maxismm hyproscopic moisture
. content. After sonme time, dry patches appear on the
surface (or the woisture content in some resions starﬁ to
drop below thie rmaxinrum hygroscoplc woisture content),

This warlks the start of the first falling rate period (Cd).
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The dryin¢ rate decrcases linearly with noisture content
during this poriod and theo movement of liquid water controls
the drying rate.

when the surface is completely dry, the second falling
rate period (pE) starts, and the drying face retreats into
the solid. wWater vapour must diffuse througrh the dry solid
before it reaches the surface, but the liquid has a shorter
distance to travel to the evaporation surface., The drying
rate continues %o drop, but generally not linearly with
moisture content,

The three periods (constant ratao, firsf falling rate
and seccend falling rate) may Le deseribed by the same enoral
ogquation:

-c-l—t-! = ] 1 - n 2
dt — I (Ll mo) S ewa (bo22)

vhere
v = wmoisturo content, dry basis, i.c. water mtio.
Iy tiys and n are constants,
n = 0 for the constant rate period, and the equation

bocones

at = kO s (2.23)

n = 1 for the first falling rate periocd, giving

dm
-qr =k (1 - n:e) one (2.24)
and n 21 for the second falling rate periocd.

Sone, or all of these periods are observed duxring

the drying'of all solid materials,




2¢7¢1e Diffusion Mechanism

Many workers have used the diffusion mechanism, with
its various assunptions and sinplifications, to explain
the drying of soldds. '

vang and 1a11{7%) agreea with sabbits(3) that the
vapour pressurc is the main driving force for the wmovenent
of molsture in the drying of grain. Dabbitt found that
the direction of tie noisture content gradient was often
opposite to that in which the movement occurred. Usding

the cquations

al;l =D '22'2 es e (2.25)
ﬁ - 3'2
x
and
2 L
ap 9°T v 9u I
""%' = ks """'i - P 3’{_ ses (‘-.‘-(J)
ox p
vhere
T = Tenmperature
Lv = latent heat of vaporisation of water
cp = Specific heat
ks = Thermal conductivity of the material.

Wang and Hall (loc.cit.) predicted the drying rates of corn
and .conpared these with the data of Rodriguezeﬁrias(59).
The theory and experiment agreed to within 10%.

Pabis and Hendorson(5o) considered the maize kexmel as
a brick and assumed the liquid diffusion equation. They
obtained good agreesnent by using the solution of ﬁhis aguation
to predict the drying of unshelled malze, Chen and JohnstghﬁJﬁ
introduced the concept of tertiary moisture content for
h:rgroscopic naterials, This is the moisture content at
which the first falling rate period stops and the second

falling rate period starts. For moidsture contents above
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the tertiary wmoisture rnonteni they used the Sherwood

cquation:
a!.l =D 3"::: ) ase (2.'?'7)

<

ot 9"

lLiolow the tertiary wmoisture content they sroposed the

cquation
91 B 2 2,28)
51—; =D Vz.n + .a.—‘" (g:r‘ad ‘l) soe ( L 2adel

to talke care of the sinultaneous diffusion of liquid and
vapour. Tho: showed that ithe first cquation (2.27; could
sield the experimentally determined constant rate and first %
{alling rate ecquations, and they assumed that the sccond
cquation (2.28) would predict the sccond falling rate

expression, but they did not vordfy tlhiedr assumption,

(6)

ecker vroposod, for smmetrical bodies, the
cquation (2.4) abovao. Frow solutions of this equation,
he concluded that the bhesimiing of the drvyung curve could
be described by a series expression and the rewainder by
an exponential expression, He applied his results to the
dryiny of the vheat kermel and obtained godd arsreement .
Chu and Hustrulid(l7) followed on Leclker's work but
obtained rather rore conplex solutions Ly considering
variable diffusivity, Like uany other workers they
applied ﬁhcsc to the drying of shelled corn and came to
the saume conclusion - that and exponential-type equation
described the drying of the vaiterial in its latter stngcs;

but with a varying diffusivity,

. 2 .
ullen( ) also decided that the initial part of the




drying curve had to be treated scparatel:, it that uvhe

equations for hoth paris of the curve were essontiall:

the saiwe, and that there was Q sizpoth transition fraw one

part to the other without a definite change-over pointe
These, and other workers agree that althioush the

solution of the simple diffusion cquation does approxicate

to the driing curve obtadined by exporinent, it does nul:

perfectly natch it. soro worlers have abtenpted to duprove

on this by using a variable diffusion cocificiont, and

othors L. considering vapour diffusion with liguid diffusion.

I'he controveorsy over stakic and d:nasic cqguilibriwvm nodsture

[¥H

contont 1s closel. linled with the changing character of

-

tlie drodin;; cnrve,

2e7e2s Iguilibriur: Moisture Content

Lquilibriw lolsture Content is the toru applied to
the noisture content which a wmaterial will attain if it is
placed in contact with air of comnstant teuperature and
huriddid t:-. The equilibrius moeisture content is a function
of the air temperature and hundidit:.  lHowever, thore'is
a short-texrm and lonx;-torw histor: eoffoct. The foriuer is
a hysteresis ceifect, 1L tho equilibrium moisture content
is plotted against huuddit: for Jdifferont towperatures, a
different set of curves (isuthcrms) is obtained depending
'og vhether the material fmained oxr lon woilsture whilst
coring to cauilibriun:, The absorption isotherws arc
obtained if the equilibrium woisture content is approached
irom a lower wwisture content, and the desorption isotherus
are obtained if the equilibrium woisture content is

approached from a higher noisture content.

{ %ﬁ.v&v’n-a-nw ORI
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Tn addition, the equilibriun noisture content depends

on thie initial moisture content of thoe material, and on tho

hspced with which ecquilibrium is approachod, Lecauso drying

causes an irreversible chemical change as woll as a phyeical
chanyo.

Two Ler::s have thus arisen = the dinanic equllibriun
moisturo content (decetiece) and the static equilibriun
moisture content (S.0eteCe) e The former applies to the
value of the equilibriws woisture content obLained 1
extrapolation fror the results of dryving tests, The latter
applies to the value obtained when the waterial is allowed
to come very slowly to ecquilibriuwm with the air. |

Pxperimontal results confirm that while an arricultural
material is belng dried, the dynasdc aquilibrdium woisture
content changos. Thus it is inpossible for a pure
exponentinl cquation to describe the dryinu-characteristics.
N¥o satisfactory explanation of the relationship between

the deCattaCe il the Se.€aiieCTey dring mechanism and chendcal

‘change has yel been gdven.

2.8. lleat Transfer

Drying is a process of heat and mass transfer, ut
sonectimes the heat transfer aspoct is neglected.

Heat is a form of energy in transit from one place o
another, The transfer can he accomplished Ly three
wethods: conduction, conveciion and radiation. In any
application, cach may bLe in uso in varying proportions.

¥hilst conduction and radiation transfer rates are fairl;




casily calculated, convection heat transfer ratos rust
usnally be estitated frowm empirical relationships.

For drying purposes, all threc wmodes of lhieat transier
are treatced togother and the rate of Leat transfer is
expressed by

Q=h, A, AT ees  (2.29)
where

Q = katae of licat Transfer

overall heat transfor coefiicient

L}

oA

A =z Area availal:le for heat transfer

ht
AT = Temperature Diffexence.,
The heat transfer coefficient ho& is dependent on

many variables and has to be experimentally deternined {or

cach situation.

2.9. irvoposal of a fiechanisi ol Drying

wWhen proposing a wuechandsm it is necessary to troat
both heat and rmass transfer. The Tundasental equatilonsg
are set up and solved. They arc ﬁhen plotted lo sée_if
‘they predict, at least qualitatively, what happens in
practice, Finally, quantitative prediction is tested.
Very often, it will be found that several wechanistis can
oxplain a given set qf experimental observations and it
is nccessary to extand the range of observations to

cliuinate the less suitable wmoechanisms,
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APPARATUS  AND Ll ERIMEaVEAL, G CliDUI.

Jele Introduction

The drying rate of o material deponds on many factors
or variables, such as the woisturc contont and phys.cal
atructure of the material and the temperature 6f the drxing
mediurni, In order to doetormine how the drying rate is
influenced by the variahles, they arc all held constant
except one, and attention is focussoed on thils one.
Altermatively, all the variables may be varied sirmmltaneously.
The data obtained by this technique are .ore difficult to
analysc than those obtained by the first technique, but
rore peouneral. conclusions can be reached.

The roisture content of a material, however, cannot bLe
leld constant during a drving test, since 1t wmst chang
if drving is to occur, The practice in drying tests is to
hold all the variables,except the nioisture content)constant,
and to Jeternine the cquﬁtlon which describes the relation-
-ship hetween theo drying rate and.the moisture content.,

Ay varying the other variables in further tests, it is
possible to find out Low they influence the constants (if
any; in the equation.

It is mdre difficult to determine the drying character=—
istics of organic waterials such as grass, than of inorganic
materials, The physical properties of grass depond on the
stage of growth, the time of the year, the soil in whiclhi the
grass is growing and the amount of fertilizer it las

reccived, The sample of grass which is dried wust be iarge

(\w R
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cnouh for the variation in the phvsical properties to be
balancod. The sanple, however, must not be too large,
othorwiso the structure of the laver of grass will affect

the drying characteristics of the samploe.

J«2. Techniques of yMeasurenent of Veizsiht Chango

The weight of a sample of pgrass heing dried way oither
Le measuroed wﬁilc the sample is in the drying environuent,
or the sample may be romoved for weighinge. The advantage
of weighing the =sauple in the drying environuent is that
the drying process is not interrupted. The disadvantage is
that the force of the alr blowing against the sample (if it
is in u vertical airstrecamn) acts as a negative weight. s
the resistance to airflow changes as the materlal dries,
the negative woight force will not be constant. Removing
the sample for weighing overcomes this disadvantage, but it
can only be dono when the drying rate is so slow that the
drying process is not sipgnificantly affected by tho removal,
If the sample is suspended in a horizontal ailrstream, thore
is no appreciable vertical force exerted on the sample by

the air, but the stabilizing effect of pravity is also

absent,

3.3. The Amm tus

The experinental work was carried out on a nunber of
specialised pleces of apparatus since the air temperature
and humidity were to be varied widelv. These werc:
(1) Medium Teuperature Rig for the air temperature range

o Q
Lo~ C to‘l&o Ce There was no hunidity control on this
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picce of apparatus in which 50 gran sammples of grass
were dried in lavers half an inch thick.

(2) Low Temperature Rig for the air temperaturc range 0%
to 80°%C. A hunidity control was aﬁailable on this
rig, in which 10 gram samples of grass were dried.,.

(3) uiph Temperature Rig for the air temperature range
100%C to 400°c. There was no humidity control on
this rig, in which 10 gram samples of grass woere dricd.
Tho high tomperaturoe rig was built specially for this

work, but the first two pieces of apraratus mentioned above

were oxisting ploces of equiprionte. only the first one
required nodification for the purpose of the grass tests.
Fach piece of apparatus and its operation procedure

is described separately below.

3.4+ The bata Logger

Most of the measurements taken during the experiments
woro recorxiled by a Data logger. Thoe modol used had a
capaclty of twenty input channels, Voltages generated by
ﬁeasuring equipnent (to correspond to the exporimental
variables being sanpled) were fed into these channels and

the appropriate range of voltage for each channel was

.o

selected by means of a plugboard.
The data logper incorporated a digitizer se that the
values could be recorded on punched 8~hole tape or printed
on a continuous paper atrip, The logger could also be
used to scan a number of channels Just once. It was
poesible, using the plugboard, to pass voltages from

selected channels through a linearizer before they were



converied the voltapges fron coprer-consiantan thermwocoui:les
(with the reference junction at uoc) to tonths of a degree
Centipgrade.

The logger could be operated in n nuwmber of modes,
but during the tests only two wodes were usod to any greoat
oxtont:

(a) Single Channel !ocdo and (b) Single 3can Mode.

In the Single Channel node, the voltiage input to any
one chamnel could be recorded at o frequency ranging from
1/3 seccond to 1l minutes.

In the Single Scan mode, the voltage inputs to certain
channels could be scanned at a frequency ranging from 10
soconds to 1 hour. The frogquency of sampling within cach
scan could also be selected, but was subject to bLeing
compatible with the scanning frequency. Por example,
channels 0, 1, 2, 9 and 4 could bhe scanned cvery 10 winutes
with n one second gap hetween cach channel. The recording

o7 tine (in hours and ninutes) was optional.

3e5e iledium Teuporature i

Wle apparatus is shown in fijures Jely 32 and 343
Alr was supplied Ly a fan fitted with an iris flow rogulator,
fiao airflow could be varied frow O to 35 ftB/nin (0 to
VeUkh 1b/sce)s  The flow rate was wmeasured by a 1d" diawetor
Bese orifice plate in a six inch diaucter pipe with 4 and’
4/2 tappings, and inclined tube uanouetcr,. The air was

heated by threce fimned electric heaters, two of one kilowatt

capacity and one of ¥ kw. One of thesc was fod through a
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variavle itransfor.er so that a range of air temperatures
could be attained, 30°C to 140°%C.

‘“hie air was passed vertically upwards throughh a stoel
tube of one foot diauetor. The Gtube was packed with paver
honeycoub to siraighien the airflow and to damp out varia-
tions in tho air tomporaturc. Just above the lioneycoub 2
porforated wotal tray was susponded. The grass bto bo dried
was placed in this. Finally, the air was oxhausted to
atnosphore. The tray could he reached by a door in the
tubo (f1ge3+3s)e ile whole unit was insulated with glass
wool.

‘the tray was suspended fron the underhook of a balance
uhich stood on a rigld steel shelf above the drier tube,

The weight of the sample being dried could thus be onitored.

4 dovice was desigmned, howcever, to automatically record the

‘welight of th% sample (800 figeJ3e24)e A displaceonment trans-

ducer was set up so that the vertical movement of the top

pan of the balance was imparted to the slug of the t(rans-

~ducer. The transducer coil was held in a fixod position

over the bLialancc. The transducer was fed with an A.C.
sigmal from a transducer-convaertor and the magnitude of
the return signael depended on the distance the slug protruded
into thie coil.‘_ This signal was converted to D.C., and fed
to one channel of the data logzer.

The transducer-converter could be adjusted so that the
output signal was 100 for a 100 gram loadding, Tests shgﬁed
that the output of the transducer was a linear function of

the weight applied to the balance (fig.3e4e). An almost



coniinuous rocord of the experimental variables could he
thus obtainod. Tomperatures woero wmoasurod by copper-
constantan therriocouples.

The apparatus lacked many sophistications, but the
preoatest disadvantage was the laclk of an automatic temperature
~controller. The rip also needed long heat-up periods.
ltoweves, these disadvantagos were quickly rilnlmiszed and an
cnalysis of tho termeratures rocorded during the experiuents
showod that tho variation was accoptablo. The standard
doviation of the temperaturc of the drying air during a
run was about * 0,.5°C.

Yhon tho apparatus had warmed up to the desirecd teaperature
at the required airflow, theo weighing system vas calivrated.
A sample of the grass was weipghed and placed on the tray
vaich was then loaded into the dricr. The data logpor was
started. Thoreafter, the oexperiment neecded no operator
intervention other than to reduce the scanning rate as the
drying rate decreoaseod. Usunlly, a rmm started with one scan
overy ten scconds, and this was progressively reduced to onc
overy twonty seconds, and then one por mtinule. The mm was
terndnated when the drying rate hpd dropped to less than
0.1 gran/minuto, or after one houre.

The weighing system was rocalibrated before each run,
to gliminate long-term temporature effects. The uioisture

content of the grass was deteruined after each ruﬁ by drying

a sample in an ovon at 105°C for 16 hours.

3e0e LoOW lemporature Rij

The apparatus for drying under closely conirolled
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conditions of air tewmperature and huniditby lhad Leen built(3u).
Itwprinciple of operation was very similar to those of tho
pediur: and high temperaturc rigse

Air was supplied by a fan and the flowrate was measured
by a one inch dianeter orifice plate ih a four inch diaunecter
pipa, and manomotor. The desired air condition (as defined
by the dry-bulb and dew-point temporatures of the air) wes
obtained by passing the alr through a glass tube packed witn
slass Raschiy rings. Vater was allowed to pass down tlio
tube in the opposlte direction to the air so that the air
was huwiddifiod. The water was maintained at the required
dovpoint temperature of the air. A refrigeration unit was
used to cool the water below room temperature so that very
lov dew-point temperatures could Lo obtailned (for high
huiditios at low touperatures). The air was saturated
L the time it left the top of the tower.

The dry-bulb ftemperature of the alr was ralsed Lo the
roquired value by passing it over mineral-coated electric
‘heating eloments (7 kw)e The dew~point temperaturec of
the air remained at the temporature of the water in the
towver, since no wmoisture was added to the air Ly heatinge.
The duct on elfher side of the hoaters was insulated to
prevent condénsation inside the Quct. In addition, the
duct upstream of the heaters was warmed Ly heating coils
which wore wrapped around the outside of fhe Quct; The
moistened hot air was then passed through uixers into a
plonum,  The plenum was attached to the drying tray and

the assembly was suspended from the underhgoll of an electronic
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Lalancae. The drying tray was placed on the plentu throuch
a door in the cover.

The maiiman weight capacity oi the balance was one
thousand grams and in addition HU0 grans could be tared out.
Throe principal weight ranges were available: 10 graii,

100 gramn, 1000 gran., The welght could bLe read by analogue
on a gauro, or Ly other means if a recording or monitoring
device was connécted to the balance,. Tho data logger was
used for this purpose. The balance also possessed the
advantage that the wveriical displacenmont of the pan was very
snnll. (A defloction of about 0.003" was measurcd for a
1000 ¢ram load). An oilseal was nlaced at the base of the
nleonuwis to ensure that all the air entering the plonum passed
throush the rrass sample.

The tomperaturos of the water in the tan.. and of tho
‘2ir entering the plenun were controlled oy 0myrnistor&
activated control units. These were very accurate, as
shown hy the steadiness of the tomperatures (fig.3.15).
Oonly one airflow (13 fts/min = 0.0511 lb/sec—fta) was usoed
on this rig. Tenperatures were once agaih neasured by
copper-constantan theriocouples.

The proceduro was as follows: The dosired air témperacure
and humidity vere obtained by adjusting the controllers,
When steady-state conditions wore reached, thie prepared
grass sample was weighed and inserted into the drier, The
balance was switched on, tared and set, and the data logger
vas started.

The length of the tests on this rig varied with the

drying air conditions, and ranged frow twent) wminutes to

R S . S
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hree hours. At the end of the mm, the yrass was
removed antd weirhked,  The final moicture centent was

deteriined M oven-dryving.

367 Wigh Teuporature Rip

fhis picce of apparatus was dosigned to achieve a
high aix yempcrnturo. It is shown in £figuros 3e5.y5 3404,
3e7« and 3.8

unce again, air was supplied by a fan and the flowrate
was weasured by a 1ly" diameter orifice plate in a &%
diaweter pipe. The air was passed over nineral-coalbed

clectric heater clements (six scts of three kilowatis cach)

fitted into a one foot diameter mild steel duct. Oneg §sw

heater was fed through a variable transfonioer. The heuled
air was agitvated in a spiral ndixer to achieve a uniform air
touperature, and f£inally the flow was straigntenod in a bvank
of 4" diauctar tulies. Tlio alr was passed horizontally
through an expanded metal mesh container, (fig.3.7.) in
which U graus of grass was placed. The container con-

sisted of two discs of expanded uwotal, one root diameter, §

The grass was placed between tho disces which were then

rastened togother. The disc was aeld by guwideos in a sirip

of aluniniww (bent to form a U) which was suspendod froum

slic underhook oi the clectronic balance described above (3.6).
The container sysitou was held in a two inch gap in the

duct so thav the air passed through Lt horizontaily. The

air was e:hausted to atuospherce after passing through the

weighing scclion. To prevent thie container system from




swinging and rostating in the airflow {anad thus fouliny: the
gides ouf the duct) tue U was fasteoned to the duct walls on
the upstrean side iy thice wiros. The very siall vertical
Jdisplaceuent of the i nalance pan cusurecd that the wires did
not afiect che response of the balance to the weigirt chianioes.
The weilghing sectioun was secaled to prevent air rovenent in
the laborator) irvo., affectin,: the recadings (fie3.66).

Tctycraﬁurcs wore easured by copper~constantan therno-
coujrles Fitbted vith radiation shieclds. The duct was
insulaced with rduneral wool.

The required air te:orature was obtained by switching
oil the appro;.riale heatinge eleients and adjusiing the
translor.er, vhen swead_ -stale conditions had been reuchoed,
the alance was adjusted and a rass sa ple was preparcd and
vol. hoed. In order to protect thie balance vwhilst tho mrass
cuntainer wvas rooved, a duney weipht was placed on the top
pan oif the Hhalance. Two pushi=buttons started the data

log.per and raeiwoved the duiaty woight Dy eans of a solenoid

(fifme3ele)e As the jrass sarple was placed in the U, the
buttons vore nresscd aul recordin started. In this way,

only a very saall part of ihe drying: curve was lost whilst
the bhalance and recording oquiiviont were set in operation.

The exreriuental runs werce shorty ranging fro: 15 seconds
t0 five :dnuicSe with this rig, the data lojggoer was
operated mainly din the single chamnel node, with the saupling
frequency varying frow 1/3 secund to 2 scconds. Al the énd
of the mum, the grass sample was weijhed again‘and its
moisture content was determined in the usual manner by dryving

O, o .
it‘ i}} an oven as 105 {; f()l" l() IIOUYS




JeBe Sutrability of the .Apparatus

A nuwuber of checls were :acde to detervine the suitability

ﬁ of the apraratus for the work, vhese will %o discussed below
utder five headings: Adir speed and tergperaturc; Adr Resistance;
Lalance les:onsc;  Sicadiness of Dalance; lodsture Content

veteri:iunauivii,

FJefale Adr Ehood and Cemmorature

It was desirable that fho voloecity and toeorperature of
the air would be uniform across ihc duct and would not vary
during the run,.

In each rig, air was supplied by a fan drivon by a throoe-
phase cleciric motor, The air flow rate was steady wlirougl:~

out all the runs as verified by reoadings talken al intervais

during; dryins runse. the baffles and flow-straiprlitencrs

ensurced tlhai thoe air{flow was uniforw across the duct, i
: !
1
The conper-constontan thernocouples uscd to reasure the !
i
s ¥ . ,0 \ . iy

teriyeratures were all correct ito within - Q.27°C, Radiation

shiolds wro fivted at Liigh adr temperabtures but the readings
from therocounles with and without shields were not signit-

icantly difierent, indicating that there was not rmich radiation

heat transfer, probaidy due (o the balfles and dixers.

The tcuperature varied across the airstrearm by about SDU

in the rodiue teumperature rig, amnd by 20° in the high

tonpeorature ri(. The temperature profile in the high tou-

% e T

crature riy is shown in fife3ee Tite teuperature variation

during a mu was very small, iile approxisate standard

deviations of the air teuporature in the rediun Lemperature

L T e St o s/ 600 et PR e
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| i/ was Y ey Ly, in the low-teumperature rig ¥ 0.2500 and in
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tho high leuvperature rig * 2%, thiese values were

cousiderecd accejtabla,

JeeRe Alr losistance

[

A free-itiody diagrar: of the container and prass is shown

Tor the two {yres of rin in £f40.7.10. It can be secen that

-

for the hirfhi te perature rig, air resistance had almost no
effect, due narily Lo the srall pan displacesent. For the

low and ..ediw: te pervature riys, however, the air resistaiceo

was sirnidlicant, It tended to ¢ive a low reading on the
halance or data log;,ocr. However, since the weighitbs ceasured

vere xolative vweights rathier thanr absolute welphts, the air

recistance was uniuportant mless it variede.

1t has been suy;m ested that the resistance offered to air

. fora;e -aterials -lecreases as the prass dries, due to

siirinl.asc. In the »resent worly, hovwever, it was not likely

that e Chivdnhiare would have :uch effeect on the resistonce

since ile ¢rass was ver: loosel. arranged, To confir: this
¢ . {: ’

exporirental r1uns were carried out noting the iniédiail and
final wei;nLits of the saople un a laboravory halance and on
the data lo;ger. The resulis are shown in sable 3,1, I%
can be scean that vhe change in weirht is recorded substan-
tiall. coarrectly by thie data lojrcer,. I the resistance had
changed si miifdcantly, the weignl éhanges would have been

different {for cacih casc.
{

Jelele Llalance Rlesponse

There was no question of the talance used on the nediu-

or low teuperaturc rigs belng unai.le to record the changes



in woighi dccurately due to inertia. Tests showed that

they weiphed correctly, Hlowever, in the case of the high-
tomperature »i¢:, there was a posgibility of the balance beilng
unable to rocurd the changies in weight correctl:, because uf
the fast dryings rate,

Tosts were ronducted to oxa-ine tho characteristics of

the Lalance, A step dnput was fed vo the balance by placing;
a 1lu grai rass on tho top pan. The output boith of tho
balance and of the data logrer was measured. The output of

the balance was roecorded on an ultra-violot recorder (paper
spued = 2 inches/second) and the output of the data logror
was recorded on punched paper tajpe (3 readings per.sccond).
the response was identical in all tests and on cach rocording
device, and indicated a first-or second=- order syston (sce
figedell.), Tho roadings are set out in table 3.2,

Por a stop inrut of size a, the rosponse of a first
order svste: of time constant T is given by

v =a (1 - exp(=-t/T)) coe (3.1)
i'or a sccond-order, critically danmped system, the responue
is

v=al(l-(14+t/T) oxp(-t/T)) eoe (3.2)
(The derivations qf these formumlace are gbiven in Appendix
12.1). or a valuo of a = 10, the res:onse y wés plotited
arainst bime t and it was found that equation (3.2) with
T= 0.3 sccond fitted tho experiuiental data perfectly, see
fime3e12, The first order expression (3.1) did not fit

tho data,

The response of a second-order critically daiped systen



to an cxponential input of the for.:
x=a (1 - exp(-k't)) “oe (3.3)

is given by

-0t

Yy =a 1 - S P (l + 1 }ll - 1 + %
(kv - 1) Mo - 1 K- 1
cxv(-t/t)] eee  (3.4)

[his equation was lotted for = Ue3 and valucs of ' found
in the experiuental work (sec figsed.1ld and 3.14). 1t was
found that for values of L' less than 1 sec (= €0 vdin 7),
the input and ocutput curves uvere aluost identical. Since
tliec ;;reatest value of i cancountered in practice was u.l sec:‘
it was concluded that the Lalance response was fast cnough
for this worl:,

Tests showed that the talance was also able to record
the correct weiplits, The apparatus was set up with dry
blotting: paper in the container, to si:ulate srass, and thao
fam was set in operation, rasses of 5 (rai. and 10 gram were
placed on the top pan of the halance, after it had been

tared to :ero. In cach case, bthe halance recorded the Lirue

welight,

Je8eiea Htecadiness of the Lalance

in order to deterudine the steadiness of tho zoro setting
on the electronic balance, on the hirh teaperature i,
readings were taken ecvery tuwo scconds using the data logger,.
The container, cuptyy was in position. ' Vith the fan in
operation, the standard deviation over 5 udinutes was +Ue317

P PO .+ .
gram and withh the fan off it was =0.3515 grai,
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JeUe3e ndsiure contont detormination

All srodisture coﬁtcnts were deterntined by drying the
sawples in an oven at 105%C for 16 hours. Irrors could
be dintroducecd from a number of sourcese.

11 the sample used to estimate the wmolsture content !

of the grass in the field was not a truly random sanple,

this woisture contoni could have been in CITOT The final ?
woilsture countent of the grass would have been in orror if

wodsture had Lieen absorbed by the sanple frow outside before

it was wei;lied. To avoid this, the oven-dried sarples

were cither weighed directly frow tho oven or thov wero

cooled in a deussicator in the presence of silidca el beforo

tirer were weighed, fhe samples fro:t all oxperiuental runs

were veighed imrediately after the »un and therefore thero

was 1ot cauech error lilely in their moisture coitteitt .




o

Y;l_

CHAI'TER TV

COLLIYCPION uF DA L',

o1, Introduction

The experiments were carried out during threo growving
seasons.  The growing season of prass extended froo April
to October and oxperimental vork could be done only in this
poriod. Attempis were made to preserve the srass Ly
freczing so that oxperiments could be done during the winter,
but the pgrass was lacerated by the freezing and was unsuitahle
for drying tosts, The three rigs described abouve werc used

in the tests.

t.2. Exnerimental Desisn

ixperdmonts desimmed to detorrdne the effect of one or
several factors on a measurable guantity st be conductod
so that the variations in backyround conditions (conditions
which are not of direct interest) will not affect the results
oﬁtaincd. If a particular background condition can be held
constant, the experimonter may ismore it, If it camnmot be
controlled, howevesr, the experiments should be conducted in
a randomm oxder so that changes in tho condition will be
mifornly distributed throuph the results, A random order
is advisable generally, in case there may be wnsocen bacli-
rround conditions,

The factors of interest should also be varied randomly
armongst themselves so that any interaction between ther: will
e detectable. In the present work, however, it was not

possible to apply all thie niceties of statistical expoerimental



desime. The nature of the apparatus was such that the
operating conditions could not be rapidly changed. AS
therc was only a short time in which to do the experionts, !

not all tho combinations of factors could be used, nor

could the possible cowbinations be performed in random
orders . Since the exact type of relationship betwoen tho
different factors was not imown, the results of the exper-
iments would have Leen very difficult to analysc 1If the

operating values of the factors had not been suitably chosecn.

4.3. Grass sawpling and Collectlon

Twou secios of ¢rass werc used - Italian Ilye Grass and
i'erennial Rye Grass. .Italian Nye was used in the najority
of runse. Grass was obtained from five sources, all ai
Cuclle Fark fariiy Northuuberldand. (see Table 4.1). A total
of 42 cﬁts or batches of grass were taken over a wilde range
of maturilye It was difficult to preserve theo grass for

rore than a short time aftexr it had been cut. Usually a

sauple of sufficient size for a day's tests was cut early

in the norning and was used ia experiuwentis during the day
on which it was cutle. After thirly-six hours storage, oven

at a teuwperature of 2°C. the condition of the grass had

changed (it became limp and discoloured) and it had lost a
lot of moisture by respiration, B

Two properties of each batch of grass were deteruined -

the maturity and moisture content, The waturity was

measuraed by the leal (o steum ratio (by weight). Although

this 1:ay not have been the rost accurate or useful measure

of ::aturity, it was the most easil: detervined,. Othex




neasures of maturity which could have been used were the
coarse fibre content and the leal arca index (ratio of loaf
arca to ground area). The leaf to stow ratio varied with
tie of regrowth as shown in figure %.1. i'or uast batclies
tho leaf to stem ratio was measured by talking a sauple,
separating Lthe leaves from the stewms and woighing tvhot.

The molsture content, as in the field, of each baich
of grass was measured by taking a randowm sanple frowm thie
batch and drying this sample in an oven for sixtaen hours
at 105°C.  The weight of the sample at the ond of that biwc
was assuned to be the "bone-dry" weipht. The data on tlie

various grass batches in shown in table 4.2.

dJM. Yeasurerment of the Variables

For cach experimental run the following variables were
neasured amnd recorded:

(a) Air temnerature

Tho air terperature was nieasured using coupper-constantan
thormocou;les. fitted with radiation shields where appropriate.
The referecnce junctions of all the thermocouples were kept
at OOC. The tewperaturc was recorded using a rmultipodnt
recoxrder, or the data logger described in section 3.2. The
Iultipoint recorder was used in all runs on the high temper-
aturo rig and In the first twentiy-eight rmms on the nmediusn:
teuiperature rig. The voltages were read frow thoe chart
and converted to temperatures.ﬁsing tables.

When the data logger was operated in the singlo-scan

mode, five channels scanned, on the low and nedium temperature




rigse the air tenperature was rccoxiod through one of the
channels (No.4 on tho rediurn tonperature rig and Nol.l on
the low temperature rig).

The uata logprer was operatoed in the single channel
mode on sowe runs on the low tewperature rig, and in these
casesy the five channels were saumpled by a single scan

bLefore and aftexr the run,
(b) Air Flow Rate

The air flew rate was measured by moans of the orifice
plates and manomelers described in chapter 3. The pressuro
drop across the orifice plate was recorded in inchos of
water, and the air flow rate was calculated according to
British Standard 10&2(9). A sauple caloculation is piven
in Appendix 12.2.

A{e) Hunidity of tho Adr

The hurddity of the air was calculated from measuromenté
of the wet and dry bulb temperatures of the inlot alr to
the fan, or the dry=-bulb and dew-point temperatures of the
heated aire During the high temperature runs and the first
lwenty=-oight ms on the medium temperaturc rig, the wet and
dry-tuulb temperatures of the air entering the fan were
recorded on the rmulétipoint recorder from copper-~constantian
thernmocouples, The wet-bulb tomperature was sensed by
placing a thermocouple in the mddlie of a wet wick over which
the air was passed. In 511 the drying ripgs, the humidity
of the air at the samplo VLeing dried was the saiic as that
of the adir just upstrea:: of the lieaters since no water was

added by the heoating. When the data logper was operated
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in the single scan mode on the medium tenmperaturo ri
these wet and dry bulb temperatures wore recorded along
with the temperature of the heated air. |

The hunddity of the ailr on #lic low temperature rig
was calculated frou the dry buldb temperature of the heated
air and its dew jpoint tonperaturc. The latter was calculated -
from the mean of the wot and dry bulb temperatures of the
alr at the top of the humidification tower, since they were
alrost equal, indicatiug 100, relative humidity.  These
tenperatures were recorded in the sane way as the air

tompeoraturc.

(ad) Final Moisturc Conteut of the Sauple o
The final molsture content of the grass at the end of
a mun was deteruined by drying it at 165°C for sixt.en

“hours. Vhen considerable charring of the  sample occurred, fﬁﬁ

the final moisture content was not deterndined and the ueight‘

o e el

of dry-natter was calculated frou the initial moisbure

contont,

(e) Qther Lata

For most runs, the grass batch number, grass stiate

250 F iyt s s e e - D

(lecaves, stems or unseparated Qrass), orass varicty and
approximate length ol chop were recorded. The indtial Qi

and final weights of the sauple were deteridined for all the

runs on the high and 1ow‘tempcrature rig by weighing the

sauple on a laboratory balance. . ;H#

A sanple data sheet is shown in fig.%.2.

.5« Exporimental Tests

Initially, tests were carricd out {to determine how




ruch variation in drying characteristics could be expecled
within a given bateh of grass, i.c. tho ropoatibility of
the drying runs, This was done by drying samples ol grass
under the same conditions.

Most of the othior tosts were conducted in order o
observe the effect of air tewporaturc, bumidity and velocity,
and of grass unturity, state, varicty and length of chop on
tha drying characteristics. The nuwiber of Sests which
could be conducted on any one batch of grass was limited
since the prass deteriorated if it was storod for long
(soo section .3). Nevertheless, nearly 500 runs wore

carried out.

L.5.1. Revoatibility tosts

These tests wore conducted on the uedium temperature

- rig, using the grass fron batches 1 to 8, {(run nuwbers 5

to 58). All the varipsbles except grass maturity were held
constant, in ordor to determine if the drying characteristics
varied rmch from batch to batch or within each batch,
Laévcs and steoris vere dried separately. The layout of.tho
rums is given in tables k.3 to 4,10,

The maturity of the grass ranged from (leaf to sten
ratio) 0.5 to 1.9. The depth of the layer was also varied
randomly, and the air ftemperature was held constant for

most of the runs at aboutb 100°%¢., The air velocity was held

at 0.06 lb/ﬂec-ftz.

The grass from batches 9 to 24 was dried in rms 59
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to 237 The air temperature and velocity and grass
vaturdty wore variod. The layout of thesc mms is shown
in tables h.11 to 4.26, For cach batch, leaves and stewms
were dried separately at abant 10077, Saiples of the
unseparated [ rass were dried at froi, three to cight air
teniperatures, from QOOC to lhooc. Up to six values of

aisr velocity waere used ranp;ing fror 00287 1?.)/300--1‘(;2 to
0084 lh/sec—féz. The ajir tewperature and velocily wero
paintadned at about the sare values in the different grass
Latches so that the batches could te casily coupared. whe
raturity uas varied fror 3 to S weeks regrowth (leaf to stem ralio

-

frow 0«5 to La5). The ;rass fron batches 9 to 19 and 23

wvas subjeested rainly to tenperatuvre variations, and the grass
a9

from Latchies 2¢ to 28 was dricd under a wide range of both

toiperature ard velocity conditionse.

L4e5e3e Lov Teuperature Ripm Tests

s 301 to 515 vere conducted on the low toewperaturc
TiTe The air temperaturc was set at approximately 20%.
4%, G0 c ana 0% (four values), and the relative huﬁidity
at aboui 10.., 205, 40we GOy and 60y {(five values). Some
combinantions of alir temperature and relative humidity could
not be obtained since the dewpoint was too high or too low
in some cacsen, 1.0. boyond the capacitiy of the water heaters
and rofrigerator unit. The layout of the runs is shown in
table 1.27 and in fig.l4.3. Only one batch of Italian Rye -
Grass was uscd on this rig {no.25), and only one run

was conducted using Perennial lye Grass, The air
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b
velocity was held comstant at 0051 lb/sec—=ft" .

TeSelte lligh ternperature risr tests

Runs 316 to 180 and 501 to 568 were carried out on
grass batches 29 to %42 on the high teuperature rig. The
layout of the runs is riven in Tobles 4.28 to 4J4l., A
suumary of the s is given below. Tho air velocity was
held constont ot 0,072 lh/sec-ftz.
serios I (iums 316 to 377 and 402 to 410).

talian Dye Grass, with five weelis rogrowth, Ifrom
tatches 29 to 32 was dried in this scerdes, The rmums can
o suldivided 3uto those using:

(1) Unseparated Italian Rye Grass

(11) Ttallan Rye leaves

(iii) Ztalian Nye stous

(iv) Unscparated ’erconnial Ryc.Grass.

Bach {ype of sample was dried at six cqually spaced
alr Seuyoratures, and cach run wvas done in triplicate.
Serios IT (Runs 378 to Lol). '

Tn this series, Italian Rye Grass frowm Latch 31, five
woeks regrowth, was dried at six equally-spaced air temper—
aturece. A{ ecach tenperaturo, sanples of grass chopped into
lengths of 1", 2", 5" and 4" were dried.

Serios ITL (Runs %11 to 480).

In this sories, the maturdsy of Italian Rye Grass was
varicd fron itwo veelis regrowth to six weeks regrowthe.

Tour caturities were exawined. In each case the grass was

driecd at five cqually-spaced air teaporatures, and ocach run
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woas done in triplicate. The runs can be subdivided as

fo0llows:

(1) Two woeks regrowth (Runs %411 to 427) (Batch 33)
(11) Throe weoks regrowth (Tums 428 to 44l4) (Datch 34)
(111)Four weeks regrowth (Runs 45 to 46U) (Batch 35)
(iv) Six weeks regrowth (Rums 461 to hﬁb) (Batch 36

Series IV (Runs 501 to 568)

Tn this series the maturity of Italian Rye Grass was
varied-from about four weeks repgrowth (from the start of the
crowing seoason) to sovon weoks regrowth, leaf to sotewm ratio
from 0«6 t0 2.7. Five maturities were exanined. The nuriber
of air temperatures used varied from two to cipght, Whiole
crass of cach maturity was dried, and each run was done in
duplicate. Loaves and steons were dried separately for two
of the maturiiies. The runs can be subdivided as follows:
(1) Bateh 37. VWhole Italian Ryo Grass dried at two

tewperatures, four wecks crowth from the start of the

scason. (Runs 501 to 50%4)

(11) Datch 38. Vhole Italian Rye Grass dried at three
temperatures, five weeks crowth, (Runs 505 0 509).
(1ii)Datch 39. Whole Italian Rye Grass dried at five

terperatures, five woeks growth, (Runs 510 to 3520j.
(iv) Batch 40. Unseparated grass, leaves and steus, dried

at eipht air temperatures, six weeks regrowtl, (runs

521 to 5483).

(v) Datch 41, Unseparated grass, leaves and stous dried

at ono air teuperature, seven weeks growth, (Runs 54

to 568) .

i
i
t




CILAT il vV

CALCULATIONS AWD RESULTY

5¢1. Introduction

The recorded data were analysed in order to deterwuine
the relatlionship botween the drying rate of the grass and
the other paranieteors, In cach run, all the vniiablos
excent moisture content wore held constant. The remaining
variables wvere changed in difforent runs. In all the rmms,
a continuous loss of weipht was obsoerved, l.e0. a2 decrecasc
in moisture content. Thoe rate of decrease of moisture
contont, the drying rate, howover, was not constant in all
TS, It was desirable, therefore, as a first step in the
analysis, to obtain a graphical relationship between the
drying rate and the moisture content for each rum, so that
the naturo of the change in the drying rate could be

ascertainod,

5e¢2e Calculntion of Hoisture Contentas

Theo roisture contents at different times were calculated
fyrom tho wolghts recorded at fhiose tities. The weilght of
dry-natter was calculated fror: the initial or final moisiurc
content of the sample and the initiallo: Tfinal sauple

weipht, il.c.

molsture content (dry bLasis) _ welpht at time t

—~3

at {ine ¢ initial weight

(1 + initial secedss) - 1 cee  (5Hel)
or
moisture convent (dry basls) _ Medrhit at tiwe &

at tive t Tinal weicht

(1 + final ri.cedsbe) = 1 oo {Le2)

The derivations of these formnilae are given in
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Appondix 12.3.

One or other of these foriulac was used, depending on
the touperature of the drying air. At hiph air tcuperatures,
there was a consideravle luss of dry-umatter (charring of the
grass was ovident in some runs) and she weight ol the dry-
uattor calculated frou %he tiunal woisiure conteni was
therolore in oazox. the initial woisture content was
deteruinod from a randon sawmple frou tiie batcit o1 gfrass.
it was found that a significant variaiion occurred in the
moisture content in each patch of grass, and tho value of
the roisture content deoteruined for a random sample was only
un estimate of the initial woisture content ol tyo sample
of grass dried in thwe exporiuents. ‘table H.55 sbows the
variction in voisiure content obtained Ly taking several
samples for a batch oi‘grass. vhen the adir dewpoeraiurce was
high, lhowever, the error in the dry-uatter weipght calculated
from the initial noistuxe content of the samplo, assuned fo
be equal to svhat of the randon saple, was less than if it
were calculated frouw vhe Tinal uwodsture contont. Therefore,
the second formmla was used for runs carried out on the Low
and Modium Tewperaturc Rigs, and the first fornmula was used

for rms carried out on the High Temperature Ri(.

Se3s Molhods of calculating Oryines kates

4 typical scaztter plot of moisture content against
tinme i3 shown in figeDel. The points do not lie on a
smootl curve, due Yo both experimental error and to the

buffetting of the air agaiust the sasple in the drier.




Thero are scveral ways of calculating the drying rate at
various points on the curve.
(a) Graphical liethod

A siooth curve is drawn by eye through the scattor »lot
of modsiure content against tine. Tangents aro drawn to

the curve at a nuiber of points and the slopes of the tangents

aro nreasured (sce fig.5.2). The drying rate is then iven
by
dryving rate = - glope of tangent se e (5.3}

(b) Sermentation Mathod

This rwothod considers the moisture content-tive curve
to bo wnde up of a2 series of straight lines connecting
adjacont points in the scatter plot (seo fig.5.3). The
slope of cach segment gives the average drying rate (= - slope)
over the interval, and this is approximately the drying rate
‘at the mid-point of the interval.

(¢) Iolymornial Approxination

A third way to calculate the drying rates is to fit a
polynomial to the scatter plot of woisture content against
tiue, i.e. the moisture content (m} is expressed by a scrios
in time (t) as

n

2
t+&2t + esseanset 2 1 e e (5.1")

= Q + a
Q il

1
where as Ay Rpeeesed ATO constants, the coeificients of
the polynordal. The curve-litling uay be done using a
least scusres tochniquo. The polyniomiial obtained is then
Qifferentinted to give an expression for tho drying ratec as

a funcectilon of tine:

[S4R - R n-1
“~ ° n

,..
Wt
]
w1
p—




The drying rates at various times can lLe found by
substituting &liese itiliie values into the above cNpressiona
Figure 5.8 shouws the polynowial of eigbth order fitited to
a sot of experinmeontal pouints. This methiod can be usead
successinlly if there are no sudden changes in the modstuxre

contont - tlue relationship or in its first derivative.

S5e¢lte Calculation of Drying iiates

The points obtained by plotting roisture content
arainst time do not lie on & snooth curve. The orrors in
the wvalues of uoisture content arc not large, but if they
are not corrected, considerable erroxsz appear in the drying
rates calculated frowm this data. The garapihical wethod
reroves 2 lot of the scatter, bLut it is noé accurate, it is
very tedious, and the usexr is likely to be biassed in tho
drawing of thie tangents.

The semuentaiion method does not remove any of the
scatitor, and unless it is wodified, ii is not a very

successiul uethod.

The polynomial approximation neihod is & goou technique

for smoothing out errors, but ihe polynonial is not valid

outside the limits within which it is calculated, i.e. it

cannot be used to calculate woisture contents or drying

rates at tiwmes longer than whe experduental drying tiue.

In addition, the dryving rate at the very beginning and end

of the curve tonds to deviate from the actual drying rate.:
I{ thore are uany oxperimental poinis, the scaiter can

be reduced by taking the riecans of groups of jpoints, l.e.



of noisture contents and the corres)onding: tite values.

Ce:o the teauis of the iirst five points, o uhie sacond 1ive

modnts, and so on,. The se. .entation @ethod cau then e
applied to the now sct ol points,. (:;-ce {1, ebreise and

The polynoizial ap roxination Cethod and the scouentation
method, after rouying auwd averaging the poinits, were uscd
an all sets ol datlo. rables I, v and L din Appendix 12,0

show the dr-ins rates calculated for a sct of data o ovarious

rethods,

“ele Annl-sils of the reodng Surve

The ; rarh of «drin; rate arainst ~pisture centent is

called the dr:-ing: curve. LZare exarnles are shown in flis.
Sell Lo S4l:. These are really scatter —lots, Lut the

scutter is wver, s:.2all in Lhie casc 91t Lo drying rates

ted T the polrno.odal approxiiation :othod, arci the

ralcul:

-
e
P

"

irlot iz al.ust a continuous curve.
Tt was found that there were three 6 jes ol drrding;

CUVve s

(a) the dr.ing rate was constant, i.c.

cm
-1 C K, e (5.6;
~

where !.u is a coustant.

(1:) The dr ing ratce deereased linearl: wiih solsture content
(aftzcr an initial heat-uy; reriod;, i.e¢e thie curve could be

1

AR

described

an
- —— i e we
t a -+

~~~
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Juiosie & e L arce constantse The equation could also be L,

written as

"'E;‘I:':-’:k (’ "lc) e e e (5.8)

vhere Lk and iy Aro constants, k = = and b = =a/b

(c¢) The drying curve was :.ade up of two or tirece linecar
sections (sec figehe7), ieecs the drring rate decreasced
linearl: with moisture content until a critical "moisture
contont teq was reacled, the rate of decreasc of drying rate
changed and a sccond linecar section began, but with a
sialler slope (i.). This continued in sove cases until a
secund critical ouisiurc content vas reachedd, Lo whaon

thie slope uf the dr:-ing curve again decreascd. Theseo

T

corpusite curves could be described by

i . . .
"2‘.(:_1 - a—g = ~1 ("' - :‘!L‘l) ave (5.9&)
d.. . i !
1 ,.:s .s“cl -~ 3t = L: (: - ;:102) caa (5_9,',)
du. : ‘
; sxl,, - ET = L3 (m - “cf' cas (5.90} ‘

.

Lxpressions (5«6}, (548), and (5.9) can be inuiegrated,

withh the initial condition

i

t = Uy o= g ces (5.10) ?
to give E :
frou (3.0] omong = Kot cee (5411 o
° [
v

L,

o= i 1 t i

frou (5e8) —— =0 cee  (5.12)
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frou (5.9

R
r':?;;acl ——— cj‘ = exp(=i, t) e (5.13a)
"o el -
i “02 L
e i M H -t : ° o= i n 1
Mo “"“I‘cl trg = T, = C-*.')("LZ( L Lcl’) (54130
cl [e 24
”‘s:-i -~ m@‘! = 0’\;‘)(_1{ ({‘ - 'J “’)) (SOlBC)
ce e, = Ul 3 el
ca c]

vhere t ., = tize at o = w and t . = tiwe at 11 = 1 _,e
cl cl cZ c2

The derivations or these formmlac and octhers is given
in Appendiz: 12.7. “he ailr teuperaiure, Ta’ dotermined
whichh equation fitted tiae data. As a peneral juide, the

range of validiiy of the cquations can be stated thus:

PP 200°¢ tquations (5.6) and (5.11)
80°u<ras 2u0vc : Lquations (5.8 and (5.12)
T, < suc Rquations (5.v) and {(5.13)

Jeite ualculation ol vonstants

e values of the constants in an cquation fitted.to
a sci of data are wvery ofton taken as those values which
mive the siallest sun of the sauares of the deviations of
the points from the curve descrined by the cquaiion. sany
cquations can Le reduced ic lincar equations Ly suitable
tronsforeations of the variables and the leasi-squaros
repression sethod can Le o.lied. e constants in
equations (S0, (5o8) and (5¢%) cain be deterudined as

described beloWe




Tho constants in cquation (5.0) can be obtained by
fitting a straight lince to the scaster-plot of molsture
content against time using a least squares bechnique, Or
Ly a graphical method.

The constants in cquation (5.8) can be deteriined LY
two ::ethods:

(a) a straight line is filted to the scatter plot of drying

rate arnalnst moisiture content using a least squares technique.

This was done for two sets of points, the seil obtained by
the polymnorial approxiiation Lelhod and the sot obtained by
the grouping and sor:ontation nothaod . The drying rates
were calculated fro. aquation (5.5} for all the experimcucal
curvaes after the valuecs of the constantis Qs al""an had
been deteridned, and nlovted arainst the actual niodsture
contonts at those tiues. ‘he Jdryving rates calculated frov
thie segrentation and ;rToupldng weshod were plotted against
the average wolsture contents of the intervals, sceo Lligs.
St and He7e

A svocial caso of equation (5.6} is wherc the tecrm ey
is zero, and the cquation becoues

d s
- ) = kum ce e (J.lh)

d“g

thon equation (5.12) beco:os
-kt
=W C * ses (5.15)
?he valuos of k and u_ in (5415) can be found by
using the least squares technique on a plot of 1ogom

against t siuce

1

*

fout

CN
~—

oy e v - Yo
logom = lu“c”u HE " ces (



I'he value oi “o should be the same as the initial iwodisture
content. 1his value can Lo forced on the fitted line il
lOGe(N/HO) is plotted apainst ¢ and a straighs line fitted,
but forced to pass through the origin.

Tho constants in equation (5.9) can best Le obtained

sraphically.

Je7e Choico of the Jost Suitable Fguotion

In a provious scction, the approximate li:dtis ot
validity of each gcquation were sct out. The choice o thoe
<08t sultable cquation for a set of data must be foverned bL:
some criterion. dhe correlation coofficient, standard error
of ostimate and avoraye absolute deviation are sometinmes

used as criteria to coupare the poodnoss of {it of oquations.

547 ele Corrclation coefiicioitt

A neasure of thie scabtter of a set of values about theixr
L)

c.ean is given by the variance S5 e The square rooi of tho
variarnce is lnown as uvhe standard deviation. wWhen the
trond in o scakter of joints, obtained by plotbéing a sci of
y values apainst a corresponding set of x values, is suriiar-
ised by a straipht line, the ys-variance is due partly o
thie straighi line trend and paritly to the scatfer oi the
voints about tlhie straight Linc. e square roul of the
fraction of the variance that is due to tiie straight 1ine
trend is called the correiation coefficient, r.

The correlation coeificient is calculated frowm

=(x - S3(y - F) e
= {n-1) s » Lo (5.17)

r .
- N

31

o



(5.18)

[n Zx" - (Zx)"_] [nZy"

wvihiere

x = The weant value of x

!
i

The wean valuc of y

.. = Standard deviation of the x values

s = Standard deviatlon of tho y values

n o= Nuﬁber of pairs of x and y values.

The correlation coefficient rnecasures the lincar
correclation botween two variables, i.e. tho degreo to which
a straicht line relating x and vy can sunwiarisc tho trend in
tho scatter plot of y against x. Even if x ond y are
related non-linearly, the corrolation coefficlioent indicates
tho extent to which the daia can bo described by a stralgit
- lina relationship. e correclation coefficient always has
a valuec betuecen U and l,

Very of ten non-linear relationships hetween variables
can Pe reduced to linear relationsliips Ly takdng suitable
functions of the variables, Various non-linocar rclatibnshiys
cail be tested to see which is nriogt suitablce. The corpelation
cocificients arc detorudned for the linear rolationbhips to
which they arc reduced. In special situvations, the relation-
ship which gives the higiiest correlation coéfficienc can be
chosen as tho most suitable. Sounctinves the scatter in the
points may bLe so large that ftuce carfelation coefficients
fror different non-linear relationships nay nov be

sirmificantly ditffercnt.
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S5eT7ere Standard Lirror of Istiuate

The squarc root of the part of the vevariance which
is unoxplaincd by the straipght-line trond is called the

standard error of ostinate amd is calculated from

> Y - ” bt b
. B | (s, = 27s ")
y/x T n -2 x

wvhere B = slopo of the straipht line

s‘/x = standard errvor of ostiuate,

5e7e3e Averare Absolute boviation

The average devintion in the yv—direction of a sat of
points from a line, (all deviations Leing cousidered
wositive), which surmarises the itrend in the points is
measure which 1s useful for coiparing different relation-
shinrs whore the corrclation coefficients cannot Le coiipared.
" This devilation, however, moasures the averapro deviation,
and the deviaiion of the poinis frowm the line way be createf
at one location than anothier. rTur exaunle, if the trend
in n seci of points is parahbolic, and a straipht line is
fitted, tho corrclation coeificient raxr be high, and the
averare absolute deviation and standard crror of estiumtbe

..ay be low, but the straight line will fit hotter at the

ends than in the riddle.

5.7 .h . (}I'aph

In order to decide upou the nost suitable equation,
a fitted cquation should be superimposed on the scatter

plot. 1+ can ihnen be scen which equation fits best, and
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also how the scatter of the points varies along the line.
wipure 6.6. shows soue equations fitled to a set of
experiuental points Lv various icans superiiiposed on the

original points,.

5e7¢5e Choice of triterion

The corrolation covefficient r was used to compare
the equations fitted to the resulés, but the craphical
method was also usad to oxamine how well the equations

fitted,

5.0e Couiputer Prosaaniue

A coupuber progranume was written Lo analyse the data.

LN
All the data was stored in a standard form onn maimetbtic tape

g

in one-diniensional blockse. The data for each ruan could be
reforied in the core of the coiputer, and the calculations
perforiicd. All the different input for:.s of the data were
converted into a standard for:u whoen the data was beding
written ounto the maymetic tape, and sinultaneously other
calculations werc perforred such as calculating the humidity
data {ron the readings taien, converting nillivolt readings
to torporatures, and determiniug the air flow rate £roun: the
pressure drop neasurcehiiontis.

The prograume bext, Llock diaprran and a set of sauple
results are given in Appendix 15ele. A sample calculation
is given in Appendix 120 e

The action of t%eqprograwme i; described briefly

below:
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(1) Aftor initializing the devices and declaring the
variables, the first two blocks of data, containing infori-
ation on the location and arount of the data for the
various runs, werc read from the nagaetic tanoce.

(2) A nurber was read from the papoeT tayce. If this
was .-, thon the propraume toridnated, otherwise, the nuiber
was talkon ns the nurber of the run whose data was to be
processed and the ~ctio: went to (3)

(3) The location and size of the block containing tho
data for fhe run to be processed was retrioved {romn the two
dircctory blocks. the marnetic tape was unspooled to the
appropriate point and all the data was read in frort the
magnetic tape and stored.

(4} If the run had been carrled out on tlLe liich Temper-

atuwre I or on the Lou Tewperature Rig, the welghts wero
multiplied by a factor of 0.01 to allow tor the scalo
getting on the clectronic balanceo. Then a tare weipht was
subtracted fror all the weights.

(5) The weicht of dry-nmatter in the sample was calculated
fror the initial or final moisture content (see above).

(¢} the moisturo contents at different tines were
calculated frou the weipghts, and the position of the first
non-positive moisture content was neted, "newp'.

(7) A straight line was titted to the oisture content -
time points, to "newp" points. 5

(8) A straight line was fitted to the moisture content -
time points, up to ("newp"/2) points, i.e. the early part

of the dryving curvoe.




(9) The grouping frequency, 5, was calculateds

(10) The solsture content and tine values were btaien
in groups of s and averagede.

(11) ‘ihe avorage dryimg rate and average volsture
contents were calculated for the intervalse

(12) A straight line was fitted to the ;lot of average
dxying rate against'moiacure contonis

(13) The values of the averaged tiues and wolsture
contonts, and of the average dxying rates and their corres-
ponding; woisture contents were printcd oul.

(14) The values of 1ogc(m/m0} were calculated for all
moisture contents greater than U.3. A sbraight dlineo was
fitted to the plot of loge(m/uo) acainst tivic.

(15} The seguentation nethod vas applied to the original
woisture conisent - time points, calculating average drying
‘rates and umoisture contents.

(16) A straight line was fited to the plot of average
drying rate agaiust average roisture contant.

(i7) The valucs of the avorage moisturc contents and
average drying rates wero printed out.

(1¢} A polynomial of the eightlh ordor was fitted to the
moisture conteni - itime points.

(19} The drying raves woere calculated for all the tines,
from the coefficionis oi tho polynomial.

(20) The values of tiue, woisiure conteul and drying
rates were prinited oui 1or selocled pointse.

(21) A straigh$ line was fitted to {lie drying rate -
moisture coutent points, ignoring the {irst aud last quarters

of the poiutse
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(22) liiscellancous data and the main results wore
vrinted outl.

(23) The co-oidinates of the cuxrve calculaved by Gho
constanis deteridined in steps (12), (21) and (1%) were
calculated and printed out at twenty egually spaced btiu:
values.

(2%) The wain results were mmched onto papeor tapc.

5¢9s RNesults of Calculations

ha results of the calculations are lven in tabulax

and graphical foxui.

H5eVels lables
'or all ruus, tho values of k and Wy wore determdined
b» linecaxr regression on the drying rates calculated by both

tlie polynordal method and the segmentation and grouping

viethod, ‘fhe average drying rate, ko. was doteriined for

all the rTuns condpcted on the hiprhi temperature 1ifl. Tho
valuos of Lk and LN afe shown in tables 5.1 to 5.2L for the
mediw: tewverature experinents, in table 5.29 for the low
tompeorature experiments, and tho values of k, m and kg
for the high tewporature experimonts are shown in tables
5431 to 5.bk4. For shose runs which showed uore than one
drying period, the values of kl, kz, kj' Hyge Mo mej'
S Bl o were dotoridined graphically and they are given
i1t table 5.28 for the wedium tenperaturs expoeriments, and
in table 5.30 for the low temperaturo experimonts. Tho
nunber of neriods in bhc'drying curve depended on the
teuporaturce and huddity of the drying air, bubt generally

I
H
e

for touneratures ahove 30 orntly one period of Adrying was

ohoexrved.



5.%:2. Grapus

Thie values of L are plotted against air tcupexature
in Tigse5.15 50 5.30 for the wediun teuperature experiuents,
and in fi35-5-37 Lo 5.%9 for the high teuperaturo cxpexivents.
The volues of i are plotted apainst ténperuturc in rigs.
S5¢5H50 b0 5452 for tho medium towperature experinents.

The values of 1 obtained for the different parts of the
drying curve for the ilow tenperature mms are plotted ngainst
tewperature in fig.5.31 and the corresponding values of e
are plotted against temperature in fiizeaDeb3e

I is ploited against leaf to stein ratio (13) in fijures
5.67 to 5.69 for 100°¢C for wholo grass, loaves and steons.

Kk is plottod against air velocity for different
temperatures, in figs.5.3% to 5.35 for batches 2u, 21 and 22,

ko is plotted against air temporature for the high

teuperature runs in figsedenlt to 5.56.

510« Corrclation of the lesulis

The relationship between the drying parasncters and the

operatin; paramelors is siven in the foru ol equations Lelow.

5el0el. L and Adxr Teuneraturoc, T1

Tt can be soen from the nplots of i against ailr temperature,
that the relationship is not linear., A plot of loack against
Ty however, is almost linear, and therefore, the following
equation is proposcd:

1ogek = Ka + Lb Ta

ew e (5019).
o= i, exp(x, 7))
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where Wy i, and na' S cx”(”a” arc constants. ihe values
ol theeo couctanis are given for the differxrc:. run series

in tables 5.45, W &7 and wla, toreiiier with (he correlatilon

cocfficicnts,

DelUoed L and lir Velocity, Vv

"

he relationshir hetween % and the velocity of the air
wvas determined only for oxperiments on tlhie mediw: tewmperaturo

Ti;e fhe results can be apnrroximated hy

"
lor kX = 1. 4+ 1.,v
Q [ (&1
k = LC' QX]J(R.O\’,} soe (J.:“U}
where X o K, and K_* (= cxp(hc) are constants. Rather than

incernolate the results, however, since the air temnerature
LonsTonT

was not ekl absolutely,while varying: the velocity, the

folloviny equation was fittoed to svhe data by wultiple linear

o ression:

r it = K — W
lo;,ci x\(; + h'hra + \JV
iR = I‘;"' CXI)(}‘:I]T) QJ\'D(HJV) Yy (5021)
[ .
wbere iy Ly I and i Y (= ex;»(ii_}) are constants. The
Fis t, -

values of these constants are siven in tables 5.48 and

5.49. YNote that the constant I, and the constant l are

couparat:le.

SelUeZe 1t and the leaf to Stem idatio, 1

=3

The relationship betweenr k and leaf to stew ratio ai

constant teuwnerature and velocity is apnroxinated by

e
il
.
e
43
.
[}
.
~~
1
]
e
W
N
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vhere It aud l(n are constanis. e values oi thesc
constants are siven in table 5.51 jor 10°c. Another way
of showing the donendency on leaf to stewr ratio is Lo

rolate tho constants in equation (5.19) or (5.21) to ls’ laCa

. . = 0
.;a — J\la + .\:Za 15 e m e (J.‘-B)
- W e ol
L}‘ = “31 + }.21‘1 15 eace (.)of-‘}
where K B Vg, Y, ar stant The values of
1a® S2a Uib and oy ¢ constants. s

thiese constants are pdven in table 5.52.

54106 1, and Alr Temperature and Junidity
The paramcter o is derendent on voth the air ter-perature

and humidity. Tho-relationshin can be expressed by

. /s

R - 108 + }«: ———

4] n q Ta

(]

cus (5.25)

wherc hp and l-.q are constants and X, is the absoluic hunddiby

of thoe air. The values of I-’.P and Eiq are piven in table 5.0h0,
At conssand hwddity, the dependency of N on the air
tonporature can also he glven Ly

b, = lg o+ BT, .o (5.26)

where i, and Y, ara conastants. Thie values of Ky angd l'w arc

given in tablc 3.48.

5¢lUe5. The coustant dryving rate k and Adyxy Temperaturo
W-‘ -

tThe constant drying xate 1-:0 is relntoed to the air
teuperature by

ku = Hr + ]’ZS‘I'Q_ see (5.27)

whcre Kr and }:s are constants,. ‘tThe values of these constants

arc given in table Be534
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5.10.6. '}'S(I' and the wmaturi N g 18

The constants in cquation (5.:6) mare related to tho

lecaf to sto: ratio LV

X = I Y el
> 1t e b cee (5.28)
and
L= X v 5e20
I 19 * Fag s T (5.

where X 1y Tud L, are constants, wnlch are given
[ o

1t ap

in table .50,

5107 The tLffoct of Chop Lengriéh

From the plots of L and I:.O arainst thie tamperature,
1 Sfi0s.56037 and 5.5%, it can be secn that the chop longth
hns no cignificant effoect oa the drying propertics in the

range 1Y to v,

5.11, Sumnary

0 .
Abuve 200 € tha drvyving of vhiole girngs can be described

Ly
Gt ,.
NS 1 . N
at o

where I = - 1.5043 + Q.07 T
Taking: all the results, leaves and stems included,
k, = = 0418396 + 002465 T_.

Délow 20()00, the drving equation is

dm . !
- —— [ SR 1T
qe = ‘e’
where k = 0.02565 exp(0.01957 £ )
el
ny o= 320Rk - 22455 Jx ST

Velow S‘.OOC, the cquation consists of up to three



paxrts, ocach of the form

dm .
'3‘.: = i:i(u - “ni)

where l:i and Bog are related %o Lthe air teuperature aud
hunidity by (5.19) and (5.25). The constants in these

cquations are pgiven in tables H547 and 5450
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CHAYTER VI

DISCULSTOH OF RSULLS

Gele The 1iolo: of CGrass

In order that the resulis mar Le discussed In terns
ol the structure of the grass, a sghort description ol sone

of the relevant torics is given.

re

6.1l inatomy of Grass

A grass plant is rade up of roots, leaves and stehs.
The roots are usually nun.erous and fine and thelr any

bDranches form a donse fibrous nas

44

.
The steuns are cylindrical and hollow, except at tle

nodos whorae Shey are solid. The leave:s arc arrangoed on

the ster in twe altemiccing rows and consisi of two distinct

parts - the sheath which is attvaclied to thoe stenr at a nodo

and encloses the younger folded leaves, and the blade which

is frece. Tlie lead Llades uiay vary considerably in sirc

and shape, but they aro usually long and narrow. Tho leafl

Llade way also be folded, Tolled,expanded or very rucl

thicioned, and it is of'ten covared with riks or ridges.

The sheathh is a tubular structure which nay be aplit or

ontiroe.

Gels2. Tho teliular Struciurg

All planiés are made up of cells, units consisting of
an outer wall enclosing an imner space. The slize, shape -
and conttenis oxr cells varies considerably Irom plant to

plant and within the plant according to 4he Funciion they



perior.. The ~¢11 walls consist .ainly of ccllulose
arranged in laoers. There is also a coniplex syster of

intorfibrillar spacos which are very narrow and act as f{ino
irresular capillarics. “hen thie plant ds exposed to very
huid air, these spaces are filled with water and water also
lies on the outside of the cell walls adjoining the inter-
cellular sraces (see helow!, The cell walls arce very
peri.eable Lo water and solutes,.

The livin: part of the cell is the protoplast and

cuovsists of the crtoplas:: and th2 nucleus, The ctonlasm
is o viscous fluidd and tiwe nucleus reostis in it. As a cell

Liows older, it beco oo laryer, but the cytoplasi is (reatly
recaced in size until it for. s a lining around the inside of

thie wvall, fror which it is separated by a mewbrane called

the las alemaa. The space previousl: occupied by Lhe
¢ toplas - ds taiton up by the vacuole. Thils occunies the

larie central resion and is filled with a water: {luld

called the cell sape. The vacuole is separated [ronm the

c: toplas: i the vacuolar - cenbrane or tonoplast,

e 0.1, shows a cross—-section of a leaf of Itallan

Hre Crags as sceon uader 2 ricroscopc(lU}. The following

fcatures should be noted {The letters refer to fipure Gol):

Ae The rTihs, Tlhese are unward.,.

Iie The vascular bundles or veins ijc in parallel lines
rmmning frow the base of thwe leal to its arnex and are
connected eross—-wise at irre;ular iniervals, They |
usuallv lie between the ribs and cach hundle is

surrowunded by a sclerovic sheath,



Ce tThe epiderual cells are regularly shaped and lie just
below the cuticle (D), whichh is waxy and very impervious
to water. fogethor, those act as a coverin;; for the
interior ol the leai.

e I'lic ¢esophill, a mass of soft spongy cells . akes uw wost
oI tiie Interior of iiic leal. rost of the living
rrocesses ol the plane take lace ilero. ihe wmesophyll
is characteristically green duc to the prosence of the
sui-stance chlorophyli. Theie are also air spaces
throu; llont the .esophyll called intercellular spaces (r).

the tase of the rits are the stonata. hrougly these

o~
L[]
P
o~

the plant reccives carbon diuxide and oxygen, and
relcases witlelr vapour. There are :many stomata on a
;lant, 30 to BUU per square «illiceter, and they are
ver, well controlled in order Lo regulate tho passage
0f vasours and gases through thei.

He o ruard cells surround cch stona. The woisture
conieni of these cells changes wilth the hucidity of
the atrospherc. Whernt the ..oisture content GoCreascs,
Ly uwater Jdiffusing to an adjacent cell, the mard cells

heco. ¢ less furgid, or sLiff, and :clax, he stoua

is thereby closcd, and loss of noisture is arevented.,

The reverse happens if the .oisture content oui the

cells increases., These puard cells and other motor

cells are responsible for tihie leaf rolling up to prevent

loss of woislure.

vigure 6.Z2. is a cross-section of a shoot, and it can

bhe seen that 1t is made u;, of & nuuber of rolled young
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leaves. Tigure 6.3 is a schowatbic cross-scction of a stew
showing the vascular bundles which carry the water and

vinerals to the various parts of tue plant.

‘

6e2, Transpiration and ilespiration

V'atoer accounts for wmost of the matter in a living plat,
up to 25, in soue plants, and is absolutely essential foxr
life. iiowever, a j;.Jant noueds nany ¢lenonts for healthy
(rowtil, and it obtains shese frow salts dissolved in watexr
around its rootus,. The solutions are absorbed alrost
continuously LY the ruots and pass to all parts uf the plant.
ront of the wator valien in by the roots is losl in trans-
pixration from the leaves, for exanple, 98 in waixe plants.

A s1.all vortion of the rerainder which is retained coubines
chemically with carbon dionide, which is abigsurbed throupgh

tlie stormta on the leaves, by photosynihesis, to form sugars
and other carbohydrates. In tle aize plant, this portion
is about 0Ue2,. of tlhe water talon in by the rovots. The
carbohydrates whiclk are formed conbine with the nineral

salts to form new coll walls and other protoplasudc suby=
staiicos. Plants alLo respire lilie andnale, thereby
roleasin;; caxrlon diuzide and enery Irori the carvohiydrates.
Regpiration is the reversce of ifwiosynthicsics. jShotosyniliesis
requires solar eneryy and occurs ouly in Jdaylighy, when the
effocts of the respiration procoss aro coupletoly nasked

tv those of the photosynithesis prucess(jg}.

The soil solusiousmss through the roots to the various
parts of the planss ibrough vessels or chnuels [wrmed by

the walls of dire xyler., collecied to fox. vascuda bunicdless



..7.’, -

Transpiration involves the processes of cvaporation
and diffusion. Under suitable conditions, molacules of
vater detach themselves frorvi oxposed cell surfaces adjoining
the intercellularr spaces inside the leaves, and thev diffuse
throusi: the stomata to theo cutside air. Most of the watier
is lost through the stonata although diffusion throush the
walls of the cpideri:al cells, cuticular transpiration, also
ocCurta The ratio of stouatal transpiration to cuticular
transpiration ranges frou %:1 in thin-leaved planks to ivuv:l
in thicli=leaved succnlents.

rhe wwost iwportant external factor controlling; trans-
piration in a well-watered plant, in still air and sunlight,
is the hw:idivy of the atuospherce, i1s.@s s0 long as the vapour
pressure of the water in the intercellular space is preater
than the vapour nressure in the outside air diffusion through
the open stouata will take rlace. The rate of diffusion
throu, It the stouata is wtremely high for their size aud a
leaf with fully-open storata can lose as uuch water as a
frce water surface(iu .

1hie rate of water loss can be expressecd by(58):
(Aftor Drowne & Escoube)

D (pi B po) n. A

Q] = st
. T . »aa (\)ol)
L + 5
ms )
where Qw = Volure of water vapour lost ver hour ftj/hnig
D = Diffusion coustants ftu/lbf hr.
Py = Yrartial I'ressure of waler vapour in the

intercelliular space. lbﬂ@tz
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sartial Yressure of Water vapour in the

=
1

2
atmosphere. 1byft

n = Nusmber of stomata por unit surface area of

s
leaf.
2
Ans = lMean area of a Stoma {1t
L g = Mean lonith of a stomatal tube ft.
rs = !lean radius of a stoua L.

Vater is continuously wmoving; through the plant by
diffusion {frou cell to cell. Vhen it reaches an inver-
cellnlar space it is vaporised and is carried out through
thie stomaui,. The water r.oves by diffusion under a negaiéive
pressure force. It can be shown that evapuration oi water
frow a porous pot produces exactly the saue negative pressurce

A (35 yige
cffect, Jones and ialwver list the natural forces
“responsible for the passagre of water through living steows
as (1) carillarity; (2) usnotic pressure; (3) The "Pull

of Transpiration".

GeJs ihie Forwm of the Drving iquation

It is not pnssible to say precisely at what stage one
type of equation ceases to describe the drying of (xass and
anothier onec takes over. This is because often at least
two types of equation can fit a set of data. For exanple,
an exponontial equation with a very small rate constant, i,
and a very negative asyuptote can it a sei of data obtained
at high teuwperatures justi as well as a straight line (sec

fig.G.G)- tThe point at which an exponential equation glves
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way to a linear cquation is, therciore, rather vaguec. SR
Neither is the change frowm a two or three-veriod cxponential
equation to a single-exponential cquation clearly defincd.

The approximate limite of validity for each type of equation,

however, can he stated as:

. o I LI o
T #200°C =T =k, eee (6.2)
o dr;

80 cg‘aszoo"c -9t - l;(m - ;:10) (6.3)
cin )

r S R T l;l(m - mol) (G.4n)

T €%0% Y o« m & - 4., (- m ) (6.4u)
a ’ Ten€ cl dat = *2 et \Oe
\ di - !

“"”(:2 qE - k3(m 1-103) (Galic)

‘he choice of these lindts is Dased on an examination
- of the dryving curves, although it is arbitrary.

An exardnation of the plots of k against teumerature
shows that the scatter in a plot increases as the ltewperature
increases. This is because ithe drying rate 1s constant at
high tetperatures, so that k lias no rcal meaning. The

value of Ii should, in fact, be zero:

o]
-'a% = (el + ko ese (Go5)

Due to cxpeiirental error, however, the drying curve is not
a pexrfoctly horizontal line, giving k = 0, and consequently
k can asswne a wide range of values, depending on the scatter,

oven to the oxtent of lLecouding negativee.

Ve |

Golte Tho Constant Rate Fquation - #ffcet of High Temperatures

nquation (6.2) indicates a constant drying rate,




indopondent of ithe woisture coutent ol Lite SXGSS5. This
plienot.enon is usually associated with cvaporation frow a
free-uvater surface, and it implies thatl the controlling
resistance to 1wisture moveuent does not lie within the
{7TASS The constant rate was only found at tewperatures
above 200°C and the rate was found to depend on tho air
tenmeratnre as follows:

ko = ];r + ILST sea (606)

where hr and Ks are constantse. When prass is dried
artificially, it is subjected to uch higher teuperatures
than it is in the flield and the rate of water loss by drying
is nuch ;reater bthan the loss by t(ranspiration. since the
grass 1ls still alive for sonc tine after it has been cut,
the autouatic reflexes of the guard cells will close the
_ stomata as the air touperature is ralsed so that transpiration
cannot take place. thitney ot al(SE) claiwmed that at very
hizh air temperatures the drying rabe of alfalfa was affected
by the degrec of opening of the stonata. A closecr oxardn-
ation of theilr results, however, shows that tho dopgree of
aperture has little effect, and, if anything, open stouasa
tend to ygive a lower dfying rate than closed shémata. in
addition, the degree of aperturc of the stomata is very
wnlikely to romain at the value at which it is wmeasured prior
to dryinge

An in;roase in the teripoerature of tlhe drying air
increases the rate of loss of water frow a plant very uwuch.

This could be explained Ly the increase in the diffusion
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coefficient with teuvgperaturc which is usually expressed

by an Arvhenius type of equation

b = D cxp(-D/Tabs)
where D = Diffusion Coefficiont
DO and B axre constants

T = Absolute Tenperaturoce.

abs

This increase would result in a decrease in the cuticular
resistanco. The high adir teouperaturc, however, probably
produces a rundamental physical change in the grass(72).
Byers and Routley(ll) expoased alfalfa stems to stean and
then examined then undor a uicrosconc. They found indica-
tions of nelied woax. In addition, the drying rate was
increascd considerably by the stcaring. The telting point
of the cuticular waxes is about SOQC, but the grass toeuper-
_ature probably reumains below the ailr teuperature during:
drying Lecause of ovaporative cooling. The wax, thnrefore;
will praobably not wnelt until the air ftemperaturc is raised
considerably above 80°%c.

The work of Thaine(7u) proved that the rcuoval of the
cuticular waxes increased the rate of drying. ile removed
the vaxes by ivmersion of the plant iﬁ potrolew: vapoui,
and conpared the drying rate of treated and unireated grass.
A considerable improvecuent in the drying rate was obscrved
after treatment, and tho drying rate was alwmost constant
during the first stages of drying. The removal of the
cuticular waxes also reduced the resistance to heat transfer,

so that the leaf heated up wvore quiclkly and to a higher

i
i
;
i
%
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tewpoeraturc, This explained part of the increase in the
drying ratee The reioval of the cuticular waxes iust also
reduce the resistance to mass transier in the plant to less
vhan the resistance in the surrounding air. Ifhe air
resistailce thon becomes the controlling resistance and a

constant drying rate results.

Ge5e The Exponential Iquatlon - Diffusion

Lquation (6.3) above is tho same as thai proposed by

o 005}

Allen(a), lfenderson ﬁnd Pabis(jz), simoonds, Ward and ilefiwen
0!C¢llachan(49) and Boycc(s) to describe the drying of thin
layers of grain. The cquation jostulates that the drying
rate is directly proportional to the difference between the
modsiure content {(dry basis) of the grass and a limiting
vaiue of the moilsture contont,. This iwuplies thét the
"controllin; resistance to dryin# lies within &the (rass. The
limiting value of thie moisture content is known as the
equilibrium nolsture content. In order to have a physical

intorpretation, the equilibrium woisture content should be

positive, umless thore. is a loss of dry-mutter. It follows

that 1f there is a loss ox dry-cattor the equilibrium woisture

content aay be negative. This loss of dry-mnatter docs cccur

at high air tenperatures, as shown by the charring of the

(79.' 8o, 81, 82)descrihed

edges of the grass. WVhitney et al
tho drying of alfalfa leaves at high tomperatures, up to
SUOOC hy the equation

- & o km

d
dt

—

e (607)

k]
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This is a special case of (643) with w =0 and iuplies
that there is no dry-nattor loss at high tonperaturcs.
There is, however, a loss, and therefore eguation (6.7)
is not suitable foxr hi Lt temperaturese. At about IOUOC.
the value of i  is zero, and thon cquation (6.7) is valid.
In addition, an oxardination of Whitney®s aatal”) shows a
considerable scattor so that either (G6e2), (6.3) or (6.7}
could equally well have toon fitted to theius In casos
like this, wherc many equations can be fitted to onc sot of
data, the sinplest cquation should be chosen unless there
are sirvovg reasons for clioosing anothier oune.

iquation (6.3) can also be obiained by postulating that
the drying rate is proportional to tne difference between
ihie saturated vapour pressure of the materxrial and the vapour

pressure of water in the drying air, i.e.
D )

FLURER D S

- —3—‘5 = ].LC A SAz 2 see (G6.8)
wiiere k? = overall nass transfer coefficient, ft/1bf hr.
A, = Area through which mass transfer takes placo, r&°
b, = saturated water vapour pressure of the
nateorial, lbi‘/i“t;2
p, = Wator vapour prossure of the air, lbf/ft2

Az = Distance through which mass transfor takes
place, ft.
This is a diffusion equation.
Tho noisture content of the material which is in
equilibriun with air of vapour pressure p, 15 m and w is

the moisture content which is in equilibrium with air whose
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water vapour pressure is p s Lhus the cquation (G.8)
reduces to {(G.3).

The dr-ing constant k was rclated to tho air teuporature
Lqby

L = Ila' e:q)(l..b‘lg ces (G.9)

wiere Ka' and K, are constantse. This is the same‘form
as that found by Whitney ot a1(81 ) for the k in {6¢7).
Doyce(s) and lleuderson and Pabia(Bg), howovor, showed that

for thinelayer grain drying
ko= K" exp(li.b"/l‘abs} ves (6.10)

where Tabs is the absolute air tewperaturc. It was proved,
however, shat (6.10) did no: describe the toumperature
deriendoincy of k for {{TasS.
At low temporaﬁuros, on tho wedium tomperature rip,
¢ was Tound that the drying consiant Ik was affoctocd by
tLhie velocity of the air. The farn ol tho rolationship
was

k = Iic. pr(lld\’) es e (6 . 11)

at constani temperature
wheze Hc' and Kd aro constants and v is the mass velocity
of the air (lb/min.ftz). The data however, was in such
a form thal it was easicr to fit a composite equation of the

fTorm

Ic = K{;. QXP(I;};IQ OXP(ICJV) aee (6 . 12}

where ', I and KJ are constants. The velocity of the
¥}
air should not have alffectod tho drying characteristics of

the grass if the eontrolling resistance to drying lay within




the grasse. It way have beon that the thicluess of the
layer of grass in tho experiuents, v, was too thick for
the assunptions of thin-layer conditions to bLe justified.
This would also account for the long heat-up periods in
sone of the runs.

Tho paravieter i tnown as the equilibrium moisture
content, was found to depend on the temperature of tle air,
and to o lesser oxtent on the hunidity. Hclwen and

O'Callanhan(ﬁl) and Boyce(s) proposed the relationship

’- -— “ N T 2 6
M, = Lp + }‘q’\jxa/la s (J-l:‘)

wvhere K and Kq are constants, and g is the absolute

4

hunidity of the air.
Hnnderson()l) nropased
loao(l - rh)

-n2 Tabs

nl
= lilo sese (6.1&)

where =i = olative bhumidity ol the air, decimal.
nl and n? arc constants
A siviplor relatlouship is

P (Ge15)

Li = K. + i, T
e p T g 'n

which ignores the effect of humniditye.
All of these relationships were fitted, but (6.13)

was found to give the Lest fit by a small margin.

Galie ZBE“LQE:IPWPGeruTO guations
Tt was found that at air teumporatuwres bolow SOOC, the -
drying curve showed as rnany as three distinct periods of

drying, eachh period beiny; described by an cexponential
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boeu Li_ele7 e Lac reiablonsnd wolwech thie
"y (L = 1, 2, 5 in cach period and tho wir

Lo fora {Ge9), aud tue relationshin

- ) 4 . . . v N
votweon the asyuutele in cach peviody ooy (i = 1y 24 3:
and the air te jorature and hunidity was of the fors: in

'(‘3'13).
was very louwe
did not sce:

o correlation

Lte

gue way of interpreting tho whived
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du the thixd and

this also loses water.

¢rying; rate is lowered further
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still as wmore water becomes available tor reniovale. when

the cquilibriun : oisture content m is reached, the drying

c3
coases, as each regsion is at equilibriun witn tie air.

Une may conjecture as to what the three forms of
water arcs A possible eoxplanation is3

(a) Liguid water oxists on the outsides of the cell
walls adjoining tne intercellular sSpacos and on the extormal
surface of the loaf.

(h) vater is preseat in wealk aqueous solutions in the
vacuoles,

(cj water is present in strong; aqueovus solutions in
the cyvtoplasn,.

The relationship between the initial woisture content
and the first critical wmoisture content supggests that there
is in grass a certain aroun: of woilsture wiiich is easily
raonoved and the amount of which is independent of the moisture
content of the grass. this arees with the postulation of
water existiag in the intercellular air spaces and on the
suriacce of tne plant, civeir aliove. Wvhen grass is dried,
this water is the first Lo be rolcascd. whtent it has all
Leen driven off, the first critical uwoisture content is
TCaciiC . Grass which is leoft undlsturbed will probably
always have soue oi this looscly held water, and hence will
alwayvs have a {first eritical moisture content, if it is
dricd.

At higher teiperatures, this critical moilsture content
was not evident, probably because the roemoval of the

looscly held water toolk place so quickly that thoe event was
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Lot deteoctablo. “he Ggifforonce boeiwecen the initial
wodlsture coulent and the fixrst critical wois ture content
roprosonis the awount of water held in this loose staie.
Suppose ihat ilie grass is driced to Leyond its first
eritical woisture conient and then left undisturbed for
a whilc. Then the Jdryiag is started agnin, ancther
critical tolsiure conlend will be ahserved.,. The moisturo
contenis rradicnts within the ;Tass aro reuiovaed while it dis
left undisturbed, and usoiic water wiprates from the replons
whore iu is Leic wore tightly, into the interceollular air
< (57) 5 ouad that . rdiyse
Spaces. Dandall showad that by suspending the dyying
process, the uolsture countent gradiont in the grass was
ronioved, and upon reswaption of the drying, tho indtial
dryin;; rate was wsuch bighex than the rate when the dxyying
vas SLOpPCt e

In Appendix 12.6., a matheuatical treatuent of the

three—,art curve is isivon.

Ge7. Lficct of Grass Vhysical iropertias

“he gencral conclusions on the clfecss of the grass
physical propertios uay be suLairised as:

(o) un average, leaves dried twice as fast as stems
of Xtaiian Lye Grass.

(v) Younger (rass driod slightly fastor than older

rrass, including leaves and stems alone.
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(C) The drying characteristics were unaffected by
choppins, the grass into lengths from 1" to hv,

(d4) rerennial itye Grass dried about twice as fast
as ltalian Rye CGrass.

These conclusions are substantiated by an exaudnation
of the phvasical properties of the (1asS.

Leaves dry tore rapidly than stoms for two rcasons
() the epidernis and cuticle of a stew are about 5 timas
thickor bthan thiose of a leaf and (b)) the wator has further
to travel to the surface in a sten than in a icaf.

r, -\

Daxnall("'gl has shown that the axial diffusion
cocfficient of ste-s of alfalfa is ten tiues greater than
the radial diffusion coefficfont. and 100U tiros greater
ghan the onideral diffusion cocffilcient. A large pro-
nortion of the drving takes place through the cylindrical
sides, howvoever, since the end area is very swall relative
to the arca of the sides unless the steis are chopped into
vary shoru lenths. sears and &ohcrts(a+) showdgd that
unless the ster length is reduced to near the stor: diameter

(iec. &/c

1

1), which is about 1/10" for rye grass, not
mueh improverieni in dryin;; can be expected. It is also
to bhe cexpected that leaves which are chonwed into very swmall
picces will dry {faster since the wisture will be able to
escape through thhie open sides as vell as through the
epider:is and cuticle.

As ;rass grows older, it becones touglier and the

thickness oi the epidermidls increases., Younier rass
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therefore Jdries wore quickly than older prass.

Perennial Rye Grass penerally drios twice as fast as
Ttalian Nve Grass, this is probably due to the sualler
leaves and lover leaf to stemn ratio, which is a property of

'erennial Rye Grass,

GeBSe lochanisi: of “oisture llovenonlt within the }llant

The watler in thie rass boing dried will always ove
alorye the paith of least resistances since resistmice in
the leaves angd stens is different in Jdistribution aud
pagnitude, cuc tu the diffoerent strucht I, vhie path along,
which the water .oves will be differcni in cacile At low
Lerveratures watexr in the stems ioves iu an axinl direcbion
and in o radial direcéion. Wheon the whole prass is driled,
soi.e of Lhe water voves into sha leaves fron thie stens,
‘since the resistmmcee to water reirovel is lower in fhe loaf
than in thio steri. In the leaves, water is probably lost
through ti:e storata at low termmperatures (up to 80°C) and
through the epideridis and stoiasa torether at higher
te peraltures.
Tt has been aoted REY 5latyer(66} that the rate of
poisture flow under norual conditions along the cell walls
is fifty times that throurh the cell walls {sec LfimeGolt)s
Althou;1 the resistance in the cell walls is low, the
cytoplasi. on the inside ofiers a considerable resistance
to the movement of water. The water probably oves along -

jts pati: under the overall concentration difference (u - me)

or (ps - Fa)-
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In high teuperatuxrce vneunatic driers, the nrass ie
subjected to tcuperaturas up to lOUUOC for short Lines,
but very little of it is burnvte The loss of hwedt from
the grass duc to evaporation of water keops il cool until
it passes tu a region oi colder air where it will not LUl e
The noisture, thozclore, woves within the leaf as a liquid
rather than as a vapour aund the plane of vaporisation does
not retreat into the (rass to a sigmificaut extent. if
the drying is carried on for long entougily liowever, it is
likoly that the surfacé oi evaporation cventually retreats
into tho interior of tho grass and the water moves part of
tlic way as a vapoure

octions of srass which had boen dried at about lUOOG
ore cud and studied under a wicroscopc. A burst cell was
pbsorved in onle one case out of nany sections, indicating
that the tecperature of the leaf was helow 100°C. I{f tho
reaf te:gperaturc had suddenly junped to 100°c, sonre of the
cells would have burst.

The high resistance of the cyvhonlasui at low tenperatures
is probably also saintained at hipgh temperatures so that the

moves
wqter/hlong tho cell walls rather than across theu. It is
almost certain that vhe cuticular waxes uelt at high tei~

peratures SO that all the loss oi water occuxs throuch the

epideriilsa

G40 lleat lransfexr Aspects of Grass Drving;

1t has been pointed gut, that duc to the ovaporative
wmoling the tenperature of the grass is probably nuch lower

than uat or the dryving air,. It is ver: difficult to
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neasure the teuperature changes in such a si:ail pariicle

as a picce of ¢grass, bui @l attoupt was nade, using vexry
large stcus, to measure the changes in goporature of the
stems as thoy dried. one of the plots or temperaturc
againgt tive is shiown in TifeGa5e T+ cann be scen that it
toolk sone Sirme for the stors o rench the temperaturce of the
drying air. Cihis was due to Lotih evaporative cooling and
slow heat conduction and convection hoat transfer. Calori-
metric beclmigues are Jddfficuls to anply to graés and grain,
due to the pheitoicnou of heat oir solution and also Lo the
Luliy nature of the waterial and its low specific hoat.

The speclfic heat of a noist material say Le expressed

, , o.. .
c, = o +P . Bbu/ll.dry naitor ¥ cus (Ge15)

where & and P arc constants and : is the woisture content
dry, lhasise. o ..oy or :iay not be a function of moisture
contents (6.13) can he rewritten as
Ch = Cug (L +7 ) (6.19)
vhere ¥ is a constant and de is the specific heat of thé
dry watter at 1 = O I ¥ = 1 then the specific heat of
the dry matter is independent of the woisture content,
It has been found that for grain g = 1, and . a Z 0e3e
Noran(&7) has shown that the rviomentuil transier data
obtained Ly neasuring the pressure drop characteristics of
grass can be correlated by considering the prass as

infinitely long circular cylinders. Convective licat

transfer coeificients can be calculated for prass on this
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hasis ~lso using an equation of the form:
’IC = C I{Oa 13‘1‘ ) ((;020)

where a, b and ¢ are coustants, and hc is tuo convecliive

2}
heat transfer cocfficient, Btu/hr £t7 R

6410e Conclusions

The drying of pgrass can be described by equatilons (¢.2),
(6.3) and (G.4) within the 1lirits of validity shown.

The influence of air temperature, velocibty and huawidity and
crass maturity, are given by cquations (Ge3), (6.9) and (<.12).
The constants in the equations are (iven in the iables in
Jhaptor 5.

The mechanisu of drving is probably liquid diffusion
alongs the cell walls and the veins. At Lcuperatures below
SUOC. water is released at first fron those rogions whore
it is held least tightly, the intercellular spaces,and out
throurh the stoviatine At hiph temporatures, the difforent
gtates of the water do noé scer: to influonce the drying.

At very high teuperaturos, the cuticular waxes uelt
and water is lost directly throush the epideruds. The

temperature of the grass is lkept Lelow the temperature of

the drying air by evaporative cooling.




ClA-TER

SLIUIATION ¢IY A DLIEP-BDD Dt

Tele Jntroductiun

il the drying characteristics of thin layers of a
material are imown, thie chamges in c.oisture content and
Yeuperature which oceur during the through=£lov drying of
deep beds of the atesial can ho predicted.,. fhe calculation
process is basically a numerdeal integration with respect
to tine anac position, the deop ved Dein; considerod as a
staclh of thin la,ers.

Sonueber of worhers have doveloved natheratical models

01 deep-ibed drying, but iost of the work has been confined

(67;

¥~

’

-

q

to ,rain drying. Do;co( and Luencer have slaulated

. R . . 1)
a static deen=-bed grain drier and Alm et al( J have siculeatod
a cruss—ilow grain drier. Thyge-on and Grossman(/.)

developed o technique for eptiuising: the perforuance of a

static deep-bed dricer,

tVhen & thin laver of :aterial is diied v vhirough={low
of air, tire conditions of tho i:aterial znd of ihe air aro
alitercd. Thie »chan{;es which occur are srcecified by bhe
chhanges in itie feniperature and hwiddity oy the air and in
she tenperature and toisiure conitent of the vaterial.
vour independent equations are neoded vo detorwine the
changes in the conditions: the drying rate cguation, the
wmass lalance equation, the heat i:alance equation, and the

heat transier cquation,.
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Telele The Drvin,- late lguation

fhie drying rate of nost maierials can be siuply
related to the noisture contont and tewperature of the

paterial and the hunddity and teo:nerature of the adr.

It has Leen shown that the dryin;. equation for grass in

the teipeorature range cu®: to 200°%¢ is

e \
-"&,}"'"; = x{w - mc) e (7.1)
iece di: = =k(n - uc)dt suse (7+2)

where 1 = oisture content of the ;rass or grain, 1bL/1b,
dryv basis
t = tirme, ninutes
i R, are constanis, functions of the temporaturc
anad huiidaity.

Thus, after an interval of time At, the toisture

content of tihe layer has changed from m to m® = vt + A (7.3)

vhere A = -k - me)At ves (7.4)
11 is assuried to he constant for the purposce of
evaluating Ar., If theo avera;ye molsture content over the
tine interval is taken as n + A~/2, the equation becomes
={n -1 i
(n-1,)4

A:: = (1 R f_.l; At) ces (7-5)

7e2ee 1iBSS Dalance Lguation

Lot the cross—sectional arca of the layer be A i‘t2

and its thiclness Az ft, After a time At, a qué\ntity
A G At of dry air will have flowed through the layer in

the z=dircction, where G 1s the rass flow rate of dry air,
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L

it dry air/rin-0t™,

air will chanye from 7

The touperature and thoe
in the larer will change

respoectivel, lLetting

The temperature and hunidity of the

to T*_ and [lrom X, to x*_ rospoctivelye.
Q b6 3
coisture conkent of the atoerial

T and frooa Lo ne

i

bilk density of dry matter

{ro.: ™ to

ﬂl

the

in che layer, 11»/1’1;". and taliing a mass balance aboutl the
layer, over a time interval At:
¥ . s 'y o oee " .9 A o it Y {:
A C AL :xa + A A« r(l m = A G At x a + A (d ‘ (/. )
hence
d “ DA
x - = x = = 1 ees ./
a a A a G At A: (7.7
Axy cant e evaluated since A is imown from equation (7+5).

ZeJe Heat

T

dalance Dguation

l.ot c

"¢

. . o
aaterial, su/lb-"17, let

tre the spec

ific heat oi the dry matter in the

3203? be the referencoe fLeuperature

{ur calculating the enthalpy of water, and let h Le fthe

enthaliy, of the air, Diuv/1L dry air.

nersy

||
.

AGAL (=) = A {’dAziz

or

3]

A G At (h-hv)

APy A

lost by

Thans

gained Ly uabterial

~523] (7.9)

3

air

[(de + n}(b.!l‘_..-i-.c) + A (’i"‘_

>

imexrty

[(Cud + “.‘)(T.t;—‘r{;) +Au (’i‘c-jl‘-‘ﬂ (7.9)

A study of these equations will show that they arc equivalent.

The enihalpy of 1ol

thus, in Dtu/lb dryalr:

sture bearing air, h, 1is expresscd



]: = ¢ 8 cen [y P,
L_=73 2 c St + L + r
pa ( a *ao) X [;.\wv ( a e) ve X

(pe_rwo{] eee  (7.10)

vhere

Cha = Siccilic leat of Adlr = 0.2%6G5 Btw/lb dry air-%p

prv = Specific lical of Vater Vapour = 0.M48 Btu/1bh-°p

c,l“"' = Spocific lleat of Vater = 1 Btu/lL %p

Ta. = Dry bulb temperaturce of the air, O

Tao = Referenco temperature for air = oY

Two = Reference temperature for water = BZ?.OF

'l" = Tenmerature at whieh the Latenté hoat of
vaporisation is calculated, O

L’vc = iLatent heat of vaporisation of water at '1‘0 =

107548965 Ltu/1b for T_ = 32°F
Lel. ™ -— ’)ow_\ .A]
(Y] Le — 3~ LAY ) " l(ln

Ty — ')l NN - . ‘],y . -~ I "
o= olRhos e+ x (u.wSla 4+ 1051.58) e (7.11)
substituting into (7.9) above

025 T 4ot (U hh8 T+ 1061.54) - [o.zao5 T,

X [(cpd + x:zO)(’j,\cg..'bc) + Arn e, - 32:_)-] ';(7.12)

..

G At (7. 13)

Then

-1y 1,3 £ — 4] -, r~
j'a(o.zltUS + UeciedC x.a) = 'la(O.Zl&Ob + Uo".‘IfU Xa) 4o
T e ? ) ey - .
i U[‘ (°1>d+ )]-»- .L(‘_ ["(cpd”"" "A:‘-!) +

BJDGI.S& (, - =*,) - 32 po ALJ veso  (7e1h)



ie.0e S'p'a = m ;\QC + 1 '1_‘{_. + X "l'a + A ces (7.15)
whoro
‘3:)-);_- 1o 1S x¢ )
Lo-'U)+(.:.llo:xa i
. {
M= 1-"((:3}(3 + Y {
1- = wme® 1, Y [y 016
2 (de 4+ ! ) ; . (7 )
K = 02405 + UJIAS x_ 2
Vi
A= 1061, 5% (‘\a - ;;'a) - 32 FYAu )
or
™ = W s o cer  (7.17)
whero
T=n/8% ) |
) ces (7.15)
T=(1r s x T,+2)/% )

7eild'te licai Proasfer ilquation

ihe heat transier equaticn describes what hapi.ens (o
// - kN .
ilhe heat that dis (ransferred frow the air to thg graiu,)
It Loth railses the tenworature of the srain and the rosidual
wodsture and it evaporates tho .oisturc which is lost and

raises its terperature to r'a.

Letting hc = Heat Iransfor cuefiicient, Dtu/mdn ftz Op

. - . L2 .
and 2 = opeoecific surlace of bed, [t /f:;3 = surface
arca per unit voluwre of Lied
then
T + ¢ T _ + T
a 2 ;- : -
h a_ A AZ At - =l -
c s n o

= A Au 2 [(cpd + “")(T'G"T-:;) + (= Aw) !n- - 1('1‘3-3::)}] (7+19)
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where

L is the enthalpy of water vapour at temperature T'a
and pressurc 14,7 lb/in2

E' = OQZ"‘!}B T'a 3 L‘r seo @ (7020)

where Lv is the Latent heat of vaporisation of the water

in the waterial. It has been established that the latent

heat of vaporisation of water frouw hygroscopic solids like
grass is not the saumec as for pure water at the saue teuperaturec.
This phenoumenon can be taken into account by writing Lv as

Lvof' where f is a function of the moisture content of the

material,.
2 Pd
Letting DY = m, and substituting for D' and E':
s ~

‘ t - L = L} nt T o
ra+ra1g TG D{:(cpd-l-u)(l‘gl‘g)

—Am (0.““‘8 T'a + LV - TG + 32)] seo e (7.22)

Rearranging the terwms

(1L + 0.448 Dt Am) TV = [D'(cpd + ut) 4 .”LJ'I"g +

[l - D'(cpd + nt -Am)] T, + (-1) T, + [—D' A (Lv + 32_)]

“es (7.23)
or
XT, = fT'. + 7T, + b1, +¢ eee  (7.24)
where .
<=1+ 048D A : B= Dfc g+ m') « 1
rzl-Dl(cpd-i-m) H b="'1 oo (7-25)
£ =~-D'An (Lv + 32)
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that jg,

(S ALY D oo (7.20)
~here
M= B
V= (71‘G+ $ T, +& /=< eer (7.27)

Tron (7.17) and (7.27)

™ =T e = +V eoe  {7.28)

Solvin: sirmltancously:
DI

& '_ﬂ
T'q nay bhe found Ly substituving for T.U in (7.17) or

(7e28).

een (7.29)

7ele Lethied of Calculation

In order to predict the drying of a deop Led
accurately, it is necessary to divide it Into layers that
aro sufficiently ihin for the ap;:lication of the thin-laver
equations, i.c. the properiics of the air and of the solid
rust Le constant, or nearly so, within a thin layere. Doth
the nuuher of lavers and the nuviber of tiwme intervalsy,
however, wust be lkept as siall as rossible, so that the
calculation tli.e mar ho of a reasonahle leng-th,

Having selecied values of At and A%, and deterined
the prhysical properties of the material, the calculations
are as follows:

The teuiporaiure and huriidity of the air entering the

first layor at tiie = U are those of the drying alr, TO and
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A

. Values of Lk and mooare calculated for 10 and X0
rhe terperature and moisture content of the naterial in
cach laver are initinlly TFO and e respectivoly.

f1¢e7434 is a schematic represcentation of the calcula-
tion process in torus of location in sjpace and viuwe, The
horizontal axis represents tire, with cach division equal
to At. The vertical axis ropresents distance through che
Led, with ocach division cqual Jo one layvexr. The arrous
svibolize the calculations for the layers. The inloet
conditions to the firs: layer at time = u are located at A
(Uy1), tho inlet conditions to the second laver at tine = U
are at R (0,2), and the inlet conditions to tho .second layer
At tiie = 3. At are at ¢ (1,2)., The calculaiions in the
first larer in the first tire iteration are th:is represented
Ly ihie arrow {rom A to C.

rhe change in moisture content in the firssg layer over
the first viue interval At is calculated frowm (7.4). The
change din the hundidity of the air is caleculated Lrou (7e7)
The resulting huwidity is that of the air leaving the first
layer and enterdin; the sccoud layer at tinme = ls AL,

The changes in the tewneratures of the air and the
m:aterial are calculated from {(7.17) and (7.29). The
resulbing air temperature is that of the air cutering the
sccond laver at time = 1. At, In fige7e34y C represents
the condition of the air entering the second layer at tiue
= 1. At
I'he calculations are repeated for the second layer,

the inlet air conditions for which are located at B and the
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OXiU comdiitions ag 0in Pige7ele rhe arrow frow 4 Lo B
tepresents the calculation processe L1t is iuportant to
vote ithat the inlet air conditions Lo tho seccond layeor in
the {irst i o iveration are not at C, bul at L,

whe calculations arc repeated Ior ail the otlher layers
ia the Led, witil the last layer is reaclicd. The svate ori
the %ed at tiie = 1, At is now known,.

The calenlasion process is repeaied, startiiy, again
with the first laver. ihis tine, however, the inlet air
conaitions to the second and succeeding layers are thoso
which were calculated during the first tiwe lteration.

iacih tl. e ulie calculations are carried out, tho
Properties of the air and of the : aterial aro altered, and

tie drying is shus simulaved.

7

iie calculations are stopped whon either the desired

average woiswure cunieut or total drying tise is reaciiod.

7olt, ihe Corruter ! rorriaico

A corputer prograti.e vas written Lo rerfor.: these
célculntions. A blocl diagrav of the programee, a printe-
out of the text, and cpecinen resulits are stiown in

7
Ap endisx 13.2, )

In the p;rograume, the soouence of caleulations was
carried out until both a target tire P and a tar:;;ot roisture
content "' were reached, but a lirdit of 2500 iterations was
set, A nmunber of checls vere written into the pro;ra.:
so that urrealisiic situations would be deteotod before they
degenerated into inpossible tathenatical taslis, o.¢76 division

v rero, logarithr: of a nerative nuber, clc,

sV
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The action of the prograrmwe is descrilied briefly below.
Tite nuw: Lers in iarcntheses refor to the block diagrat,
Aprendix 13,2,

(1) iach scov of data started with a data set nunbor.
If this vway -1, then tlhe programue teriinated. sevaral
sets of data could thus Lo processed in one rumn.

(2) :ost or tho constants in the equations, as well
as the oporating pararnters, wore read in for each ruwi.
1t was possible to choosa one of a nuxber of formulae for
the calculation of the heat transfor coefficicnt by neoans
0oL ulie paraneter cunl fed in with the data. the {requency
anag quantity of outpul wereo controlled by the two puramobefs
coand 230, fed dn wills Lhe data.

{3} ihe valucs orf ceftain rhiysical constants, e.g. the
wAS constant for air, were seli, and the values of TILMECOUNT
and JCCULEHY weroe sel (u zero. These were Lwo counters used
Lo indicatce whether tlhie conditions T T and 0AMO €01
respectively utad been fulfilled.

(%) rhe moisture content of the paterial in each ia_yer
was act al W, and the tewperature at Gy, The huuiidity
of the uaterial in cach layer was set at U, and the teuperature
of tl:e air entering each layer was sct at TGU, except for
e first layer, where it was set at T,

(3} ke valuoes of the constants and paraneters were
printerd out if the paranieter Ay fed in with the data, was
not 1luU.

(€} The total drying time, 1T, was sei to zero,

(7) the tine iteration lvop was entered, and the total

drying tiwme was increased by DT,
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(8) ™o 1azer iterntion loop was entered, and the
values of i an¢ I were calculated for the current layers.
Tie constants in (he drying ecquation for hiay depended on
the oisture couteng range, and an altexnative version of
tlie proyraie was thorefore preparcd tou take account of a
changdng; drying equation.

(9) For cach layer, the drying rate was calculated as
Zero 1f cithor the moisture content of the layor was less
than the cquilibriuwm moisture content, or the relative
hur:iidity of the entering air was greater than a specificed
maimun relatvive humidity, MAXKI, about 98¢, This was an
attempt to take account of the phenoumenon of condensation
which does occur in deep beds, but for widch thiere is lithle
experinental datae

(1v) The values of the hurddity and the temperature ol
the alr leaving the layer at the end of the time interval
wore calculated, as well as the teuperature of the waterial
at the end of the time interval,

(11) . printout of the bed profile was given overy
2 itierations, but within this printout, only thc conditions
of the first and every WNth layver were given.

N

(12; llhere there were very large differconces in

teuperature between the air and the naterial, the rate of 5
heat transfor tended to be so ygreat thatv, after the tine ‘
interval Qt, the Leuporature of the air leaving the laver
was cualculated 6o be lower than the towmperature of the
material in ilie larcor, this overshuot was a result of

thie failure of the numerical integration wethod to
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approxi:inte closcly to the actual process. In many cases,
however, these orroneous temperaturoes corrected theumselves

3
L}

Y Treverse heat transfor in subscequeni iterations, Ag
this Seuperature overshoot <oes not occur in practice, a
checl: was 1ade in each layver to seoe if the air temperature

had dJdropped Lelow the material tomperature by rore than

a specified anount, usually 20r°, If it had, the calculatious
were termninated and a failure message was printed ousb., ihe

tolerance of v Y was to 21low mild cases of temperature
overshool to corrcct therselves.

(13} %aving fipished the calculations for all ke
layers in the bLod, the average uoisture content of the bed,
LA2IC, vwas caleculatied,

(14) ihe values of the tewnerature and hunddity of the
air were trausferred from the temporary storage arruys NT
and XIi to the arrays 1 and N, in preparation for the next
tivie iteration.

(15} when the total drying tine was equal to or greater
han the experimental drying time, the bed profile was-
nrinted out if the value of TIHECOUNT was 0. Then the value
of TTMLUCOUNT was sed to 1. similarly, when the average
woilsture content of the Led was less than or cqual fto the
experiuiental final moisture content, the bed profile was
printed out 1if the value of LCCOUNT was Oy and then the wvalue
of MZCOUNT was set to 1. Irn this way, the bod profile was
printed oui only thie first tiwe the ctondition TT2 1! and the

first tire tho condition OMIC €I were satisfizd,
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(15) Yhon hoth the tar;ret time T and the target
moisture content I hard been reached, the calculaiions were
stopped, and tho action returned to (1).

(17> A 1i1t of 2500 tire iterations was set to the

caleulations, afiar which the actim roeiuried to (1),

7etels Data required for the simulation

(a) Drving- saranetoers

'or the siwulation of the barley drying, the eguations

[SRY
A L] j
derived Ly noycc(" were used:
ko= 8358 exp(-7067/7 . ) P in °nr
! d abs ahs

I dn min-l

4]
- [STEY ) VAt " e ov'\
o= TGho Jx T O EOL in F
e ! a’ta T U I *a

¥or the siwulation of wiaeat drying¢g, the data of
. . , (675)
silnaionds et al were currclated into tlie sawme form as
Loycets:

L o= 120uuu cxp(—QlGQ/Tabq}

, v, 2 . .
:..c = TUdU J::a/'x‘a + 005015

For the simulation of Lay dryin;;, data collected in

'-' N
of R
this department(’ ! was correlated into those forns:
. v fye k = ¢ ;")qf " ey 1, L . 01
1A Q_i.a-/l = U.(’s)‘—," exp(U.U]ﬁl-r T._‘/ Fa ill C
L%
ik in minhl

2
Mo = 1204579 = /17 + 0.23635 T. in Yc
m Q271 X = 0e00U555 exp(G.07675 T,) T, in °:

o o~ . - 2 oy
B, = 73.251¢ 4xa/1a + 0.10688

(L) Material nronerties:

The physical prorertices of Barley and iheat vwere taken
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(13}

-

frow: the vorl: of oncc(q*, sirzionds ot al and
wipublished viori: in this ch"trent(75).
arley Wheat ifay
FL 41445 376 7 In/re0
C o 0.31 U 32 0.3 Btu/lb O

(¢) licat Transfor Coefficiont

or ilie heat transfer coefficient %o a deer bed of

frain, Doycc(b) 1o -bosed! the relationship

- G ©_yg)000011 N
he = ues7se | 02 eoe (7015
all
* . , . . o .. 3
wherce hc = lieat transfer coefficient, Diu/iin-2F-rt” of bed
G = liass velocity of the air, 1b dry air/win-ft-
" Y T - o
“abg & -4 temperature, R
g
i ¢ = Atwospheric pressuroe, 1b/in“

at
Pigure 7.4. shows the results obtained by a nuiber of
_worlers ror heat transfor coefficients in packed beds,
torether with the original data of Boyce(a). This fipgure
is a plot of the jh-factor arainst the particle Reynold's

NMumter. ‘the J;,~factor is given by
Nu .
Jh = Te ir S(/(!r)

vhere Hu = Nusselt Number and f(i’r') is a function of the
Prandtl uniber, usually jqu

Although the relationship proposed by loyce does not
reduce to this foru, it can be scon that his original data
is not very far removed frou the data obtained by other .3

woriiers for non-organic taserials,

The correlation proposed Ly Perry(DB) for heat transfer
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te circular evlindrical pipes is also shown on this plot,
and it is also within tho sume range of valucs. the

cerrelation is
. A}
J\ = Q Rah *e (7.19)
i

wilere A = GWR26 to VI3 b o= =0t for ile JuQU

a

tH
i1

G548 to 0695 b -0.92 for luvu e  Juuu
a = 0e855 to LUEG b = =0.392 for 1 Re 300
It was weniioned in Chapter ¢ that a bed of grass can
be considered as a bed of infinitely long circular cylinders

nguation (7.19) wns thorefore used for the simulation of hay

drying.

7+5. ilosults

The deep-bed dryings wmodel was tested by simulating
drving experiments with barley, wheat ang hay.

The work of Noycec on barley drying(gb, corprising; 21
runs, was sivumlated, and the rosults are given in table 7.1.
The experimental runm tine is compared with the time predlchod
to reach the final experiumental moisture content. The
final experirental ioisture content is also comphared with
the moisture content predicted by tha prograrme after a tine
equal to the oxperimental run tine,

I'xperiments conducted in this departuwent on wheat
dryinﬁ(73) vore sivmlated, and the results are given in
table 7.72.

Ixporirents vere conducted by Clark and Lamond(lg) on
deep beds of hay, and the results of simulating these are

glven in table 7.3,



- 106 -

re - ISR
fev2e Discussion of the jlesults

7'6'1-.QFVinu of eon NNeds

Yhen deap beds of material are dried by through—flow
of air, thore is a orelininary heat-up period during whicl
the dryinge rate vises to the level at which it is nainvained
curdir the socond period, the constant rate period. rhis
is usually the predominant period, at tho end of which the
drying rate drops off as the average noisture content uof
ihe bed approaches the equilibriws woisiure content (cee
Ti{ZeTel) e

These ibree periods are produced by the three zones
in the bed: the zono of cotinlotely dry material, the =onoe
ol drying waterial, nd itle zone of conpletely undried
watorial (see f1¢.7.2;. The drying zone moves through the
Led, wwd withdn this zone tho drying<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>